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��� 4UBUJTUJDBM 6ODFSUBJOUZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 4VNNBSZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� 3঎জঞকঝজ ���
��� 3FTVMUT JO UIF 4JHOBM 3FHJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� *OUFSQSFUBUJPO JO 4JHOBM .PEFMT � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� $ঘগঌকঞজ঒ঘগ ���

"ঙঙ঎গ঍঒ড ���
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-JTUJOH PG ୮ୢHVSFT

��� 5IF QBSUJDMFT PG UIF 4UBOEBSE.PEFM� � � � � � � � � � � � � � � � � � � � � � � � � �
��� 4UBOEBSE.PEFM QBSUJDMFT BT B GVODUJPO PG NBTT BOE QSPQFS MJGFUJNF�

5IF TIBEFE SFHJPOT SFQSFTFOU UIF MFOHUI TDBMFT PG B UZQJDBM EFUFDUPS <��>� � � � � � � �
��� 5IF TVQFSTZNNFUSJD QBSUJDMFT PG UIF .JOJNBM 4VQFSTZNNFUSJD

4UBOEBSE.PEFM� &BDI 4UBOEBSE.PEFM GFSNJPO IBT B DPSSFTQPOE�
JOH TQJO�0 TVQFSQBSUOFS� 5IFSF BSF TQJO�1/2 QBSUOFST GPS 4UBOEBSE
.PEFM CPTPOT� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF TUBUVT PG "5-"4 TFBSDIFT GPS TVQFSTZNNFUSZ JOUFSQSFUFE JO
TJNQMJ୮ୢFE NPEFMT
 BT PG "QSJM ��
 ����� 5IF MFG୴ DPMVNO EFTDSJCFT
UIF TJNQMJ୮ୢFE NPEFM PS QSPDFTT UBSHFUFE CZ UIF TFBSDI� 5IF
TJHOBUVSF DPMVNO EFTDSJCFT UIF TJHOBUVSFT UIBU XFSF UBSHFUFE�
5IF JOUFHSBUFE MVNJOPTJUZ VTFE JO FBDI TFBSDI JT MJTUFE� 5IF CMVF
CBST JO UIF NBTT MJNJU QMPU TIPX UIF SBOHF PG UBSHFUFE TQBSUJDMF
NBTTFT FYDMVEFE CZ UIF TFBSDI <��>� � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF MJNJUT QMBDFE PO MPOH�MJWFE HMVJOPT BT B GVODUJPO PG NBTT BOE
MJGFUJNF CZ "5-"4 3VO 2 TFBSDIFT <��>� � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF MJNJUT QMBDFE PO MPOH�MJWFE DIBSHJOPT BT B GVODUJPO PG NBTT
BOE MJGFUJNF CZ "5-"4 3VO 2 TFBSDIFT <��>� � � � � � � � � � � � � � � � � � � � � ��

��� 5IF SFTVMUT PG UIF "5-"4 3VO 2 TFBSDI GPS IFBWZ
 IJHIMZ�JPOJ[JOH
QBSUJDMFT� 5IF SFDPOTUSVDUFE NBTT EJTUSJCVUJPO PG UIF EBUB 	CMBDL
QPJOUT
 JT DPNQBSFE UP UIF QSFEJDUFE NBTT EJTUSJCVUJPO PG UIF
CBDLHSPVOE 	CMVF IJTUPHSBN
� 5IF TJNVMBUFE FYQFDUFE NBTT
EJTUSJCVUJPOT PG B ��� 5F7 HMVJOP
 B ��� 5F7 DIBSHJOP
 BOE B ���
(F7 TUBV PG MJGFUJNF ��OT BSF TIPXO GPS DPNQBSJTPO <��>� � � � � � � � � � � � � � ��

��� " EJBHSBN PG UIF $&3/ BDDFMFSBUPS DPNQMFY <��>� � � � � � � � � � � � � � � � � � ��
��� " EJBHSBN PG UIF "5-"4 EFUFDUPS <��>� � � � � � � � � � � � � � � � � � � � � � � ��
��� %JBHSBNT TIPXJOH UIF DPPSEJOBUF TZTUFN PG UIF "5-"4 EFUFDUPS�

B
 TIPXT UIF EF୮ୢOJUJPO PG Y
 Z
 [
 θ
 BOE η� C
 TIPXT UIF EF୮ୢOJUJPO
PG r BOE φ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� " EJBHSBN PG UIF TVCTZTUFNT PG UIF "5-"4 *OOFS %FUFDUPS JO UIF
CBSSFM SFHJPO <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� " EJBHSBN PG UIF QJYFM EFUFDUPS BOE UIF SBEJJ PG UIF CBSSFM QJYFM
MBZFST
 JODMVEJOH UIF *#- <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

WJJJ



��� 5IF TUSVDUVSF PG UIF *#-� B
 5IF QMBDFNFOU PG QMBOBS BOE 3%NPE�
VMFT BMPOH B TUBWF
 XIJDI FYUFOET B UPUBM PG 330NN MPOHJUVEJOBMMZ�
C
 "O r�φ WJFX PG UIF PSJFOUBUJPO PG TUBWFT CFUXFFO UIF *OOFS
1PTJUJPOJOH 5VCF 	*15
 BOE UIF *OOFS 4VQQPSU 5VCF 	*45
� D
 5IF
QMBDFNFOU PG B 3% TFOTPS BOE GSPOU�FOE DIJQ FE-14B PO B TUBWF <��>� � � � � � � � ��

��� 5IF MBZPVU PG UIF 4$5 CBSSFM NPEVMFT� " QBJS PG TJMJDPO TFOTPST
JT BUUBDIFE MFOHUIXJTF WJB XJSFCPOEJOH TVDI UIBU UIFJS TUSJQT PG
MFOHUI � DN GPSN SFBEPVU TUSJQT PG MFOHUI �� DN� " TFDPOE QBJS PG
XJSFCPOEFE TJMJDPO TFOTPST JT HMVFE PO UIF PUIFS TJEF PG B UIFSNBM
QMBUF
 BU BO BOHMF PG �� NSBE UP UIF ୮ୢSTU QBJS PG TFOTPST� 3FBEPVU
DIJQT BSF IPTUFE PO B IZCSJE� <��> � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF PDDVQBODZ PG UIF 535 BT B GVODUJPO PG CBSSFM TUSBX MBZFS GPS
UXP EJ୭GFSFOU QJMFVQ DPOEJUJPOT� BWFSBHF JOUFSBDUJPOT QFS CVODI
DSPTTJOH �µ� � �� BOE �µ� � ��� 5IF WBMJEJUZ HBUF TFMFDUT B
TVCTFU PG UIF ��OT SFBEPVU XJOEPX UIBU JT VTFE UP SFDPOTUSVDU IJU
JOGPSNBUJPO� *O ���� BOE ����
 B WBMJEJUZ HBUF PG ������OT XBT VTFE�
5IF � JOOFSNPTU TUSBX MBZFST BSF EJWJEFE JOUP UISFF SFHJPOT
 XJUI
POMZ �� DN SFBE PVU PO FJUIFS TJEF UP SFEVDF PDDVQBODZ <��>� � � � � � � � � � � � � ��

��� 5IF SBEJBM BOE [ DPNQPOFOUT PG UIF TPMFOPJE NBHOFUJD ୮ୢFME JO UIF
*OOFS %FUFDUPS� 5IF BYJBM DPNQPOFOUT PG UIF NBHOFUJD ୮ୢFME BU
WBSZJOH SBEJJ DPOWFSHF UP � 5 BU [�� <��>� � � � � � � � � � � � � � � � � � � � � � � ��

���� 5IF "5-"4 DBMPSJNFUFS TZTUFN <��>� � � � � � � � � � � � � � � � � � � � � � � � ��
���� " CBSSFM NPEVMF PG UIF FMFDUSPNBHOFUJD DBMPSJNFUFS� $FMMT JO UIF

QSFTBNQMFS 	14

 BT XFMM BT UIF BDDPSEJPO DBMPSJNFUFS MBZFST BSF
TIPXO <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� " XFEHF PG UIF 5JMF $BMPSJNFUFS� 4DJOUJMMBUJOH UJMFT PSJFOUFE JO UIF
S�φ QMBOF BSF HSPVQFE UPHFUIFS XJUI SBEJBM XBWFMFOHUI�TIJG୴JOH
୮ୢCFST UP GPSN SFBEPVU DFMMT� 5IF SFBEPVU JT DPOOFDUFE PO CPUI
TJEFT PG UIF UJMFT <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 5IF NBUFSJBM PG UIF 5JMF DBMPSJNFUFS BT B GVODUJPO PG SBQJEJUZ
 BT
NFBTVSFE JO JOUFSBDUJPO MFOHUIT <��>� � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 5IF MBZPVU PG UIF NVPO TQFDUSPNFUFS JO POF RVBESBOU PG UIF S�[
QMBOF PG UIF "5-"4 EFUFDUPS� 5IF CBSSFM .%5T BSF TIPXO JO
HSFFO
 XIJMF UIF FOEDBQ.%5T BSF TIPXO JO CMVF� 5IF 5($T BSF
QPJOUFE PVU JO SFE BOE QJOL� 5IF 31$T BSF QPJOUFE PVU JO XIJUF�
5IF $4$ JT TIPXO JO ZFMMPX <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� " DSPTT�TFDUJPOBM EJBHSBN PG UIF "5-"4 EFUFDUPS JO UIF S�φ QMBOF
TIPXJOH UIF QMBDFNFOU PG 31$ BOE.%5 DIBNCFST JO UIF CBSSFM <��>� � � � � � � � ��

���� 5IF MBZPVU PG UIF CBSSFM BOE FOEDBQ UPSPJE DPJMT JT TIPXO JO SFE

FODJSDMJOH UIF TUFFM 5JMF $BMPSJNFUFS BOE TPMFOPJE TUSVDUVSF <��>� � � � � � � � � � � ��

JY



���� 5IF CFOEJOH QPXFS BT B GVODUJPO PG |η|
 DBMDVMBUFE GSPN UIF
JOOFSNPTU UP UIF PVUFSNPTU MBZFS PG UIF .%5T
 BTTVNJOH NVPOT
PG JO୮ୢOJUF NPNFOUVN� 5IF CFOEJOH QPXFS GPS B[JNVUIBM BOHMFT
PG φ = 0 BOE φ = π/8 BSF TIPXO JO SFE BOE CMBDL <��>� � � � � � � � � � � � � � � ��

��� 5IFEmiss
T USJHHFS UISFTIPMET BOE BMHPSJUINT VTFE EVSJOH 3VO 2�

5IF -1 BOE )-5 UISFTIPMET BSF TIPXO
 BT XFMM BT UIF JOUFHSBUFE
MVNJOPTJUZ DPMMFDUFE� "T UIF EBUB�UBLJOH QFSJPET PG UIFTF WBSJPVT
BMHPSJUINT PWFSMBQQFE
 UIF MVNJOPTJUZ DBOOPU CF TVNNFE UP ୮ୢOE
UIF UPUBM MVNJOPTJUZ PWFS 3VO 2 <��>� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF F୭୮ୢDJFODZ PG UIFEmiss
T USJHHFS BT B GVODUJPO PG UIF TVN

PG USBOTWFSTF NPNFOUVN PG UIF NVPO QBJS JO FWFOUT GSPN B
pp→Z�X EBUB TBNQMF� 5IF F୭୮ୢDJFODZ PG UIFEmiss

T USJHHFST JO
���� XBT∼90ॎ GPS BO FYQFDUFE NJTTJOH pT PG ��� (F7 <��>� � � � � � � � � � � � � ��

��� B
 5SBOTWFSTF BOE C
 MPOHJUVEJOBM JNQBDU QBSBNFUFS SFTPMVUJPOT GPS
*% USBDLT XJUI ��� � pT � ��� (F7� %BUB XBT UBLFO EVSJOH B MPX�
QJMFVQ SVO JO ����� %BUB 	CMBDL QPJOUT
 JT DPNQBSFE UP TJNVMBUJPO
	CMVF MJOFT
� %BUB VOGPMEFE UP SFNPWF EFQFOEFODF VQPO UIF
SFTPMVUJPO PG UIF QSJNBSZ WFSUFY JT TIPXO JO SFE <��>� � � � � � � � � � � � � � � � ��

��� 5IF F୭୮ୢDJFODZ PG SFDPOTUSVDUJOH NVPOT UIBU TBUJTGZ UIF NFEJVN
XPSLJOH QPJOU� 	B
 TIPXT UIF F୭୮ୢDJFODZ PG NFEJVNNVPOT 	CMBDL

JEFOUJ୮ୢFE JO BZ → µµ TBNQMF JO FBSMZ 3VO 2 EBUB� 5IF F୭୮ୢDJFODZ
JT∼99% FYDFQU GPS |η| � ���
 XIFSF UIFSF JT B HBQ JO.4 DPWFSBHF
<��>� 	C
 TIPXT UIF F୭୮ୢDJFODZ BT B GVODUJPO PG pT GPS SFDPOTUSVDUFE
NFEJVNNVPOT JO BZ → µµ EBUB TBNQMF JO UIF GVMM 3VO 2
EBUBTFU� &୭୮ୢDJFODZ QMBUFBVT BU> 98% GPS pT ��� (F7 <��>� � � � � � � � � � � � � ��

��� 5IF KFU FOFSHZ SFTPMVUJPO BT B GVODUJPO PG pT GPS UPQP�DMVTUFS KFUT
BG୴FS DBMJCSBUJPOT
 GPS EJKFU FWFOUT JO ���� EBUB� 5IF KFU FOFSHZ JT
DBMJCSBUFE XJUI BO JO TJUV UFDIOJRVF EFTDSJCFE JO <��>� .POUF
$BSMP QSFEJDUJPO JT TIPXO BT B EBTIFE MJOF� %BUB JT TIPXO JO
USJBOHMFT TVSSPVOEFE CZ BO VODFSUBJOUZ CBOE UIBU SFQSFTFOUT UIF
VODFSUBJOUZ GSPN UIF JO TJUV DBMJCSBUJPO NFUIPET <��>� � � � � � � � � � � � � � � � ��

��� 5IF 3.4 PG UIFEmiss
x BOEEmiss

y DPNQPOFOUT PG UIFEmiss
T

BT B GVODUJPO PG UPUBM USBOTWFSTF FOFSHZ JO UIF FWFOU JO B ����
pp→Z�X EBUB TBNQMF� %BUB 	CMBDL QPJOUT
 JT DPNQBSFE UP.$
TJNVMBUJPO QSFEJDUJPO 	SFE QPJOUT
� 5PUBM USBOTWFSTF FOFSHZ

∑
ET

JT UIF TDBMBS TVN PG UIF pT PG BMM PCKFDUT JODMVEFE JO UIFEmiss
T

DBMDVMBUJPO <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF #FUIF�#MPDI DVSWF PG B DIBSHFE QBSUJDMF USBWFSTJOH TJMJDPO� � � � � � � � � � � � ��

Y



��� " -BOEBV EJTUSJCVUJPO XJUI QBSBNFUFST µ�� BOE σ��� 5IF QSPCB�
CJMJUZ EFOTJUZ GVODUJPO PG dE/dx JT B -BOEBV EJTUSJCVUJPO� � � � � � � � � � � � � ��

��� 5IF USVODBUFE NFBO dE/dx.17 BT B GVODUJPO PG EFMJWFSFE
JOUFHSBUFE MVNJOPTJUZ PWFS 3VO 2 GPS *% USBDLT XJUI pT ��� (F7
BOE OP PWFS୯୳PX CJU TFU JO BO *#- DMVTUFS 	0'�
� 5IF USVODBUFE
NFBO dE/dx EJTQMBZT B EPXOXBSE USFOE PWFS UJNF� %J୭GFSFODFT
JO dE/dx GPS UISFF EJ୭GFSFOU SBOHFT PG |η| BSF BMTP TIPXO� )JHIFS
|η| SFHJPOT UFOE UP IBWF IJHIFS USVODBUFE NFBO dE/dx EVF UP UIF
MBSHFS QBUI MFOHUI USBWFSTFE UISPVHI UIF QJYFM TFOTPS <��>� � � � � � � � � � � � � � ��

��� dE/dx BT B GVODUJPO PG DIBSHF UJNFT NPNFOUVN 	qp
 JO B ����
EBUB TBNQMF XJUI MPX�pT USBDL SFDPOTUSVDUJPO EPXO UP ���.F7�
5IF #FUIF�#MPDI DVSWFT GPS UIF QJPO
 LBPO
 QSPUPO
 BOE EFVUFSPO
BQQFBS <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� dE/dx PG USBDLT JO B MPX QJMFVQ
 NJOJNVN CJBT SVO XJUI MPX�pT
USBDL SFDPOTUSVDUJPO EPXO UP ���.F7� 5SBDLT XJUI NPNFOUVN
JO UIF SBOHF ������� .F7 BOE |η|���� BSF TIPXO� 5SBDLT XJUI
PWFS୯୳PX DMVTUFST 	0'�
 BOE XJUIPVU PWFS୯୳PX DMVTUFST 	0'�

BSF DPOTJEFSFE TFQBSBUFMZ� 1FBLT JO UIF dE/dx EJTUSJCVUJPO
DPSSFTQPOEJOH UP UIF QJPO
 LBPO
 QSPUPO
 BOE EFVUFSPO BSF WJTJCMF�
5IF USJBOHMFT NBSL UIF ୮ୢUUFE QFBL dE/dx WBMVF GPS FBDI QBSUJDMF�
5IF MPDBUJPO PG UIFTF QFBLT SFMBUFT UIF NFBTVSFE dE/dx WBMVFT BU
LOPXONPNFOUB UP LOPXO QBSUJDMF NBTTFT
 BOE UIVT UP LOPXO
βγ WBMVFT UISPVHI βγ = p/m <��>� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� " EBUB�ESJWFO #FUIF�#MPDI�MJLF DBMJCSBUJPO CFUXFFO NFBTVSFE
dE/dx BOE βγ GPS |η|����� 5IF QPJOUT SFQSFTFOU UIF dE/dx
.17T GPS UIF QJPO
 LBPO
 QSPUPO
 BOE EFVUFSPO FYUSBDUFE GSPN
dE/dx EJTUSJCVUJPOT BU ୮ୢYFE NPNFOUB� 5SBDLT XJUI BOE XJUIPVU
PWFS୯୳PX DMVTUFST 	0'�
 0'�
 BSF DPOTJEFSFE TFQBSBUFMZ� 5IF
DVSWFT BSF ୮ୢU XJUI B #FUIF�#MPDI�MJLF GVODUJPO UIBU JT VTFE UP NBQ
dE/dx UP βγ� 5IF ୮ୢUT BSF TIPXO JO EBTIFE MJOFT <��>� � � � � � � � � � � � � � � ��

��� 0OF RVBESBOU PG UIF S�[ QMBOF DSPTT�TFDUJPO PG UIF 5JMF DBMPSJNFUFS
SFBEPVU DFMMT JO 3VO 2� 5IF UISFF MBZFST PG SFBEPVU DFMMT BSF TIPXO
JO CMVF
 HSFFO
 BOE ZFMMPX� η JT NBSLFE CZ EBTIFE SFE MJOFT� 5IF
-POH #BSSFM 	-#
 BOE &YUFOEFE #BSSFM 	&#
 BSF TIPXO� $FMMT
"��"��
 #$��#$�
 #�
 BOE %��%� BSF MPDBUFE JO UIF -POH #BSSFM�
$FMMT "���"��
 #���#��
 BOE %��%� BSF MPDBUFE JO UIF &YUFOEFE
#BSSFM� $FMMT %�
 $��
 BOE &��&� NBLF VQ UIF *OUFSNFEJBUF 5JMF
$BMPSJNFUFS 	*5$
 EJTDVTTFE JO 4FDUJPO ������ <��>� � � � � � � � � � � � � � � � � � ��

YJ



��� $FMM UJNF EJTUSJCVUJPOT JO UXP 5JMF DBMPSJNFUFS DFMMT VTJOH ����
Z→µµ EBUB� 5IF EJTUSJCVUJPOT BSF ୮ୢU XJUI B (BVTTJBO JO UIF±2σ
SFHJPO
 TIPXO JO SFE� 5IF NFBO PG UIF ୮ୢU JT VTFE UP EFSJWF UIF DFMM�
CZ�DFMM DPSSFDUJPO� B
 TIPXT UIF DFMM UJNF EJTUSJCVUJPO JO B DFMM JO
UIF -POH #BSSFM 	-#
 TFDUJPO PG UIF 5JMF DBMPSJNFUFS� C
 TIPXT UIF
DFMM UJNF EJTUSJCVUJPO JO B DFMM JO UIF &YUFOEFE #BSSFM 	&#
 TFDUJPO
PG UIF 5JMF DBMPSJNFUFS�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF FYUSBQPMBUFE *OOFS %FUFDUPS USBDL PG B QBSUJDMF QBTTJOH
UISPVHI B 5JMF DBMPSJNFUFS DFMM� 5IF USBDL QBTTFT UISPVHI UIF
DFMM XJUI B EJ୭GFSFOU η EJSFDUJPO UIBO UIF DFOUFS PG UIF DFMM� #FDBVTF
UIF USBDL EPFT OPU QBTT UISPVHI UIF DFMM DFOUFS
 UIF NFBTVSFE DFMM
UJNF XJMM CF TLFXFE� " DPSSFDUJPO JT JNQMFNFOUFE UP BDDPVOU GPS
UIF EJ୭GFSFODF∆η CFUXFFO UIF USBDL BOE UIF DFOUFS PG UIF DFMM� � � � � � � � � � � � ��

���� 5IF NFBO DFMM UJNF JO CJOT PG∆η=ηtrack−ηcell GPS IJHI pT
NVPOT JO ����Z→µµ EBUB� 5IF DFMM TUVEJFE IFSF JT JO UIF ୮ୢOBM
MBZFS PG UIF FYUFOEFE CBSSFM
 BOE JT POF PG UIF MBSHFTU 5JMF DBMPSJNF�
UFS DFMMT� "U MBSHFS |∆η|
 PS MBSHFS EJ୭GFSFODF CFUXFFO USBDL η BOE
DFMM DFOUFS η
 UIF NFBTVSFE NFBO DFMM UJNF JT TLFXFE GSPN �� 5IF
EBUB JT ୮ୢU XJUI B MJOF 	CMVF
 XIJDI JT VTFE UP EFSJWF B DPSSFDUJPO UP
UIF NFBTVSFE DFMM UJNF�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $FMM UJNF SFTPMVUJPO QFS FOFSHZ TMJDF BT B GVODUJPO PG DFMM FOFSHZ
GPS 	B
 UIF ୮ୢSTU MBZFS PG UIF -POH #BSSFM 	-#
 BOE 	C
 UIF MBTU MBZFS
PG UIF &YUFOEFE #BSSFM 	&#
� 5IF DFMM UJNF SFTPMVUJPO JT FYUSBDUFE
GSPN B (BVTTJBO ୮ୢU JO UIF±2σ SFHJPO UP UIF DBMJCSBUFE DFMM UJNF
EJTUSJCVUJPO GPS ����Z→µµ EBUB� 5IF DFMM FOFSHJFT BSF ୮ୢU XJUI
UIF GVODUJPO EFTDSJCFE JO &RVBUJPO ��� UP QSPWJEF B DPOUJOVPVT
SFMBUJPOTIJQ CFUXFFO DFMM FOFSHZ BOE DFMM UJNF SFTPMVUJPO�҆ � � � � � � � � � � � � � ��

���� 6ODBMJCSBUFE βToF 	CMBDL QPJOUT
 DPNQBSFE XJUI DBMJCSBUFE βToF
	SFE QPJOUT
 JO ����Z→µµ EBUB <�>� � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5IF SFTPMVUJPO PG DBMJCSBUFE βToF JO EJ୭GFSFOU |η| SFHJPOT� 5IF
XPSTFOFE SFTPMVUJPO BU ����|η|���� DPSSFTQPOET UP UIF USBOTJUJPO
SFHJPO JO UIF 5JMF DBMPSJNFUFS CFUXFFO UIF -POH #BSSFM BOE UIF
&YUFOEFE #BSSFM TFDUJPOT� 5IF XPSTFOJOH SFTPMVUJPO BU |η| � ���
JT EVF UP GFXFS DFMMT BWBJMBCMF GPS UJNJOH NFBTVSFNFOUT BT 5JMF
DBMPSJNFUFS DPWFSBHF FOET <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF QSPEVDUJPO DSPTT�TFDUJPOT BT B GVODUJPO PG QBSUJDMF NBTT GPS UIF
TMFQUPO
 HMVJOP
 BOE DIBSHJOPT VTFE BT CFODINBSL TJHOBMT�҆ � � � � � � � � � � � � � ���

��� " 'FZONBO EJBHSBN GPS QBJS�QSPEVDFE (.4# TMFQUPOT GSPN
QSPUPO�QSPUPO DPMMJTJPOT� &BDI TMFQUPO EFDBZT UP B 4UBOEBSE
.PEFM MFQUPO BOE B HSBWJUJOP <��>� � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� " 'FZONBO EJBHSBN GPS QBJS�QSPEVDFE HMVJOPT� 5IF HMVJOPT
IBESPOJ[F JOUP CPVOE TUBUFT PG HMVJOPT BOE QBSUPOT DBMMFE 3�
IBESPOT� &BDI HMVJOP EFDBZT UP UXP 4UBOEBSE.PEFM RVBSLT BOE B
OFVUSBMJOP <��>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF GSBDUJPO PG 3�IBESPOT JO UIF GPSN PG 3�NFTPOT
 3�CBSZPOT

BOE HMVJOPCBMMT GPS B HMVJOP PG NBTT ��� 5F7 BT B GVODUJPO PG r JO
UIF "5-"4 EFUFDUPS JO TJNVMBUJPO VTJOH 1ZUIJB� BOE (&"/5��
3�IBESPOT NBZ DIBOHF DPNQPTJUJPO BT UIFZ USBWFSTF UIF EFUFDUPS
WJB UIF FYDIBOHF PG QBSUPOT XJUI UIF NBUFSJBM <��>� � � � � � � � � � � � � � � � � � ���

��� " 'FZONBO EJBHSBN GPS QBJS�QSPEVDFE ".4# DIBSHJOPT� &BDI
DIBSHJOP EFDBZT UP B QJPO BOE B OFVUSBMJOP <��>� � � � � � � � � � � � � � � � � � � ���

��� " DPNQBSJTPO PG USVODBUFE NFBO dE/dx BG୴FS DPSSFDUJPOT IBWF
CFFO BQQMJFE JO TJNVMBUJPO 	IJTUPHSBNT
 BOE JO EBUB 	QPJOUT
� 5IF
EJTUSJCVUJPOT BSF QMPUUFE TFQBSBUFMZ BDDPSEJOH UP XIFUIFS UIF USBDL
DPOUBJOT BO *#- PWFS୯୳PX DMVTUFS 	0'1
 PS EPFT OPU DPOUBJO BO
PWFS୯୳PX DMVTUFS 	0'0
� 5IF EBUBTFU TIPXO JT UIF TBNF NJOJNVN�
CJBT EBUBTFU VTFE GPS UIF dE/dx DBMJCSBUJPO� 5IF TJNVMBUFE
dE/dx EJTUSJCVUJPOT EP OPU BHSFF XJUI UIF EBUB
 NPUJWBUJOH UIF
SFQMBDFNFOU PG TJNVMBUFE dE/dx WBMVFT XJUI EBUB�ESJWFO WBMVFT <��>� � � � � � � � ���

��� dE/dx UFNQMBUFT JO CJOT PG βγ GPS |η|����� 5IF UFNQMBUFT BSF
DPOTUSVDUFE TFQBSBUFMZ GPS USBDLT UIBU EP OPU DPOUBJO BO *#-
PWFS୯୳PX DMVTUFS 	0'�

 TIPXO JO 	B

 BOE USBDLT UIBU EP DPOUBJO
BO *#- PWFS୯୳PX DMVTUFS 	0'�

 TIPXO JO 	C
� 5IF UFNQMBUFT BSF
VTFE UP SFQMBDF TJNVMBUFE dE/dx WBMVFT JO UIF TJHOBM TJNVMBUJPO TBNQMFT�҆ � � � � ���

��� dE/dx EJTUSJCVUJPOT JO B CJO �����βγ������ BOE |η|����
 GPS
*#- PWFS୯୳PX TUBUVT 	B
 0'0 BOE 	C
 0'1� 5IF PSJHJOBM dE/dx
EJTUSJCVUJPO JO DIBSHJOP.POUF $BSMP TJNVMBUJPO JT TIPXO JO UIF
SFE IJTUPHSBN� 5IF CMVF IJTUPHSBN TIPXT UIF TJNVMBUFE dE/dx
EJTUSJCVUJPO XJUI B SVEJNFOUBSZ TDBMJOH DPSSFDUJPO BQQMJFE UIBU
JT JOTV୭୮ୢDJFOU UP EFTDSJCF UIF dE/dx EJTUSJCVUJPO JO EBUB
 TIPXO
JO UIF VO୮ୢMMFE TRVBSFT� 5IF EBUB QSJPS UP UIF |η|�EFQFOEFOU
DPSSFDUJPO EFTDSJCFE JO 4FDUJPO ����� JT TIPXO JO CMBDL EPUT� 5IF
EBUB�ESJWFO dE/dx EJTUSJCVUJPO JT TIPXO JO UIF CMBDL IJTUPHSBN�
5IF EBUB�ESJWFO dE/dx EJTUSJCVUJPO TIPXT BHSFFNFOU XJUI UIF
|η|�DPSSFDUFE EBUB 	VO୮ୢMMFE TRVBSFT
�҆ � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF DFMM UJNF EJTUSJCVUJPO JO ����Z→µµ EBUB 	CMBDL QPJOUT

DPNQBSFE UP UIF DFMM UJNF EJTUSJCVUJPO JOZ→µµ TJNVMBUJPO
	SFE QPJOUT
� 5IF DFMM UJNF EJTUSJCVUJPO JT XJEFS JO EBUB UIBO JO
TJNVMBUJPO CFDBVTF UIF TJNVMBUJPO EPFT OPU NPEFM BMM SFMFWBOU
EFUFDUPS DPOEJUJPOT BOE F୭GFDUT�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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���� 5IF EJ୭GFSFODF CFUXFFO βToF DBMDVMBUFE BG୴FS TNFBSJOH BOE UIF β
UIF QBSUJDMF XBT HFOFSBUFE XJUI 	USVUI β

 BT B GVODUJPO PG USVUI
β� #FMPX USVUI β ���
 UIFSF JT B EFQFOEFODF PG UIF TNFBSFE βToF
PO USVUI β� " RVBESBUJD ୮ୢU JT QFSGPSNFE BOE VTFE UP EFSJWF B
DPSSFDUJPO UP UIF TNFBSFE βToF�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5IF DPSSFDUFE TNFBSFE βToF 	SFE QPJOUT
 DPNQBSFE UP ����
Z→µµ EBUB 	CMBDL QPJOUT
� 8IJMF SFTJEVBM ୯୳VDUVBUJPOT SFNBJO
BG୴FS UIF TNFBSJOH QSPDFEVSF
 UIF SBUJP PG TNFBSFE TJNVMBUJPO UP
EBUB JT TUBCMF JO UIF SFHJPO βToF ! 0.9
 XIJDI JODMVEFT UIF SFHJPO
PG JOUFSFTU JO UIJT TFBSDI <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� " TVNNBSZ PG UIF TFMFDUJPO SFRVJSFNFOUT UIBU GPSN UIF 4JHOBM
3FHJPO� 5IF 4JHOBM 3FHJPO JT DPNQPTFE PG UIF IJHIFTU�pT USBDL
UIBU GVM୮ୢMMT UIF USBDL TFMFDUJPO DPOUBJOFE XJUIJO FWFOUT UIBU GVM୮ୢMM
UIF FWFOU TFMFDUJPO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� " TLFUDI PG IPX POMJOFEmiss
T 	B MBSHF JNCBMBODF JO DBMPSJNFUFS

EFQPTJUT

 DBO BQQFBS JO FWFOUT DPOUBJOJOH MPOH�MJWFE QBSUJDMFT� "O
FWFOU XJUI QBJS�QSPEVDFE TUBCMF QBSUJDMFT DBO SFTVMU JO TJHOJ୮ୢDBOU
Emiss
T JG UIF QBSUJDMFT BSF P୭GTFU JO UIF USBOTWFSTF QMBOF CZ B KFU GSPN

%$ތ JOJUJBM�TUBUF SBEJBUJPO� 5IF IFBWZ TUBCMF QBSUJDMFT BSF OPU
FYQFDUFE UP JOUFSBDU TJHOJ୮ୢDBOUMZ XJUI UIF DBMPSJNFUFS
 SFTVMUJOH JO
BO PWFSBMM JNCBMBODF JO DBMPSJNFUFS EFQPTJUT BOE UIFSFGPSFEmiss

T
� .FUBTUBCMF QBSUJDMFT
 PS MPOH�MJWFE QBSUJDMFT EFDBZJOH XJUIJO UIF
EFUFDUPS WPMVNF
 DBO SFTVMU JOEmiss

T JG UIFZ EFDBZ JOUP B 4UBOEBSE
.PEFM RVBSL UIBU QSPEVDFT B KFU BOE B IJHI�NPNFOUVN QBSUJDMF
UIBU FTDBQFT UIF EFUFDUPS XJUIPVU JOUFSBDUJOH TJHOJ୮ୢDBOUMZ XJUI UIF NBUFSJBM� � � � � ���

���� 5IF F୭୮ୢDJFODZ PG 	B
 TMFQUPO FWFOUT
 	C
 3�IBESPO FWFOUT XIFSF
mχ���� (F7
 BOE 	D
 DIBSHJOP�DIBSHJOP

(
χ̃+
1 χ̃

−
1

)
FWFOUT QBTTJOH

UIF FWFOU RVBMJUZ SFRVJSFNFOUT BOE UIFEmiss
T USJHHFS SFRVJSFNFOUT

BT B GVODUJPO PG NBTT BOE MJGFUJNF�҆ � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� 5IF P୭୯୳JOFEmiss

T EJTUSJCVUJPOT PG FWFOUT DPOUBJOJOH 	B
 TMFQUPOT
PG NBTT ��� (F7 BOE WBSZJOH MJGFUJNFT
 	C
 3�IBESPOT 	mχ����
(F7
 PG NBTT ��� 5F7 BU WBSZJOH MJGFUJNFT
 BOE 	D
 TUBCMF DIBSHJOPT
PG � NBTT 5F7
 XIFSF DIBSHJOP�DIBSHJOP 	IFSF SFGFSSFE UP BT $�$�

BOE DIBSHJOP�OFVUSBMJOP 	$�/�
 FWFOUT BSF DPOTJEFSFE� 5IF FWFOUT
IBWF QBTTFE UIF FWFOU RVBMJUZ SFRVJSFNFOUT BOE UIF POMJOFEmiss

T
USJHHFS SFRVJSFNFOUT�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� ,JOFNBUJD EJTUSJCVUJPOT PG TJHOBM USBDLT DPNQBSFE UP EBUB� 	B

TIPXT UIF pT EJTUSJCVUJPO PG USBDLT QBTTJOH UIF P୭୯୳JOFEmiss

T DVU�
5IF pT DVU JT TIPXO JO UIF SFE EPUUFE MJOF� 5SBDLT XJUI pT � ���
(F7 BSF TFMFDUFE� 	C
 TIPXT UIF η EJTUSJCVUJPO PG USBDLT QBTTJOH UIF
pT SFRVJSFNFOU� 5SBDLT GBMMJOH XJUIJO |η| � ��� BSF TFMFDUFE�҆ � � � � � � � � � � � � ���
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���� 5IF dE/dx EJTUSJCVUJPO GPS TFWFSBM TJHOBM QPJOUT DPNQBSFE UP
CBDLHSPVOE�EPNJOBUFE EBUB� %BUB TBUJT୮ୢFT 4JHOBM 3FHJPO TFMFDUJPO
FYDFQUEmiss

T � ��� (F7
 OP dE/dx SFRVJSFNFOU JT QMBDFE
 BOE
βToF � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 	B
 TIPXT UIF EFQFOEFODF PG UIF βToF SFTPMVUJPO σβ PO |η| EVF
UP UIF TUSVDUVSF PG UIF 5JMF DBMPSJNFUFS JO ����Z→µµ EBUB�҆ 	C

TIPXT UIF βToF EJTUSJCVUJPOT PG TFMFDUFE TJHOBM TBNQMFT DPNQBSFE
UP 3VO � EBUB� 5IF EBUB JT CBDLHSPVOE�EPNJOBUFE BOE TBUJT୮ୢFT
4JHOBM 3FHJPO TFMFDUJPO FYDFQUEmiss

T � ��� (F7
 OP dE/dx
SFRVJSFNFOU JT QMBDFE
 BOE βToF � �� 5SBDLT GBMMJOH CFMPX UIF
βcut WBMVF GPS UIF HJWFO |η| TMJDF XPVME CF TFMFDUFE GPS UIF 4JHOBM
3FHJPO JO EBUB UIBU TBUJT୮ୢFT BMM 4JHOBM 3FHJPO SFRVJSFNFOUT� 'PS
����|η|����
 UIF βcut TFMFDUT USBDLT GBMMJOH CFMPX βToF������ � � � � � � � � � � � � ���

���� .BTT EJTUSJCVUJPOT GPS NBTT SFDPOTUSVDUFE GSPN 	B
 dE/dx BOE
	C
 5P' GPS TFWFSBM TJHOBM TBNQMFT� 5IFTF USBDLT TBUJTGZ 4JHOBM
3FHJPO SFRVJSFNFOUT FYDFQUEmiss

T � ��� (F7
 OP dE/dx SFRVJSF�
NFOU JT QMBDFE
 BOE βToF � �� ҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� %JTUSJCVUJPOT JO UIF 2% 	mdE/dx
mToF 
 QMBOF GPS B 	B
 TMFQUPO
TBNQMF XJUI NBTT ��� (F7 BOE MJGFUJNF ��OT
 BOE B 	C
 TUBCMF
3�IBESPO TBNQMF XJUI NBTT ��� 5F7� 5IF MJOFmdE/dx�mToF JT
TIPXO JO B HSBZ EBTIFE MJOF� 5IFTF USBDLT TBUJTGZ BMM 4JHOBM 3FHJPO SFRVJSFNFOUT�҆ � ���

���� 5IF QSFEJDUFE CBDLHSPVOE EJTUSJCVUJPO JO UIF 	mdE/dx
mToF 

QMBOF� 5IF CBDLHSPVOE QSFEJDUJPO JT PCUBJOFE UISPVHI UIF QSPDF�
EVSF EFTDSJCFE JO $IBQUFS ��҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5XP MJOFBS CPVOEBSJFT
 SFGFSSFE UP BT B 
أDPOFآ BSF JNQPTFE PO UIF
QSFEJDUFE CBDLHSPVOE EJTUSJCVUJPO JO UIF 	mdE/dx
mToF 
 QMBOF�
5IF CBDLHSPVOE QSFEJDUJPO JT PCUBJOFE UISPVHI UIF QSPDFEVSF
EFTDSJCFE JO $IBQUFS �� 5IF DPOF IBT BO PQFOJOH BOHMF PG 22◦
UIBU JT EFUFSNJOFE UISPVHI BO PQUJNJ[BUJPO QSPDFEVSF� 5IF NBTT
XJOEPXT BSF EF୮ୢOFE XJUIJO UIF DPOF�҆ � � � � � � � � � � � � � � � � � � � � � � � ���

���� " TLFUDI PG IPX USBQF[PJEBM NBTT XJOEPXT BSF DPOTUSVDUFE XJUIJO
UIF DPOF JO UIF 2% 	mdE/dx
mToF 
 QMBOF� 5IF TIBEFE SFHJPO
SFQSFTFOUT UIF DPOF XJUI PQFOJOH BOHMF θ� 6QQFS BOE MPXFS FEHFT
PG UIF USBQF[PJE BSF JNQPTFE XJUIJO UIF DPOF BSPVOE UIF UBSHFU
NBTT QPJOU
 XIJDI JT IJHIMJHIUFE XJUI B CMBDL EPU� 5IF QMBDFNFOU
PG UIF VQQFS BOE MPXFS USBQF[PJE FEHFT JT EFUFSNJOFE UISPVHI BO
PQUJNJ[BUJPO QSPDFEVSF� 5IF USBQF[PJE JT QBSBNFUFSJ[FE CZ UIF
DPOF BOHMF θ BOE CZ UIF NBTT WBMVFT BU UIF DFOUFS PG UIF VQQFS BOE
MPXFS FEHFT XIFSF UIF FEHFT JOUFSTFDU UIF MJOFmdE/dx = mToF 

TIPXO JO B EBTIFE HSBZ MJOF <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� 4DIFNBUJD EJBHSBN PG UIF 4JHOBM SFHJPO BOE JUT $POUSPM 3FHJPOT�
.&5 SFGFST UPEmiss

T � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 5IF UFNQMBUF JO UIF LJOFNBUJD $3 GSPN XIJDI 	|η|
1/pT
 WBMVFT

BSF TBNQMFE BOE VTFE UP DPOTUSVDU NPNFOUVN GPS UPZ USBDLT� � � � � � � � � � � � ���
��� &YBNQMF dE/dx IJTUPHSBNT JO UIF βγ $3 GSPN XIJDI dE/dx

WBMVFT BSF TBNQMFE GPS UPZ USBDLT� � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� &YBNQMF βToF IJTUPHSBNT JO UIF βγ $3 GSPN XIJDI βToF WBMVFT

BSF TBNQMFE GPS UPZ USBDLT� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 5IF QSFEJDUFEmdE/dx CBDLHSPVOE 	CMVF IJTUPHSBN
 JO UIF 4JHOBM

3FHJPO� 5IF CMVF CBOE SFQSFTFOUT UIF UPUBM TZTUFNBUJD VODFSUBJOUZ
PO UIF CBDLHSPVOE FTUJNBUF� 4FWFSBM FYBNQMF TJHOBM TBNQMFT BSF
TIPXO GPS DPNQBSJTPO JO UIF SFE
 HSFFO
 BOE ZFMMPX IJTUPHSBNT�҆ � � � � � � � � � ���

��� 5IF QSFEJDUFEmToF CBDLHSPVOE 	CMVF IJTUPHSBN
 JO UIF 4JHOBM
3FHJPO� 5IF CMVF CBOE SFQSFTFOUT UIF UPUBM TZTUFNBUJD VODFSUBJOUZ
PO UIF CBDLHSPVOE FTUJNBUF� 5IF TQJLF JO UIF VODFSUBJOUZ CBOE
BU 15F7 JT DBVTFE CZ MPX TUBUJTUJDT JO UIF TZTUFNBUJD VODFSUBJOUZ
DBMDVMBUJPO BU IJHI NBTT� 5IJT TQJLF EPFT OPU SF୯୳FDU B QIZTJDBM
F୭GFDU BOE JT SFNPWFE VTJOH B TNPPUIJOH QSPDFEVSF CFGPSF UIF
BQQMJDBUJPO PG NBTT XJOEPXT� 4FWFSBM FYBNQMF TJHOBM TBNQMFT BSF
TIPXO GPS DPNQBSJTPO JO UIF SFE
 HSFFO
 BOE ZFMMPX IJTUPHSBNT�҆ � � � � � � � � � ���

��� 5IF QSFEJDUFE CBDLHSPVOE 	CMVF IJTUPHSBN
 JO UIFmdE/dx WT
mToF QMBOF JO UIF 4JHOBM 3FHJPO�҆ � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 4DIFNBUJD EJBHSBN PG UIF 4JHOBM SFHJPO
 -PX dE/dx73
 BOE
)JHI βToF 73�.&5 SFGFST UPEmiss

T � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 4DIFNBUJD EJBHSBN PG UIF -PX dE/dx7BMJEBUJPO 3FHJPO BOE UIF

DPSSFTQPOEJOH $POUSPM 3FHJPOT� .&5 SFGFST UPEmiss
T � � � � � � � � � � � � � � � ���

���� 4DIFNBUJD EJBHSBN PG UIF )JHI βToF 7BMJEBUJPO 3FHJPO BOE UIF
DPSSFTQPOEJOH $POUSPM 3FHJPOT� .&5 SFGFST UPEmiss

T � � � � � � � � � � � � � � � ���
���� $PNQBSJTPO PG QSFEJDUFEmToF CBDLHSPVOE 	CMVF IJTUPHSBN


UP EBUB 	CMBDL QPJOUT
 JO UIF -PX dE/dx7BMJEBUJPO 3FHJPO�
5IF CMVF CBOE SFQSFTFOUT UIF UPUBM TZTUFNBUJD VODFSUBJOUZ PO UIF
CBDLHSPVOE FTUJNBUF <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $PNQBSJTPO PG QSFEJDUFEmdE/dx CBDLHSPVOE 	CMVF IJTUPHSBN

UP EBUB 	CMBDL QPJOUT
 JO UIF -PX dE/dx7BMJEBUJPO 3FHJPO�
5IF CMVF CBOE SFQSFTFOUT UIF UPUBM TZTUFNBUJD VODFSUBJOUZ PO UIF
CBDLHSPVOE FTUJNBUF <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� $PNQBSJTPO PG QSFEJDUFEmToF CBDLHSPVOE UP EBUB JO UIF )JHI
βToF 7BMJEBUJPO 3FHJPO� 5IF CMVF CBOE SFQSFTFOUT UIF UPUBM
TZTUFNBUJD VODFSUBJOUZ PO UIF CBDLHSPVOE FTUJNBUF <�>� � � � � � � � � � � � � � � ���

YWJ



���� $PNQBSJTPO PG QSFEJDUFEmdE/dx CBDLHSPVOE UP EBUB JO UIF
)JHI βToF 7BMJEBUJPO 3FHJPO� 5IF CMVF CBOE SFQSFTFOUT UIF UPUBM
TZTUFNBUJD VODFSUBJOUZ PO UIF CBDLHSPVOE FTUJNBUF <�>� � � � � � � � � � � � � � � ���

���� 5IF QSFEJDUFE CBDLHSPVOE 	CMVF IJTUPHSBN
 DPNQBSFE UP EBUB
	SFE QPJOUT
 JO UIFmdE/dx WTmToF QMBOF JO UIF -PX dE/dx
7BMJEBUJPO 3FHJPO�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 5IF QSFEJDUFE CBDLHSPVOE 	CMVF IJTUPHSBN
 DPNQBSFE UP EBUB
	SFE QPJOUT
 JO UIFmdE/dx WTmToF QMBOF JO UIF )JHI βToF
7BMJEBUJPO 3FHJPO�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� " EJBHSBN PG UIF SFHJPOT VTFE UP EFUFSNJOF UIF VODFSUBJOUZ PO
UIF CBDLHSPVOE FTUJNBUF EVF UP UFNQMBUF DPSSFMBUJPOT� " 5FTU
4JHOBM 3FHJPO JT EF୮ୢOFE XJUIJO UIF βγ $POUSPM 3FHJPO� 5IF βγ
$POUSPM 3FHJPO QSPWJEFT CPUI UIF βγ BOE UIF LJOFNBUJD UFNQMBUFT
UP EFSJWF B CBDLHSPVOE FTUJNBUF UIBU JT DPNQBSFE UP EBUB JO UIF
5FTU 4JHOBM 3FHJPO� .&5 SFGFST UPEmiss

T � � � � � � � � � � � � � � � � � � � � � � ���
��� 5IF dE/dx UFNQMBUF JO UIF CJO ��� � |η| � ���
 ୮ୢU UP B $SZTUBM

#BMM GVODUJPO� 5IF ୮ୢU BOE UIF dE/dx EJTUSJCVUJPO TIPX HPPE
BHSFFNFOU BU MPX dE/dx WBMVFT� 5P FTUJNBUF UIF VODFSUBJOUZ JO
UIF CBDLHSPVOE NPEFMJOH PG UIF IJHI dE/dx UBJM
 dE/dx WBMVFT
TBNQMFE GSPN UIF UFNQMBUF JO UIF SBOHF dE/dx � ��� BSF JOTUFBE
TBNQMFE GSPN UIF $SZTUBM #BMM ୮ୢU
 XIJDI JT TNPPUI BOE DPOUJOVPVT
JO UIJT SFHJPO�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF SFTPMVUJPO PG βToF JO UIF OPNJOBM 	CMBDL TRVBSFT
 BOE
TZTUFNBUJD�TIJG୴FE 	SFE TRVBSFT
 η�CJOOJOH TDIFNFT�҆ � � � � � � � � � � � � � � � � ���

��� 5IF ୮ୢUUFE GVODUJPO 	SFE
 VTFE UP EFTDSJCF UIF MPX UBJM PG UIF βToF
EJTUSJCVUJPO 	CMVF
 JO UIF βToF SBOHF <���
 ���> BHSFFT XFMM XJUI
EBUB JO UIF βγ $3�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 7BSJPVT βToF UFNQMBUFT GSPN EJ୭GFSFOU η TMJDFT BSF PWFSMBJE XJUI
UIFJS SFTQFDUJWF ୮ୢUT� 5IF ୮ୢU QSPWJEFT B HPPE NPEFM GPS UIF βToF EJTUSJCVUJPOT�҆ � � ���

��� " TVNNBSZ PG UIF VODFSUBJOUJFT SFMBUFE UP UIF CBDLHSPVOE FTUJNB�
UJPO JO UIF 4JHOBM 3FHJPO� 5IF VODFSUBJOUZ JT DBMDVMBUFE XJUIJO
FBDI USBQF[PJEBM NBTT XJOEPX EF୮ୢOFE JO 4FDUJPO ����� <�>� � � � � � � � � � � � � � ���

��� 5IF SFTVMUT JO UIF 4JHOBM 3FHJPO JO UIF 	mdE/dx
mToF 
 QMBOF�
5IF CBDLHSPVOE QSFEJDUJPO JT TIPXO JO UIF CMVF IJTUPHSBN� 5IF
PCTFSWFE EBUB JT TIPXO BT SFE EPUT� 5IF CMBDL MJOFT EFOPUF UIF
MJOFBS CPVOEBSJFT JNQPTFE PO UIF 4JHOBM 3FHJPO 2%NBTT QMBOF
EJTDVTTFE JO 4FDUJPO ������҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� 5IFmdE/dx BOEmToF EJTUSJCVUJPOT JO UIF 4JHOBM 3FHJPO� 5IF
CBDLHSPVOE QSFEJDUJPO JT TIPXO JO UIF CMVF IJTUPHSBN� 5IF
VODFSUBJOUJFT PO UIF CBDLHSPVOE FTUJNBUF BSF SFQSFTFOUFE CZ UIF
CMVF CBOET� 5IF CMBDL EPUT BSF UIF PCTFSWFE EBUB JO UIF 4JHOBM
3FHJPO� 4FWFSBM FYBNQMF TJHOBM TBNQMFT BSF TIPXO GPS DPNQBSJTPO
JO UIF SFE
 HSFFO
 BOE ZFMMPX IJTUPHSBNT�҆ � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF dE/dx
 βToF
 pT 
 BOE η EJTUSJCVUJPOT JO UIF 4JHOBM 3FHJPO�
5IF CBDLHSPVOE QSFEJDUJPO JT TIPXO JO UIF CMVF IJTUPHSBN� 5IF
VODFSUBJOUJFT PO UIF CBDLHSPVOE FTUJNBUF BSF SFQSFTFOUFE CZ UIF
CMVF CBOET� 5IF CMBDL EPUT BSF UIF PCTFSWFE EBUB JO UIF 4JHOBM
3FHJPO� 4FWFSBM FYBNQMF TJHOBM TBNQMFT BSF TIPXO GPS DPNQBSJTPO
JO UIF SFE
 HSFFO
 BOE ZFMMPX IJTUPHSBNT�҆ � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF SFTVMUT JO UIF 4JHOBM 3FHJPO JO UIF 	mdE/dx
mToF 
 QMBOF

[PPNFE JO UP UIF NBTT SBOHF XIFSF UIF PCTFSWFE USBDLT MJF� 5IF
CBDLHSPVOE QSFEJDUJPO JT TIPXO JO UIF CMVF IJTUPHSBN� 5IF CMBDL
MJOFT EFOPUF UIF MJOFBS CPVOEBSJFT JNQPTFE PO UIF 4JHOBM 3FHJPO
2%NBTT QMBOF EJTDVTTFE JO 4FDUJPO ������ 5IF PCTFSWFE USBDLT
MZJOH XJUIJO UIF DPOF BSF TIPXO BT SFE EPUT� 5IF PCTFSWFE USBDLT
MZJOH PVUTJEF UIF DPOF BSF TIPXO BT HSFFO EPUT <�>� � � � � � � � � � � � � � � � � � ���

��� 5IFmdE/dx BOEmToF EJTUSJCVUJPOT JOTJEF UIF DPOF JO UIF
4JHOBM 3FHJPO� 5IF CBDLHSPVOE QSFEJDUJPO JT TIPXO JO UIF CMVF
IJTUPHSBN� 5IF VODFSUBJOUJFT PO UIF CBDLHSPVOE FTUJNBUF BSF
SFQSFTFOUFE CZ UIF CMVF CBOET� 5IF CMBDL EPUT BSF UIF PCTFSWFE
EBUB JO UIF 4JHOBM 3FHJPO� 4FWFSBM FYBNQMF TJHOBM TBNQMFT BSF
TIPXO GPS DPNQBSJTPO JO UIF SFE
 HSFFO
 BOE ZFMMPX IJTUPHSBNT�҆ � � � � � � � � � ���

��� 5IF EJTUSJCVUJPO PG UIF BWFSBHF PG UIFmdE/dx BOEmToF WBMVFT
GPS FBDI USBDL JOTJEF UIF DPOF JO UIF 4JHOBM 3FHJPO�5IF CBDL�
HSPVOE QSFEJDUJPO JT TIPXO JO UIF CMVF IJTUPHSBN� 5IF VODFSUBJO�
UJFT PO UIF CBDLHSPVOE FTUJNBUF BSF SFQSFTFOUFE CZ UIF CMVF CBOET�
5IF CMBDL EPUT BSF UIF PCTFSWFE EBUB JO UIF 4JHOBM 3FHJPO� 4FWFSBM
FYBNQMF TJHOBM TBNQMFT BSF TIPXO GPS DPNQBSJTPO JO UIF SFE
 HSFFO

BOE ZFMMPX IJTUPHSBNT�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF dE/dx
 βToF
 pT 
 BOE η EJTUSJCVUJPOT JOTJEF UIF DPOF JO
UIF 4JHOBM 3FHJPO� 5IF CBDLHSPVOE QSFEJDUJPO JT TIPXO JO UIF
CMVF IJTUPHSBN� 5IF VODFSUBJOUJFT PO UIF CBDLHSPVOE FTUJNBUF BSF
SFQSFTFOUFE CZ UIF CMVF CBOET� 5IF CMBDL EPUT BSF UIF PCTFSWFE
EBUB JO UIF 4JHOBM 3FHJPO� 4FWFSBM FYBNQMF TJHOBM TBNQMFT BSF
TIPXO GPS DPNQBSJTPO JO UIF SFE
 HSFFO
 BOE ZFMMPX IJTUPHSBNT�҆ � � � � � � � � � ���

YWJJJ



��� 5IF p0 WBMVFT DBMDVMBUFE JO FBDI NBTT XJOEPX VQ UP 700(F7�
p0 WBMVFT DPSSFTQPOEJOH UP TJHOJ୮ୢDBODFT PG 1σ
 2σ
 BOE 3σ BSF
NBSLFE XJUI HSBZ EBTIFE MJOFT GPS SFGFSFODF� 5IF MPXFTU NFBTVSFE
p0 WBMVF
 JOEJDBUJOH UIF NBTT XJOEPX XJUI UIF MBSHFTU EJTBHSFF�
NFOU
 JT GPVOE JO UIF 200(F7NBTT XJOEPX <�>� � � � � � � � � � � � � � � � � � ���

��� ��ॎ $- VQQFS MJNJUT PO UIF QSPEVDUJPO DSPTT TFDUJPO PG TMFQUPOT
PG MJGFUJNFT 3 BOE 10OT BT B GVODUJPO PG NBTT� 5IF DSPTT TFDUJPO
QSFEJDUFE CZ UIF TJNQMJ୮ୢFE NPEFM JT TIPXO JO B HSBZ MJOF� 5IF
FYQFDUFE VQQFS DSPTT�TFDUJPO MJNJU JO UIF CBDLHSPVOE�POMZ IZ�
QPUIFTJT JT TIPXO JO UIF EBTIFE MJOF� 5IF MJNJU FYUSBDUFE GSPN
UIF PCTFSWFE EBUB JT TIPXO JO UIF TPMJE CMBDL MJOF� 5IF UFBM CBOET
SFQSFTFOU UIF 1 BOE 2 σ CPVOET PO UIF VQQFS MJNJU <�>� � � � � � � � � � � � � � � � ���

���� ��ॎ $- VQQFS MJNJUT PO UIF QSPEVDUJPO DSPTT TFDUJPO PG TMFQUPOT
PG MJGFUJNFT 30 BOE 3000OT BT B GVODUJPO PG NBTT� 5IF DSPTT
TFDUJPO QSFEJDUFE CZ UIF TJNQMJ୮ୢFE NPEFM JT TIPXO JO B HSBZ MJOF�
5IF FYQFDUFE VQQFS DSPTT�TFDUJPO MJNJU JO UIF CBDLHSPVOE�POMZ
IZQPUIFTJT JT TIPXO JO UIF EBTIFE MJOF� 5IF MJNJU FYUSBDUFE GSPN
UIF PCTFSWFE EBUB JT TIPXO JO UIF TPMJE CMBDL MJOF� 5IF UFBM CBOET
SFQSFTFOU UIF 1 BOE 2 σ CPVOET PO UIF VQQFS MJNJU <�>� � � � � � � � � � � � � � � � ���

���� -JNJUT QMBDFE PO TMFQUPOT JO UIF NBTT�MJGFUJNF QMBOF� 5IF CMBDL
EBTIFE DPOUPVS TIPXT UIF FYQFDUFE MJNJU
 XIJMF UIF TPMJE UFBM
MJOF TIPXT UIF PCTFSWFE MJNJU JO UIF 2%NBTT�MJGFUJNF QMBOF� 5IF
UFBM CBOET SFQSFTFOU UIF 1σ BOE 2σ VODFSUBJOUZ SBOHFT� 5IF
NBTT�MJGFUJNF BSFB XJUIJO UIF DPOUPVS IBT CFFO FYDMVEFE� 5IF
PCTFSWFE MJNJU JT XFBLFS UIBO UIF FYQFDUFE MJNJU BSPVOE B NBTT PG
200(F7 EVF UP UIF EFWJBUJPO PG PCTFSWFE EBUB GSPN CBDLHSPVOE
FYQFDUBUJPO JO UIF 200(F7NBTT XJOEPX <�>� � � � � � � � � � � � � � � � � � � � ���

���� " DPNQBSJTPO PG UIF MJNJUT QMBDFE PO TMFQUPOT JO UISFF TFBSDIFT�
5IF FYQFDUFE BOE PCTFSWFE MJNJUT QMBDFE JO UIF TFBSDI EFTDSJCFE
JO UIJT UIFTJT BSF TIPXO JO UFBM EBTIFE BOE TPMJE MJOFT
 SFTQFDUJWFMZ�
5IF QVSQMF DPOUPVST TIPX UIF MJNJUT QMBDFE JO UIF QSFWJPVT
JUFSBUJPO PG UIJT TFBSDI
 EFTDSJCFE JO <��>
 XIJDI VTFE JPOJ[BUJPO
FOFSHZ NFBTVSFE JO UIF "5-"4 TJMJDPO QJYFM EFUFDUPS BT UIF TPMF
NFBTVSF PG QBSUJDMF TQFFE� 5IF CMVF DPOUPVST SFQSFTFOU UIF MJNJUT
QMBDFE CZ B TFBSDI GPS EJTQMBDFE MFQUPOT
 EFTDSJCFE JO <��>
 XIJDI
UBSHFUFE TMFQUPOT PG B MPXFS NBTT BOE MJGFUJNF SBOHF UIBO UIF
TFBSDI QSFTFOUFE IFSF <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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���� ��ॎ $- VQQFS MJNJUT PO UIF QSPEVDUJPO DSPTT TFDUJPO PG 3�IBESPOT
	mχ�100(F7
 PG MJGFUJNFT 3 BOE 10OT BT B GVODUJPO PG NBTT� 5IF
DSPTT TFDUJPO QSFEJDUFE CZ UIF TJNQMJ୮ୢFE NPEFM JT TIPXO JO B HSBZ
MJOF� 5IF FYQFDUFE VQQFS DSPTT�TFDUJPO MJNJU JO UIF CBDLHSPVOE�
POMZ IZQPUIFTJT JT TIPXO JO UIF EBTIFE MJOF� 5IF MJNJU FYUSBDUFE
GSPN UIF PCTFSWFE EBUB JT TIPXO JO UIF TPMJE CMBDL MJOF� 5IF UFBM
CBOET SFQSFTFOU UIF 1 BOE 2 σ CPVOET PO UIF VQQFS MJNJU <�>� � � � � � � � � � � � ���

���� ��ॎ $- VQQFS MJNJUT PO UIF QSPEVDUJPO DSPTT TFDUJPO PG 3�IBESPOT
	mχ�100(F7
 PG MJGFUJNFT 30OT BOE TUBCMF BT B GVODUJPO PG
NBTT� 5IF DSPTT TFDUJPO QSFEJDUFE CZ UIF TJNQMJ୮ୢFE NPEFM JT
TIPXO JO B HSBZ MJOF� 5IF FYQFDUFE VQQFS DSPTT�TFDUJPO MJNJU JO UIF
CBDLHSPVOE�POMZ IZQPUIFTJT JT TIPXO JO UIF EBTIFE MJOF� 5IF MJNJU
FYUSBDUFE GSPN UIF PCTFSWFE EBUB JT TIPXO JO UIF TPMJE CMBDL MJOF�
5IF UFBM CBOET SFQSFTFOU UIF 1 BOE 2 σ CPVOET PO UIF VQQFS MJNJU <�>� � � � � � � � ���

���� ��ॎ $- VQQFS MJNJUT PO UIF QSPEVDUJPO DSPTT TFDUJPO PG 3�IBESPOT
	mg̃−mχ�30(F7
 PG MJGFUJNFT 3 BOE 10OT BT B GVODUJPO PG NBTT�
5IF DSPTT TFDUJPO QSFEJDUFE CZ UIF TJNQMJ୮ୢFE NPEFM JT TIPXO
JO B HSBZ MJOF� 5IF FYQFDUFE VQQFS DSPTT�TFDUJPO MJNJU JO UIF
CBDLHSPVOE�POMZ IZQPUIFTJT JT TIPXO JO UIF EBTIFE MJOF� 5IF MJNJU
FYUSBDUFE GSPN UIF PCTFSWFE EBUB JT TIPXO JO UIF TPMJE CMBDL MJOF�
5IF UFBM CBOET SFQSFTFOU UIF 1 BOE 2 σ CPVOET PO UIF VQQFS MJNJU <�>� � � � � � � � ���

���� ��ॎ $- VQQFS MJNJUT PO UIF QSPEVDUJPO DSPTT TFDUJPO PG 3�IBESPOT
	mg̃−mχ�30(F7
 PG MJGFUJNF 30OT BT B GVODUJPO PG NBTT� 5IF
DSPTT TFDUJPO QSFEJDUFE CZ UIF TJNQMJ୮ୢFE NPEFM JT TIPXO JO B HSBZ
MJOF� 5IF FYQFDUFE VQQFS DSPTT�TFDUJPO MJNJU JO UIF CBDLHSPVOE�
POMZ IZQPUIFTJT JT TIPXO JO UIF EBTIFE MJOF� 5IF MJNJU FYUSBDUFE
GSPN UIF PCTFSWFE EBUB JT TIPXO JO UIF TPMJE CMBDL MJOF� 5IF UFBM
CBOET SFQSFTFOU UIF 1 BOE 2 σ CPVOET PO UIF VQQFS MJNJU <�>� � � � � � � � � � � � ���

���� -JNJU DPOUPVST JO UIF 2%NBTT�MJGFUJNF QMBOF GPS 	B
 3�IBESPOT
	mχ���� (F7
 BOE 	C
 3�IBESPOT 	mg̃−mχ�30(F7
� 5IF
CMBDL EBTIFE MJOF TIPXT UIF FYQFDUFE MJNJU� 5IF TPMJE UFBM MJOF
TIPXT UIF PCTFSWFE MJNJU� 5IF UFBM CBOET SFQSFTFOU UIF 1σ BOE 2σ
VODFSUBJOUZ SBOHFT� 'PS B HJWFO MJGFUJNF
 NBTTFT CFMPX UIF MJNJU
DPOUPVS BSF FYDMVEFE <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

YY



-JTUJOH PG UBCMFT

��� 5IF NFBO βToF
 σ(βToF)
 BOE 3.4 PG UIF βToF EJTUSJCVUJPO GPS
���� EBUB� 5IF ୮ୢSTU MJOF PG WBMVFT JT GPVOE XJUI OP DBMJCSBUJPOT
PO DFMM UJNF� 5IF TFDPOE MJOF TIPXT UIF F୭GFDU XJUI UIF DFMM�CZ�DFMM
DBMJCSBUJPO POMZ� 5IF UIJSE MJOF TIPXT UIF ୮ୢOBM DBMJCSBUFE QFSGPS�
NBODF XJUI CPUI UIF DFMM�CZ�DFMM BOE η�EFQFOEFOU DBMJCSBUJPOT
JNQMFNFOUFE� 5IF SFTPMVUJPO σ(βToF) JT EFUFSNJOFE CZ ୮ୢUUJOH
UIF βToF EJTUSJCVUJPO XJUI B (BVTTJBO JO UIF±2σ SFHJPO� "T βToF
JT OPU XFMM�EFTDSJCFE CZ B TJOHMF (BVTTJBO JO UIF UBJMT
 UIF 3.4
WBMVFT BSF TIPXO BT XFMM�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF DVU୯୳PX GPS UIF QSFTFMFDUJPO SFRVJSFNFOUT PO UIF FWFOUT BOE
USBDLT GPS EBUB FWFOUT TLJNNFE GSPN UIF DAOD UP UIF mini-xAOD
EBUB GPSNBU�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF DVU୯୳PX GPS UIF GVMM 3VO 2 EBUBTFU� 5IF SFTVMUJOH OVNCFS
PG EBUB FWFOUT JO UIF 4JHOBM 3FHJPO BG୴FS UIF BQQMJDBUJPO PG UIF
QBSUJDMF TQFFE 	dE/dx BOE βToF
 SFRVJSFNFOUT DBO CF GPVOE JO $IBQUFS ��҆ � � � ���

��� $VU୯୳PX GPS TMFQUPOT XJUI NBTT ��� (F7 BOE MJGFUJNF �� OT� 5IF
NBTT XJOEPXT EJTDVTTFE JO 4FDUJPO ��� IBWF OPU CFFO BQQMJFE�҆ � � � � � � � � � � � ���

��� $VU୯୳PX GPS DIBSHJOPT XJUI NBTT ��� (F7 BOE MJGFUJNF ��OT� 5IF
NBTT XJOEPXT EJTDVTTFE JO 4FDUJPO ��� IBWF OPU CFFO BQQMJFE�҆ � � � � � � � � � � � ���

��� $VU୯୳PX GPS TUBCMF 3�IBESPOT XJUI NBTT ��� 5F7� 5IF NBTT XJO�
EPXT EJTDVTTFE JO 4FDUJPO ��� IBWF OPU CFFO BQQMJFE�҆ � � � � � � � � � � � � � � � ���

��� 5IF 2%NBTT XJOEPX QBSBNFUFST EFSJWFE VTJOH UIF USBQF[PJEBM
NFUIPE
 HJWFO B DPOF PQFOJOH BOHMF PG 22◦� 5IF MPXFS FEHF NBTT
JEFOUJ୮ୢFT UIF NBTT QPJOU 	mToF 
mdE/dx
 BU UIF DFOUFS PG UIF
USBQF[PJEBM MPXFS FEHF� 5IF VQQFS FEHF NBTT MPDBUFT UIF DFOUFS
BU UIF QPJOU 	mToF 
mdE/dx
 PG UIF USBQF[PJE VQQFS FEHF JO UIF
2%NBTT QMBOF� 5IF EF୮ୢOJUJPOT PG NBTT XJOEPXT JO UIF SBOHF ���
(F7 UP ��� 5F7 XJMM CF ୮ୢOBMJ[FE VTJOH DIBSHJOP TJNVMBUJPO UIBU JT
TUJMM JO QSPEVDUJPO BU UIF XSJUJOH PG UIJT UIFTJT� 5IF ��� (F7
 ���
(F7
 BOE ���� (F7NBTT XJOEPXT XFSF EFUFSNJOFE VTJOH FYJTUJOH
DIBSHJOP TBNQMFT XJUI MJGFUJNFT � OT BOE �� OT�҆ � � � � � � � � � � � � � � � � � � ���
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��� 5IF SFTVMUT PG UIF BQQMJDBUJPO PG UIF USBQF[PJEBM NBTT XJOEPX GPS
B GFX TJHOBM TBNQMFT� 5IF NBTT PG UIF TJHOBM TBNQMF EFUFSNJOFT UIF
QBSBNFUFST PG UIF USBQF[PJE UIBU JT BQQMJFE� 5IF OVNCFS PG TJHOBM
USBDLT JO UIF USBQF[PJE
 UIF OVNCFS PG QSFEJDUFE CBDLHSPVOE
USBDLT JO UIF USBQF[PJE
 UIF TJHOBM F୭୮ୢDJFODZ PG UIF USBQF[PJE
SFMBUJWF UP UIF 4JHOBM 3FHJPO
 BOE UIF TFOTJUJWJUZ EFUFSNJOFE XJUI
UIF NFUSJDZ 	&RVBUJPO ����
 <��> BSF TIPXO� � � � � � � � � � � � � � � � � � � � � ���

��� %F୮ୢOJUJPOT PG UIF 4JHOBM
 $POUSPM BOE 7BMJEBUJPO SFHJPOT� "MM
FWFOUT BOE USBDLT TBUJTGZ UIF 4JHOBM 3FHJPO TFMFDUJPO BQBSU GSPN
Emiss
T 
 dE/dx
 BOE βToF SFRVJSFNFOUT�҆ � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF FYQFDUFE BOE PCTFSWFE OVNCFS PG USBDLT JO UIF -PX dE/dx
7BMJEBUJPO 3FHJPO BOE )JHI βToF 7BMJEBUJPO 3FHJPO
 BOE UIF
FYQFDUFE OVNCFS PG USBDLT JO UIF 4JHOBM 3FHJPO� 5IF VODFSUBJOUJFT
TIPXO BSF UIF UPUBM TZTUFNBUJD VODFSUBJOUJFT PO UIF CBDLHSPVOE
QSFEJDUJPO JO UIF 4JHOBM 3FHJPO
 BT EFUBJMFE JO $IBQUFS �� 4FF
$IBQUFS � GPS UIF OVNCFS PG FWFOUT JO UIF 4JHOBM 3FHJPO PCTFSWFE
JO EBUB�҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 1SPQFSUJFT PG UIF � PCTFSWFE USBDLT UIBU FOUFS UIF 4JHOBM 3FHJPO�
5IF USBDLT BSF OVNCFSFE JO OP QBSUJDVMBS PSEFS� 5IF SFDPO�
TUSVDUFEmdE/dx BOEmToF WBMVFT BSF TIPXO GPS FBDI USBDL
 BT
XFMM BT UIFJS dE/dx
 βToF
 pT 
 BOE η� � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5IF OVNCFS PG USBDLT FYQFDUFE GSPN UIF CBDLHSPVOE QSFEJDUJPO
BOE UIF OVNCFS PG PCTFSWFE USBDLT JO EBUB JO FBDI USBQF[PJEBM NBTT
XJOEPX� 5IF EF୮ୢOJUJPOT PG NBTT XJOEPXT JO UIF SBOHF ��� (F7
UP ��� 5F7 XJMM CF ୮ୢOBMJ[FE VTJOH DIBSHJOP TJNVMBUJPO UIBU JT TUJMM
JO QSPEVDUJPO BU UIF XSJUJOH PG UIJT UIFTJT� 5IF NBTT XJOEPXT BSF
EF୮ୢOFE JO 4FDUJPO ������҆ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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"DLOPXMFEHNFOUT

*ONZ ୮ୢWF ZFBST PG HSBEVBUF TDIPPM
 * IBWF NBEF NPSF GSJFOET BOE MFBSOFE NPSF UIBO * FWFS UIPVHIU

QPTTJCMF� *O UIF ୮ୢSTU UXP ZFBST
 * CPOEFE XJUI NZ DPIPSU PG QIZTJDT BOE BQQMJFE QIZTJDT HSBEVBUF TUV�

EFOUT� 8F UBDLMFE QSPCMFN TFUT UPHFUIFS JO UIF (1 BSFB
 IBE NPWJF OJHIUT BOE BEWFOUVSFT JO #PTUPO


BOE XSPUF BO BNB[JOH QVQQFU TIPX� *O 4FQUFNCFS 2020
 * NPWFE UP 4XJU[FSMBOE UP XPSL BU $&3/


BOE NFU XPOEFSGVM QFPQMF− BU ୮ୢSTU PWFS ;PPN
 BOE FWFOUVBMMZ JO QFSTPO� 5IBOL ZPV UP FWFSZPOF

XIP TIBQFE NZ FYQFSJFODFT
 FODPVSBHFE NF UP UIJOL EFFQMZ BCPVU QIZTJDT
 BOE QVTIFE NF UP IBWF

NPSF GVO�

4QFDJBM UIBOLT UP NZ BEWJTPS .FMJTTB� 5IFSF JT TP NVDI UP UIBOL ZPV GPS CFZPOE UIJT QBSBHSBQI

CVU MMؠ* USZ UP IJU UIF IJHIMJHIUT� 5IBOL ZPV GPS NFFUJOH XJUI NF BU BOZ UJNF PG EBZ
 TVQQPSUJOH NF

UISPVHI BMM UIF UXJTUT BOE UVSOT PG HSBEVBUF TDIPPM
 BOE TIPXJOH NF IPX UP CF B NFOUPS� 5IBOL

ZPV GPS BTLJOH BMM UIF SJHIU RVFTUJPOT BCPVU QMPUT BOE GPS BMM UIF GFFECBDL PO TP NBOZ TMJEFT PWFS UIF

ZFBST� 5IBOL ZPV GPS IFMQJOH NF EFWFMPQ UIF DPO୮ୢEFODF UP BEWPDBUF GPS NZ PXO JEFBT� "CPWF BMM


UIBOL ZPV GPS BDDFQUJOH NF JO ZPVS HSPVQ�

5P "MFY
 UIBOL ZPV GPS UIF NFOUPSTIJQ BU FWFSZ TUBHF PG NZ 1I%� &WFO BG୴FS ZPV NPWFE PO GSPN

PVS HSPVQ
 ZPV XFSF B TUBCJMJ[JOH GPSDF JO NZ FYQFSJFODF BT B HSBEVBUF TUVEFOU� 5IBOL ZPV GPS UIF

FYDFMMFOU BEWJDF BOE GPS QVTIJOH NF UP SVO UIBU UIJSE MBQ BSPVOE UIF QBSL�

-BSSZ
 UIBOL ZPV GPS BMM UIF DIBUT BOE UIF TVQQPSU UISPVHI UIF KPC BQQMJDBUJPO QSPDFTT� 5IBOL
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ZPV GPS TIBSJOH ZPVS TMJEF�NBLJOH QIJMPTPQIZ� "OE UIBOL ZPV BOE 5PWB GPS UIF BQBSUNFOU�

"OO
 * XBT TP MVDLZ UP MFBSO GSPN ZPV� 5IBOL ZPV GPS UIF GVO UJNFT BU ##5 BOE GPS UIF JOUSPEVD�

UJPO UP UIF dE/dx BOBMZTJT� 5IBOL ZPV GPS BMM UIF TVQQPSU UISPVHI UIF ZFBST�

5IBOL ZPV UP NZ DPNNJUUFF NFNCFST
 .BTBIJSP .PSJJ BOE.BUU 3FFDF� .BUU 3FFDF
 UIBOL ZPV

GPS UIF IFMQGVM UIFTJT GFFECBDL� .BTBIJSP
 UIBOL ZPV GPS UIF IPOFTU BEWJDF BCPVU NZ OFYU TUFQT
 BOE

GPS UFBDIJOH UIF QBSUJDMF EFUFDUPS DPVSTF UIBU DFNFOUFE NZ JOUFSFTU JO UIF "5-"4 HSPVQ JO NZ ୮ୢSTU

TFNFTUFS�

5IBOL ZPV UP UIF 1JYFM dE/dx BOBMZTJT UFBN� -FP
 UIBOL ZPV GPS DIBUUJOH XJUI NF PWFS DP୭GFF

JO #VJMEJOH 40 BOE GPS BMM UIF GFFECBDL PO TMJEFT� *TNFU
 UIBOL ZPV GPS BMM PG UIF EJTDVTTJPOT PWFS

MVODI BOE PWFS 4LZQF� 5IBOLT UP CPUI -FP BOE *TNFU GPS CFJOH PQFO UP NZ JEFBT BOE HJWJOH NF

UIF DPO୮ୢEFODF UP FYQMPSF UIFN� 5IBOL ZPV UP ,BSSJ GPS IBOEMJOH UIF MJNJUT� 5IBOL ZPV UP 4JNPOF


)JEF
 -BVSB
 ,BSSJ
 "OESFB
 "MFY
 %BSJP
 5PNBT
 +BOB
 "BSPO
 +FSSZ
 BOE "MFYJT
 GPS UIF JOUFSFTUJOH

EJTDVTTJPOT BCPVU dE/dx BOE CFZPOE�

5IF )BSWBSE "5-"4 HSPVQ IBT CFFO B XPOEFSGVM BOE TVQQPSUJWF MFBSOJOH FOWJSPONFOU� 5IBOL

ZPV UP.FMJTTB
 +PIO
 BOE.BTBIJSP GPS HVJEJOH UIF HSPVQ BOE DBSJOH BCPVU BMM PG VT� 5P UIF QPTU�

EPDT
 CPUI DVSSFOU BOE GPSNFS� "MFY
 -BSSZ
 "MFYBOESB
 3POHLVO
 "BSPO
 BOE 4JNPOF
 UIBOL ZPV

GPS ZPVS NFOUPSTIJQ� 5IBOL ZPV UP UIF NBOZ XPOEFSGVM HSBEVBUF TUVEFOUT WFؠ* IBE UIF QMFBTVSF PG

XPSLJOH
 IJLJOH
 BOE DIBUUJOH XJUI PWFS UIF ZFBST� "OO
 (BCSJFM
 #SFOEPO
 "OUIPOZ
 "MFYJT
 -BVSB


9JBPIF
 (VTUBWT
 +FSSZ
 ,FFT
 *SJB
 .JDIBFM
 BOE ;BISB�

4QFDJBM UIBOLT UP "OO BOE "MFYJT GPS TIBSJOH TVQQPSU BOE DBU QIPUPT JO PVS 4MBDL DIBU� "OUIPOZ


UIBOL ZPV GPS HPJOH UISPVHI UIF KPC BQQMJDBUJPO QSPDFTT XJUI NF� 8F NBEF JU UISPVHI� 5IBOL ZPV
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-BVSB GPS UIF BEWFOUVSFT JO 4XJU[FSMBOE BOE 4BSEJOJB� ,FFT
 UIBOL ZPV GPS USBWFMJOH BOE SVOOJOH

XJUI NF� ,FFT BOE "MFYJT
 UIBOL ZPV GPS UIF SFBEJOH HSPVQ BOE BMM PG UIF GBTDJOBUJOH EJTDVTTJPOT�

5IBOL ZPV CPUI GPS ZPVS IFMQGVM DPNNFOUT PO UIJT UIFTJT� (BCSJFM
 XF IBE TP NBOZ BEWFOUVSFT JO

PVS WBSJPVT BQBSUNFOUT JO (FOFWB� 5IBOL ZPV GPS DBUDIJOH UIF HJBOU TQJEFST�

5IF )BSWBSE "5-"4 HSPVQ BMTP BUUSBDUT BNB[JOH VOEFSHSBET BOE IJHITDIPPMFST� 5IBOLT UP

,FMFDIJ
 +PTI
 /JOB
 BOE 3BGBFM GPS UIF JOUFSFTUJOH HSPVQ NFFUJOHT� 5IBOL ZPV UP 5PCZ
 ;BDL
 4BSBI


,BIMJM
 BOE :PVTTFG GPS UIF GVO UJNFT HMVJOH QJOT BU ##5� .JMMJF .BF
 4JSJOB
 #FMMB
 BOE :BP
 UIBOL

ZPV GPS B MJWFMZ TVNNFS BU $&3/�

5IF )BSWBSE "5-"4 HSPVQ IFMQFE NF UISPVHI NZ IPVS PG OFFE XIFO * HPU BQQFOEJDJUJT JO

(FOFWB JO 2021� 5IBOL ZPV UP.FMJTTB BOE "OO GPS NPCJMJ[JOH UIF HSPVQ UP IFMQ NF PVU� "MFY


"BSPO
 5PCZ
 4VO
 UIBOL ZPV GPS UIF HSPDFSJFT BOE QIBSNBDZ SVOT� (BCSJFM
 UIBOL ZPV GPS UBLJOH

DBSF PG NPWJOH BQBSUNFOUT PO B CSPLFO MFH XIJMF * IBE TVSHFSZ
 BOE GPS UBLJOH DBSF PG NF XIJMF * XBT

TUVDL JO CFE� 3POHLVO
 ZPV QJDLFE NF VQ GSPN UIF IPTQJUBM BOE CSPVHIU NF CMVFCFSSJFT� "BSPO


ZPV B୭୮ୢYFE B 2�NFUFS QPMF UP NZ GSJEHF TP * DPVME PQFO JU NZTFMG� 5IBOL ZPV BMM GPS IFMQJOH NF ୮ୢOE

UIF IVNPS JO B XJME TJUVBUJPO�

5IF /FX 4NBMM 8IFFM QSPKFDU UBVHIU NF IPX DPNQMJDBUFE EFUFDUPST DBO CF� 5IBOLT UP UIF DSFX

BU ##5
 JODMVEJOH $ISJTUPT
 $PPQFS
 BOE 5IFP
 GPS UIF GVO FYQFSJFODFT BU UIF DPTNJD SBZ UFTU TUBOE�

5IBOLT UP -BSSZ
 "MFY
 "BSPO
 BOE 3POHLVO
 BOE UIF FOUJSF /48%"2 UFBN GPS BMM UIF IFMQ BOE

TVQQPSU XIJMF XSJUJOH BOE UFTUJOH DBMJCSBUJPOT�

"T B GSFTINBO BU UIF 4UBUF 6OJWFSTJUZ PG /FX :PSL BU #V୭GBMP
 * UIPVHIU * XBT HPJOH UP NBKPS JO

FJUIFS DIFNJTUSZ PS &OHMJTI� 5IBOL ZPV
 "WUP ,IBSDIJMBWB
 GPS CFJOH UIF ୮ୢSTU QFSTPO UP TVHHFTU UIBU
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* TUVEZ QIZTJDT JOTUFBE� 4QFDJBM UIBOLT UP 4BMWBUPSF 3BQQPDDJP
 XIP JOWJUFE NF UP TQFOE TVNNFS

BG୴FS TVNNFS BU 'FSNJMBC BOE JOUSPEVDFE NF UP UIF XPSME PG QBSUJDMF QIZTJDT� 4BM
 ZPV CFMJFWFE JO NF

BOE IFMQFE NF HFU XIFSF * XBOUFE UP HP� * DBOؠU UIBOL ZPV FOPVHI� 5IBOL ZPV UP UIF $.4 HSPVQ

BU #V୭GBMP BOE UP UIF FOUJSF QIZTJDT EFQBSUNFOU� 5IBOL ZPV.FHBO BOE 5ZMFS GPS BMM UIF DIBUT JO UIF

IBMMXBZ JO 'SPOD[BL BOE GPS UIF 4LZQF DBMMT XIFO XF TUBSUFE HSBE TDIPPM�

*O NZ ୮ୢSTU UXP ZFBST BU )BSWBSE
 * XBT MVDLZ FOPVHI UP CPOE XJUI NZ DPIPSU PG GFMMPX QIZTJDT

BOE BQQMJFE QIZTJDT TUVEFOUT
 BOE TP NBOZ PG ZPV IBWF CFDPNF DMPTF GSJFOET� 5IBOL ZPV UP ,BSB


$BSPMJOF
 &MMB
 -VJT
 5BZMPS
 +PO
 /JDL
 %B-J
 -FXJT
 "MFY
 .BEFMZO
 BOE ,BUJF� 8SJUJOH BOE EJSFDUJOH

UIF QVQQFU TIPX XBT B CMBTU� ,BSB
 UIBOL ZPV GPS HPJOH XIBMF XBUDIJOH BOE QMBZJOH WJEFP HBNFT�

,BUJF
 UIBOLT GPS CFJOH B HSFBU SPPNNBUF BOE GSJFOE EVSJOH UIF FBSMZ QBOEFNJD EBZT
 BOE GPS XBUDI�

JOH USBTI 57 XJUI NF� &MMB
 UIBOL ZPV GPS UIF MPOH XBMLT UISPVHI $BNCSJEHF� 5IBOL ZPV $BSPMJOF

GPS JOUSPEVDJOH NF UP TP NBOZ WFSTJPOT PG 1SJEF BOE 1SFKVEJDF� 5IBOL ZPV /JDL GPS UIF SPBE USJQ

UP 1SPWJEFODF� 5BZMPS
 "MFY
 )JSP
 UIBOL ZPV GPS BMM UIF GVO BOE TV୭GFSJOH JO PVS 5'ތ QSPCMFN TFU

HSPVQ
 BOE GPS BMM UIF )J�$IFXT�

5IBOL ZPV $BSPM
 GPS MFOEJOH BO FBS BOE GPS ZPVS HFOFSPVT TVQQMZ PG .&.T� :PV XFSF UIFSF GPS

NF EVSJOH BMM UIF EJ୭୮ୢDVMU UJNFT PG TUBSUJOH HSBE TDIPPM�

"U $&3/
 * XBT GPSUVOBUF UP TQFOE UJNF XJUI TP NBOZ JOUFSFTUJOH QFPQMF XIP QVTIFE NF UP

IBWF OFX BOE GVO FYQFSJFODFT� 5IBOL ZPV UP "OUIPOZ GPS TBWJOH NF GSPN CSFBLJOH MJNCT PO UIF

TLJ USJQ� 5IBOL ZPV UP $PPQFS GPS DIJMMJOH BU UIF SJWFS
 UIF USJQ UP #FSO
 BOE BMM UIF NBQT� 5IBOL

ZPV UP.JDIFMMF GPS HPJOH UP 3PNF XJUI NF BOE GPS CFJOH BO FYDFMMFOU SPPNNBUF� ,BSSJ
 UIBOLT GPS

IBOHJOH PVU BOE HPJOH TLBUJOH� "BSPO
 *TNFU
 .BUU
 UIBOL ZPV GPS XFMDPNJOH NF JOUP ZPVS MVODI
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HSPVQ�

5IBOL ZPV UP BMM PG UIF GSJFOET GSPN HSBE TDIPPM
 VOEFSHSBE
 BOE FWFO FBSJMFS XIP WJTJUFE NF BU

)BSWBSE PS BU $&3/�.FHBO
 &NJMZ
 +PTFUU
 ,BSB
 UIBOL ZPV GPS HJWJOH NF BO FYDVTF UP VTF WBDBUJPO

UJNF BOE TFF NPSF PG &VSPQF� &NJMZ
 $BUF
 0MJWJB
 UIBOL ZPV GPS UIF (SPVOEIPH %BZ DFMFCSBUJPOT

BOE UIF WJTJUT BU )BSWBSE�

'JOBMMZ
 UIBOL ZPV UP NZ GBNJMZ
 FTQFDJBMMZ UP NZ QBSFOUT
 XIP IBWF BMXBZT GPVOE B XBZ UP WJTJU

NF OP NBUUFS IPX GBS * SPBN�
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R
*OUSPEVDUJPO

5IF 4UBOEBSE.PEFM PG QBSUJDMF QIZTJDT MFBWFT NBOZ RVFTUJPOT VOBEESFTTFE
 NPUJWBUJOH B XJEF BS�

SBZ PG 4UBOEBSE.PEFM FYUFOTJPOT UIBU P୭GFS TPMVUJPOT UP UIFTF QSPCMFNT BOE QSFEJDU OFX QBSUJDMFT

BT B SFTVMU� .BOZ PG UIFTF NPEFMT QSFEJDU UIF FYJTUFODF PG DIBSHFE QBSUJDMFT UIBU IBWF NBDSPTDPQJD

MJGFUJNFT BOE BSF IFBWZ SFMBUJWF UP FYJTUJOH 4UBOEBSE.PEFM MPOH�MJWFE QBSUJDMFT� 4JODF TVDI QBSUJDMFT

XPVME USBWFSTF TPNF PS BMM PG B UZQJDBM EFUFDUPS CFGPSF EFDBZJOH
 UIFJS QSPQFSUJFT DBO CF EJSFDUMZ NFB�

�



TVSFE BT UIFZ JOUFSBDU XJUI EFUFDUPS NBUFSJBMT� 5IFTF QSPQFSUJFT
 TVDI BT NPNFOUVN BOE TQFFE
 DBO

CF VTFE UP SFDPOTUSVDU B NBTT GPS UIF QBSUJDMF
 BMMPXJOH VT UP TFBSDI GPS IJHI�NBTT MPOH�MJWFE QBSUJDMFT

JO DPMMJEFS FYQFSJNFOUT�

5IJT UIFTJT QSFTFOUT B TFBSDI GPS IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT JO 140 ୯୰−1 PG
√
s � 135F7

QSPUPO�QSPUPO DPMMJTJPO EBUB DPMMFDUFE CZ UIF "5-"4 FYQFSJNFOU JO 3VO � PG UIF -BSHF )BESPO

$PMMJEFS� $IBQUFS � EFTDSJCFT UIF 4UBOEBSE.PEFM BOE NPUJWBUFT TFBSDIFT GPS OFX NBTTJWF
 DIBSHFE


MPOH�MJWFE QBSUJDMFT� $IBQUFS � EFTDSJCFT UIF -BSHF )BESPO $PMMJEFS BOE UIF "5-"4 FYQFSJNFOU


XIJDI BSF VTFE UP DPMMFDU UIF EBUBTFU UIBU JT TUVEJFE JO UIJT TFBSDI� 5SJHHFSJOH BOE PCKFDU SFDPOTUSVD�

UJPO JO UIF "5-"4 FYQFSJNFOU BSF EJTDVTTFE JO $IBQUFS ��

/FX IFBWZ MPOH�MJWFE QBSUJDMFT BSF FYQFDUFE UP CF TMPX�NPWJOH SFMBUJWF UP MJHIU 4UBOEBSE.PEFM

QBSUJDMFT BU IJHI NPNFOUB� 5IJT TFBSDI VTFT UXP NFUIPET PG EFUFSNJOJOH QBSUJDMF TQFFE UP JEFOUJGZ

TMPX�NPWJOH
 BOE UIVT IFBWZ
 MPOH�MJWFE QBSUJDMFT� .FBTVSFNFOUT PG JPOJ[BUJPO FOFSHZ MPTT JO TJMJDPO

QJYFM USBDLFS BOE UJNF�PG�୯୳JHIU JO UIF IBESPOJD DBMPSJNFUFS BSF VTFE UP EFUFSNJOF QBSUJDMF TQFFE�

$IBQUFS � EFUBJMT UIF NFBTVSFNFOUT PG JPOJ[BUJPO FOFSHZ MPTT BOE UJNF�PG�୯୳JHIU UIBU BSF VTFE JO UIJT

TFBSDI�

5IF UXP JOEFQFOEFOU NFBTVSFNFOUT PG QBSUJDMF TQFFE
 JO DPNCJOBUJPO XJUI B NPNFOUVNNFB�

TVSFNFOU
 BSF VTFE UP SFDPOTUSVDU UXP NBTTFT GPS FBDI QBSUJDMF� $IBQUFS � EFTDSJCFT UIF TFU PG SF�

RVJSFNFOUT QMBDFE PO UIF "5-"4 3VO � EBUBTFU UIBU BSF EFTJHOFE UP TFMFDU IJHI�NPNFOUVN
 TMPX�

NPWJOH QBSUJDMFT� 5IF VTF PG UIF UXP SFDPOTUSVDUFE NBTTFT UP FYUSBDU UIF IJHIFTU QPTTJCMF TFOTJUJWJUZ

UP OFXNBTTJWF QBSUJDMFT JT BMTP EJTDVTTFE�

"T NFBTVSFNFOUT PG JPO[JBUJPO FOFSHZ MPTT BOE UJNF�PG�୯୳JHIU BSF TFOTJUJWF UP EFUFDUPS DPOEJUJPOT

�



BOE OPU XFMM�NPEFMFE CZ TJNVMBUJPO
 UIF QSFEJDUFE CBDLHSPVOE NBTT EJTUSJCVUJPO JT DPOTUSVDUFE

VTJOH B EBUB�ESJWFO NFUIPE� 5IF CBDLHSPVOE FTUJNBUJPO QSPDFEVSF JT EJTDVTTFE JO $IBQUFS �� 5IF

TZTUFNBUJD VODFSUBJOUJFT PO UIF CBDLHSPVOE QSFEJDUJPO BSF EFUBJMFE JO $IBQUFS ��

'JOBMMZ
 UIF EBUB TFMFDUFE UISPVHI UIF DSJUFSJB EFTDSJCFE JO $IBQUFS � JT DPNQBSFE UP UIF CBDL�

HSPVOE QSFEJDUJPO� 5IF SFTVMUT BSF EFTDSJCFE JO $IBQUFS �� $IBQUFS �� DPODMVEFT UIF TFBSDI BOE

EFTDSJCFT GVUVSF XPSL�

.BOZ QMPUT BOE UBCMFT TIPXO JO UIJT UIFTJT BSF BEBQUFE GSPN EPDVNFOUBUJPO UIBU JT JOUFSOBM UP UIF

"5-"4 $PMMBCPSBUJPO
 ANA-SUSY-2022-12-INT1 <�>� 'JHVSFT UIBU BSF BEBQUFE GSPN UIJT JOUFSOBM

OPUF BSF NBSLFE XJUI B EBHHFS 
إ	 JO UIF DBQUJPO� 5IF QVCMJD "5-"4 /PUF ATLAS-CONF-2023-044

	<�>
 TVNNBSJ[FT UIF XPSL QSFTFOUFE JO UIJT UIFTJT�

�



k
.PUJWBUJPO

5IF 4UBOEBSE.PEFM PG QBSUJDMF QIZTJDT JT B UIFPSZ UIBU EFTDSJCFT UIF QBSUJDMF DPOUFOU BOE JOUFSBD�

UJPOT JO PVS VOJWFSTF� 4JODF JUT EFWFMPQNFOU JO UIF 1970T
 UIF 4UBOEBSE.PEFM IBT QSPWFO SPCVTU

BHBJOTU UFTUT DBSSJFE PVU CZ FYQFSJNFOUBM QIZTJDJTUT GPS EFDBEFT�

)PXFWFS
 UIF 4UBOEBSE.PEFM JT JODPNQMFUF� JU MFBWFT TFWFSBM GVOEBNFOUBM RVFTUJPOT VOBOTXFSFE�

" XJEF SBOHF PG QSPQPTFE 4UBOEBSE.PEFM FYUFOTJPOT P୭GFST TPMVUJPOT UP UIFTF RVFTUJPOT� .BOZ PG

�



UIFTF 4UBOEBSE.PEFM FYUFOTJPOT XPVME SFRVJSF OFX QIZTJDT MVSLJOH BU IJHIFS FOFSHZ TDBMFT BOE OFX

IJHI�NBTT QBSUJDMFT BXBJUJOH EJTDPWFSZ�

4FDUJPO ��� RVBMJUBUJWFMZ JOUSPEVDFT UIF 4UBOEBSE.PEFM� 4FDUJPO ��� EFTDSJCFT TFWFSBM PQFO RVFT�

UJPOT UIBU SFNBJO VOBOTXFSFE CZ UIF 4UBOEBSE.PEFM� 4FDUJPO ��� EJTDVTTFT TPNF FYUFOTJPOT UP UIF

4UBOEBSE.PEFM UIBU BEESFTT UIFTF RVFTUJPOT BOE QSPQPTF UIF FYJTUFODF PG OFX IJHI�NBTT QBSUJDMFT

BT B SFTVMU� 4FDUJPO ��� EFTDSJCFT UIF DVSSFOU FYQFSJNFOUBM TUBUVT PG TFBSDIFT UIBU QSPCF UIF NPEFMT

FYQMPSFE JO UIJT UIFTJT
 JODMVEJOH UIF QSFEFDFTTPST UIBU EJSFDUMZ NPUJWBUF UIF TFBSDI EFUBJMFE JO UIJT

UIFTJT�

��� 5঑঎ 4ঝঊগ঍ঊছ঍.ঘ঍঎ক

5IF 4UBOEBSE.PEFM EFTDSJCFT UIF QBSUJDMF DPOUFOU PG UIF VOJWFSTF BT XFMM BT UIF JOUFSBDUJPOT UIBU DBO

UBLF QMBDF CFUXFFO UIFN� 5IF QBSUJDMFT PG UIF 4UBOEBSE.PEFM BSF TIPXO JO 'JHVSF ����

0SEJOBSZ NBUUFS JT NBEF VQ PG GFSNJPOT
 PS QBSUJDMFT XJUI TQJO 1/2� 5IF 4UBOEBSE.PEFM DPO�

UBJOT UXP UZQFT PG GFSNJPOT� MFQUPOT BOE RVBSLT�

5IF 4UBOEBSE.PEFM DPOUBJOT TJY MFQUPOT PSHBOJ[FE JO UISFF HFOFSBUJPOT BT XFMM BT UIFJS DPSSF�

TQPOEJOH BOUJQBSUJDMFT� 5IF UISFF DIBSHFE MFQUPOT BSF UIF FMFDUSPO 	e

 UIF NVPO 	µ
 BOE UIF UBV 	τ 



FBDI XJUI FMFDUSJD DIBSHF−1� 5IF QPTJUSPO
 BOUJNVPO
 BOE BOUJUBV IBWF FMFDUSJD DIBSHF+1� 8IJMF

UIF FMFDUSPO JT B TUBCMF DPOTUJUVFOU PG BUPNT BOE IBT B NBTT PG 0.511.F7
 NVPOT IBWF B ୮ୢOJUF MJGF�

UJNF PG 2.2µT BOE B NBTT∼200 UJNFT IFBWJFS UIBO UIF FMFDUSPO� 5BVT IBWF B NBTT OFBSMZ 3500 UJNFT

UIF NBTT PG UIF FMFDUSPO BOE B MJGFUJNF PG 2.9x10−13T <�>�

�



Figure 2.1: The particles of the StandardModel.

&BDI DIBSHFE MFQUPO IBT B DPSSFTQPOEJOH OFVUSJOP
 XIJDI BSF MFQUPOT UIBU EP OPU IBWF FMFDUSJD

DIBSHF� 5IF 4UBOEBSE.PEFM USFBUT OFVUSJOPT BT NBTTMFTT� )PXFWFS
 SFTVMUT GSPN FYQFSJNFOUT TUVEZ�

JOH TPMBS BOE BUNPTQIFSJD OFVUSJOPT <�
 �> IBWF JOEJDBUFE UIBU OFVUSJOPT IBWF OPO�[FSP NBTTFT <�>


BMUIPVHI UIF NBTT WBMVFT IBWF OPU ZFU CFFO EFUFSNJOFE�

5IFSF BSF TJY RVBSLT JO UIF 4UBOEBSE.PEFM
 BT XFMM BT UIFJS TJY BOUJ�RVBSLT� 
VBSLTތ MJLF MFQUPOT


BSF PSHBOJ[FE JOUP UISFF HFOFSBUJPOT
 XJUI FBDI HFOFSBUJPO NPSF NBTTJWF UIBO UIF MBTU� 6Q�UZQF

RVBSLT
 PS UIF VQ
 DIBSN
 BOE UPQ RVBSLT
 DBSSZ FMFDUSJD DIBSHF+2/3� %PXO�UZQF RVBSLT 	EPXO


TUSBOHF
 BOE CPUUPN RVBSLT
 DBSSZ FMFDUSJD DIBSHF−1/3� VBSLTތ BMTP DBSSZ DPMPS DIBSHF
 XIJDI BM�

MPXT UIFN UP JOUFSBDU WJB UIF TUSPOH GPSDF� VBSLTތ DPNF JO UISFF DPMPST 	SFE
 HSFFO
 CMVF
 XIJMF BOUJ�

RVBSLT DBSSZ UIF DPSSFTQPOEJOH BOUJ�DPMPST 	BOUJ�SFE
 BOUJ�HSFFO
 BOUJ�CMVF
� " CBSF RVBSL DBOOPU CF

�



PCTFSWFE PO JUT PXO
 BOE JOTUFBE NVTU GPSN DPMPS�OFVUSBM CPVOE TUBUFT� " CPVOE TUBUF PG B RVBSL

BOE BO BOUJRVBSL JT DBMMFE B NFTPO
 BOE B DPMPSMFTT CPVOE TUBUF PG UISFF RVBSLT BOE BOUJRVBSLT JT

DBMMFE B CBSZPO�

1BSUJDMF JOUFSBDUJPOT BSF NFEJBUFE CZ CPTPOT XJUI TQJO 1� 5XP DIBSHFE8 CPTPOT 	8±
 BOE POF

OFVUSBM ; CPTPO BSF UIF DBSSJFST PG UIF XFBL GPSDF� 5IF8 BOE ; CPTPOT BSF NBTTJWF
 XJUI NBTTFT

NFBTVSFE BU 80.4(F7 BOE 91.2(F7
 SFTQFDUJWFMZ <�>� 5IF QIPUPO 	γ
 JT UIF DBSSJFS PG UIF FMFDUSP�

NBHOFUJD GPSDF BOE JT NBTTMFTT� 5IF HMVPO 	g
 JT UIF DBSSJFS PG UIF TUSPOH GPSDF
 BOE JT BMTP NBTTMFTT�

5IF HMVPO BMTP DBSSJFT DPMPS DIBSHF�

1BSUJDMFT UIBU DBSSZ FMFDUSJD DIBSHF DBO JOUFSBDU WJB UIF FMFDUSPNBHOFUJD GPSDF� 5IJT JODMVEFT BMM

RVBSLT BOE UIF DIBSHFE MFQUPOT� 1BSUJDMFT UIBU DBSSZ DPMPS DIBSHF
 RVBSLT BOE HMVPOT
 DBO JOUFSBDU WJB

UIF TUSPOH GPSDF� 5IF OFVUSJOPT
 XIJDI EP OPU DBSSZ FMFDUSJD DIBSHF PS DPMPS DIBSHF
 DBO POMZ JOUFSBDU

XJUI PUIFS QBSUJDMFT UISPVHI UIF XFBL GPSDF� "MM GFSNJPOT DBO JOUFSBDU WJB UIF XFBL GPSDF�

5IF )JHHT CPTPO
 EJTDPWFSFE JO 2012 CZ UIF "5-"4 BOE $.4 $PMMBCPSBUJPOT BU UIF -BSHF

)BESPO $PMMJEFS 	-)$

 JT UIF NPTU SFDFOUMZ EJTDPWFSFE 4UBOEBSE.PEFM QBSUJDMF� *U JT BMTP UIF POMZ

GVOEBNFOUBM QBSUJDMF XJUI TQJO 0� 5IF )JHHT CPTPO JT SFTQPOTJCMF GPS HJWJOH NBTT UP PUIFS QBSUJDMFT�

5IF8 BOE ; CPTPOT BDRVJSF NBTT UISPVHI UIF )JHHT NFDIBOJTN BT B SFTVMU PG FMFDUSPXFBL TZNNF�

USZ CSFBLJOH� VBSLTތ BOE DIBSHFE MFQUPOT BDRVJSF NBTT UISPVHI :VLBXB DPVQMJOHT UP UIF )JHHT ୮ୢFME

<�>�

5IF EZOBNJDT PG UIF 4UBOEBSE.PEFM DBO CF EFTDSJCFE CZ B -BOHSBOHJBO XJUI 19 QBSBNFUFST�

5IFTF QBSBNFUFST JODMVEF UIF NBTTFT PG UIF )JHHT CPTPO
 UIF 3 DIBSHFE MFQUPOT
 BOE UIF 6 RVBSLT�

5IF PUIFS QBSBNFUFST BSF 3 RVBSL NJYJOH BOHMFT
 UIF DPVQMJOH DPOTUBOUT PG UIF FMFDUSPNBHOFUJD


�



XFBL
 BOE TUSPOH GPSDFT
 B $1�WJPMBUJOH QIBTF
 UIF VBOUVNތ $ISPNPEZOBNJDT 
%$ތ	ΘQCD UFSN


BOE UIF WBDVVN FYQFDUBUJPO WBMVF PG UIF )JHHT ୮ୢFME �<�؛�>

����� /ঘঝ঎ ঘগ 1ঊছঝ঒ঌক঎ -঒এ঎ঝ঒খ঎জ

'JHVSF ��� TIPXT UIF NBTTFT BOE QSPQFS MJGFUJNFT PG TFMFDUFE 4UBOEBSE.PEFM QBSUJDMFT� 4UBOEBSE

.PEFM QBSUJDMFT TQBO B XJEF SBOHF PG MJGFUJNFT
 GSPN UIF8 BOE ; CPTPOT XJUI B QSPQFS MJGFUJNF PO

UIF PSEFS PG 10−25 TFDPOET UP FMFDUSPOT
 XIJDI BSF TUBCMF�

Figure 2.2: StandardModel particles as a function of mass and proper lifetime. The shaded regions represent the

length scales of a typical detector [10].

5IF TIBEFE SFHJPOT SFQSFTFOU UIF MFOHUI TDBMF PG B UZQJDBM EFUFDUPS
 BOE EFNPOTUSBUF UIF UZQJDBM

EJTUBODF UIBU B QBSUJDMF XPVME USBWFM CFGPSF EFDBZJOH
 JO UIF BCTFODF PG JOUFSBDUJPOT XJUI NBUFSJBM�

%FUFDUPS�QSPNQU QBSUJDMFT EFDBZ TP RVJDLMZ BG୴FS UIFZ BSF QSPEVDFE UIBU B UZQJDBM EFUFDUPS XPVME CF
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VOBCMF UP SFTPMWF UIFJS ୯୳JHIU EJTUBODF GSPN UIF QPJOU PG QSPEVDUJPO� "NFUBTUBCMF QBSUJDMF TVSWJWFT

MPOH FOPVHI UIBU JUT ୯୳JHIU EJTUBODF DBO CF SFTPMWFE GSPN UIF QPJOU XIFSF JU XBT QSPEVDFE
 PS MPOH

FOPVHI UIBU JU EFDBZT XJUIJO UIF EFUFDUPS WPMVNF� " EFUFDUPS�TUBCMF QBSUJDMF TVSJWJWFT UIF MFOHUI TDBMF

PG B UZQJDBM EFUFDUPS XJUIPVU EFDBZJOH� 5IF UFSNJOPMPHZ MPOH�MJWFE EFTDSJCFT QBSUJDMFT UIBU IBWF B

MJGFUJNF TVDI UIBU UIFZ USBWFM NBDSPTDPQJD EJTUBODFT CFGPSF EFDBZJOH�

" QBSUJDMF JT TUBCMF JG JUT EFDBZ JOUP MJHIUFS QBSUJDMFT XPVME WJPMBUF UIF DPOTFSWBUJPO PG TPNF DPO�

TFSWFE RVBOUJUZ� 'PS FYBNQMF
 UIF FMFDUSPO JT TUBCMF CFDBVTF UIFSF JT OP MJHIUFS 4UBOEBSE.PEFM QBSUJ�

DMF BWBJMBCMF UIBU JT FMFDUSJDBMMZ DIBSHFE
 BOE UIF EFDBZ PG BO FMFDUSPO XPVME WJPMBUF UIF DPOTFSWBUJPO

PG FMFDUSPNBHOFUJD DIBSHF� 8JUIPVU B TZNNFUSZ PS DPOTFSWBUJPO MBX QSFWFOUJOH B EFDBZ
 B QBSUJDMF

XJMM EFDBZ JOUP MJHIUFS QBSUJDMFT� 5IF UJNF TDBMF PG UIJT EFDBZ JT EFUFSNJOFE CZ UIF QSPQFS MJGFUJNF PG

UIF QBSUJDMF
 XIJDI JT ESJWFO CZ NBOZ GBDUPST� 5IF MJGFUJNF τ PG B QBSUJDMF JT UIF JOWFSTF PG JUT EFDBZ

XJEUI Γ
 EF୮ୢOFE BT�

τ−1 = Γ =
1

2m

∫
dΠf |M (m → {pf}) |2 	���


XIFSFm JT UIF NBTT PG UIF QBSUJDMF
M JT UIF NBUSJY FMFNFOU GPS UIF EFDBZ UP EFDBZ QSPEVDUT XJUI

NPNFOUVN pf 
 BOE dΠf JT UIF -PSFOU[�JOWBSJBOU QIBTF TQBDF GPS UIF QBSUJDMFؠT EFDBZ <��>�

" WBSJFUZ PG NFDIBOJTNT DBO MFBE UP MPOH�MJWFEOFTT� 'SPN &RVBUJPO ���
 XF DBO TFF UIBU B MPOH

MJGFUJNF DBO CF QSPEVDFE CZ B TNBMM NBUSJY FMFNFOUM PS B TNBMM -PSFOU[�JOWBSJBOU QIBTF TQBDF dΠf

GPS UIF BWBJMBCMF EFDBZT�

" TNBMM -PSFOU[�JOWBSJBOU QIBTF TQBDF DPVME PDDVS JG UIF QBSUJDMF BOE UIF OFYU�MJHIUFTU QBSUJDMF JU

�



DPVME EFDBZ UP BSF OFBSMZ NBTT�EFHFOFSBUF� 4VDI TNBMM NBTT TQMJUUJOHT CFUXFFO QBSUJDMFT DBO PDDVS

XIFO UIF QBSUJDMFT BSF SFMBUFE CZ BO BQQSPYJNBUF TZNNFUSZ� *G UIFSF JT OP PUIFS MJHIUFS QBSUJDMF UP

EFDBZ UP XJUIPVU WJPMBUJOH DPOTFSWBUJPO MBXT
 B TNBMM NBTT TQMJUUJOH XJUI SFTQFDU UP UIF OFYU BWBJMBCMF

MJHIUFS QBSUJDMF XJMM MFBE UP B MPOH QBSUJDMF MJGFUJNF�

" TNBMM NBUSJY FMFNFOU DBO CF UIF SFTVMU PG B TNBMM DPVQMJOH DPOTUBOU� " TNBMM NBUSJY FMFNFOU

DPVME BMTP BSJTF GSPN B EFDBZ WJB B NFEJBUPS UIBU JT NVDI NPSF NBTTJWF UIBO UIF QBSUJDMFT JOWPMWFE�

5IF JOUFSNFEJBUF QBSUJDMF XPVME CF IJHIMZ WJSUVBM
 TVQQSFTTJOH UIF NBUSJY FMFNFOU� *G UIF POMZ EFDBZ

NPEFT BWBJMBCMF BSF UISPVHI B IJHIMZ WJSUVBM JOUFSNFEJBUF TUBUF
 UIF QBSUJDMF XJMM IBWF B MPOH MJGFUJNF�

5IJT JT UIF DBVTF PG UIF MPOH MJGFUJNF 	2.2µT
 PG UIF NVPO
 XIJDI IBT B NBTT PG 106.F7 EFDBZT WJB

UIF 8 CPTPO
 XIJDI JT∼800 UJNFT IFBWJFS�

��� #঎ঢঘগ঍ ঝ঑঎ 4ঝঊগ঍ঊছ঍.ঘ঍঎ক

"MUIPVHI UIF QSFEJDUJPOT PG UIF 4UBOEBSE.PEFM IBWF XJUITUPPE EFDBEFT PG UFTUT
 UIF 4UBOEBSE

.PEFM TUJMM MFBWFT NBOZ RVFTUJPOT VOBEESFTTFE� &YQFSJNFOUT IBWF BMTP PCTFSWFE QIFOPNFOB GPS

XIJDI UIF 4UBOEBSE.PEFM P୭GFST OP FYQMBOBUJPO�

'PS FYBNQMF
 OVNFSPVT DPTNPMPHJDBM PCTFSWBUJPOT IBWF JOEJDBUFE UIF QSFTFODF PG EBSL NBUUFS JO

UIF VOJWFSTF� 4UBSUJOH JO UIF 1930T
 FBSMZ DBMDVMBUJPOT PG UIF NBTTFT PG HBMBYJFT BOE HBMBYZ DMVTUFST

WJB %PQQMFS TIJG୴ NFBTVSFNFOUT PG UIFJS DPNQPOFOUT EJE OPU BMJHO XJUI UIF BNPVOU PG MVNJOPVT

NBTT PCTFSWFE <��>� 5IFTF SFTVMUT XFSF DPO୮ୢSNFE JO UIF 1980T CZ 7FSB 3VCJO
 XIP GPVOE UIBU UIF

SPUBUJPO DVSWFT PG 60 HBMBYJFT DPVME OPU CF FYQMBJOFE CZ UIF BNPVOU PG WJTJCMF NBUUFS
 JOEJDBUJOH UIF

��



FYJTUFODF PG JOWJTJCMF NBTT
 PS EBSL NBUUFS <��>� 5IJT DPODMVTJPO IBT CFFO DPSSPCPSBUFE CZ PCTFSWB�

UJPOT PG HSBWJUBUJPOBM MFOTJOH� 0UIFS DPTNPMPHJDBM FWJEFODF GPS EBSL NBUUFS DBO CF GPVOE JO <��>�

" GVOEBNFOUBM QBSUJDMF UIBU JT DPMPSMFTT
 FMFDUSJDBMMZ OFVUSBM
 XFBLMZ�JOUFSBDUJOH
 BOE TUBCMF DPVME

୮ୢMM UIF SPMF PG EBSL NBUUFS� 5IF 4UBOEBSE.PEFM P୭GFST OP TVDI DBOEJEBUF�

5IF 4UBOEBSE.PEFM BMTP QSFTFOUT B QV[[MF PG TDBMFT
 P୭GFSJOH OP FYQMBOBUJPO PG XIZ UIF HSBWJ�

UBUJPOBM 1MBODL TDBMF 	EFTDSJCFE CZ B NBTT PO UIF PSEFS PG∼1019 (F7
 JT TP NVDI MBSHFS UIBO UIF

OFYU�MPXFTU QIZTJDBM TDBMF
 UIF FMFDUSPXFBL TDBMF 	∼102 (F7
� 3FMBUFE UP UIJT RVFTUJPO JT UIF IJFSBS�

DIZ QSPCMFN
 PS UIF RVFTUJPO PG XIZ UIF NBTT PG UIF )JHHT CPTPO IBT CFFO NFBTVSFE BUmH�125

(F7
 B NBTT GBS CFMPX UIF 1MBODL NBTT�

5IF )JHHT NBTT TV୭GFST MBSHF RVBESBUJD DPSSFDUJPOT 	∆m2
H 
 EVF UP WJSUVBM RVBOUVN DPOUSJCVUJPOT

GSPN UIF JOUFSBDUJPOT PG NBTTJWF QBSUJDMFT XJUI UIF )JHHT ୮ୢFME� "T UIF UPQ RVBSL JT UIF IFBWJFTU GVO�

EBNFOUBM 4UBOEBSE.PEFM QBSUJDMF
 JU DPVQMFT UIF NPTU TUSPOHMZ UP UIF )JHHT ୮ୢFME BOE DPOUSJCVUFT

UIF MBSHFTU DPSSFDUJPO� 5IJT DPSSFDUJPO JT QSPQPSUJPOBM UP UIF TRVBSF PG UIF IJHI�FOFSHZ DVUP୭G TDBMF

PG UIF UIFPSZ
 CFZPOE XIJDI UIF UIFPSZ NBZ OPU CF WBMJE BOE B OFX QIZTJDT UBLFT PWFS� 'PS MBDL PG

B NPSF SFBDIBCMF TDBMF QSPWJEFE CZ UIF 4UBOEBSE.PEFM
 UIJT DVUP୭G TDBMF JT QSFTVNBCMZ UIF 1MBODL

TDBMF� 5ISPVHI UIFTF RVBOUVN DPSSFDUJPOT
 UIF )JHHT NBTT JT TFOTJUJWF UP QIZTJDT BU NVDI IJHIFS

TDBMFT <�
 ��>�

*O PSEFS UP NFBTVSF TVDI B TNBMM )JHHT NBTT
 UIF FOPSNPVT RVBOUVN DPSSFDUJPOT NVTU CF DBO�

DFMMFE� 5IJT DPVME PDDVS UISPVHI 
OF�UVOJOH׹ UIF WFSZ DPJODJEFOUBM DBODFMMBUJPO PG UIF IVHF RVBESBUJD

UFSNT XJUI UIF CBSF )JHHT NBTT UP SFTVMU JO UIF )JHHT NBTT UIBU XF NFBTVSF� 0S
 UIFTF DPOUSJCVUJPOT

DPVME CF DBODFMMFE PS SFEVDFE UISPVHI UIF DPOUSJCVUJPOT PG OFX QBSUJDMFT BQQFBSJOH BU UIF∼5F7
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TDBMF� 5IJT PCTFSWBUJPO NPUJWBUFT UIF TFBSDI GPS OFX NBTTJWF QBSUJDMFT BU UIF 5F7 TDBMF
 SFBDIBCMF CZ

UIF -BSHF )BESPO $PMMJEFS <��>�

4JODF UIF ୮ୢOBM QJFDF PG UIF 4UBOEBSE.PEFM XBT QVU JO QMBDF XJUI UIF EJTDPWFSZ PG UIF )JHHT CP�

TPO JO 2012
 OP DMFBS TJHOBMT PG #FZPOE 4UBOEBSE.PEFM QIZTJDT BU IJHI FOFSHZ TDBMFT IBWF NBEF

UIFNTFMWFT LOPXO� :FU
 UIF 4UBOEBSE.PEFM HJWFT POMZ BO JODPNQMFUF EFTDSJQUJPO PG UIF QIFOPNFOB

XF PCTFSWF JO PVS VOJWFSTF
 BOE UIF PQFO RVFTUJPOT TVSSPVOEJOH UIF 4UBOEBSE.PEFM TVHHFTU UIF

BQQFBSBODF PG OFX QBSUJDMFT BU IJHIFS NBTTFT
 QFSIBQT OPU GBS BCPWF UIF XFBL TDBMF�

*G TVDI OFX QBSUJDMFT FYJTU
 UIFSF BSF TFWFSBM SFBTPOT XIZ UIFZ NBZ OPU ZFU IBWF CFFO EFUFDUFE JO

UIF EFDBEF PG TFBSDIJOH BU UIF -BSHF )BESPO $PMMJEFS� 5IFZ DPVME IBWF WFSZ IJHI NBTTFT UIBU
 VO�

MVDLJMZ
 MJF CFZPOE UIF SFBDI PG DVSSFOU DPMMJEFS FOFSHJFT� *U JT BMTP QPTTJCMF UIBU UIFZ DPVME CF QSP�

EVDFE BU TVDI MPX SBUFT JO DPMMJTJPO FWFOUT UIBU XF IBWF OPU ZFU DPMMFDUFE FOPVHI DPMMJTJPO EBUB UP

TQPU UIFN� 0S
 UIFZ DPVME MFBWF TJHOBUVSFT JO EFUFDUPST UIBU BSF EJ୭୮ୢDVMU UP UBSHFU XJUI DVSSFOU TFBSDI

NFUIPET�

0OF FYBNQMF PG UIJT ୮ୢOBM DBTF JT UIF QPTTJCJMJUZ UIBU UIF OFX QBSUJDMFT BSF MPOH�MJWFE� 4JODF 4UBO�

EBSE.PEFM MJGFUJNFT TQBO NBOZ PSEFST PG NBHOJUVEF EVF UP B WBSJFUZ PG NFDIBOJTNT
 JU JT SFBTPOBCMF

UP FYQFDU UIBU #FZPOE 4UBOEBSE.PEFM QBSUJDMFT XPVME PCFZ TJNJMBS NFDIBOJTNT BOE TQBO B XJEF

SBOHF PG MJGFUJNFT BT XFMM� )PXFWFS
 MPOH�MJWFE QBSUJDMFT NBZ IBWF FTDBQFE EFUFDUJPO UISPVHI TFBSDI

NFUIPET UIBU BTTVNF UIF QSPNQU EFDBZ PG BOZ OFXNBTTJWF QBSUJDMFT�

*O B HSPXJOH F୭GPSU JO UIF -BSHF )BESPO $PMMJEFS DPNNVOJUZ UP DPWFS UIJT VOEFS�FYQMPSFE QPT�

TJCJMJUZ
 OFX TFBSDIFT BSF CFJOH EFTJHOFE UP TQFDJ୮ୢDBMMZ UBSHFU MPOH�MJWFE QBSUJDMFT� "T UIFTF TFBSDIFT

UBSHFU QBSUJDMFT UIBU NBZ USBWFM UISPVHI PS EFDBZ XJUIJO UIF EFUFDUPS WPMVNF
 UIFZ PG୴FO SFRVJSF OFX
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EBUB�UBLJOH USJHHFST
 DVTUPN WFSUFY�୮ୢOEJOH BOE USBDL SFDPOTUSVDUJPO BMHPSJUINT
 BOE B EFUBJMFE VO�

EFSTUBOEJOH PG EFUFDUPS�SFMBUFE F୭GFDUT UIBU NBZ OPU CF XFMM�NPEFMFE JO TJNVMBUJPO�

4FBSDIFT GPS MPOH�MJWFE QBSUJDMFT XJUI NBTTFT PO UIF PSEFS PG UIF 5F7 TDBMF BSF XFMM�NPUJWBUFE CZ

B WBSJFUZ PG NPEFMT� 5IJT UIFTJT GPDVTFT PO TVQFSTZNNFUSJD NPEFMT� 4FWFSBM LFZ TVQFSTZNNFUSJD

TDFOBSJPT UIBU QSFEJDU MPOH�MJWFE QBSUJDMFT TFSWF BT B DPNNPO CBTJT JO XIJDI UP JOUFSQSFU UIF SFTVMUT PG

MPOH�MJWFE QBSUJDMF TFBSDIFT�

��� 4ঞঙ঎ছজঢখখ঎ঝছঢ

4VQFSTZNNFUSZ 	464:
 JT B TZNNFUSZ UIBU SFMBUFT GFSNJPOT BOE CPTPOT� .PEFMT XJUI TVQFSTZN�

NFUSZ QSFEJDU UIF FYJTUFODF PG GFSNJPOJD TVQFSQBSUOFST GPS 4UBOEBSE.PEFM CPTPOT
 BOE CPTPOJD

TVQFSQBSUOFST GPS 4UBOEBSE.PEFM GFSNJPOT�

4VDI NPEFMT QSPWJEF B DPOWFOJFOU TPMVUJPO UP UIF IJFSBSDIZ QSPCMFN� 'FSNJPOT BOE CPTPOT DPO�

USJCVUF UFSNT XJUI PQQQPTJUF TJHO UP UIF FOPSNPVT RVBOUVN DPSSFDUJPOT UP UIF )JHHT NBTT� *OUSP�

EVDJOH CPTPOJD TVQFSQBSUOFST GPS 4UBOEBSE.PEFM GFSNJPOT BOE WJDF WFSTB TFSWFT UP DBODFMT PVU UIFTF

QSPCMFNBUJD DPSSFDUJPOT BOE TPMWFT UIF IJFSBSDIZ QSPCMFN <��>�

*O BEEJUJPO
 TVQFSTZNNFUSJD NPEFMT DBO QSPWJEF B DBOEJEBUF GPS EBSL NBUUFS� *O UIF NPTU HFOFSBM

SFOPSNBMJ[BCMF BOE HBVHF�JOWBSJBOU GPSN
 UIF -BHSBOHJBO GPS B TVQFSTZNNFUSJD NPEFM QSFEJDUT UFSNT

UIBU XPVME MFBE UP UIF EFDBZ PG QSPUPOT UP MJHIUFS 4UBOEBSE.PEFM QBSUJDMFT WJB B TVQFSTZNNFUSJD

QBSUJDMF <��>� )PXFWFS
 QSPUPO EFDBZ IBT OPU CFFO PCTFSWFE FYQFSJNFOUBMMZ
 BOE DPOTUSBJOUT PO UIF

MJGFUJNF PG UIF QSPUPO IBWF CFFO TFU UP>1029 ZFBST <�>�

��



*NQPTJOH UIF DPOTFSWBUJPO PG B RVBOUJUZ LOPXO BTR�QBSJUZ DBO SFTPMWF UIJT JODPOTJTUFODZ� 4UBO�

EBSE.PEFM QBSUJDMFT BSF BTTJHOFE FWFOR�QBSJUZ BOE UIFJS TVQFSQBSUOFST BSF BTTJHOFE PEER�QBSJUZ�

R�QBSJUZ DPOTFSWBUJPO QSFWFOUT UIF EFDBZ PG QSPUPOT UISPVHI TVQFSQBSUOFST CZ QSPIJCJUJOH UIF EF�

DBZ PG B TVQFSQBSUOFS
 XIJDI IBT PEER�QBSJUZ
 JOUP POMZ 4UBOEBSE.PEFM QBSUJDMFT
 XIJDI IBWF FWFO

R�QBSJUZ <��>�

"OPUIFS DPOTFRVFODF PGR�QBSJUZ DPOTFSWBUJPO JT UIBU UIF EFDBZ PG UIF MJHIUFTU TVQFSQBSUOFS UP

4UBOEBSE.PEFM QBSUJDMFT JT QSPIJCJUFE� 8JUI OP MJHIUFS TVQFSQBSUOFST BWBJMBCMF UP EFDBZ UP
 UIF

MJHIUFTU TVQFSTZNNFUSJD QBSUJDMF 	LOPXO BT UIF -41
 JT TUBCMF� 464: NPEFMT UIBU DPOTFSWFR�QBSJUZ

UIFSFGPSF DBO QSPWJEF B SFBEZ DBOEJEBUF GPS EBSL NBUUFS�

5IF.JOJNBM 4VQFSTZNNFUSJD 4UBOEBSE.PEFM 	.44.
 JT UIF UIF TJNQMFTU TVQFSTZNNFUSJD FY�

UFOTJPO UP UIF 4UBOEBSE.PEFM
 BEEJOH UIF POMZ UIF OFX QBSUJDMF TUBUFT BOE JOUFSBDUJPOT UIBU BSF

OFDFTTBSZ GPS TFMG�DPOTJTUFODZ� 5IF.44. JODPSQPSBUFT TVQFSQBSUOFST JOUP UIF UIFPSZ CZ GPSNJOH B

TVQFSNVMUJQMFU PG B 4UBOEBSE.PEFM QBSUJDMF BOE JUT TVQFSQBSUOFS <��>�

&BDI RVBSL BOE MFQUPO IBT B DPSSFTQPOEJOH TVQFSQBSUOFS PG TQJO 0� 5IFTF TDBMBS TVQFSQBSUOFST

BSF OBNFE CZ QSFQFOEJOH BO T UIBU TUBOET GPS TDBMBS� 5IF TVQFSQBSUOFST PG MFQUPOT BSF SFGFSSFE UP BT

TMFQUPOT
 BOE UIF TVQFSQBSUOFST PG RVBSLT BSF SFGFSSFE UP BT TRVBSLT� 5IF GFSNJPOJD TVQFSQBSUOFST PG

UIF 4UBOEBSE.PEFM CPTPOT BSF OBNFE CZ BEEJOH UIF TV୭୮ୢY �JOP� 'PS FYBNQMF
 UIF TVQFSQBSUOFS PG

UIF HMVPO JT UIF TQJO�1/2 HMVJOP� 4VQFSTZNNFUSJD QBSUJDMFT BSF EFOPUFE XJUI B UJMEF 	∼
 PWFS UIFJS

TZNCPM� 'PS FYBNQMF
 UIF TUBV PS TDBMBS UBV JT EFOPUFE CZ τ̃ �

*O UIF .44.
 UIF )JHHT TFDUPS NVTU CF FYQBOEFE UP DPOUBJO UXP 4UBOEBSE.PEFM )JHHT EPV�

CMFUT JO PSEFS UP BWPJE HBVHF BOPNBMJFT
 BOE UP HJWF NBTT UISPVHI :VLBXB DPVQMJOHT UP VQ�UZQF

��



RVBSLT
 EPXO�UZQF RVBSLT
 BOE DIBSHFE MFQUPOT� 5IFSFGPSF UXP )JHHT TVQFSNVMUJQMFUT BSF OFDFTTBSZ

JO UIF .44.
 XIFSF UIF TVQFSQBSUOFST PG UIF )JHHT CPTPOT BSF LOPXO BT IJHHTJOPT <��>�

1SJPS UP FMFDUSPXFBL TZNNFUSZ CSFBLJOH
 UIF 4UBOEBSE.PEFM TQJO�1 HBVHF CPTPOT BSF UIFW±


W 0
 BOEB0� "G୴FS FMFDUSPXFBL TZNNFUSZ CSFBLJOH
 UIFW 0 BOEB0 TUBUFT NJY UP GPSN UIFZ CPTPO

BOE UIF QIPUPO� 4JNJMBSMZ
 UIF TVQFSQBSUOFS HBVHJOPT CFGPSF FMFDUSPXFBL TZNNFUSZ CSFBLJOH BSF UIF

W̃±
 W̃ 0
 BOE B̃0 TUBUFT
 LOPXO BT UIF XJOPT BOE UIF CJOP� "G୴FS FMFDUSPXFBL TZNNFUSZ CSFBLJOH


UIF XJOP
 CJOP
 BOE IJHHTJOP TUBUFT NJY UP GPSNNBTT FJHFOTUBUFT� 5IF UXP SFTVMUJOH FJHFOTUBUFT UIBU

BSF FMFDUSJDBMMZ DIBSHFE BSF LOPXO BT DIBSHJOPT
 BOE BSF EFOPUFE CZ χ̃±
1 BOE χ̃±

2 
 XIFSF UIF TQBSUJDMFT

BSF PSEFSFE CZ JODSFBTJOH NBTT� 5IF PUIFS GPVS FJHFOTUBUFT
 EFOPUFE CZ 	χ̃0
1
 χ̃0

2
 χ̃0
3
 χ̃0

4

 BSF FMFDUSJ�

DBMMZ OFVUSBM BOE BSF LOPXO BT OFVUSBMJOPT <��
 ��>�

5IF QBSUJDMF DPOUFOU PG UIF .44. JT TVNNBSJ[FE JO 'JHVSF ����

����� 4ঞঙ঎ছজঢখখ঎ঝছঢ�#ছ঎ঊঔ঒গঐ.঎ঌ঑ঊগ঒জখজ

*G JU FYJTUT
 TVQFSTZNNFUSZ DBOOPU CF BO FYBDU TZNNFUSZ� "O FYBDU TZNNFUSZ XPVME SFRVJSF UIBU

	BQBSU GSPN TQJO
 UIF TVQFSQBSUOFS QBSUJDMFT TIPVME IBWF JEFOUJDBM QSPQFSUJFT UP UIFJS 4UBOEBSE

.PEFM DPVOUFSQBSUT
 JODMVEJOH NBTT� *O F୭GFDU
 UIF TFMFDUSPO XPVME IBWF B NBTT JEFOUJDBM UP UIF NBTT

PG UIF FMFDUSPO BU 0.511.F7� )PXFWFS
 OP TVDI TDBMBS FMFDUSPO PG UIBU NBTT
 PS BOZ TVQFSQBSUOFST PG

UIF TBNF NBTT BT 4UBOEBSE.PEFM QBSUJDMFT
 IBWF CFFO EJTDPWFSFE�

5IFSFGPSF
 TVQFSTZNNFUSZ NVTU CF B CSPLFO TZNNFUSZ� 5P BDDPVOU GPS UIJT
 B 464:�CSFBLJOH

UFSNLsoft JT BEEFE UP UIF .44. -BHSBOHJBO�

��



Figure 2.3: The supersymmetric particles of theMinimal Supersymmetric StandardModel. Each StandardModel

fermion has a corresponding spin-0 superpartner. There are spin-1/2 partners for StandardModel bosons.

LMSSM = LSUSY + Lsoft 	���


"TLsoft JT SFTQPOTJCMF GPS TVQFSTZNNFUSZ CSFBLJOH
Lsoft HPWFSOT UIF FYUFOU PG UIF NBTT TQMJU�

UJOHT CFUXFFO UIF 4UBOEBSE.PEFM QBSUJDMFT BOE UIFJS TVQFSQBSUOFST� )PXFWFS
 464: QSPWJEFT B

TPMVUJPO UP UIF IJFSBSDIZ QSPCMFN POMZ UP UIF FYUFOU UIBU UIF NBTT�EFQFOEFOU DPSSFDUJPOT PG UIF TV�

QFSQBSUOFST UP UIF )JHHT NBTT DBODFM UIF DPOUSJCVUJPOT GSPN UIF 4UBOEBSE.PEFM QBSUJDMFT� *O PSEFS

UP NBJOUBJO TVQFSTZNNFUSZ BT B VTFGVM TPMVUJPO UP UIF IJFSBSDIZ QSPCMFN
 UIF NBTT TQMJUUJOHT CF�

UXFFO UIF QBSUJDMFT BOE UIFJS TVQFSQBSOFST JT SFRVJSFE UP CF TNBMM� 4V୭୮ୢDJFOUMZ TNBMM NBTT TQMJUUJOHT

XPVME QSFEJDU UIF MJHIUFTU TQBSUJDMF NBTTFT BSPVOE UIF 5F7 TDBMF <��>�

��



"MUIPVHI B HFOFSBMLsoft UFSN DBO CF BEEFE UP UIF .44. -BHSBOHJBO
 UIF .44. EPFT OPU QSP�

WJEF BO FYQMBOBUJPO GPS JUT PSJHJO� .BOZ NPEFMT IBWF CFFO QSPQPTFE UP FYUFOE UIF .44. UISPVHI

WBSJPVT TQPOUBOFPVT 464:�CSFBLJOH NFDIBOJTNT� 5IJT UIFTJT FYQMPSFT UISFF QBSUJDVMBS FYBNQMFT PG

464:�CSFBLJOH TDFOBSJPT UIBU OBUVSBMMZ SFTVMU JO MPOH�MJWFE TQBSUJDMFT UIBU DPVME CF EFUFDUBCMF BU UIF

-)$� (BVHF�.FEJBUFE 4VQFSTZNNFUSZ #SFBLJOH 	(.4#

 "OPNBMZ�.FEJBUFE 4VQFSTZNNFUSZ

#SFBLJOH 	".4#

 BOE 4QMJU�4VQFSTZNNFUSZ 	4QMJU�464:
�

(ঊঞঐ঎�.঎঍঒ঊঝ঎঍ 4ঞঙ঎ছজঢখখ঎ঝছঢ #ছ঎ঊঔ঒গঐ

*O (BVHF�.FEJBUFE 4VQFSTZNNFUSZ #SFBLJOH 	(.4#

 TVQFSTZNNFUSZ�CSFBLJOH PDDVST JO B TFDUPS

UIBU JT POMZ MJOLFE UP UIF .44. UISPVHI NFTTFOHFS ୮ୢFMET� 5IFTF NFTTFOHFS ୮ୢFMET DPNNVOJDBUF

464:�CSFBLJOH UP UIF .44. UISPVHI HBVHF CPTPO BOE HBVHJOP JOUFSBDUJPOT
 BOE UIFLsoft UFSN JO

UIF .44. -BHSBOHJBO BSJTFT EVF UP UIF MPPQ EJBHSBNT PG UIF NFTTFOHFS QBSUJDMFT <��
 ��>�

*G UIF DIBSBDUFSJTUJD NBTT TDBMF PG UIF NFTTFOHFS QBSUJDMFT JT TNBMM DPNQBSFE UP UIF 1MBODL TDBMF
 UIF

HSBWJUJOP CFDPNFT WFSZ MJHIU <��>� 4JODF UIF HSBWJUJOP JT UIF -JHIUFTU 4VQFSTZNNFUSJD 1BSUJDMF 	-41



UIF HSBWJUJOP JT TUBCMF JGR�QBSJUZ JT DPOTFSWFE� *O BEEJUJPO
 TVQFSTZNNFUSJD QBSUJDMFT XJMM FWFOUVBMMZ

EFDBZ UP ୮ୢOBM TUBUFT UIBU JODMVEF UIF HSBWJUJOP� 5IF EFDBZ SBUF PG B QBSUJDVMBS TVQFSTZNNFUSJD QBSUJDMF

X̃ JOUP JUT 4UBOEBSE.PEFM QBSUOFSX BOE B HSBWJUJOP G̃ JT HJWFO CZ�

Γ
(
X̃ → XG̃

)
=

m5
X̃

48πM2
Pm

2
3/2

(
1− m2

X

m2
X̃

)4

	���


XIFSFm3/2 JT UIF NBTT PG UIF HSBWJUJOP BOEMP JT UIF 1MBODL NBTT <��>� 'PS UIF /FYU�-JHIUFTU

��



4VQFSTZNNFUSJD 1BSUJDMF 	/-41

 &RVBUJPO ��� DPOTUJUVUFT UIF POMZ QPTTJCMF DPOUSJCVUJPO UP UIF EF�

DBZ XJEUI 	BOE UIFSFGPSF UP UIF MJGFUJNF
 PG UIF /-41� *O (.4#NPEFMT
 UIF /-41 DPVME FBTJMZ CF B

MPOH�MJWFE TUBV PS B MPOH�MJWFE OFVUSBMJOP <��>� *G UIF /-41 JT B MPOH�MJWFE TUBV
 JU DPVME CF PCTFSWFE

BT B USBDL JO B QBSUJDMF EFUFDUPS CFGPSF JU EFDBZT UP B UBV BOE B HSBWJUJOP� .PSF EFUBJMT BCPVU (.4#

DBO CF GPVOE JO 3FGFSFODF <��>�

"গঘখঊকঢ�.঎঍঒ঊঝ঎঍ 4ঞঙ঎ছজঢখখ঎ঝছঢ #ছ঎ঊঔ঒গঐ

*O UIF "OPNBMZ�.FEJBUFE 4VQFSTZNNFUSZ #SFBLJOH 	".4#
 TDFOBSJP
 TVQFSTZNNFUSZ�CSFBLJOH JT

NFEJBUFE UP UIF 4UBOEBSE.PEFM UISPVHI B TVQFSDPOGPSNBM BOPNBMZ <��
 ��>� 5IJT GPSN PG TVQFSTZNNFUSZ�

CSFBLJOH SFTVMUT JO EJ୭GFSFOU QIFOPNFOPMPHJDBM DIBSBDUFSJTUJDT UIBO (.4#� 5IF MJHIUFTU TVQFSQBSU�

OFST BSF QSFEJDUFE UP CF UIF .44. HBVHJOPT� 5IF HBVHJOP NBTTFT DBO CF QBSBNFUFSJ[FE BT�

M1 =
11α

4π cos2 (θW )
m3/2

M2 =
α

4π sin2 (θW )
m3/2

M3 = −3αs

4π
m3/2

	���


XIFSF θW JT UIF XFBL NJYJOH BOHMF
m3/2 JT UIF NBTT PG UIF HSBWJUJOP
 α JT UIF FMFDUSPNBHOFUJD

DPVQMJOH DPOTUBOU
 BOE αs JT UIF TUSPOH DPVQMJOH DPOTUBOU <��>� 5IF HBVHJOPT BSF FYQFDUFE UP GPMMPX

B NBTT IJFSBSDIZ TVDI UIBU |M2|�|M1|�|M3| <��>�

*O ".4# TDFOBSJPT
 UIF -41 JT FYQFDUFE UP CF B OFVUSBMJOP UIBU JT NPTUMZ XJOP JO DPOUFOU� 5IF

/-41 JT QSFEJDUFE UP CF UIF MJHIUFTU DIBSHJOP� "O JOUFSFTUJOH GFBUVSF PG ".4# TDFOBSJPT JT UIBU UIF

��



NBTT TQMJUUJOH CFUXFFO UIF /-41 BOE UIF -41 JT QSFEJDUFE UP CF TNBMM
 BSPVOE 200.F7 <��>� %VF

UP UIF TNBMM QIBTF TQBDF BWBJMBCMF GPS UIF DIBSHJOP EFDBZ
 UIF DIBSHJOP DBO IBWF B MPOH MJGFUJNF� "

MPOH�MJWFE DIBSHJOP DBO MFBWF B USBDL JO B QBSUJDMF EFUFDUPS
 GPSNJOH B TJHOBUVSF UIBU DBO CF TFBSDIFE

GPS BU -)$ FYQFSJNFOUT� .PSF EFUBJMT BCPVU ".4# DBO CF GPVOE JO 3FGFSFODF <��>�

4ঙক঒ঝ 4ঞঙ঎ছজঢখখ঎ঝছঢ

*O 4QMJU�464: NPEFMT
 UIF JEFB UIBU TVQFSTZNNFUSZ�CSFBLJOH NVTU CF TNBMM JT EJTDBSEFE� 4VQFSTZNNFUSZ�

CSFBLJOH PDDVST BU B TDBMF NBOZ PSEFST PG NBHOJUVEF BCPWF UIF 5F7 TDBMF
 BOE UIF NBTTFT PG UIF

TRVBSLT BOE TMFQUPOT BSF QMBDFE TJNJMBSMZ GBS BCPWF UIF 5F7 TDBMF� 5IF SFTVMUJOH NBTT TQMJUUJOHT CF�

UXFFO UIF 4UBOEBSE.PEFM GFSNJPOT BOE UIFJS TDBMBS TVQFSQBSUOFST BSF UPP MBSHF GPS 4QMJU�464: NPE�

FMT UP DPOWFOJFOUMZ TPMWF UIF IJFSBSDIZ QSPCMFN� )PXFWFS
 UIFTF NPEFMT BEESFTT PUIFS PQFO RVFT�

UJPOT� 'PS FYBNQMF
 4QMJU�464: NPEFMT TVQQMZ B EBSL NBUUFS DBOEJEBUF JO UIF GPSN PG B OFVUSBMJOP

-41
 BOE QSPWJEF B TPMVUJPO UP BDIJFWF HBVHF DPVQMJOH VOJ୮ୢDBUJPO <��>�

"MUIPVHI 4QMJU�464: NPEFMT QSFEJDU WFSZ IFBWZ TDBMBS TVQFSQBSUOFST
 UIF GFSNJPOJD TVQFSQBSU�

OFST DBO CF QSPUFDUFE UISPVHI DIJSBM TZNNFUSJFT UP IBWF NBTTFT BU UIF 5F7 TDBMF <��>� " GFBUVSF PG

4QMJU�464: NPEFMT JT UIBU UIF HMVJOP JT FYQFDUFE UP IBWF B MPOH MJGFUJNF� 5IF POMZ EFDBZ NPEF BWBJM�

BCMF UP UIF HMVJOP JT WJB BO VMUSB�IFBWZ TRVBSL� 4VDI B IJHIMZ WJSUVBM JOUFSNFEJBUF TUBUF TVQQSFTTFT UIF

EFDBZ SBUF PG UIF HMVJOP� 5IF MJGFUJNF PG UIF HMVJOP DBO CF FTUJNBUFE BT�

τ = 3× 10−2sec
( mS

109GeV

)4(1TeV

mg̃

)5

	���


��



XIFSFmS BOEmg̃ BSF UIF NBTTFT PG UIF TRVBSL BOE UIF HMVJOP
 SFTQFDUJWFMZ <��>�

" MPOH�MJWFE HMVJOP DBSSJFT DPMPS DIBSHF BOE GPSNT DPMPS�OFVUSBM CPVOE TUBUFT XJUI 4UBOEBSE

.PEFM QBSUPOT 	RVBSLT PS HMVPOT
 DBMMFE 3�IBESPOT� %FQFOEJOH PO UIF DPNQPTJUJPO PG UIF 3�

IBESPO
 UIF 3�IBESPO DBO CF FMFDUSJDBMMZ DIBSHFE PS OFVUSBM
 BOE UIF FYDIBOHF PG QBSUPOT BT BO 3�

IBESPO QBTTFT UISPVHI NBUFSJBM DBO QSPEVDF B DIBOHF JO JUT FMFDUSJD DIBSHF <��>� " MPOH�MJWFE HMVJOP

JO UIF GPSN PG B DIBSHFE 3�IBESPO DPVME CF WJTJCMF BT B USBDL JO B EFUFDUPS BU BO -)$ FYQFSJNFOU�

.PSF JOGPSNBUJPO BCPVU 4QMJU�464: DBO CF GPVOE JO 3FGFSFODFT <��
 ��>�

��� &ডঙ঎ছ঒খ঎গঝঊক 4ঝঊঝঞজ

.BOZ TFBSDIFT GPS TVQFSTZNNFUSJD QBSUJDMFT IBWF CFFO DPOEVDUFE CZ DPMMBCPSBUJPOT BU UIF -BSHF

)BESPO $PMMJEFS 	-)$
 JO (FOFWB
 4XJU[FSMBOE� 5IF DVSSFOU FYDMVTJPO MJNJUT PO WBSJPVT TVQFSTZN�

NFUSJD QBSUJDMFT QMBDFE CZ TFBSDIFT JO UIF "-5"4 $PMMBCPSBUJPO BSF TVNNBSJ[FE JO 'JHVSF ����

5IFTF TFBSDIFT BSF JOUFSQSFUFE JO UFSNT PG TJNQMJ୮ୢFE NPEFMT� " TJNQMJ୮ୢFE NPEFM JT DPOTUSVDUFE

DPOTJEFSJOH POMZ B TVCTFU PG QBSUJDMF JOUFSBDUJPOT XJUIJO B QBSUJDVMBS TVQFSTZNNFUSJD NPEFM <��>� *O

'JHVSF ���
 UIF أPEFM.آ DPMVNO EFTDSJCFT UIF QSPDFTT XJUIJO UIF TJNQMJ୮ୢFE NPEFM DPOTJEFSFE JO FBDI

TFBSDI� 5IF أ4JHOBUVSFآ DPMVNO EFTDSJCFT UIF EFUFDUPS TJHOBUVSF VTFE BT B IBOEMF UP TFBSDI GPS UIF

UBSHFU QSPDFTT� 5IF CMVF IPSJ[POUBM CBS DIBSU TIPXT UIF SBOHF PG NBTTFT UIBU IBWF CFFO FYDMVEFE GPS

UIF TVQFSTZNNFUSJD QBSUJDMFT DPOTJEFSFE JO FBDI TFBSDI�

5IJT UIFTJT TFBSDIFT GPS MPOH�MJWFE QBSUJDMFT� 5IF POH�MJWFE-آ QBSUJDMFTأ SPX JO 'JHVSF ��� IJHI�

MJHIUT UIF MPOH�MJWFE QBSUJDMF TFBSDIFT DPOEVDUFE VTJOH UIF "5-"4 FYQFSJNFOU� 5IFTF SFTVMUT BSF

��



Model Signature
∫
L dt [fb−1] Mass limit Reference

In
cl

u
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E
W

d
ir

e
ct

L
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g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V

q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 139 m(q̃)-m(χ̃

0
1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)=0 GeV 2010.142932.3g̃

m(χ̃
0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃
0
1

1 e, µ 2-6 jets 139 m(χ̃
0
1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄("")χ̃
0
1

ee, µµ 2 jets Emiss
T 139 m(χ̃

0
1)<700 GeV 2204.130722.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 139 m(χ̃

0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 139 m(χ̃

0
1)<500 GeV 2211.080282.45g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b Emiss
T 139 m(χ̃

0
1)<400 GeV 2101.125271.255b̃1

10 GeV<∆m(b̃1,χ̃
0
1)<20 GeV 2101.125270.68b̃1

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

2 τ 2 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV 2103.081890.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ ≥ 1 jet Emiss
T 139 m(χ̃

0
1)=1 GeV 2004.14060, 2012.037991.25t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃

0
1)=500 GeV 2012.037990.65t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 139 m(τ̃1)=800 GeV 2108.076651.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

0 e, µ mono-jet Emiss
T 139 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1→tχ̃
0
2, χ̃

0
2→Z/hχ̃

0
1

1-2 e, µ 1-4 b Emiss
T 139 m(χ̃

0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 139 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃
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Figure 2.4: The status of ATLAS searches for supersymmetry interpreted in simplifiedmodels, as of April 14, 2023.

The left column describes the simplifiedmodel or process targeted by the search. The signature column describes the

signatures that were targeted. The integrated luminosity used in each search is listed. The blue bars in themass limit

plot show the range of targeted sparticle masses excluded by the search [21].
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Figure 2.5: The limits placed on long-lived gluinos as a function of mass and lifetime by ATLAS Run 2 searches [21].
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Figure 2.6: The limits placed on long-lived charginos as a function of mass and lifetime by ATLAS Run 2 searches [21].
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Figure 2.7: The results of the ATLAS Run 2 search for heavy, highly-ionizing particles. The reconstructedmass distribu-
tion of the data (black points) is compared to the predictedmass distribution of the background (blue histogram). The

simulated expectedmass distributions of a 2.2 TeV gluino, a 1.3 TeV chargino, and a 400GeV stau of lifetime 10ns are

shown for comparison [26].
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JO 'JHVSF ���� 1SPUPOT PCUBJOFE CZ TUSJQQJOH IZESPHFO BUPNT BSF BDDFMFSBUFE UP BO FOFSHZ PG 50.F7

JO UIF MJOFBS BDDFMFSBUPS -JOBD2� 5IFO
 UIFTF QSPUPOT BSF JOKFDUFE JOUP UIF 1SPUPO 4ZODISPUSPO 	14


#PPTUFS
 XIFSF UIFZ BSF BDDFMFSBUFE UP BO FOFSHZ PG 1.4(F7 CFGPSF CFJOH TFOU UP UIF 14
 XIFSF UIF

CFBN JT BDDFMFSBUFE UP BO FOFSHZ PG 25(F7� 5IF QSPUPO CFBN JT UIFO GFE JOUP UIF 4VQFS 1SPUPO

4ZODISPUSPO 	414

 XIFSF JU JT BDDFMFSBUFE UP BO FOFSHZ PG 450(F7 <��>�

13

0n addition to accelerating protons, the accelerator comple_ can 
also accelerate lead nuclei.
Lead nuclei are produced from a highly purified lead sample 
heated to a temperature of about ��� �C. The lead vapour is 
ioniaed by an electron current. 4any diɈerent charge states 
are produced with a ma_imum around Pb� �. These nuclei are 
selected and accelerated to �.� 4e=/u (energy per nucleon) 
before passing through a carbon foil, which strips most of them 
to Pb���. The Pb��� beam is accumulated, then accelerated to 
�� 4e=/u in the Low ,nergy 0on 9ing (L,09), which transfers 
them to the P:. The P: accelerates the beam to �.  .e=/u and 
sends it to the :P: after first passing it through a second foil 
where it is fully stripped to Pb���. The :P: accelerates it to ��� 
.e=/u then sends it to the LHC, which accelerates it to �.�� 
Te=/u.
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The CERN accelerator complex

The accelerator complex at CERN is a succession of machines with 
increasingly higher energies. Each machine injects the beam into 
the next one, which takes over to bring the beam to an even higher 
energy, and so on. In the LHC – the last element of this chain – each 
particle beam is accelerated up to the record energy of 6.5 TeV. In 
addition, most of the other accelerators in the chain have their own 
experimental halls, where their beams are used for experiments at 
lower energies.

The brief story of a proton accelerated through the accelerator 
comple_ at C,95 is as follows:
} Hydrogen atoms are taken from a bottle containing hydrogen. 

>e get protons by stripping electrons from hydrogen atoms.
} Protons are inQected into the P: )ooster (P:)) at an energy of 

�� 4e= from Linac�.
}  The booster accelerates them to �.� .e=. The beam is then 

fed to the Proton :ynchrotron (P:) where it is accelerated to 
�� .e=.

 }  Protons are then sent to the :uper Proton :ynchrotron (:P:) 
where they are accelerated to ��� .e=. 

}  They are finally transferred to the LHC (both in a clockwise 
and an anticlockwise direction) where they are accelerated for 
�� minutes to �.� Te=. )eams circulate for many hours inside 
the LHC beam pipes under normal operating conditions. 

Protons arrive at the LHC in bunches, which are prepared in the 
smaller machines.

LHC the guide

Figure 3.1: A diagram of the CERN accelerator complex [30].

'JOBMMZ
 UIF QSPUPOT BSF EFMJWFSFE UP UIF -)$ JO UXP DPVOUFS�SPUBUJOH CFBNT
 XIFSF UIFZ BSF BDDFM�
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FSBUFE UP BO FOFSHZ PG 6.55F7 JO 8 SBEJPGSFRVFODZ DBWJUJFT
 PS 3' DBWJUJFT <��>� 3' DBWJUJFT BDDFMFSBUF

UIF QSPUPOT WJB PTDJMMBUJOH FMFDUSPNBHOFUJD ୮ୢFMET XIJMF LFFQJOH QSPUPOT PSHBOJ[FE JO CVODIFT� &BDI

CVODI DPOUBJOT∼ 1011 QSPUPOT
 BOE UIF CVODIFT BSF TQBDFE 25 OBOPTFDPOET BQBSU
 PS BCPVU 7.5

NFUFST� " EFUBJMFE FYQMBOBUJPO PG UIF 3' DBWJUJFT BOE UIF EFTJHO PG UIF -)$ DBO CF GPVOE JO <��>�

5IF QSPUPO CVODIFT BSF LFQU JO B DJSDVMBS PSCJU JO UIF -)$ SJOH VTJOH 1232 8�5 TVQFSDPOEVDUJOH

EJQPMF NBHOFUT TVQFSDPPMFE UP 1.9,XJUI TVQFS୯୳VJE IFMJVN� 392 RVBESPQPMF NBHOFUT TFSWF UP

GPDVT UIF CFBNT�

*OTUBOUBOFPVT MVNJOPTJUZ JT B NFBTVSF PG DPMMJTJPO EFOTJUZ BU B DPMMJEFS� *OTUBOUBOFPVT MVNJOPTJUZ

JT EFQFOEFOU PO CFBN QBSBNFUFST UISPVHI &RVBUJPO ����

L = f
N1N2

4πσxσy
	���


XIFSFN1 BOEN2 BSF UIF OVNCFS PG QSPUPO JO FBDI DPMMJEJOH CVODI
 f JT UIF CVODI DSPTTJOH GSF�

RVFODZ
 BOE σx BOE σy EFTDSJCF UIF HBVTTJBO XJEUI PG UIF CVODI JO UIF EJSFDUJPO USBOTWFSTF UP CFBN

USBWFM� " NPSF UJHIUMZ GPDVTFE CFBN
 BO JODSFBTFE OVNCFS PG QSPUPOT JO FBDI CVODI
 PS JODSFBTFE

GSFRVFODZ PG CVODI DSPTTJOHT XJMM MFBE UP JODSFBTFE JOTUBOUBOFPVT MVNJOPTJUZ�

"U UIF JOUFSBDUJPO QPJOU
 B TJOHMF QSPUPO CVODI IBT B 3�EJNFOTJPOBM HBVTTJBO QSP୮ୢMF XJUI σx ≈

σy ≈ 20 µN
 XJUI B MFOHUI σz PG BQQSPYJNBUFMZ 7.5 DN <��>� 5IF EFTJHO JOTUBOUBOFPVT MVNJOPTJUZ

PG UIF -)$ JT 1034 DN−2 T−1 <��>�

" TJOHMF DSPTTJOH PG UXP QSPUPO CVODIFT JT SFGFSSFE UP BT BO FWFOU� 'PS FBDI CVODI DSPTTJOH
 NBOZ

TJNVMUBOFPVT DPMMJTJPOT PDDVS� $PMMJTJPOT PUIFS UIBO UIF NPTU FOFSHFUJD JOFMBTUJD DPMMJTJPO JO UIF
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FWFOU BSF SFGFSSFE UP BT QJMFVQ�

%VSJOH 3VO 2 PG UIF -)$
 XIJDI UPPL QMBDF JO UIF ZFBST 2015�2018
 QSPUPO CVODIFT DPMMJEFE

XJUI B DFOUFS�PG�NBTT FOFSHZ PG 135F7 BOE B CVODI TQBDJOH PG 25 OT� 0WFS UIF DPVSTF PG 3VO 2
 UIF

"5-"4 EFUFDUPS SFDPSEFE B UPUBM JOUFHSBUFE MVNJOPTJUZ PG 140.1± 1.2 ୯୰−1 UIBU JT VTBCMF BT QIZTJDT

EBUB� 5IJT UIFTJT VTFT UIJT 3VO 2 EBUBTFU DPMMFDUFE CZ UIF "5-"4 EFUFDUPS�

��� "5-"4

5IF "5-"4 EFUFDUPS JT B MBSHF DZMJOESJDBM NVMUJQVSQPTF QBSUJDMF EFUFDUPS NFBTVSJOH 44NFUFST JO

MFOHUI BOE 25NFUFST JO EJBNFUFS� " EJBHSBN PG UIF "5-"4 EFUFDUPS JT TIPXO JO 'JHVSF ����

Figure 3.2: A diagram of the ATLAS detector [32].

5IF "5-"4 EFUFDUPS JT DPNQPTFE PG MBZFST PG EFUFDUPS UFDIOPMPHJFT EFTJHOFE UP JEFOUJGZ QBSUJDMFT

FNFSHJOH GSPN QSPUPO�QSPUPO DPMMJTJPOT BOE NFBTVSF UIFJS NPNFOUVN BOE FOFSHZ� 5IF *OOFS %F�

UFDUPS USBDLJOH TZTUFN JT MPDBUFE DMPTFTU UP UIF CFBN MJOF
 XIFSF UIF DPMMJTJPOT PDDVS� 5IF *OOFS %F�
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(a) (b)

Figure 3.3: Diagrams showing the coordinate system of the ATLAS detector. a) shows the definition of x, y, z, θ, and η.
b) shows the definition of r andφ.

UFDUPS JT JNNFSTFE JO B 25NBHOFUJD ୮ୢFME GSPN B TVQFSDPOEVDUJOH TPMFOPJE UP CFOE UIF USBKFDUPSJFT

PG DIBSHFE QBSUJDMFT XJUIJO UIF USBDLFS� 0VUTJEF PG UIF TPMFOPJE
 UIF FMFDUSPNBHOFUJD BOE IBESPOJD

DBMPSJNFUFST NFBTVSF UIF FOFSHZ PG QBSUJDMFT UIBU TIPXFS FMFDUSPNBHOFUJDBMMZ PS IBESPOJDBMMZ� 'J�

OBMMZ
 UIF PVUFSNPTU EFUFDUPS MBZFST GPSN UIF NVPO TZTUFN
 XIJDI QSPWJEFT USBDLJOH JOGPSNBUJPO

GPS BOZ DIBSHFE QBSUJDMFT TVSWJWJOH UIF DBMPSJNFUFST� " 45 BJS�DPSF UPSPJEBM NBHOFU TZTUFN QSPWJEFT

B NBHOFUJD ୮ୢFME UP UIF NVPO TZTUFN
 CFOEJOH UIF USBKFDUPSJFT PG DIBSHFE QBSUJDMFT UP BJE NPNFOUVN

SFDPOTUSVDUJPO�

5IF DPPSEJOBUF TZTUFN PG UIF "5-"4 EFUFDUPS JT EFQJDUFE JO 'JHVSF ����

5IF EFUFDUPS VTFT B SJHIU�IBOEFE DBSUFTJBO DPPSEJOBUF TZTUFN TUFNNJOH GSPN UIF JOUFSBDUJPO

QPJOU BU UIF DFOUFS PG UIF EFUFDUPS
 XIFSF UIF Y BYJT QPJOUT UP UIF DFOUFS PG UIF -)$
 UIF Z BYJT

QPJOUT VQXBSE
 BOE UIF [ BYJT QPJOUT JO UIF EJSFDUJPO PG UIF CFBN MJOF UPXBSE UIF BJSQPSU JO (FOFWB


4XJU[FSMBOE� "T UIF "5-"4 EFUFDUPS JT SPVHIMZ DZMJOESJDBM JO TIBQF
 UIF EFUFDUPS MFOET JUTFMG XFMM UP
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QPMBS DPPSEJOBUFT� 5IFTF DPPSEJOBUFT BSF r
 θ
 BOE φ
 XIFSF r =
√
(x2 + y2) SFQSFTFOUT UIF USBOT�

WFSTF EJTUBODF GSPN UIF CFBN MJOF
 φ JT UIF BOHMF GSPN UIF Y�BYJT JO UIF QMBOF USBOTWFSTF UP UIF CFBN

BYJT
 BOE θ JT UIF QPMBS BOHMF NFBTVSFE GSPN UIF [ BYJT�

5IF QMBOF USBOTWFSTF UP UIF CFBN BYJT 	Y�Z PS r�φ QMBOF
 JT QBSUJDVMBSMZ VTFGVM GPS EF୮ୢOJOH QIZTJDT

RVBOUJUJFT� %VF UP NPNFOUVN DPOTFSWBUJPO
 UIF UPUBM NPNFOUVN CFGPSF UIF DPMMJTJPO CFUXFFO UIF

QBSUPOT
 PS DPNQPOFOUT PG UIF QSPUPOT
 XJMM FRVBM UIF UPUBM NPNFOUVN PG UIF DPMMJTJPO QSPEVDUT�

)PXFWFS
 BT XF EP OPU LOPX XIBU GSBDUJPO PG UIF QSPUPO NPNFOUVN JT DBSSJFE CZ FBDI QBSUPO

JOWPMWFE JO UIF DPMMJTJPO
 UIF ୮ୢOBM NPNFOUVN BMPOH UIF CFBN BYJT JT VOLOPXO� *O DPOUSBTU
 UIF

QBSUPOT IBWF OFHMJHJCMF NPNFOUVN JO UIF USBOTWFSTF QMBOF
 BOE UIFSFGPSF UIF TVN PG NPNFOUB

PG UIF DPMMJTJPO QSPEVDUT JO UIF USBOTWFSTF QMBOF XJMM CF [FSP� *U JT UIFSFGPSF VTFGVM UP FYBNJOF UIF

QSPKFDUJPOT PG WBSJBCMFT JO UIF USBOTWFSTF QMBOF� 0OF DPNNPOMZ VTFE RVBOUJUZ JT pT � p sin θ
 PS UIF

DPNQPOFOU PG NPNFOUVN USBOTWFSTF UP UIF CFBN MJOF�

5IF RVBOUJUZ QTFVEPSBQJEJUZ
 EFOPUFE CZ η
 JT VTFE UP EFTDSJCF BOHMFT SFMBUJWF UP UIF [ BYJT PG UIF

EFUFDUPS� 1TFVEPSBQJEJUZ JT SFMBUFE UP UIF QPMBS BOHMF θ UISPVHI UIF SFMBUJPO�

η = − ln tan
θ

2
	���


" QPMBS BOHMF PG 90 EFHSFFT DPSSFTQPOET UP η = 0
 BOE B QPMBS BOHMF PG 0 EFHSFFT DPSSFTQPOET UP

η = ∞�

5IF أQTFVEPآ QSF୮ୢY SFGFST UP BOPUIFS RVBOUJUZ VTFE JO QBSUJDMF QIZTJDT� SBQJEJUZ
 HJWFO CZ y =

1
2 ln

E+pz
E−pz


 XIFSFE JT UIF FOFSHZ PG UIF QBSUJDMF BOE pz JT JUT NPNFOUVN BMPOH UIF CFBN MJOF� 3B�
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QJEJUZ JT B VTFGVM RVBOUJUZ CFDBVTF DIBOHFT JO y BSF -PSFOU[�JOWBSJBOU UP CPPTUT BMPOH UIF [ BYJT�

3BQJEJUZ SFEVDFT UP QTFVEPSBQJEJUZ JO UIF DBTF XIFSF UIF QBSUJDMF JT NBTTMFTT� "T QTFVEPSBQJEJUZ

EFQFOET POMZ PO θ
 BOZ MPDBUJPO JO UIF EFUFDUPS DBO CF GVMMZ EFTDSJCFE CZ r
 η
 BOE φ�

#FDBVTF PG UIF DZMJOESJDBM TIBQF PG "5-"4
 POF SFGFST UP UIF CBSSFM BOE FOEDBQ DPNQPOFOUT PG

EFUFDUPS TZTUFNT� 5IF CBSSFM SFHJPO JT UIF DFOUSBM DZMJOESJDBM QPSUJPO
 SPVHIMZ DPWFSJOH UIF SFHJPO

|η| < 1.0 EFQFOEJOH PO UIF TVCTZTUFN
 BOE UIF DPNQPOFOUT SFGFSSFE UP BT FOEDBQ EFUFDUPST QSPWJEF

DPWFSBHF GPS UIF SFHJPO BQQSPYJNBUFMZ 1.0 < |η| < 3.0�

5IF GPMMPXJOH TFDUJPOT EFTDSJCF UIF WBSJPVT TVCTZTUFNT JO UIF "5-"4 EFUFDUPS� "T UIF 5JMF

$BMPSJNFUFS BOE UIF 1JYFM EFUFDUPS QSPWJEF NFBTVSFNFOUT UIBU BSF PG QBSUJDVMBS JNQPSUBODF UP UIJT

UIFTJT
 UIFTF EFUFDUPS TZTUFNT XJMM CF FNQIBTJ[FE JO EFUBJM�

��� *গগ঎ছ %঎ঝ঎ঌঝঘছ

5IF *OOFS %FUFDUPS 	*%
 JT UIF USBDLJOH TZTUFN DMPTFTU UP UIF CFBN QJQF
 XIJDI JT MPDBUFE BU B SBEJVT

PG 24.3NN <��>� 5IF *% JT TJUVBUFE JO UIF SBOHF 3DN � r � 1N BOE QSPWJEFT USBDLJOH DPWFSBHF GPS

|η| � 2.5� 5IF QVSQPTF PG UIF *% JT UP EFUFDU UIF QBTTBHF PG DIBSHFE QBSUJDMFT XJUI TQBUJBM QSFDJTJPO

UP BJE JO USBDL
 WFSUFY
 BOE NPNFOUVN SFDPOTUSVDUJPO� .PWJOH PVUXBSE GSPN UIF CFBN MJOF
 UIF

*% JT DPNQPTFE PG TJMJDPO QJYFMT
 GPMMPXFE CZ UIF 4FNJDPOEVDUPS 5SBDLFS
 BOE ୮ୢOBMMZ UIF 5SBOTJUJPO

3BEJBUJPO 5SBDLFS� " EJBHSBN TIPXJOH UIF SBEJBM QMBDFNFOU PG UIFTF TVCTZTUFNT PG UIF *% JT TIPXO

JO 'JHVSF ����

5IF QSJNBSZ WFSUFYJOH SFTPMVUJPO PG UIF *% DBO CF VTFE BT B CFODINBSL PG JUT USBDLJOH QFSGPS�
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Figure 3.4: A diagram of the subsystems of the ATLAS Inner Detector in the barrel region [34].

NBODF� 5SBDLT JO UIF *% BSF BTTPDJBUFE UP QSJNBSZ WFSUJDFT UP QJOQPJOU UIF QPTJUJPO PG B QSPUPO�

QSPUPO JOUFSBDUJPO� *O 3VO 2
 UIF *% BMMPXFE UIF JEFOUJ୮ୢDBUJPO PG QSJNBSZ WFSUJDFT XJUI B SFTPMVUJPO

PG∼0.07NN JO UIF Y BOE Z EJSFDUJPOT
 BOE∼0.15NN JO UIF [ EJSFDUJPO
 GPS WFSUJDFT BTTPDJBUFE UP

CFUXFFO 5 BOE 10 USBDLT <��>�

5IJT TFDUJPO EFTDSJCFT UIF 1JYFM EFUFDUPS
 UIF 4FNJDPOEVDUPS 5SBDLFS
 BOE UIF 5SBOTJUJPO 3BEJB�

UJPO 5SBDLFS�
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����� 1঒ড঎কজ

*O UIF 1JYFM USBDLFS
 TNBMM TJMJDPO TFOTPST SFDPSE JOGPSNBUJPO BCPVU UIF USBKFDUPSZ PG DIBSHFE QBSUJDMFT�

"T B DIBSHFE QBSUJDMF QBTTFT UISPVHI B TJMJDPO TFOTPS
 JU JPOJ[FT BUPNT
 DSFBUJOH FMFDUSPO�IPMF QBJST�

5IFTF FMFDUSPOT BOE IPMFT USBWFM UISPVHI UIF TFOTPS EVF UP BO FMFDUSJD ୮ୢFME BOE JOEVDF B TJHOBM� 'PS

FYBNQMF
 B NVPO XJUI B NPNFOUVN PG 300.F7 DSFBUFT BQQSPYJNBUFMZ 20, 000 FMFDUSPO�IPMF QBJST

JO 250 µN PG TJMJDPO <��>� 'SPOU�FOE FMFDUSPOJDT QSPDFTT UIF SFTVMUJOH TJHOBM� *G UIF TJHOBM FYDFFET B

QSPHSBNNBCMF UISFTIPME
 UIF QBTTBHF PG UIF DIBSHFE QBSUJDMF DPOTUJUVUFT B IJU�

5IF 1JYFM TVCTZTUFN PG UIF *% JT DPNQPTFE PG GPVS CBSSFM MBZFST PG TJMJDPO QJYFMT BOE UISFF QJYFM

MBZFST JO FBDI FOEDBQ� %VSJOH 3VO 1
 UIF QJYFM EFUFDUPS DPOUBJOFE POMZ UISFF CBSSFM MBZFST
 BOE XBT

EFTJHOFE UP XJUITUBOE QBSUJDMF SBUFT BU UIF -)$ EFTJHO JOTUBOUBOFPVT MVNJOPTJUZ PG 1034 DN−2 T−1�

5IF #ୖ-BZFS
 -BZFS�1
 BOE -BZFS�2XFSF QMBDFE BU SBEJJ PG 5
 8.9
 BOE 12.2 DN
 SFTQFDUJWFMZ�

)PXFWFS
 BT UIF -)$ JOTUBOUBOFPVT MVNJOPTJUZ XBT FYQFDUFE UP EPVCMF JO 3VO 2
 B GPVSUI QJYFM

MBZFS XBT JOTFSUFE BU B SBEJVT PG 3.3 DN GSPN UIF CFBN MJOF UP DPQF XJUI UIF JODSFBTFE QBSUJDMF SBUF�

#FDBVTF JU XBT EFWFMPQFE BOE BEEFE TFQBSBUFMZ
 UIJT BEEJUJPOBM MBZFS
 LOPXO BT UIF *OTFSUBCMF # -BZFS

PS UIF *#-
 IBT EJ୭GFSFOU QJYFM QSPQFSUJFT BOE SFBEPVU DPNQBSFE UP UIF PUIFS UISFF CBSSFM QJYFM MBZFST�

5IF MBZPVU PG UIF QJYFM EFUFDUPS JT TIPXO JO 'JHVSF ����

5IF PSJHJOBM QJYFM MBZFST DPOUBJO 1744NPEVMFT NPVOUFE PO 160 DBSCPO�୮ୢCFS TVQQPSU TUSVDUVSFT

DBMMFE TUBWFT� &BDI NPEVMF DPOUBJOT 46, 080 O+�JO�O TJMJDPO QJYFM DFMMT <��>
 SFTVMUJOH JO B UPUBM PG BQ�

QSPYJNBUFMZ 67NJMMJPO TJMJDPO QJYFMT JO UIF CBSSFM BOE 13NJMMJPO QJYFMT JO UIF FOEDBQT� 5IF TFOTPST

JO UIF FOEDBQ EJTLT BOE PSJHJOBM 3 CBSSFM MBZFST GPSN B UPUBM BDUJWF TVSGBDF BSFB PG 1.73N2
 QSPWJEJOH
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Figure 3.5: A diagram of the pixel detector and the radii of the barrel pixel layers, including the IBL [33].

DPWFSBHF JO UIF SFHJPO |η| � 2.5� &BDI QJYFM NFBTVSFT 400 µN JO UIF [ EJSFDUJPO 	GPS UIF CBSSFM TFO�

TPST
 PS r EJSFDUJPO 	GPS UIF FOEDBQ EJTLT
 BOE 50µN JO UIF φ EJSFDUJPO
 FBDI XJUI B UIJDLOFTT PG 250

µN <��>� 5IF QJYFM USBDLFS BDIJFWFT B TQBUJBM SFTPMVUJPO PG 8 µN JO UIF r�φ EJSFDUJPO BOE 75 µN JO

UIF [ EJSFDUJPO <��>�

5IF *#- JT DPNQPTFE PG 14 DBSCPO�୮ୢCFS TUBWFT XJUI 20NPEVMFT NPVOUFE PO FBDI TUBWF� 12 PG

UIFTF NPEVMFT DPOUBJO QMBOBS TJMJDPO TFOTPST
 TJNJMBS UP UIF PSJHJOBM QJYFM MBZFST� 5IF PUIFS 8NPE�

VMFT
 MPDBUFE PO UIF FOET PG FBDI TUBWF
 DPOUBJO 3% TJMJDPO TFOTPST� 5IF 3% TFOTPST XFSF EFWFMPQFE

��



UP XJUITUBOE IJHI SBEJBUJPO FOWJSPONFOUT BOE P୭GFS UIF BEWBOUBOHF PG B TIPSUFS ESJG୴ UJNF EVF UP

DPMVNOBS FMFDUSPEFT FNCFEEFE JO UIF TFOTPS QFSQFEJDVMBS UP UIF TFOTPS TVSGBDF <��>� 5IF MBZPVU

PG UIF QMBOBS BOE 3%NPEVMFT PO FBDI TUBWF BT XFMM BT UIF MBZFSJOH PG UIF TUBWFT BSPVOE UIF *OOFS

4VQQPSU 5VCF BSF TIPXO JO 'JHVSF ����

Side A Side CZ = 0

3D3D Planar Planar

(a)$

(b)$ (c)$

R29.0/R29.3 - IPT
R23.5 - Inner beam-pipe
R31.0 - IBL inner envelope
R40.0 - IBL outer envelope
R33.5 - Module radius Stave

FE-I4B chip

3D sensor

Module flex

Flex pigtail

Stave flex

3D - HV TAB
EXTENSION

R42.5/R43.0 - IST

x	

y	

z	

φ

Figure 3.6: The structure of the IBL. a) The placement of planar and 3Dmodules along a stave, which extends a total of

330mm longitudinally. b) An r-φ view of the orientation of staves between the Inner Positioning Tube (IPT) and the

Inner Support Tube (IST). c) The placement of a 3D sensor and front-end chip FE-14B on a stave [40].

5IF *#- DPOUBJOT B UPUBM PG BQQSPYJNBUFMZ 12NJMMJPO QJYFMT BOE QSPWJEFT DPWFSBHF JO UIF SFHJPO

|η| � 3.0� 5IF UPUBM BDUJWF TVSGBDF BSFB PG UIF *#- TFOTPST JT 0.15N2� 5P SFEVDF PDDVQBODZ BOE QSP�

WJEF B NPSF QPXFSGVM WFSUFYJOH SFTPMVUJPO JO B IJHI QBSUJDMF SBUF FOWJSPONFOU
 UIFTF QJYFM DFMMT BSF

TNBMMFS UIBO UIPTF PG UIF PSJHJOBM QJYFM MBZFST� 5IF *#- QJYFMT NFBTVSF 50 µN JO UIF φ EJSFDUJPO BOE

250 µN JO UIF [ EJSFDUJPO� 5IF QMBOBS TFOTPST NFBTVSF 200 µN JO UIJDLOFTT
 XIJMF UIF 3% TFOTPST

IBWF B UIJDLOFTT PG 230 µN <��>�

��



" DIBSHFE QBSUJDMF USBWFSTJOH UIF QJYFM TFOTPS JOEVDFT B TJHOBM DVSSFOU UIBU JT TIBQFE BOE BNQMJ୮ୢFE

JO UIF GSPOU�FOE FMFDUSPOJDT� 3FMBUJWF UP B 40.)[ -)$ DMPDL
 UIF UJNF UIBU UIJT TJHOBM FYDFFET B

UISFTIPME JT DBMMFE 5JNF PWFS 5ISFTIPME 	5P5

 BOE JT SFMBUFE UP UIF BNPVOU PG DIBSHF DPMMFDUFE <��>�

*O UIF PSJHJOBM QJYFM MBZFST
 UIF TFOTPST JO FBDI NPEVMF BSF SFBE PVU UISPVHI 16 FE-13 GSPOU�FOE

DIJQT <��>� " UZQJDBM IJU UISFTIPME EVSJOH 3VO 2 GPS UIF PSJHJOBM QJYFM MBZFST DPSSFTQPOET UP BQQSPY�

JNBUFMZ 3500 FMFDUSPOT <��>� 8 SFBEPVU CJUT BSF EFWPUFE UP 5P5 JOGPSNBUJPO
 XIJDI NFBOT UIBU UIF

EZOBNJD SBOHF DPWFST VQ UP BQQSPYJNBUFMZ 200, 000 FMFDUSPOT <��>� *G UIF DPMMFDUFE DIBSHF FYDFFET

UIF EZOBNJD SBOHF PG UIF 5P5 SFBEPVU
 UIF IJU JT MPTU BOE OPU SFDPSEFE <��>�

5IF TFOTPST JO FBDI TUBWF PG UIF *#- BSF SFBE PVU UISPVHI 32 FE-14B GSPOU�FOE DIJQT
 XIJDI BSF

EFTJHOFE UP CF SBEJBUJPO�IBSE <��>� 5IF IJU UISFTIPME EVSJOH 3VO 2 DPSSFTQPOET UP BQQSPYJNBUFMZ

2500 FMFDUSPOT� *O UIF *#-
 POMZ 4 SFBEPVU CJUT BSF EFWPUFE UP 5P5 JOGPSNBUJPO
 XIJDI DPSSFTQPOET

UP BO VQQFS MJNJU PG UIF EZOBNJD SBOHF BU BQQSPYJNBUFMZ 30, 000 FMFDUSPOT <��>� )PXFWFS
 JG UIF EF�

QPTJUFE DIBSHF FYDFFET UIF 5P5 EZOBNJD SBOHF
 BO PWFS୯୳PX CJU JT TFU� "MUIPVHI UIF QSFDJTF BNPVOU

PG DIBSHF JT VOLPXO
 UIF IJU JT TUJMM SFDPSEFE <��>�

5IF EJ୭GFSJOH SFBEPVU FMFDUSPOJDT PG UIF PSJHJOBM QJYFM MBZFST BOE *#- XJMM B୭GFDU UIF JOUFSQSFUBUJPO

PG UIF 5P5 JOGPSNBUJPO JO UIJT UIFTJT
 BOE TQFDJBM DPOTJEFSBUJPO JT UBLFO UP FOTVSF QSPQFS IBOEMJOH PG

UIF *#- PWFS୯୳PX CJU�

����� 4঎খ঒ঌঘগ঍ঞঌঝঘছ 5ছঊঌঔ঎ছ

5IF 4FNJDPOEVDUPS 5SBDLFS
 PS 4$5
 JT B TJMJDPO TUSJQ USBDLFS EFTJHOFE UP PCUBJO QSFDJTJPO NFBTVSF�

NFOUT PG QBSUJDMF USBKFDUPSJFT JO UIF r�φ DPPSEJOBUF� 5IF XPSLJOH QSJODJQMF PG B TJMJDPO TUSJQ EFUFDUPS

��



JT TJNJMBS UP UIBU PG B TJMJDPO QJYFM EFUFDUPS
 JO XIJDI B DIBSHFE QBSUJDMF USBWFSTJOH UIF TJMJDPO TFOTPS

DSFBUFT FMFDUSPO�IPMF QBJST� 5IF FMFDUSPOT BOE IPMFT ESJG୴ UISPVHI UIF TFOTPS EVF UP BO BQQMJFE FMFD�

USJD ୮ୢFME
 BOE JOEVDF B TJHOBM UIBU DBO CF SFDPSEFE BT B IJU JO UIBU TFOTPS�

5IF 4$5 JT DPNQPTFE PG 4 DZMJOESJDBM CBSSFM MBZFST BT XFMM BT 9 EJTL MBZFST JO FBDI FOEDBQ� 5IF

CBSSFM MBZFST TVSSPVOE UIF QJYFM EFUFDUPS BOE TJU BU SBEJJ PG 299NN
 371NN
 443NN
 BOE 514NN�

5IF CBSSFM MBZFST QSPWJEF USBDLJOH DPWFSBHF GPS UIF SFHJPO |η| � 1.4
 BOE UIF FOEDBQ EJTLT DPWFS UIF

SFHJPO 1.4 < |η| < 2.5 <��>�

5IF NPEVMF JT UIF CVJMEJOH CMPDL PG UIF 4$5 EFUFDUPS� &BDI NPEVMF JT DPNQPTFE PG 4 TJMJDPO TFO�

TPST UIBU NFBTVSF 285 µN JO UIJDLOFTT� &BDI TFOTPS DPOUBJOT 770 TUSJQT PG QJUDI 80 µN BOE MFOHUI

PG 6 DN� 5IF 4 TFOTPST PO FBDI NPEVMF BSF BSSBOHFE BT TIPXO JO 'JHVSF ���� " QBJS PG TJMJDPO TFOTPST

JT BUUBDIFE WJB XJSFCPOEJOH TVDI UIBU UIFJS TUSJQT PG MFOHUI 6 DN GPSN SFBEPVU TUSJQT PG MFOHUI 12

DN� " TFDPOE QBJS PG XJSFCPOEFE TJMJDPO TFOTPST JT HMVFE PO UIF PUIFS TJEF PG B UIFSNBM QMBUF
 BU BO

BOHMF PG 40NSBE UP UIF ୮ୢSTU QBJS PG TFOTPST� 5IF BOHMFE QMBDFNFOU PG UIF TFDPOE QBJS PG TFOTPST SFM�

BUJWF UP UIF ୮ୢSTU QBJS BMMPXT UIF EFUFSNJOBUJPO PG UIF QPTJUJPO PG B IJU JO UIF EJSFDUJPO PG UIF MFOHUI

PG UIF TUSJQT� "#$% SFBEPVU DIJQT BSF TJUVBUFE PO B IZCSJE BOE SFBEPVU UIF DIBOOFMT PO FBDI QBJS PG

TFOTPST <��>�

5IF CBSSFM MBZFST DPOUBJO B UPUBM PG 2112NPEVMFT� 5IF NPEVMFT BSF BSSBOHFE TVDI UIBU UIF MFOHUI

PG UIF TUSJQT JT PSJFOUFE BMPOH UIF [ DPPSEJOBUF� 5IFSF BSF 988NPEVMFT QFS FOEDBQ
 XIFSF UIF NPE�

VMFT BSF TIBQFE USBQF[PJEBMMZ BOE GPSN UISFF SJOHT BU JODSFBTJOH SBEJJ PO FBDI EJTL <��>�

5IF TJMJDPO TFOTPST PG UIF 4$5 BNPVOU UP BO BDUJWF BSFB PG 61N2 BOE 6.2NJMMJPO SFBEPVU DIBO�

OFMT
 XJUI 3NJMMJPO TUSJQT JO UIF FOEDBQT BOE 3.2NJMMJPO TUSJQT JO UIF CBSSFM <��>� 5IF 4$5 BDIJFWFT

��



Figure 3.7: The layout of the SCT barrel modules. A pair of silicon sensors is attached lengthwise via wirebonding such

that their strips of length 6 cm form readout strips of length 12 cm. A second pair of wirebonded silicon sensors is

glued on the other side of a thermal plate, at an angle of 40mrad to the first pair of sensors. Readout chips are hosted

on a hybrid. [43]

B TQBUJBM SFTPMVUJPO PG 20 µN JO UIF r�φ EJSFDUJPO BOE 580 µN JO UIF [ EJSFDUJPO <��>� 5IJT TQBUJBM

QSFDJTJPO BMMPXT USBDLT∼200 µN BQBSU UP CF EJTUJOHVJTIFE <��>�

����� 5ছঊগজ঒ঝ঒ঘগ 3ঊ঍঒ঊঝ঒ঘগ 5ছঊঌঔ঎ছ

5IF 5SBOTJUJPO 3BEJBUJPO 5SBDLFS
 PS 535
 JT DPNQPTFE PG ESJG୴ UVCFT UIBU QSPWJEF USBDLJOH JOGPS�

NBUJPO� 5IF 535 BMTP VTFT USBOTJUJPO SBEJBUJPO UP JEFOUJGZ FMFDUSPOT�

" DIBSHFE QBSUJDMF QBTTJOH UISPVHI B ESJG୴ UVCF JPOJ[FT HBT NPMFDVMFT� 5IF GSFFE FMFDUSPOT ESJG୴

UPXBSE BO BOPEF XJSF TVTQFOEFE JO UIF DFOUFS PG UIF UVCF EVF UP B WPMUBHF BQQMJFE UP UIF BOPEF

XJSF� $MPTF UP UIF XJSF
 XIFSF UIF FMFDUSJD ୮ୢFME JT TUSPOHFTU
 UIF ESJG୴JOH FMFDUSPOT JPOJ[F PUIFS HBT

NPMFDVMFT
 GPSNJOH BO BWBMBODIF PG FMFDUSPOT� 5IF BWBMBODIF PG FMFDUSPOT USBWFMJOH UPXBSE UIF XJSF

BOE UIF QPTJUJWFMZ DIBSHFE HBT JPOT ESJG୴JOH BXBZ GSPN UIF XJSF JOEVDF B TJHOBM DVSSFOU PO UIF BOPEF

��



XJSF
 BMMPXJOH UIF EFUFDUJPO PG B DIBSHFE QBSUJDMF QBTTJOH UISPVHI UIF ESJG୴ UVCF�

5SBOTJUJPO SBEJBUJPO JT FNJUUFE XIFO B IJHIMZ SFMBUJWJTUJD QBSUJDMF USBWFSTFT B CPVOEBSZ CFUXFFO

NBUFSJBMT XJUI EJ୭GFSFOU EJFMFDUSJD DPOTUBOUT� 5IF QSPCBCJMJUZ UP FNJU USBOTJUJPO SBEJBUJPO JT QSP�

QPSUJPOBM UP UIF -PSFOU[ GBDUPS γ = E/m� "T UIF FMFDUSPO NBTT JT UXP PSEFST PG NBHOJUVEF TNBMMFS

UIBO UIF NVPO NBTT
 UIF OFYU MJHIUFTU 4UBOEBSE.PEFM QBSUJDMF
 FMFDUSPOT IBWF B NVDI IJHIFS -PSFOU[

GBDUPS UIBO PUIFS QBSUJDMFT PG UIF TBNF FOFSHZ� 5SBOTJUJPO SBEJBUJPO GSPN PUIFS QBSUJDMFT JT UIFSFGPSF

TVQQSFTTFE CZ BU MFBTU UXP PSEFST PG NBHOJUVEF DPNQBSFE UP FMFDUSPOT� 5IJT BMMPXT UIF JEFOUJ୮ୢDBUJPO

PG FMFDUSPOT CZ FNJTTJPO PG USBOTJUJPO SBEJBUJPO�

5IF 535 DPOUBJOT 298304 DBSCPO�୮ୢCFS�SFJOGPDFE LBQUPO TUSBXT UIBU FBDI NFBTVSF 4NN JO

EJBNFUFS� 5IF TUSBX UVCF XBMM JT 70 µN UIJDL BOE JT LFQU BU B QPUFOUJBM PG−15307 SFMBUJWF UP UIF

HPME�QMBUFE UVOHTUFO BOPEF XJSF NFBTVSJOH 31 µN JO EJBNFUFS� 5IF HBT NJYUVSF VTFE JO NPTU UVCFT

JT 70ॎ9F
 27ॎ $02
 BOE 3ॎ02� *O 3VO 2
 UIF 9FOPO HBT NJYUVSF JO TFDUJPOT PG UVCFT XJUI HBT

MFBLT XBT SFQMBDFE XJUI B NJYUVSF PG 70ॎ"S
 27ॎ $02
 BOE 3ॎ02 <��>�

5IF 535 JT EJWJEFE JOUP CBSSFM BOE FOEDBQ SFHJPOT� 5IF CBSSFM TFDUJPO DPWFST UIF SBEJBM SFHJPO

560NN� r � 1080NN BOE FYUFOET MPOHJUVEJOBMMZ PWFS UIF SFHJPO |z| � 712NN� 5IF 535 CBS�

SFM DPOUBJOT 52, 544 TUSBXT BMJHOFE XJUI UIF [ BYJT BOE BSSBOHFE JO 73 SBEJBM MBZFST� 5IF TUSBXT BSF

FNCFEEFE JO QPMZQSPQZMFOF BOE QPMZFUIFMZOF ୮ୢCFST UP QSPEVDF USBOTJUJPO SBEJBUJPO JO UIF GPSN PG

9�SBZT� 5IF EJTUBODF CFUXFFO TUSBXT JO r BOE φ JT BQQSPYJNBUFMZ 6.8NN� &BDI TUSBX IBT B MFOHUI PG

142.4 DN
 CVU UIF BOPEF XJSF JT FMFDUSJDBMMZ EJWJEFE TVDI UIBU UIF IBMWFT BU QPTJUJWF BOE OFHBUJWF z BSF

SFBE PVU TFQBSBUFMZ <��>�

5IF FOEDBQ SFHJPO PG UIF 535 JT DPNQPTFE PG 122, 880 TUSBXT PSJFOUFE UP QPJOU SBEJBMMZ GSPN
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UIF z BYJT� &BDI FOEDBQ DPOUBJOT UXP XIFFMT BOE FYUFOET PWFS UIF SFHJPO 827NN� |z| � 2744NN�

5IF FOEDBQ TUSBX UVCFT BSF 36 DN MPOH BOE BSF FNCFEEFE JO QPMZQSPQFMZFOF GPJM UIBU BDUT BT UIF

USBOTJUJPO SBEJBUPS NBUFSJBM <��>�

5IF TJHOBM JOEVDFE PO UIF BOPEF XJSF CZ DBTDBEJOH FMFDUSPOT JT DPNQBSFE UP UXP UISFTIPMET� "

MPX MFWFM 	--
 UISFTIPME JT TFU BU∼300 F7 BOE JOEJDBUFT UIF QBTTBHF PG B DIBSHFE QBSUJDMF GPS USBDLJOH

QVSQPTFT� 5IF IJHI MFWFM 	)-
 UISFTIPME JT UZQJDBMMZ TFU BU∼6�7 LF7 BOE JOEJDBUFT IJHI JPOJ[BUJPO

QSPEVDFE CZ USBOTJUJPO SBEJBUJPO
 BJEJOH JO FMFDUSPO JEFOUJ୮ୢDBUJPO� 5IF 5JNF PWFS 5ISFTIPME 	5P5



PS UIF UJNF UIBU UIF TJHOBM TQFOET BCPWF B QBSUJDVMBS UISFTIPME
 JT EJHJUJ[FE BOE SFBE PVU <��>�

5IF TUSBXT JO UIF 9 JOOFSNPTU MBZFST PG UIF CBSSFM SFHJPO BSF FMFDUSJDBMMZ TQMJU JOUP UISFF SFHJPOT


XJUI POMZ 34 DN PO FJUIFS TJEF SFBE PVU� /FWFSUIFMFTT
 PDDVQBODZ XBT B DIBMMFOHF GPS UIF 535 JO

3VO 2� %FQFOEJOH PO QJMFVQ DPOEJUJPOT
 UIF 535 TUSBXT IBE BO PDDVQBODZ PG VQ UP 90ॎ� "M�

UIPVHI UIF 535 SFBEPVU QSPWJEFT B NFBTVSF PG IJHI JPOJ[BUJPO
 JU JT OPU VTFE UP JEFOUJGZ IJHIMZ

JPOJ[JOH QBSUJDMFT JO UIJT TFBSDI EVF UP HBT MFBL QSPCMFNT BOE IJHI PDDVQBODZ JO 3VO 2 UIBU MJNJU UIF

BCJMJUZ PG UIF 535 UP ୯୳BH IJHIMZ JPOJ[JOH QBSUJDMFT�

%FTQJUF UIF IJHI PDDVQBODZ
 UIF 535 QSPWJEFT BO BWFSBHF PG∼30 IJUT QFS USBDL JO UIF SFHJPO

|η| < 2.0XJUI B TQBUJBM SFTPMVUJPO PG∼130 µN UP BJE JO USBDLJOH BOE NPNFOUVN SFDPOTUSVDUJPO

<��>�
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Figure 3.8: The occupancy of the TRT as a function of barrel straw layer for two different pileup conditions: average

interactions per bunch crossing <µ> = 29 and <µ> = 40. The validity gate selects a subset of the 75ns readout window
that is used to reconstruct hit information. In 2015 and 2016, a validity gate of 28.125ns was used. The 9 innermost

straw layers are divided into three regions, with only 34 cm read out on either side to reduce occupancy [45].

��� 4ঘক঎গঘ঒঍.ঊঐগ঎ঝ

5IF BCJMJUZ PG UIF *OOFS %FUFDUPS UP SFDPOTUSVDU NPNFOUVN SFMJFT PO UIF CFOEJOH PG DIBSHFE QBS�

UJDMFT JO UIF r�φ QMBOF WJB B 25 BYJBM NBHOFUJD ୮ୢFME QSPWJEFE CZ B TVQFSDPOEVDUJOH TPMFOPJE� 5IF

TPMFOPJE JT TJUVBUFE CFUXFFO SBEJJ PG 1.23N BOE 1.28NXJUI B MFOHUI PG 5.8N JO UIF z EJSFDUJPO�

5IF TPMFOPJE NBUFSJBM CVEHFU XBT PQUJNJ[FE UP CF BT MPX BT QPTTJCMF UP BWPJE JOUFSGFSJOH XJUI UIF

DBMPSJNFUSZ NFBTVSFNFOUT PG UIF &MFDUSPNBHOFUJD BOE )BESPOJD $BMPSJNFUFST
 MPDBUFE PVUTJEF UIF
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TPMFOPJE� 5IF TPMFOPJE NBUFSJBMT BNPVOU UP∼0.66 SBEJBUJPO MFOHUIT� 5IF ୯୳VY SFUVSO JT QSPWJEFE CZ

UIF TUFFM PG UIF 5JMF $BMPSJNFUFS BOE JUT TVQQQPSU TUSVDUVSFT <��>�

5IF SBEJBM BOE [�DPNQPOFOUT PG UIF NBHOFUJD ୮ୢFME PG UIF TPMFOPJE XJUIJO UIF *OOFS %FUFDUPS BU

WBSZJOH SBEJJ BSF TIPXO JO 'JHVSF ���� 5IF 25NBHOFUJD ୮ୢFME JO UIF *% JT EFTJHOFE UP NFFU B USBOT�

WFSTF NPNFOUVN SFTPMVUJPO SFRVJSFNFOU PG σpT/pT = 0.05%pT
⊕

1% <��>�

Figure 3.9: The radial and z components of the solenoidmagnetic field in the Inner Detector. The axial components of

themagnetic field at varying radii converge to 2 T at z=0 [47].

��� $ঊকঘছ঒খ঎ঝ঎ছজ

5IF DBMPSJNFUFS TZTUFN JT EFTJHOFE UP DPOUBJO FMFDUSPNBHOFUJD BOE IBESPOJD TIPXFST BOE NFBTVSF

UIFJS FOFSHZ� 5IF FMFDUSPNBHOFUJD 	&.
 DBMPSJNFUFS JT DPNQPTFE PG MFBE�MJRVJE BSHPO 	-"S
 TBN�

QMJOH DBMPSJNFUFST JO UIF CBSSFM BOE FOEDBQ SFHJPOT� 5IF IBESPOJD DBMPSJNFUFS JT DPNQPTFE PG TUFFM�

TDJOUJMMBUPS CBSSFM BOE FYUFOEFE�CBSSFM TBNQMJOH DBMPSJNFUFST BT XFMM BT -"S DBMPSJNFUFST JO UIF FOE�
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DBQT BOE JO UIF GPSXBSE 	3.1 � |η| � 4.9
 SFHJPO�

" EJBHSBN PG UIF DBMPSJNFUFS TZTUFN JO "5-"4 JT TIPXO JO 'JHVSF ����� 5IF 5JMF CBSSFM BOE 5JMF

FYUFOEFE CBSSFM TFDUJPOT PG UIF IBESPOJD DBMPSJNFUFS BSF DPMMFDUJWFMZ SFGFSSFE UP BT UIF 5JMF $BMPSJNF�

UFS
 BOE BSF PG QBSUJDVMBS JNQPSUBODF UP UIJT UIFTJT�

Figure 3.10: The ATLAS calorimeter system [48].

����� &ক঎ঌঝছঘখঊঐগ঎ঝ঒ঌ $ঊকঘছ঒খ঎ঝ঎ছ

5IF HPBM PG UIF FMFDUSPNBHOFUJD DBMPSJNFUFS JT UP DPOUBJO FMFDUSPNBHOFUJD TIPXFST QSPEVDFE CZ FMFD�

USPOT BOE QIPUPOT� 5IF FMFDUSPNBHOFUJD 	&.
 DBMPSJNFUFS JT B TBNQMJOH DBMPSJNFUFS XJUI MFBE BT

UIF BCTPSCFS NBUFSJBM BOE MJRVJE "SHPO 	-"S
 BT UIF BDUJWF NBUFSJBM� 5IF MFBE BCTPSCFS QMBUFT BSF
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BSSBOHFE JO BO BDDPSEJPO TIBQF BOE QSPWJEF GVMM B[JNVUIBM 	φ
 DPWFSBHF <��>�

5IF CBSSFM &. DBMPSJNFUFS DPWFST UIF SBOHF |η| < 1.475� &BDI FOEDBQ &. DBMPSJNFUFS JT EJWJEFE

JOUP UXP XIFFMT XIJDI UPHFUIFS DPWFS VQ UP |η| < 3.2� *O UIF SFHJPO |η| < 2.5
 UIF &. DBMPSJNFUFS

JT TFHNFOUFE JO UISFF MBZFST� " QSFTBNQMFS XJUI |η| < 1.8 DPWFSBHF JT DPNQPTFE PG POF BDUJWF -"S

MBZFS 1.1 DN UIJDL JO UIF CBSSFM BOE 0.5 DN JO UIF FOEDBQ <��>�

"O FYBNQMF CBSSFM &. DBMPSJNFUFS NPEVMF BOE UIF HSBOVMBSJUJFT JO η BOE φ PG UIF WBSJPVT MBZFST JT

TIPXO JO 'JHVSF �����

Figure 3.11: A barrel module of the electromagnetic calorimeter. Cells in the presampler (PS), as well as the accordion

calorimeter layers are shown [49].

����� )ঊ঍ছঘগ঒ঌ $ঊকঘছ঒খ঎ঝ঎ছ

5IF IBESPOJD DBMPSJNFUFS DPOUBJOT UXP FOEDBQ -"S�CBTFE TBNQMJOH DBMPSJNFUFST
 B -"S�CBTFE GPS�

XBSE DBMPSJNFUFS
 BOE UIF CBSSFM BOE FYUFOEFE CBSSFM 5JMF DBMPSJNFUFST� 5IF -"S IBESPOJD FOEDBQ

��



EFUFDUPS 	)&$
 DPOTJTUT PG UXP XIFFMT QFS FOEDBQ XJUI DPQQFS BDUJOH BT UIF BCTPSCFS NBUFSJBM� 5IF

)&$ QSPWJEFT DPWFSBHF PWFS 1.5 < |η| < 3.2 <��>�

5IF -"S GPSXBSE DBMPSJNFUFS JT MPDBUFE BU B SBOHF PG 3.1 � |η| � 4.9� 5IFSF BSF UISFF GPSXBSE

NPEVMFT JO FBDI FOEDBQ� 5IF JOOFSNPTU NPEVMF VTFT DPQQFS BT BO BCTPSCFS UP NFBTVSF FMFDUSPNBH�

OFUJD DPNQPOFOUT PG UIF TIPXFS
 XIJMF UIF PUIFS UXP VTF UVOHTUFO UP NFBTVSF IBESPOJD JOUFSBDUJPOT

<��>�

5IF 5JMF DBMPSJNFUFS JT B IBESPOJD TBNQMJOH DBMPSJNFUFS DPNQPTFE PG BMUFSOBUJOH MBZFST PG TUFFM

BCTPSCFS BOE BDUJWF TDJOUJMMBUJOH QMBUFT SFBE PVU CZ XBWFMFOHUI�TIJG୴JOH ୮ୢCFST� 5IF 5JMF DBMPSJNFUFS

TQBOT UIF SBEJVT 2280NN� r � 4230NN� 5IF CBSSFM DPNQPOFOU JT 5640NN MPOH JO UIF [ EJSFD�

UJPO BOE DPWFST B SBOHF PG |η| < 1.0� 5IF UXP FYUFOEFE CBSSFM DPNQPOFOUT FBDI IBWF B MFOHUI PG

2910NN JO UIF [ EJSFDUJPO BOE DPWFS B SBOHF PG 0.8 � |η| � 1.7� 5IF 5JMF DBMPSJNFUFS JT TIPXO JO

HSBZ JO 'JHVSF ����� 5IF CBSSFM BOE FYUFOEFE CBSSFM TFDUJPOT PG UIF 5JMF DBMPSJNFUFS BSF TFQBSBUFE CZ B

HBQ PG 600NN
 XIJDI JT OFDFTTBSZ UP QMBDF SFBEPVU BOE TFSWJDF DBCMFT GPS UIF *OOFS %FUFDUPS BOE UIF

-"S &. DBMPSJNFUFS <��>�

5IF CBTJD VOJU PG UIF 5JMF DBMPSJNFUFS JT UIF XFEHF� 5IF TUFFM BCTPSCFST JO B XFEHF DPOOFDU UP B

TUFFM TVQQPSU TUSVDUVSF DBMMFE B HJSEFS
 XIJDI BMTP IPVTFT SFBEPVU FMFDUSPJDT� 64XFEHFT GPSN B GVMM

DZMJOEFS JO φ� " TDIFNBUJD PG B XFEHF JT TIPXO JO 'JHVSF �����

5IF TDJOUJMMBUJOH UJMFT BSF PSJFOUFE JO UIF r�φ QMBOF� 8BWFMFOHUI�TIJG୴JOH SFBEPVU ୮ୢCFST DPO�

OFDU OFJHICPSJOH TDJOUJMMBUJOH UJMFT UP QIPUPNVMUJQMJFS UVCFT UP GPSN B SFBEPVU DFMM� *O UIF CBSSFM


FBDI XFEHF DPOUBJOT 46 SFBEPVU DFMMT� "T UIF DFMMT BSF SFBE PVU PO FBDI PQFO TJEF PG UIF XFEHF
 UIJT

BNPVOUT UP 96 UPUBM SFBEPVU DIBOOFMT QFS CBSSFM XFEHF� 5IF 5JMF DBMPSJNFUFS DPOUBJOT B UPUBM PG
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Figure 3.12: Awedge of the Tile Calorimeter. Scintillating tiles oriented in the r-φ plane are grouped together with

radial wavelength-shifting fibers to form readout cells. The readout is connected on both sides of the tiles [50].

5980 SFBEPVU DIBOOFMT JO UIF CBSSFM BOE 3640 SFBEPVU DIBOOFMT JO UIF FYUFOEFE CBSSFM <��>�

5IF HSBOVMBSJUZ PG UIF 5JMF DBMPSJNFUFS JT 0.1 Y 0.1 JO∆η Y∆φ
 BOE UIF 5JMF DBMPSJNFUFS JT TFH�

NFOUFE SBEJBMMZ JO UISFF MBZFST� "U η � 0
 UIF UISFF MBZFST BSF 1.4
 3.9
 BOE 1.8 OVDMFBS JOUFSBDUJPO

MFOHUIT UIJDL
 SFTQFDUJWFMZ� 5IJT HSBOVMBSJUZ BDIJFWFT BO FOFSHZ SFTPMVUJPO PG∆E/E = 50%/
√
E
⊕

3%

GPS |η| < 3 <��>�

5P JNQSPWF UIF IFSNFUJDJUZ PG UIF 5JMF DBMPSJNFUFS
 BO *OUFSNFEJBUF 5JMF $BMPSJNFUFS 	*5$
 JT JO�

TFSUFE JO UIF HBQ SFHJPO OFYU UP UIF FYUFOEFE CBSSFM TFDUJPOT� 5IF *5$ JT DPNQPTFE PG B DBMPSJNFUFS

QMVH JO UIF SFHJPO 0.8 � |η| � 1.0
 XJUI BDUJWF TDJOUJMMBUPS UJMFT QMBDFE JO UIF SFHJPO 1.0 � |η| � 1.6 UP
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NBYJNJ[F BDUJWF NBUFSJBM <��>�

"O FTUJNBUFE 9 JOUFSBDUJPO MFOHUIT PG NBUFSJBM BSF TV୭୮ୢDJFOU UP DPOUBJO IBESPOJD TIPXFST BOE

MJNJU QVODIUISPVHI UP UIF NVPO TQFDUSPNFUFS� 5IF BNPVOU PG NBUFSJBM JO UIF 5JMF $BMPSJNFUFS JO

JOUFSBDUJPO MFOHUIT BT B GVODUJPO PG SBQJEJUZ JT TIPXO JO 'JHVSF �����

Figure 3.13: Thematerial of the Tile calorimeter as a function of rapidity, as measured in interaction lengths [50].

��� .ঞঘগ 4ঙ঎ঌঝছঘখ঎ঝ঎ছ

5IF NVPO TQFDUSPNFUFS JT EFTJHOFE UP JEFOUJGZ UIF USBKFDUPSJFT BOE NFBTVSF UIF NPNFOUB PG NVPOT�

"T IJHI�NPNFOUVN ୮ୢOBM TUBUF NVPOT DBO CF JOEJDBUJWF PG JOUFSBDUJPOT JOWPMWJOH NBTTJWF QBSUJDMFT

BOE QPTTJCMZ OFX QIZTJDT BU UIF JOUFSBDUJPO QPJOU
 UIF NVPO TQFDUSPNFUFS JT FRVJQQFE XJUI EFUFDUPS

��



TZTUFNT XJUI USJHHFSJOH DBQBCJMJUJFT JO BEEJUJPO UP EFUFDUPS TZTUFNT SFTQPOTJCMF GPS QSFDJTJPO USBDLJOH�

5IF NVPO UJHHFSJOH TZTUFN JT DPNQPTFE PG 3FTJTUJWF 1MBUF $IBNCFST 	31$T
 JO UIF CBSSFM SFHJPO

BOE 5IJO (BQ $IBNCFST 	5($T
 JO UIF FOEDBQT
 DPWFSJOH B SFHJPO PG |η| < 2.4� .POJUPSFE %SJG୴

5VCFT 	.%5T
 QSPWJEF QSFDJTJPO USBDLJOH JO UIF η EJSFDUJPO
 XIJDI JT UIF EJSFDUJPO PG CFOEJOH PG

DIBSHFE QBSUJDMFT EVF UP UIF UPSPJEBM NBHOFUJD ୮ୢFME� $MPTF UP UIF CFBN MJOF
 BU IJHI η
 $BUIPEF 4USJQ

$IBNCFST BSF FRVJQQFE XJUI IJHIFS HSBOVMBSJUZ UP PCUBJO QSFDJTJPO USBDLJOH NFBTVSFNFOUT BU IJHI

QBSUJDMF SBUF�

*O UIF CBSSFM SFHJPO
 DIBNCFST BSF BSSBOHFE JO UISFF MBZFST LOPXO BT TUBUJPOT� *O FBDI FOEDBQ SF�

HJPO
 UISFF TUBUJPOT BSF BSSBOHFE JO UIF QMBOF USBOTWFSTF UP UIF CFBN MJOF <��>� 5IF MBZPVU PG UIF

NVPO TQFDUSPNFUFS JT TIPXO JO 'JHVSF �����

5IF.POJUPSFE %SJG୴ 5VCFT 	.%5
 QSPWJEF QSFDJTJPO USBDLJOH JO UIF [ EJSFDUJPO JO UIF CBSSFM

BOE SBEJBMMZ JO UIF FOEDBQT� 5IF ESJG୴ UVCFT BSF NBEF PG BMVNJOVN XJUI XBMMT 400 µN UIJDL BOE

EJBNFUFS PG 30NN� 5IF BOPEF XJSF IBT B EJBNFUFS PG 50 µN� " DIBSHFE QBSUJDMF QBTTJOH UISPVHI

UIF HBT NJYUVSF
 "S$)4/2
 JPOJ[FT BUPNT� 5IF SFTVMUJOH FMFDUSPOT ESJG୴ UPXBSE UIF BOPEF XJSF IFME

BU B QPUFOUJBM PG 32707� $MPTF UP UIF XJSF
 XIFSF UIF FMFDUSJD ୮ୢFME JT TUSPOHFTU
 UIF FMFDUSPOT DBTDBEF

BOE DBVTF B TJHOBM QVMTF PO UIF XJSF� 5IF NBYJNVN ESJG୴ UJNF PG UIF .%5T JT 480 OT� 5IF TJOHMF�

XJSF TQBUJBM SFTPMVUJPO PG UIF .%5T JT 80 µN <��>�

5IF.%5T BSF BSSBOHFE JO UISFF CBSSFM MBZFST BOE UISFF FOEDBQ MBZFST� 5IF ୮ୢSTU MBZFS DPWFST B

SBOHF PG |η| � 2.0XIJMF UIF PVUFS MBZFST DPWFS B SBOHF PG |η| � 2.7� *O UPUBM
 UIFSF BSF 354, 000.%5

SFBEPVU DIBOOFMT <��>�

*O UIF SBOHF 2.0 � |η| � 2.7 BOE DMPTF UP UIF CFBN MJOF
 B IJHIFS HSBOVMBSJUZ EFUFDUPS JT SFRVJSFE
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TGCs

Figure 3.14: The layout of themuon spectrometer in one quadrant of the r-z plane of the ATLAS detector. The barrel

MDTs are shown in green, while the endcapMDTs are shown in blue. The TGCs are pointed out in red and pink. The

RPCs are pointed out in white. The CSC is shown in yellow [51].

UP QSPWJEF QSFDJTJPO USBDLJOH XIJMF DPQJOH XJUI IJHIFS QBSUJDMF SBUFT� 5IF $BUIPEF 4USJQ $IBN�

CFST 	$4$T
 BSF QMBDFE DMPTF UP UIF CFBNMJOF GPS UIJT QVSQPTF� 5IF $4$T BSF NVMUJXJSF QSPQPSUJPOBM

DIBNCFST� 5IF PQFSBUJOH QSJODJQMF PG B NVMUJXJSF QSPQPSUJPOBM DIBNCFS JT TJNJMBS UP B ESJG୴ UVCF


FYDFQU UIFSF BSF NBOZ BOPEF XJSFT QMBDFE CFUXFFO UXP QBSBMMFM DBUIPEF QMBOFT� 5IF DBUIPEF QMBOFT

BSF TFHNFOUFE JO UIF EJSFDUJPO QFSQFOEJDVMBS UP UIF BOPEF XJSFT <��>�

5IF $4$T IBWF BO BOPEF XJSF TFQBSBUJPO PG 2.54NN BOE B TUSJQ QJUDI PG 5.08NN� 5IF ESJG୴

UJNF JT BQQSPYJNBUFMZ 30 OT BOE UIF $4$ DIBNCFST BDIJFWF BO PWFSBMM UJNJOH SFTPMVUJPO PG 7 OT XJUI
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B TQBUJBM SFTPMVUJPO PG 60 µN <��>�

5IF USJHHFS TZTUFN SFRVJSFT UJNJOH SFTPMVUJPO PO UIF PSEFS PG 1 OT� 3FTJTUJWF 1MBUF $IBNCFST

	31$T
 DPWFSJOH B SBOHF PG |η| � 1.05 BOE 5IJO (BQ $IBNCFST DPWFSJOH B SBOHF PG 1.05 � |η| � 2.7

QSPWJEF UJNJOH JOGPSNBUJPO BOE QPTJUJPO JOGPSNBUJPO JO UIF φ DPPSEJOBUF
 XIJDI JT QFSQFOEJDVMBS UP

UIF QSFDJTJPO DPPSEJOBUF PCUBJOFE CZ UIF .POJUPSFE %SJG୴ 5VCFT BOE $BUIPEF 4USJQ $IBNCFST�

5IF 31$T BSF HBTFPVT QBSBMMFM QMBUF EFUFDUPST XJUI B HBT HBQ PG 2.0NN CPVOEFE CZ QBSBMMFM SF�

TJTUJWF CBLFMJUF QMBUFT� " DIBSHFE QBSUJDMF QBTTJOH UISPVHI UIF HBT HBQ JPOJ[FT BUPNT� 5IF SFTVMUJOH

FMFDUSPOT BWBMBODIF JO BO FMFDUSJD ୮ୢFME BOE JOEVDF B TJHOBM QVMTF PO NFUBM TUSJQT PG 30NN QJUDI VTFE

GPS SFBEPVU� 5IF 31$T BSF BSSBOHFE JO UISFF CBSSFM MBZFST BOE P୭GFS B UPUBM PG 373, 000 SFBEPVU DIBO�

OFMT <��
 ��>�

5IF 5($T BSF NVMUJXJSF QSPQPSUJPOBM DIBNCFST XJUI BOPEF XJSF TFQBSBUJPO PG 1.8NN BOE B HBT

HBQ PG 2.8NN� 5IF DBUIPEF QMBOFT BSF TFHNFOUFE JOUP SFBEPVU TUSJQT PG QJUDI 14.6�49.1NN JO UIF

φ DPPSEJOBUF EJSFDUJPO� 5IF 5($T IBWF B UPUBM PG 318, 000 SFBEPVU DIBOOFMT <��
 ��>�

5IF r�φ DSPTT�TFDUJPOBM EJBHSBN JO 'JHVSF ���� TIPXT UIF BSSBOHFNFOU PG 31$T BOE.%5T JO UIF

CBSSFM SFHJPO PG UIF NVPO TQFDUSPNFUFS� 5IF DIBNCFST BSF JOUFSMFBWFE JO 16 TFDUJPOT UP SF୯୳FDU UIF

TZNNFUSZ PG UIF 8 CBSSFM UPSPJE DPJMT EFTDSJCFE JO UIF GPMMPXJOH TFDUJPO�

��� 5ঘছঘ঒঍.ঊঐগ঎ঝ 4ঢজঝ঎খ

5IF UPSPJE TZTUFN CFOET DIBSHFE QBSUJDMFT QBTTJOH UISPVHI UIF NVPO TZTUFN JO UIF η EJSFDUJPO GPS

UIF QVSQPTF PG SFDPOTUSVDUJOH NPNFOUVN� 5IF UPSPJE TZTUFN JT DPNQPTFE PG POF BJS�DPSF UPSPJE
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Large sector

Small sector

Figure 3.15: A cross-sectional diagram of the ATLAS detector in the r-φ plane showing the placement of RPC andMDT

chambers in the barrel [51].

XJUI 8 DPJMT JO UIF CBSSFM SFHJPO BOE UXP BJS�DPSF UPSPJET FBDI XJUI 8 DPJMT JO UIF FOEDBQ SFHJPOT� 5IF

MBZPVU PG UIF UPSPJE DPJMT JT TIPXO JO 'JHVSF �����

5IF CBSSFM UPSPJE IBT BO JOOFS EJBNFUFS PG 9.4N BOE PVUFS EJBNFUFS PG 20.1N
 XJUI B MFOHUI PG

25.3N� 5IF FOEDBQ UPSPJET FBDI IBWF BO JOOFS EJBNFUFS PG 1.65N
 BO PVUFS EJBNFUFS PG 10.7N


BOE FYUFOE 5.0N JO UIF [ EJSFDUJPO� 5IF PSJFOUBUJPO PG UIF FOEDBQ UPSPJET JT SPUBUFE CZ 22.5 EFHSFFT

UP JOUFSMFBWF UIF FOEDBQ UPSPJE DPJMT CFUXFFO UIF CBSSFM DPJMT <��>�

5IF NBHOFUJD ୮ୢFME QSPWJEFE CZ UIF UPSPJE TZTUFN JT OPOVOJGPSN JO r BOE φ� 5IF NBHOFUJD ୮ୢFME JT

NPOJUPSFE CZ∼1800)BMM TFOTPST JO UIF NVPO TQFDUSPNFUFS� *O UIF CBSSFM SFHJPO
 TQBOOJOH |η| <
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Figure 3.16: The layout of the barrel and endcap toroid coils is shown in red, encircling the steel Tile Calorimeter and

solenoid structure [47].

1.4
 UIF NBHOFUJD ୮ୢFME SBOHFT GSPN 0.15 UP 2.55XJUI BO BWFSBHF WBMVF PG 0.55� 5IF NBHOFUJD ୮ୢFME

JO UIF FOEDBQT
 DPWFSJOH 1.6 � |η| � 2.7
 WBSJFT GSPN 0.2 UP 3.55 <��>�

5IF RVBOUJUZ SFMFWBOU GPS NPNFOUVN SFDPOTUSVDUJPO BOE SFTPMVUJPO JT CFOEJOH QPXFS

∫
Bdl


XIFSFB JT UIF DPNQPOFOU PG UIF NBHOFUJD ୮ୢFME QFSQFOEJDVMBS UP UIF DIBSHFE QBSUJDMFؠT EJSFDUJPO PG

USBWFM� 5IF CFOEJOH QPXFS JO UIF CBSSFM UPSPJE SBOHFT GSPN 1.5�5.55N� *O UIF FOEDBQ
 UIF CFOEJOH

QPXFS SBOHFT GSPN 1.0�7.55N� 5IF CFOEJOH QPXFS DBMDVMBUFE GSPN UIF JOOFSNPTU UP UIF PVUFS�

NPTU MBZFS PG UIF .%5T JT TIPXO JO 'JHVSF ����� 5IF CFOEJOH QPXFS JT SFEVDFE JO UIF USBOTJUJPO

SFHJPO CFUXFFO UIF CBSSFM BOE FOEDBQT
 1.4 � |η| � 1.6
 EVF UP UIF PWFSMBQQJOH NBHOFUJD ୮ୢFMET BDUJOH

UP DBODFM POF BOPUIFS <��>�
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Figure 3.17: The bending power as a function of |η|, calculated from the innermost to the outermost layer of theMDTs,

assumingmuons of infinite momentum. The bending power for azimuthal angles ofφ = 0 andφ = π/8 are shown in
red and black [47].

5IF UPSPJE TZTUFN XBT EFTJHOFE UP QSPWJEF NBHOFUJD ୮ୢFMET UIBU XPVME BMMPX USBOTWFSTF NPNFO�

UVN SFDPOTUSVDUJPO XJUI B SFTPMVUJPO PG σpT/pT = 10% GPS B NVPO PG pT � 15F7 <��>�
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9
$PMMFDUJOH %BUB � 3FDPOTUSVDUJOH 0CKFDUT

5IF SBUF PG QSPUPO�QSPUPO DPMMJTJPOT JO "5-"4 JT∼40.)[� "5-"4 FNQMPZT B USJHHFSJOH TZTUFN

UP JEFOUJGZ BOE TBWF QPUFOUJBMMZ JOUFSFTUJOH FWFOUT UP EJTL� 5IF BWFSBHF SBUF PG FWFOUT SFDPSEFE UP EJTL

JT∼1 L)[�

'SPN UIFTF SFDPSEFE FWFOUT
 EFUFDUPS TJHOBMT GSPN QBSUJDMFT JOUFSBDUJOH XJUI WBSJPVT TVCTZTUFNT

BSF SFDPOTUSVDUFE JOUP QIZTJDT PCKFDUT TVDI BT USBDLT
 NVPOT
 PS KFUT� 5IJT DIBQUFS EFTDSJCFT UIF "5�
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-"4 USJHHFS TZTUFN
 UIF QBSUJDVMBS TFU PG USJHHFST UIBU JT VTFE UP DPMMFDU UIF EBUB QSFTFOUFE JO UIJT UIF�

TJT
 BOE UIF EF୮ୢOJUJPOT PG UIF QIZTJDT PCKFDUT SFMFWBOU UP UIJT UIFTJT�

��� "5-"4 5ছ঒ঐঐ঎ছ 4ঢজঝ঎খ

5IF "5-"4 EFUFDUPS PQFSBUFT XJUI B UXP�MFWFM USJHHFS TZTUFN� 4UBSUJOH GSPN UIF ��.)[ DPMMJTJPO

SBUF
 UIF USJHHFS TZTUFN JT EFTJHOFE UP SFEVDF UIF SFDPSEFE FWFOU SBUF EPXO UP � L)[�

5IF ୮ୢSTU MFWFM PG UIF USJHHFS JT UIF -FWFM�1 	-1
 USJHHFS� 5IF -1 USJHHFS JT B IBSEXBSF�CBTFE TZT�

UFN UIBU NBLFT EFDJTJPOT CBTFE PO MPX�HSBOVMBSJUZ JOGPSNBUJPO SFDFJWFE GSPN UIF DBMPSJNFUFST BOE

NVPO EFUFDUPST� 5IF -1 USJHHFS BDDFQUBODF SBUF JT∼100 L)[� 5IF -1 USJHHFS MBUFODZ
 PS UIF BNPVOU

PG UJNF JO XIJDI UIF USJHHFS EFDJTJPO NVTU CF NBEF
 JT 2.5 µT <��>�

'PS FBDI FWFOU UIBU JT BDDFQUFE CZ UIF -1 USJHHFS
 BMM EBUB DPSSFTQPOEJOH UP UIF FWFOU JT SFBE PVU

GSPN UIF GSPOU�FOE FMFDUSPOJDT PG BMM PG UIF EFUFDUPST� 5IJT EBUB XBJUT JO 3FBE 0VU %SJWFST GPS UIF

BDDFQUBODF PG UIF TFDPOE MFWFM PG UIF USJHHFS TZTUFN
 UIF )JHI�-FWFM 5SJHHFS 	)-5
� 5IF )-5 JT B

TPG୴XBSF�CBTFE USJHHFS TZTUFN UIBU NBLFT EFDJTJPOT CBTFE PO EBUB GSPN UIF GVMM FWFOU XJUIJO 500NT

<��>� &WFOUT QBTTJOH UIF DSJUFSJB PG BO )-5 USJHHFS BSF SFDPSEFE UP EJTL� 5IF BWFSBHF BDDFQUBODF SBUF

PG UIF )-5 USJHHFS JO 3VO 2XBT 1.2 L)[
 DPSSFTQPOEJOH UP B EBUB TUPSBHF SBUF PG 1.2(#�T <��>�

5P TUVEZ PS TFBSDI GPS B QBSUJDVMBS QIZTJDT QSPDFTT
 BO BOBMZTJT UFBN XJMM VTF EBUB DPMMFDUFE XJUI

USJHHFST UIBU TFMFDU FWFOUT TJNJMBS UP UIF UBSHFU QSPDFTT� "QQSPYJNBUFMZ 1500 EJ୭GFSFOU USJHHFST XFSF

EF୮ୢOFE JO UIF 3VO 2 USJHHFS NFOV <��>�
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��� Emiss
T 5ছ঒ঐঐ঎ছ

5IF TFBSDI QSFTFOUFE JO UIJT UIFTJT VTFT 3VO 2 EBUB DPMMFDUFE XJUI B USJHHFS CBTFE PO NJTTJOH USBOT�

WFSTF NPNFOUVN
 XIJDI IBT B NBHOJUVEF EFOPUFE BTEmiss
T �

5IF USBOTWFSTF QMBOF 	Y�Z QMBOF
 SFMBUJWF UP UIF CFBN BYJT JT VTFGVM GPS EF୮ୢOJOH QIZTJDT RVBOUJUJFT�

%VF UP NPNFOUVN DPOTFSWBUJPO
 UIF UPUBM NPNFOUVN PG UIF DPMMJEJOH QBSUPOT TIPVME CF FRVBM UP

UIF UPUBM NPNFOUVN PG UIF DPMMJTJPO QSPEVDUT� 5IF UPUBM JOJUJBM NPNFOUVN JO UIF EJSFDUJPO PG UIF

CFBN MJOF JT VOLOPXO CFDBVTF XF EP OPU LOPX XIBU GSBDUJPO PG UIF QSPUPO NPNFOUVN JT DBSSJFE

CZ UIF QBSUPO� )PXFWFS
 UIF JOJUJBM UPUBM NPNFOUVN JO UIF QMBOF USBOTWFSTF UP UIF CFBN MJOF TIPVME

CF OFHMJHJCMF� 5IFSFGPSF
 TJODF XF LOPX UIF UPUBM NPNFOUVN JO UIF USBOTWFSTF QMBOF TIPVME CF [FSP


JU JT VTFGVM UP DPOTJEFS USBOTWFSTF QSPKFDUJPOT PG QIZTJDT RVBOUJUJFT�

Emiss
T JT POF TVDI USBOTWFSTF RVBOUJUZ� Emiss

T JT UIF OFHBUJWF WFDUPS TVN PG NPNFOUVN JO UIF

USBOTWFSTF QMBOF� 5IJT TVN TIPVME CF [FSP JG BMM NPNFOUVN JO UIF FWFOU JT BDDPVOUFE GPS CZ UIF EF�

UFDUPS� 4JHOJ୮ୢDBOUEmiss
T SFWFBMT B NPNFOUVN JNCBMBODF QSFTFOU JO UIF FWFOU
 XIJDI DPVME JOEJDBUF

UIBU B IJHI�NPNFOUVN QBSUJDMF IBT FTDBQFE GSPN UIF EFUFDUPS� " USJHHFS CBTFE POEmiss
T JT UIFSFGPSF

VTFGVM GPS NBOZ TFBSDIFT GPS OFX QBSUJDMFT UIBU EP OPU JOUFSBDU XJUI EFUFDUPS NBUFSJBM
 PS QBSUJDMFT

XIPTF EFDBZ QSPEVDUT BSF JOWJTJCMF UP UIF EFUFDUPS�

)PXFWFS
 DPNQVUJOH UIF TVN PG USBOTWFSTF NPNFOUVN JO BO FWFOU JT B DPNQVUBUJPOBMMZ�JOUFOTJWF

UBTL UIBU SFRVJSFT USBDL SFDPOTUSVDUJPO
 UBLJOH PO UIF PSEFS PG TFDPOET UP DPNQMFUF <��>� 'PS DPNQBU�

JCJMJUZ XJUI UIF MBUFODZ PG UIF -1 BOE )-5 USJHHFST
 POMZ JOGPSNBUJPO GSPN UIF DBMPSJNFUFST JT VTFE

GPS UIFEmiss
T USJHHFS� $POUSJCVUJPOT UP USBOTWFSTF NPNFOUVN GSPN PUIFS PCKFDUT
 TVDI BT NVPOT PS
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*OOFS %FUFDUPS USBDLT
 BSF BEEFE MBUFS
 P׼JOF� 5IF SFDPOTUSVDUJPO PG P୭୯୳JOFEmiss
T JT EJTDVTTFE BU UIF

FOE PG UIJT DIBQUFS
 BG୴FS UIF SFMFWBOU PCKFDUT IBWF CFFO EF୮ୢOFE�

'PS UIF QVSQPTF PG UIF USJHHFS
 POMJOF Emiss
T JT DBMDVMBUFE GSPN UIF TVN PG FOFSHZ EFQPTJUT JO UIF

DBMPSJNFUFST� Emiss
T JT UIF NBHOJUVEF PG B UXP�WFDUPS XJUI DPNQPOFOUTEmiss

x BOEEmiss
y HJWFO CZ�

Emiss
x =

∑

i

Ei sin θi cosφi

Emiss
y =

∑

i

Ei sin θi sinφi

	���


5IF TVN PDDVST PWFS PCKFDUT DPOTUSVDUFE GSPN FOFSHZ EFQPTJUT� 5IF EF୮ୢOJUJPOT PG UIF PCKFDUT

JO UIF TVN EFQFOE VQPO UIF QBSUJDVMBS )-5 BMHPSJUIN VTFE� Ei JT UIF FOFSHZ JO FBDI PCKFDU
 XJUI

EJSFDUJPOBMJUZ HJWFO CZ UIF φ BOE θ 	SFMBUFE UP η
 WBMVFT BTTPDJBUFE XJUI UIF FOFSHZ EFQPTJUT� 5IF

NBHOJUVEFEmiss
T JT HJWFO CZ <��>�

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2 	���


5IF -1 Emiss
T USJHHFS SFDFJWFT TVNT PG FOFSHZ EFQPTJUT XJUIJO HSPVQT PG DBMPSJNFUFS DFMMT UIBU

GPSN USJHHFS UPXFST XJUI HSBOVMBSJUZ∆η Y∆φ≈ 0.1 Y 0.1� 0G UIFTF TVNT
 POMZ UIPTF UIBU QBTT BO η�

EFQFOEFOU FOFSHZ UISFTIPME BSF VTFE UP GPSN TVNT JO DPBSTFS�HSBOVMBSJUZ UPXFST UIBU TQBO∆η Y∆φ

0.2 Y 0.2� Emiss
T BU -1 JT DPNQVUFE VTJOH &RVBUJPO ��� VTJOH UIF FOFSHZ EFQPTJU TVNT JO UIF DPBSTF�

HSBOVMBSJUZ UPXFST� *G UIFEmiss
T QBTTFT UIF QSFEF୮ୢOFE -1 UISFTIPME
 UIF FWFOU JT BDDFQUFE CZ UIF -1
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Emiss
T USJHHFS
 BOE UIF FWFOU JT QBTTFE UP UIF )-5
 XIJDI XJMM SFDBMDVMBUFEmiss

T XJUI NPSF SF୮ୢOFE

PCKFDU EF୮ୢOJUJPOT� 5IFEmiss
T USJHHFS DPOUSJCVUFT BO BWFSBHF PG 5�10 L)[ UP UIF UPUBM -1 BDDFQUBODF

SBUF PG 100 L)[ <��>�

Emiss
T USJHHFSJOH BU UIF )-5 FNQMPZT TFWFSBM BMHPSJUINT UIBU BQQMZ EJ୭GFSFOU PCKFDU EF୮ୢOJUJPOT

BOE DBMJCSBUJPOT UP UIF FOFSHZ EFQPTJUT TVNNFE PWFS JO &RVBUJPO ���� 5ISFF PG UIFTF BMHPSJUINT BSF

SFMFWBOU GPS 3VO 2
 BOE BSF LOPXO BT UIF cell
 mht
 BOE pufit BMHPSJUINT�

5IF cell BMHPSJUIN QFSGPSNT B TVN PWFS BMM 188, 000 DBMPSJNFUFS DFMMT� 5IF DFMMT JODMVEFE JO

UIJT TVN QBTT BO FOFSHZ DVU TVDI UIBU |Ei| > 2σi UP SFEVDF OPJTF BOE QJMFVQ
 XIFSF σi JT B NFBTVSF

PG UIF FYQFDUFE OPJTF JO UIF DFMM� $FMMT XJUI MBSHF OFHBUJWF FOFSHZ EFQPTJUT
 |Ei > −5σi|
 BSF BMTP

SFNPWFE GSPN UIF TVN <��>�

5IF mht BMHPSJUIN TVNT PWFS FOFSHZ EFQPTJUT UIBU BSF ୮ୢSTU SFDPOTUSVDUFE JOUP )-5 KFUT� )-5

KFU PCKFDUT BSF SFDPOTUSVDUFE GSPN UPQPMPHJDBM DMVTUFST
 XIJDI BSF GPSNFE TJNJMBSMZ UP UIF QSPDFEVSF

EFTDSJCFE JO 4FDUJPO ���� 5IF BEWBOUBHF PG VTJOH KFU PCKFDUT JT UIBU FOFSHZ DBMJCSBUJPOT DBO CF BQQMJFE�

*O BEEJUJPO
 SFDPOTUSVDUFE KFUT DBO CF DPSSFDUFE GPS QJMFVQ F୭GFDUT� +FUT XJUI B QSF�DBMJCSBUJPO FOFSHZ

HSFBUFS UIBO 7(F7 BSF VTFE JO UIFEmiss
T TVN <��>�

%VSJOH 3VO 2
 QJMFVQ JODSFBTFE CZ B GBDUPS PG 4� 5IJT QPTFE B DIBMMFOHF UP UIFEmiss
T USJHHFS BOE

OFDFTTJUBUFE UIF DSFBUJPO PG BO )-5 BMHPSJUIN UP NPSF F୭GFDUJWFMZ EFBM XJUI QJMFVQ� 5IF pufit BM�

HPSJUIN BTTVNFT UIBU FOFSHZ EFQPTJUT XJUI MPXFS TDBMBS FOFSHZ TVNT BSF DBVTFE CZ QJMFVQ
 XIFSFBT

MBSHFS FOFSHZ EFQPTJUT SFTVMU GSPN UIF NBJO JOFMBTUJD DPMMJTJPO JO UIF FWFOU� 5IF pufit BMHPSJUIN QFS�

GPSNT B ୮ୢU PWFS UIF MPXFS�FOFSHZ EFQPTJUT BOE TVCUSBDUT UIF SFTVMU GSPN UIF IJHIFS�FOFSHZ EFQPTJUT JO

UIF FWFOU� 5IF SFNBJOJOH FOFSHZ EFQPTJUT BSF TVNNFE PWFS JO &RVBUJPO ��� <��>�
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5IFEmiss
T USJHHFST
 )-5 BMHPSJUINT
 BOE -1 BOE )-5 UISFTIPMET VTFE JO 3VO 2 BSF TIPXO JO

5BCMF ���� )-5 QFSGPSNBODF XBT GPVOE UP JNQSPWF CZ SFRVJSJOH DPNCJOBUJPOT PG )-5 BMHPSJUINT

UP QBTT UIF )-5 UISFTIPME� "T B SFTVMU
 UIF QV୮ୢU BOE DFMM BMHPSJUINT BSF VTFE UPHFUIFS JO UIF ZFBST

2017 BOE 2018 <��>�

Year Trigger name HLT algorithm L1 threshold HLT threshold

R
L dt

[GeV] [GeV] [GeV] [fb
�1

]

2015 HLT_xe70_mht_L1XE50 mht 50 70 3.5

2016 HLT_xe90_mht_L1XE50 mht 50 90 12.7

2016 HLT_xe110_mht_L1XE50 mht 50 110 30.0

2017 HLT_xe90_pufit_L1XE50 pufit, cell 50 90, 50 21.8

2017 HLT_xe100_pufit_L1XE50 pufit, cell 50 100, 50 33.0

2017 HLT_xe110_pufit_L1XE50(55) pufit, cell 50 (55) 110, 50 47.7

2018 HLT_xe110_pufit_xe65_L1XE50 pufit, cell 50 110, 65 57.0

2018 HLT_xe110_pufit_xe70_L1XE50 pufit, cell 50 110, 70 62.6

Figure 4.1: TheEmiss
T trigger thresholds and algorithms used during Run 2. The L1 andHLT thresholds are shown,

as well as the integrated luminosity collected. As the data-taking periods of these various algorithms overlapped, the

luminosity cannot be summed to find the total luminosity over Run 2 [54].

0OF NFUSJD PG QFSGPSNBODF PG UIFEmiss
T USJHHFS JT JUT F୭୮ୢDJFODZ
 XIJDI DBO CF NFBTVSFE VTJOH

pp→Z�X FWFOUT DPMMFDUFE XJUI B EJNVPO USJHHFS� 4JODF NVPOT EP OPU TIPXFS JO UIF DBMPSJNFUFST


UIFZ EP OPU MFBWF MBSHF FOFSHZ EFQPTJUT UIBU BSF BDDPVOUFE GPS JO UIF POMJOFEmiss
T DBMDVMBUJPO� )PX�

FWFS
 UIF PUIFS QBSUJDMFT QSPEVDFE JO UIF FWFOU 	QFSIBQT B KFU
 NBZ CF BDDPVOUFE GPS JO UIFEmiss
T

DBMDVMBUJPO
 SFTVMUJOH JO TJHOJ୮ୢDBOUEmiss
T � 5IF TVN PG USBOTWFSTF NPNFOUB PG UIF UXP NVPOT


pT (µµ)
 XIJDI JT FRVJWBMFOU UP UIF pT PG UIF ;
 DBO CF VTFE BT B QSPYZ UPEmiss
T � 5IF GSBDUJPO PG

pp→Z�X FWFOUT XJUI pT (µµ) QBTTJOH UIFEmiss
T USJHHFS HJWFT UIF F୭୮ୢDJFODZ PG UIFEmiss

T USJHHFS BU

UIBU FYQFDUFE NJTTJOH USBOTWFSTF NPNFOUVN WBMVF <��>�

5IF F୭୮ୢDJFODZ PG UIFEmiss
T USJHHFS PWFS 3VO 2XJUI UIF UISFTIPMET HJWFO JO 5BCMF ��� JT TIPXO JO
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'JHVSF ���� 5IF F୭୮ୢDJFODZ PG UIFEmiss
T USJHHFST JT BQQSPYJNBUFMZ 90ॎ GPS BO FYQFDUFE NJTTJOH pT PG
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Figure 4.2: The efficiency of theEmiss
T trigger as a function of the sum of transversemomentum of themuon pair

in events from a pp→Z+X data sample. The efficiency of theEmiss
T triggers in 2018was∼90% for an expected

missingpT of 170GeV [54].

��� *গগ঎ছ %঎ঝ঎ঌঝঘছ 5ছঊঌঔ 3঎ঌঘগজঝছঞঌঝ঒ঘগ

*OOFS %FUFDUPS 	*%
 USBDLT QMBZ BO JNQPSUBOU SPMF JO UIJT UIFTJT� " TFBSDI GPS DIBSHFE MPOH�MJWFE QBS�

UJDMFT VTJOH JPOJ[BUJPO FOFSHZ MPTT SFMJFT PO USBDLJOH JO UIF *OOFS %FUFDUPS UP JEFOUJGZ UIF USBKFDUPSJFT

PG IJHI�NPNFOUVN DIBSHFE MPOH�MJWFE QBSUJDMFT BOE UP JEFOUJGZ QJYFM TFOTPS IJUT XJUI IJHI FOFSHZ

EFQPTJUJPO BTTPDJBUFE XJUI UIF USBDL�

5SBDL SFDPOTUSVDUJPO CFHJOT JO UIF QJYFM USBDLFS BOE UIF 4$5� *OEJWJEVBM IJUT JO QJYFM BOE 4$5

MBZFST BSF HSPVQFE JOUP DMVTUFST� "O JUFSBUJWF USBDL ୮ୢOEJOH QSPDFEVSF VTFT UIF DMVTUFS MPDBUJPOT UP

��



GPSN USBDL DBOEJEBUFT� 5IF DBOEJEBUFT BSF QBTTFE UISPVHI BO BNCJHVJUZ TPMWFS UIBU BQQMJFT RVBMJUZ

SFRVJSFNFOUT BOE SFTPMWFT DBTFT XIFSF NPSF DMVTUFST BSF BTTJHOFE UP NPSF UIBO POF USBDL� 5SBDLT

PVUQVU GSPN UIF BNCJHVJUZ TPMWFS BSF FYUFOEFE UP UIF 535 BDDPSEJOH UP EFUBJMT GPVOE JO 3FGFSFODF

<��>�

����� $কঞজঝ঎ছ঒গঐ

"T B DIBSHFE QBSUJDMF QBTTFT UISPVHI B TJMJDPO TFOTPS
 JU JPOJ[FT BUPNT
 GPSNJOH FMFDUSPO�IPMF QBJST�

5IFTF DIBSHFT NBZ CF DPMMFDUFE CZ NVMUJQMF OFJHICPSJOH QJYFMT JO QJYFM MBZFST
 PS NVMUJQMF OFJHI�

CPSJOH TUSJQT JO BO 4$5 MBZFS� /FJHCPSJOH QJYFMT PS TUSJQT JO XIJDI UIF DPMMFDUFE DIBSHF FYDFFET B

UISFTIPME BSF GPSNFE JO UP B DMVTUFS WJB B $POOFDUFE $PNQPOFOU "OBMZTJT 	$$"
 EFTDSJCFE JO <��>�

5IF QPJOU JO TQBDF XIFSF UIF JODJEFOU QBSUJDMF DSPTTFE UIF TJMJDPO TFOTPS DBO CF EFUFSNJOFE GSPN

UIF DIBSBDUFSJTUJDT PG UIF DMVTUFS� 5IJT 3% 	r
 φ
 [
 NFBTVSFNFOU JT LOPXO BT B TQBDF QPJOU� &BDI QJYFM

DMVTUFS BMMPXT UIF DPOTUSVDUJPO PG POF TQBDF QPJOU� *O UIF 4$5
 DMVTUFST PO CPUI MBZFST PG UIF EPVCMF�

TJEFE NPEVMFT BSF OFFEFE UP PCUBJO BO FTUJNBUF PG UIF UIJSE DPPSEJOBUF GPS UIF TQBDF QPJOU <��>�

*O UIF IJHI�QBSUJDMF�SBUF FOWJSPONFOU JO 3VO 2
 QBSUJDMFT QBTTFE UISPVHI UIF TJMJDPO MBZFST XJUI

IJHI PDDVQBODZ� 5IF TQBUJBM TFQBSBUJPO CFUXFFO USBDLT USBWFSTJOH B TJMJDPO TFOTPS DPVME CF KVTU B GFX

QJYFMT� *O UIJT DBTF
 UIF $$" BMHPSJUINNBZ HSPVQ EFQPTJUT GSPNNVMUJQMF QBSUJDMFT JOUP POF DMVTUFS�

$MVTUFST DPOUBJOJOH FOFSHZ EFQPTJUT GSPNNVMUJQMF QBSUJDMFT BSF SFGFSSFE UP BTNFSHFE DMVTUFST� "O BS�

UJ୮ୢDJBM OFVSBM OFUXPSL JT VTFE UP JEFOUJGZ DMVTUFST BT NFSHFE
 BOE JT GVSUIFS EJTDVTTFE JO 4FDUJPO �����

<��>�

4FWFSBM PUIFS EF୮ୢOJUJPOT BSF VTFGVM JO EJTDVTTJOH DMVTUFST� " DMVTUFS GPSNFE GSPN UIF FOFSHZ EF�

��



QPTJU PG B TJOHMF DIBSHFE QBSUJDMF USBWFSTJOH B TFOTPS JT LOPXO BT B TJOHMF�QBSUJDMF DMVTUFS� " TIBSFE

DMVTUFS JT BTTPDJBUFE UP TFWFSBM USBDL DBOEJEBUFT
 CVU IBT OPU CFFO JEFOUJ୮ୢFE BT NFSHFE <��>�

����� 5ছঊঌঔ '঒গ঍঒গঐ

"O JUFSBUJWF DPNCJOBUPSJBM USBDL ୮ୢOEJOH BMHPSJUIN HSPVQT TQBDF QPJOUT JOUP USBDL TFFET� " TFFE JT

DPNQPTFE PG UISFF TQBDF QPJOUT� " SPVHI FTUJNBUF PG USBDL NPNFOUVN JT PCUBJOFE GSPN UIF UISFF

TQBDF QPJOUT
 BOE SPVHI FTUJNBUFT PG UIF USBDLؠT JNQBDU QBSBNFUFST BSF EFUFSNJOFE VOEFS UIF BTTVNQ�

UJPO UIBU UIF QBSUJDMF GPMMPXT B IFMJDBM USBKFDUPSZ <��>�

5SBDL TFFET BSF DPOTJEFSFE JO BO PSEFS UIBU NBYJNJ[FT QVSJUZ
 PS UIF QSPCBCJMJUZ UIBU UIF TFFE XJMM

ZJFME B HPPE�RVBMJUZ USBDL� 1VSJUZ UFOET UP CF IJHIFTU JO USBDL TFFET DPNQPTFE PG TQBDF QPJOUT GSPN

UIF 4$5� "G୴FS 4$5�POMZ TFFET
 TFFET XJUI QJYFM�POMZ TQBDF QPJOUT BSF DPOTJEFSFE
 GPMMPXFE CZ TFFET

GPSNFE GSPN B NJY PG 4$5 BOE QJYFM TQBDF QPJOUT� 5P GVSUIFS JODSFBTF QVSJUZ
 UIF USBDL TFFET BSF

SFRVJSFE UP QBTT TFMFDUJPO DSJUFSJB CBTFE PO NPNFOUVN BOE JNQBDU QBSBNFUFST UIBU EFQFOE PO UIF

TFFEؠT EFUFDUPS�UZQF
 BOE BO FYUSB TQBDF QPJOU NVTU CF MPDBUFE UIBU JT DPOTJTUFOU XJUI UIF USBKFDUPSZ PG

UIF USBDL TFFE <��>�

5SBDL DBOEJEBUFT BSF CVJMU GSPN UIF TFFET VTJOH B DPNCJOBUPSJBM ,BMNBO ୮ୢMUFS <��>� 5IF ,BMNBO

୮ୢMUFS DPOTUSVDUT BMM DPNCJOBUJPOT PG TQBDF QPJOUT UIBU BSF DPOTJTUFOU XJUI UIF TFFEؠT USBKFDUPSZ <��>�

"T B SFTVMU
 NBOZ USBDL DBOEJEBUFT PWFSMBQ PS TIBSF DMVTUFST� "O BNCJHVJUZ�TPMWJOH QSPDFEVSF JT BQ�

QMJFE UP SFNPWF USBDL DBOEJEBUFT XIFSF DMVTUFST BSF TIBSFE PS NJTBTTJHOFE <��>�

��



����� "খঋ঒ঐঞ঒ঝঢ 4ঘকট঒গঐ

5IF BNCJHVJUZ TPMWJOH TUBHF PG USBDL SFDPOTUSVDUJPO CFHJOT CZ SBUJOH USBDLT CZ B USBDL TDPSF CBTFE PO

TFWFSBM NFUSJDT PG USBDL RVBMJUZ� 5SBDL DBOEJEBUFT BSF PSEFSFE CZ USBDL TDPSF
 BOE UIF USBDL DBOEJEBUFT

XJUI UIF IJHIFTU TDPSFT BSF QSPDFTTFE ୮ୢSTU <��>�

5IF USBDL TDPSF JT B୭GFDUFE CZ UIF OVNCFS PG DMVTUFST PCTFSWFE JO UIF USBDL DBOEJEBUF SFMBUJWF UP UIF

OVNCFS PG DMVTUFST FYQFDUFE JO EFUFDUPS MBZFST� 5IF USBDL TDPSF JT OFHBUJWFMZ B୭GFDUFE CZ IPMFT
 XIJDI

BSF EF୮ୢOFE BT UIF MBDL PG B DMVTUFS JO B TFOTJUJWF EFUFDUPS FMFNFOU MZJOH BMPOH UIF USBDL USBKFDUPSZ� 5IF

TDPSF JT BMTP B୭GFDUFE CZ UIF χ2 PG UIF USBDL ୮ୢU
 BT XFMM BT UIF MPHBSJUIN PG UIF NPNFOUVN PG UIF USBDL


BT USBDLT DPOTUSVDUFE XJUI NJTBTTJHOFE DMVTUFST UFOE UP IBWF MPXFS NPNFOUVN <��>�

"O JNQPSUBOU KPC PG UIF BNCJHVJUZ TPMWFS JT UP MJNJU UIF OVNCFS PG TIBSFE DMVTUFST� .VMUJQMF USBDL

DBOEJEBUFT NBZ CF BTTJHOFE UIF TBNF DMVTUFS� 5IJT DPVME CF B WBMJE BTTJHONFOU JG UIF DMVTUFS JT JEFO�

UJ୮ୢFE BT NFSHFE CZ UIF BSUJ୮ୢDJBM OFVSBM OFUXPSL� )PXFWFS
 JG UIF DMVTUFS JT OPU JEFOUJ୮ୢFE BT NFSHFE


UIJT DPVME JOEJDBUF UIBU UIF DMVTUFS IBT CFFO JODPSSFDUMZ BTTJHOFE UP POF PG UIF USBDL DBOEJEBUFT <��>�

5IF BNCJHVJUZ TPMWFS QSPDFTTFT DBOEJEBUFT JO PSEFS PG EFTDFOEJOH USBDL TDPSF� " DMVTUFS DBO CF

TIBSFE CZ B NBYJNVN PG UXP USBDL DBOEJEBUFT
 BOE USBDL DBOEJEBUFT BSF BMMPXFE B NBYJNVN PG UXP

TIBSFE DMVTUFST� *G B USBDL DBOEJEBUF TIBSFT B DMVTUFS XJUI UXP USBDLT UIBU IBWF BMSFBEZ CFFO BDDFQUFE

CZ UIF BNCJHVJUZ TPMWFS
 UIF DMVTUFS JT SFNPWFE GSPN UIF DBOEJEBUF USBDL BOE UIF USBDL JT SFTDPSFE BOE

SFQSPDFTTFE <��>�

*O BEEJUJPO
 UIF DBOEJEBUFT NVTU QBTT RVBMJUZ DSJUFSJB DPODFSOJOH UIFJS JNQBDU QBSBNFUFST
 OVN�

CFS PG IPMFT
 OVNCFS PG DMVTUFST
 BOE OVNCFS PG TIBSFE DMVTUFST� .PTU OPUBCMZ
 B DBOEJEBUF NVTU
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IBWF pT � 400.F7
 BU MFBTU 7 DMVTUFST
 B NBYJNVN PG UXP IPMFT JO UIF TJMJDPO EFUFDUPST
 BOE B NBYJ�

NVN PG POF IPMF JO UIF QJYFM MBZFST� $BOEJEBUFT UIBU EP OPU QBTT UIFTF DSJUFSJB BSF SFKFDUFE <��>�

����� *঍঎গঝ঒এঢ঒গঐ.঎ছঐ঎঍ $কঞজঝ঎ছজ

5IF SPCVTU JEFOUJ୮ୢDBUJPO PG NFSHFE DMVTUFST JT EPVCMZ JNQPSUBOU GPS UIJT UIFTJT� .FSHFE DMVTUFS

JEFOUJ୮ୢDBUJPO JT OFDFTTBSZ GPS F୭୮ୢDJFOU USBDL SFDPOTUSVDUJPO
 BOE JT DSJUJDBM GPS UIF TUSBUFHZ PG UIJT

UIFTJT
 XIJDI TFBSDIFT GPS OFX DIBSHFE QBSUJDMFT CBTFE PO BOPNBMPVTMZ IJHI FOFSHZ EFQPTJUJPO JO UIF

QJYFM TFOTPST�

.VMUJQMF DIBSHFE QBSUJDMFT QBTTJOH UISPVHI OFJHICPSJOH QJYFMT DBO SFTVMU JO IJHI FOFSHZ EFQPTJ�

UJPO BTTPDJBUFE XJUI B TJOHMF DMVTUFS� *G UIBU DMVTUFS JT OPU DPSSFDUMZ JEFOUJ୮ୢFE BT NFSHFE
 JU DPVME CF

NJTJOUFSQSFUFE BT BO BOPNBMPVTMZ IJHI FOFSHZ EFQPTJUJPO GSPN B TJOHMF QBSUJDMF� VBMJUZތ SFRVJSF�

NFOUT EFTDSJCFE JO 4FDUJPO ��� BSF QMBDFE PO UIF DMVTUFST BOE USBDLT VTFE JO UIJT TFBSDI UP NJUJHBUF

UIJT TPVSDF PG CBDLHSPVOE�

"O BSUJ୮ୢDBM OFVSBM OFUXPSL UIBU JT USBJOFE UP JEFOUJGZ NFSHFE DMVTUFST JT DBMMFE CZ UIF BNCJHVJUZ

TPMWFS XIFO B DMVTUFS JT GPVOE UP CF BTTJHOFE UP NVMUJQMF USBDLT� 5IF JOQVUT UP UIF OFVSBM OFUXPSL

	//
 BSF DMVTUFS QSPQFSUJFT TVDI BT UIF DIBSHF DPMMFDUFE BOE UIF QPTJUJPOT PG UIF QJYFMT XJUIJO UIF

DMVTUFS
 BT XFMM BT UIF BOHMF PG JODJEFODF UISPVHI UIF TFOTPS
 EFSJWFE GSPN UIF USBDL USBKFDUPSZ <��>�

5IF // JEFOUJ୮ୢFT XIFUIFS B DMVTUFS JT NFSHFE BOE QSFEJDUT XIFUIFS UIF NFSHFE DMVTUFS PSJHJOBUFT

GSPN UXP QBSUJDMFT
 PS GSPN UISFF PS NPSF QBSUJDMFT� 5IF // DPSSFDUMZ JEFOUJ୮ୢFT NFSHFE DMVTUFST

DSFBUFE CZ UXP QBSUJDMFT BU B SBUF PG∼90ॎ� 5IF OFVSBM OFUXPSL DPSSFDUMZ JEFOUJ୮ୢFT NFSHFE DMVTUFST

PSJHJOBUJOH GSPN UISFF QBSUJDMFT XJUI BO F୭୮ୢDJFODZ PG∼85ॎ <��>�

��



5IF //NJTJEFOUJ୮ୢFT TJOHMF�QBSUJDMF DMVTUFST BT NFSHFE UXP�QBSUJDMF DMVTUFST BU B SBUF PG B GFX

QFSDFOU
 BOE NJTJEFOUJ୮ୢFT TJOHMF�QBSUJDMF DMVTUFST BT ��QBSUJDMF NFSHFE DMVTUFST BU B OFHMJHJCMF SBUF <��>�

0UIFS UIBO UIF // JEFOUJ୮ୢDBUJPO
 B DMVTUFS DBO CF JEFOUJ୮ୢFE BT NFSHFE JO POF PUIFS XBZ� $PMMJ�

NBUFE QBSUJDMFT UFOE UP TFQBSBUF TQBUJBMMZ JO φ BT UIFZ USBWFM PVUXBSE UISPVHI UIF EFUFDUPS� 5IFSF�

GPSF
 JG B DMVTUFS JO BO PVUFS MBZFS IBT CFFO JEFOUJ୮ୢFE BT NFSHFE UISPVHI UIF OFVSBM OFUXPSL
 B DMVTUFS

BTTPDJBUFE UP UIF TBNF USBDLT PO BO JOOFS MBZFS BSF BMTP MJLFMZ UP CF NFSHFE� *O UIJT DJSDVNTUBODF
 UIF

JOOFS MBZFS DMVTUFS JT JEFOUJ୮ୢFE BT NFSHFE SFHBSEMFTT PG UIF // EFUFSNJOBUJPO <��>�

����� 1঎ছএঘছখঊগঌ঎

5IF USBDL SFDPOTUSVDUJPO SFRVJSFNFOUT TVDDFFE JO SFDPOTUSVDUJOH QBSUJDMF USBDLT XJUI WFSZ IJHI FG�

୮ୢDJFODZ XIJMF TVQQSFTTJOH CBDLHSPVOE EVF UP SBOEPN DPNCJOBUJPOT PG IJUT
 BMMPXJOH B NVPO SF�

DPOTUSVDUJPO F୭୮ୢDJFODZ PG �99ॎ <��>� 5IF USBOTWFSTF 	d0
 BOE MPOHJUVEJOBM 	z0
 JNQBDU QBSBNFUFS

SFTPMVUJPOT PG *OOFS %FUFDUPS USBDLT BT B GVODUJPO PG η JO 3VO 2 BSF TIPXO JO 'JHVSF ����
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(a) Transverse impact parameter resolution

 [GeV]
T

p

1 10

m
]

µ
) [ 0

(z
σ

50

100

150

200

250
ATLAS Preliminary

 dataµ = 13 TeV, Low- s
 < 0.4η0.2 < 

Data
Data (unfolded)
MC

 [GeV]
T

p
1−10×5 1 2 3 4 5 6 7 8 910

U
nf

ol
de

d/
M

C

1
1.2

(b) Longitudinal impact parameter resolution

Figure 4.3: a) Transverse and b) longitudinal impact parameter resolutions for ID tracks with 1.0 <pT < 2.0 GeV. Data

was taken during a low-pileup run in 2015. Data (black points) is compared to simulation (blue lines). Data unfolded to

remove dependence upon the resolution of the primary vertex is shown in red [34].
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5IF JOUFSBDUJPO SFHJPO
 PS CFBN TQPU
 IBT B (BVTTJBO TIBQF XJUI σx BOE σy ≈ 8 µN BOE σz ∼35NN

JO 3VO 2 <��>� 5IF QSFDJTF TJ[F BOE MPDBUJPO PG UIF CFBN TQPU WBSJFT PWFS UIF DPVSTF PG B SVO� 7FSUFY

୮ୢOEJOH BOE ୮ୢUUJOH BMHPSJUINT BSF VTFE UP BTTPDJBUF USBDLT TUFNNJOH GSPN B QBSUJDVMBS QPJOU PG PSJHJO

BOE EFUFSNJOF UIF MPDBUJPO PG UIF IBSE�TDBUUFS FWFOU JO UIF CFBN TQPU <��>�

5IF WFSUFY ୮ୢOEJOH BMHPSJUIN TFMFDUT *% USBDLT BDDPSEJOH UP SFRVJSFNFOUT GPVOE JO <��>� 5IF WFS�

UFY ୮ୢOEJOH BMHPSJUIN EFUFSNJOFT UIF MPDBUJPO PG B WFSUFY TFFE GSPN UIF [�DPPSEJOBUF EJTUSJCVUJPO

PG UIF TFMFDUFE USBDLT DMPTF UP UIF DFOUFS PG UIF CFBN TQPU� "O BEBQUJWF WFSUFY ୮ୢUUJOH BMHPSJUIN
 EF�

TDSJCFE JO <��>
 JUFSBUJWFMZ ୮ୢUT UIF QPTJUJPO PG UIF WFSUFY VTJOH UIF WFSUFY TFFE BOE UIF TFU PG BTTPDJBUFE

USBDLT� 5SBDLT UIBU BSF EFFNFE JODPOTJTUFOU XJUI UIF WFSUFY 	୮ୢU χ2�49
 BSF VTFE UP TFFE OFX WFSUJDFT

<��>�

5IF QSJNBSZ WFSUFY PG UIF FWFOU JT JEFOUJ୮ୢFE BT UIF SFDPOTUSVDUFE WFSUFY XJUI UIF IJHIFTU
∑

i pT,i


XIFSF i JT UIF TFU PG USBDLT BTTPDJBUFE UP UIF WFSUFY BOE pT,i JT UIF USBOTWFSTF NPNFOUVN PG UIF iUI

USBDL� 'VSUIFS EFUBJMT BCPVU QSJNBSZ WFSUFY SFDPOTUSVDUJPO JO 3VO 2 DBO CF GPVOE JO 3FGFSFODF <��>�

��� .ঞঘগ 3঎ঌঘগজঝছঞঌঝ঒ঘগ

3FDPOTUSVDUFE NVPOT BSF VTFE BT JOQVUT UP P୭୯୳JOFEmiss
T SFDPOTUSVDUJPO� .VPO SFDPOTUSVDUJPO

CFHJOT CZ DPMMFDUJOH IJUT GSPN.4 MBZFST JOUP TIPSU USBDL TFHNFOUT� 5SBDL TFHNFOUT JO EJ୭GFSFOU

.4 SFHJPOT BSF BTTPDJBUFE UISPVHI BO FTUJNBUJPO PG UIF NVPO USBKFDUPSZ JO UIF NBHOFUJD ୮ୢFME� 3�

EJNFOTJPOBM USBDL DBOEJEBUFT BSF DPOTUSVDUFE VTJOH UIF QSFDJTJPO DPPSEJOBUF JO UIF |η| EJSFDUJPO

��



GSPN UIF QSFDJTJPO USBDLJOH DIBNCFST BOE UIF TFDPOE DPPSEJOBUF JO UIF B[JNVUIBM EJSFDUJPO GSPN UIF

USJHHFSJOH DIBNCFST� " HMPCBM χ2 ୮ୢU JT QFSGPSNFE PO UIF USBDL DBOEJEBUFT UP PCUBJO UIF USBKFDUPSZ PG

UIF NVPO DBOEJEBUF <��>�

.VPO USBDL DBOEJEBUFT BSF FYUFOEFE UP UIF SFTU PG UIF "5-"4 EFUFDUPS CZ JODPSQPSBUJOH JOGPSNB�

UJPO GSPN UIF *OOFS %FUFDUPS BOE UIF DBMPSJNFUFST� 5IFSF FYJTU TFWFSBM TUSBUFHJFT GPS SFDPOTUSVDUJOH

NVPOT HMPCBMMZ JO "5-"4�

'PS FYBNQMF
 DPNCJOFE 	$#
 NVPOT BSF GPSNFE CZ NBUDIJOH UIF .4 USBDL DBOEJEBUFT UP *%

USBDLT BOE SF୮ୢUUJOH UIF NVPO USBKFDUPSZ
 BDDPVOUJOH GPS FOFSHZ MPTU JO UIF DBMPSJNFUFST� *OTJEF�PVU

DPNCJOFE 	*0
 NVPOT BSF GPSNFE CZ FYUSBQPMBUJOH *% USBDLT UP UIF .4 UP MPDBUF .4 IJUT BMPOH

UIF USBDL USBKFDUPSZ� 0VUTJEF PG UIF *% BDDFQUBODF CVU XJUIJO UIF .4 DPWFSBHF
 2.5 � |η| � 2.7
 B

NVPO�TQFDUSPNFUFS FYUSBQPMBUFE 	.&
 NVPO DBO CF GPSNFE CZ FYUSBQPMBUJOH UIF .4 USBDL UP UIF

JOUFSBDUJPO QPJOU
 PS B TJMJDPO�BTTPDJBUFE GPSXBSE 	4J'
 NVPO DBO CF GPSNFE CZ BTTPDJBUJOH UIF .4

USBDL UP TIPSU USBDL TFHNFOUT JO UIF QJYFM BOE 4$5 EFUFDUPST <��>�

5P JEFOUJGZ B NVPO DBOEJEBUF BT B NVPO
 B TFU PG DSJUFSJB NVTU CF GVM୮ୢMMFE� 5JHIUFS TFMFDUJPO DSJUF�

SJB MFBET UP IJHIFS CBDLHSPVOE SFKFDUJPO BOE UIVT B IJHIFS QVSJUZ PG JEFOUJ୮ୢFE NVPOT
 CVU MPXFST UIF

NVPO JEFOUJ୮ୢDBUJPO F୭୮ୢDJFODZ� "T EJ୭GFSFOU QIZTJDT BOBMZTFT BOE TFBSDIFT IBWF EJ୭GFSFOU QVSJUZ BOE

F୭୮ୢDJFODZ OFFET
 TFWFSBM TFUT PG NVPO JEFOUJ୮ୢDBUJPO DSJUFSJB
 PS XPSLJOHآ QPJOUTأ IBWF CFFO EF୮ୢOFE�

5IF P୭୯୳JOFEmiss
T SFDPOTUSVDUJPO VTFT NVPOT JEFOUJ୮ୢFE XJUI UIF أNFEJVNآ XPSLJOH QPJOU� *O

UIF SFHJPO |η| � 2.5
 $# BOE *0NVPOT NVTU IBWF B NJOJNVN PG UISFF IJUT JO FBDI PG≥ 2.%5

TUBUJPOT� *O UIF SFHJPO |η| � 0.1
 XIFSF B HBQ FYJTUT JO .4 EFUFDUPS DPWFSBHF
 UIJT SFRVJSFNFOU JT SF�

EVDFE UP BDDFQU NVPO USBDLT XJUI BU MFBTU � IJUT JO BU MFBTU POF .%5 TUBUJPO
 XJUI VQ UP POF TUBUJPO

��



BMMPXFE XIFSF UISFF IJUT BSF FYQFDUFE CVU NJTTJOH� *O BEEJUJPO
 UIF q/p TJHOJ୮ୢDBODF NVTU CF MFTT

UIBO 7
 XIFSF q/p TJHOJ୮ୢDBODF JT B NFUSJD PG DPNQBUJCJMJUZ CFUXFFO UIF pID BOE pMS NFBTVSFNFOUT

<��>�

q/p TJHOJ୮ୢDBODF = |q/pID − q/pMS |√
σ(q/pID)2 + σ(q/pMS)2

	���


*O UIF SFHJPO 2.5 � |η| � 2.7
 .& BOE 4J' NVPOT TBUJTGZ UIF NFEJVN XPSLJOH QPJOU JG UIFZ DPO�

UBJO B NJOJNVN PG UISFF IJUT JO FBDI PG≥ 3.%5 TUBUJPOT <��>�

5IF SFDPOTUSVDUJPO F୭୮ୢDJFODJFT PG NFEJVNNVPOT BT B GVODUJPO PG η BOE BT B GVODUJPO PG pT BSF

TIPXO JO 'JHVSF ���� 5IF SFDPOTUSVDUJPO F୭୮ୢDJFODZ PG NFEJVNNVPOT JT BSPVOE 99%
 FYDFQU GPS

UIF SFHJPO |η| � 0.1
 XIFSF UIFSF JT B HBQ JO UIF DPWFSBHF PG UIF NVPO TQFDUSPNFUFS <��>� .VPO

SFDPOTUSVDUJPO F୭୮ୢDJFODZ JT" 98ॎ GPS NVPOT PG pT � 10(F7 <��>�

��� +঎ঝ 3঎ঌঘগজঝছঞঌঝ঒ঘগ

3FDPOTUSVDUFE KFUT BSF VTFE BT JOQVUT UP UIF P୭୯୳JOFEmiss
T SFDPOTUSVDUJPO� *O BEEJUJPO
 KFUT QSFTFOU JO

FWFOUT TFMFDUFE JO UIJT UIFTJT NVTU TBUJTGZ B TFU PG SFRVJSFNFOUT UP TVQQSFTT CBDLHSPVOE PSJHJOBUJOH

GSPN FMFDUSPOT BOE τ MFQUPOT� %FUBJMT PG UIFTF SFRVJSFNFOUT DBO CF GPVOE JO $IBQUFS ��

5IF KFU PCKFDUT VTFE JO UIJT UIFTJT BSF SFDPOTUSVDUFE GSPN DMVTUFST PG FOFSHZ EFQPTJUT JO DBMPSJNFUFS

DFMMT
 DBMMFE UPQP�DMVTUFST� 5IF DMVTUFSJOH BMHPSJUIN BJNT UP FYUSBDU DFMM TJHOBMT GSPN KFUT PSJHJOBUJOH

GSPN UIF QSJNBSZ IBSE�TDBUUFS FWFOU
 BHBJOTU B CBDLHSPVOE PG DFMM OPJTF BOE QJMFVQ DPOUSJCVUJPOT


XIJDI UZQJDBMMZ EFQPTJU MFTT FOFSHZ JO DBMPSJNFUFS DFMMT� 5P BJE JO CBDLHSPVOE TVQQSFTTJPO
 UIF DMVTUFS
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Figure 4.4: The efficiency of reconstructingmuons that satisfy themediumworking point. (a) shows the efficiency of

mediummuons (black) identified in aZ → µµ sample in early Run 2 data. The efficiency is∼99% except for |η| <
0.1, where there is a gap inMS coverage [64]. (b) shows the efficiency as a function ofpT for reconstructedmedium

muons in aZ → µµ data sample in the full Run 2 dataset. Efficiency plateaus at> 98% forpT >10GeV [63].

GPSNBUJPO JT HVJEFE CZ B TJHOBM�UP�OPJTF SBUJP EF୮ୢOFE BT UIF SBUJP PG UIF DFMM FOFSHZ UP UIF BWFSBHF

OPJTF JO UIF DFMM <��>�

*O FBDI FWFOU
 DBMPSJNFUFS DFMMT XJUI B TJHOBM�UP�OPJTF SBUJP �4 TFSWF BT DMVTUFS TFFET� $FMMT BEKBDFOU

UP B TFFE DFMM BSF BEEFE UP UIF DMVTUFS� *G BO BEKBDFOU DFMM IBT B TJHOBM�UP�OPJTF SBUJP FYDFFEJOH 2
 JUT

OFJHICPSJOH DFMMT BSF BMTP BEEFE UP UIF DMVTUFS� 5IJT QSPDFTT DPOUJOVFT JUFSBUJWFMZ
 BOE DMVTUFS GPSNB�

UJPO JT DPNQMFUF XIFO OP NPSF BEEFE OFJHICPSJOH DFMMT FYDFFE UIF TJHOBM�UP�OPJTF SBUJP PG 2 <��>�

5PQP�DMVTUFST BSF VTFE BT JOQVUT UP KFU PCKFDU SFDPOTUSVDUJPO EF୮ୢOFE VTJOH UIF BOUJ�kt BMHPSJUIN

<��> XJUI B SBEJVT QBSBNFUFS∆3 � 0.4 <��>� 'JHVSF ��� TIPXT UIF KFU FOFSHZ SFTPMVUJPO GPS KFUT SF�

DPOTUSVDUFE GSPN UPQP�DMVTUFST BG୴FS DBMJCSBUJPOT BOE DPSSFDUJPOT IBWF CFFO BQQMJFE
 VTJOH EJKFU

FWFOUT JO 2017 EBUB� 'PS KFUT XJUI B USBOTWFSTF NPNFOUVN PG 100(F7
 UIF KFU FOFSHZ SFTPMVUJPO JT
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∼0.1� +FU FOFSHZ SFTPMVUJPO JNQSPWFT XJUI JODSFBTJOH KFU pT <��>�
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Figure 4.5: The jet energy resolution as a function ofpT for topo-cluster jets after calibrations, for dijet events in 2017

data. The jet energy is calibratedwith an in situ technique described in [67]. Monte Carlo prediction is shown as a

dashed line. Data is shown in triangles surrounded by an uncertainty band that represents the uncertainty from the in

situ calibrationmethods [68].

" EJTDSJNJOBOU DBMMFE UIF KFU�WFSUFY�UBॼFS 	+75
 DBO CF DPNQVUFE UP EFUFSNJOF UIF MJLFMJIPPE

UIBU UIF KFU PSJHJOBUFE GSPN UIF IBSE�TDBUUFS PG UIF FWFOU SBUIFS UIBO GSPN QJMFVQ� 5IJT EJTDSJNJOBOU

JODMVEFT BT JOQVUT UIF pT PG UIF DBMJCSBUFE KFU
 UIF TVN PG pT PG USBDLT BTTPDJBUFE XJUI CPUI UIF KFU

BOE UIF QSJNBSZ WFSUFY
 UIF TVN PG pT PG USBDLT BTTPDJBUFE XJUI UIF KFU UIBU PSJHJOBUF GSPN QJMFVQ

WFSUJDFT
 BOE UIF UPUBM OVNCFS PG QJMFVQ USBDLT JO UIF FWFOU <��>� 5IF +75 EJTDSJNJOBOU SBOHFT GSPN

0 UP 1
 XJUI B IJHIFS OVNCFS JOEJDBUJOH B IJHIFS QSPCBCJMJUZ UIBU UIF KFU PSJHJOBUFE GSPN UIF IBSE�

TDBUUFS WFSUFY� %FUBJMT PG UIF +75 EFUFSNJOBUJPO DBO CF GPVOE JO 3FGFSFODF <��>� " +75 SFRVJSF�

NFOU JT JNQPTFE PO KFUT FOUFSJOH UIF P୭୯୳JOFEmiss
T DBMDVMBUJPO UP SFEVDF DPOUSJCVUJPOT GSPN QJMFVQ

<��>�

��



��� 0ঝ঑঎ছ 0ঋও঎ঌঝজ

&MFDUSPOT BSF VTFE JO UIF DBMDVMBUJPO PG SFDPOTUSVDUFE P୭୯୳JOFEmiss
T � 5IF FMFDUSPO SFDPOTUSVDUJPO

QSPDFEVSF DPOTJTUT PG NBUDIJOH *OOFS %FUFDUPS USBDLT UP DMVTUFST PG FOFSHZ EFQPTJUT JO UIF FMFDUSP�

NBHOFUJD DBMPSJNFUFST� .PSF EFUBJMT PO FMFDUSPO SFDPOTUSVDUJPO DBO CF GPVOE JO 3FGFSFODF <��>�

"5-"4 BMTP FNQMPZT EFEJDBUFE SFDPOTUSVDUJPO BMHPSJUINT UP SFDPOTUSVDU τ MFQUPO PCKFDUT BOE

QIPUPO PCKFDUT� 5IFTF PCKFDUT BSF OPU JODMVEFE JO UIF P୭୯୳JOFEmiss
T DBMDVMBUJPO VTFE JO UIJT TFBSDI

BOE BSF OPU PUIFSXJTF VTFE JO UIJT UIFTJT� .PSF JOGPSNBUJPO BCPVU UIF SFDPOTUSVDUJPO PG τ MFQUPOT

BOE QIPUPOT DBO CF GPVOE JO 3FGFSFODF <��> BOE 3FGFSFODF <��>
 SFTQFDUJWFMZ�

��� 0এএক঒গ঎ Emiss
T 3঎ঌঘগজঝছঞঌঝ঒ঘগ

"G୴FS UIF GVMM SFDPOTUSVDUJPO BOE DBMJCSBUJPO PG PCKFDUT JO UIF FWFOU UBLFT QMBDF
 UIF P୭୯୳JOF NJTTJOH

USBOTWFSTF NPNFOUVNEmiss
T DBO CF DBMDVMBUFE GSPN UIF USBOTWFSTF NPNFOUB PG UIF SFDPOTUSVDUFE

PCKFDUT� Emiss
T SFGFST UP UIF NBHOJUVEF PG UIF WFDUPSEmiss

T 
 XIJDI JT EFUFSNJOFE GSPN UIF OFHBUJWF

WFDUPS TVN PG UIF USBOTWFSTF NPNFOUB PG FBDI DPMMFDUJPO PG SFDPOTUSVDUFE PCKFDUT�

Emiss
T = −

∑
pe
T −

∑
pµ
T −

∑
pjet
T −

∑
ptracks in PV
T 	���


5IF ୮ୢSTU UFSN BDDPVOUT GPS UIF USBOTWFSTF NPNFOUB PG FMFDUSPOT UIBU BSF DPOTJTUFOU XJUI UIF

-PPTF"OE#-BZFS TFU PG SFRVJSFNFOUT EF୮ୢOFE JO 3FGFSFODF <��>� *O BEEJUJPO
 FMFDUSPOT NVTU TBUJTGZ B

NJOJNVN pT PG 10(F7 BOE |η| � 2.47 UP CF JODMVEFE JO UIJT UFSN�

��



5IF TFDPOE UFSN BDDPVOUT GPS UIF USBOTWFSTF NPNFOUB PG NVPOT UIBU TBUJTGZ UIF .FEJVN TFMFD�

UJPO EF୮ୢOFE JO 4FDUJPO ���� 5IF NVPOT NVTU IBWF |η| � 2.7 BOE pT � 10(F7 UP CF JODMVEFE JO UIF

pTµ UFSN�

5IF pTjet UFSN JODMVEFT KFUT UIBU TBUJTGZ SFRVJSFNFOUT PG pT � 20(F7 BOE |η| � 2.8� " NJO�

JNVN KFU�WFSUFY�UBHHJOH SFRVJSFNFOU PG 0.59 JT JNQPTFE GPS KFUT XJUI 20(F7 � pT � 60(F7 UP

SFEVDF KFUT PSJHJOBUJOH GSPN QJMFVQ <��>�

5IF ୮ୢOBM UFSN JOMDVEFT *OOFS %FUFDUPS USBDLT UIBU BSF BTTPDJBUFE XJUI UIF QSJNBSZ WFSUFY 	17
 PG

UIF FWFOU
 CVU BSF OPU BTTPDJBUFE UP BOZ PUIFS PCKFDUT JO UIF FWFOU UIBU BSF DPOTJEFSFE JO UIFEmiss
T

DBMDVMBUJPO� 5IFTF USBDLT NVTU QBTT UIF RVBMJUZ SFRVJSFNFOUT GPS *OOFS %FUFDUPS USBDLT EFTDSJCFE JO

4FDUJPO ��� <��>�

5IF EFUFSNJOBUJPO PGEmiss
T JODMVEFT B QSPDFEVSF UP SFNPWF PWFSMBQ CFUXFFO UIF EJ୭GFSFOU UFSNT�

5IJT QSFWFOUT EFUFDUPS TJHOBMT GSPN CFJOH EPVCMF�DPVOUFE JO UIFEmiss
T DBMDVMBUJPO <��>�

5IF QFSGPSNBODF PG UIFEmiss
T SFDPOTUSVDUJPO BMHPSJUIN DBO CF DIBSBDUFSJ[FE CZ UIF SFTPMVUJPO PG

UIFEmiss
x BOEEmiss

y DPNQPOFOUT PG UIFEmiss
T WFDUPS� 'JHVSF ��� TIPXT UIF SFTPMVUJPO PG UIFTF

DPNQPOFOUT GPS BEmiss
T EF୮ୢOJUJPO HJWFO JO <��> XIJDI JODMVEFT UFSNT EFEJDBUFE UP SFDPOTUSVDUFE

QIPUPO BOE τ MFQUPO PCKFDUT� 5IF 3.4 PGEmiss
x BOEEmiss

y JT TIPXO JO 2015 EBUB BT B GVODUJPO

PG UIF UPUBM USBOTWFSTF FOFSHZ JO UIF FWFOU
 EF୮ୢOFE BT UIF TDBMBS TVN PG UIF USBOTWFSTF NPNFOUVN PG

PCKFDUT VTFE UP DBMDVMBUFEmiss
T <��>� 'PS B UPUBM USBOTWFSTF FOFSHZ PG 500(F7
 UIF 3.4 PG UIFEmiss

T

DPNQPOFOUT JT∼25(F7 <��>�

.PSF EFUBJMT PO P୭୯୳JOFEmiss
T SFDPOTUSVDUJPO DBO CF GPVOE JO 3FGFSFODF <��>�
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Figure 4.6: The RMS of theEmiss
x andEmiss

y components of theEmiss
T as a function of total transverse energy in

the event in a 2015 pp→Z+X data sample. Data (black points) is compared toMC simulation prediction (red points).

Total transverse energy
∑

ET is the scalar sum of thepT of all objects included in theEmiss
T calculation [70].
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8
.FBTVSJOH 4QFFE

*G B QBSUJDMF JT DIBSHFE BOE MPOH�MJWFE FOPVHI UP QBTT UISPVHI QBSU PG UIF "5-"4 EFUFDUPS CFGPSF

EFDBZJOH
 JU JT QPTTJCMF UP EJSFDUMZ EFUFDU JUT JOUFSBDUJPOT XJUI UIF EFUFDUPS NBUFSJBM� *O QBSUJDVMBS
 B

QBSUJDMFؠT JOUFSBDUJPOT XJUI UIF EFUFDUPS DBO BMMPX VT UP EFEVDF JUT NBTT UISPVHI &RVBUJPO ����

m =
p

βγ
	���


��



XIFSFm JT UIF NBTT PG UIF QBSUJDMF
 p JT JUT NPNFOUVN
 β JT UIF SBUJP PG UIF QBSUJDMFؠT TQFFE UP UIF

TQFFE PG MJHIU
 BOE γ = 1√
1−β2

JT UIF -PSFOU[ GBDUPS
 BOE JT B GVODUJPO PG β� "T UIF TQFFE PG MJHIU

c = 1 JO OBUVSBM VOJUT
 UIF RVBOUJUZ β XJMM CF SFGFSSFE UP BT UIF QBSUJDMFؠT TQFFE�

5P ୮ୢOE B QBSUJDMFؠT NBTT VTJOH &RVBUJPO ���
 JUT NPNFOUVN BOE JUT TQFFE NVTU CF EFUFSNJOFE�

.PNFOUVN p JT NFBTVSFE JO UIF "5-"4 EFUFDUPS VTJOH UIF DVSWBUVSF PG UIF USBKFDUPSZ PG UIF DIBSHFE

QBSUJDMF JO UIF NBHOFUJD ୮ୢFME� *O PSEFS UP SFDPOTUSVDU UIF QBSUJDMFؠT NBTT
 BMM UIBU SFNBJOT UP EFUFS�

NJOF JT UIF QBSUJDMFؠT TQFFE β�

" NFBTVSFNFOU PG β DBO CF GPVOE JO NVMUJQMF XBZT JO UIF "5-"4 EFUFDUPS� 5IJT UIFTJT VTFT UXP

JOEFQFOEFOU NFUIPET PG EFUFSNJOJOH β� JPOJ[BUJPO FOFSHZ MPTT JO UIF QJYFM USBDLFS
 BOE UJNF�PG�

୯୳JHIU NFBTVSFE JO UIF 5JMF $BMPSJNFUFS�

��� *ঘগ঒ণঊঝ঒ঘগ &গ঎ছঐঢ -ঘজজ

" DIBSHFE QBSUJDMF QBTTJOH UISPVHI NBUFSJBM JPOJ[FT BUPNT� 5IF BNPVOU PG FOFSHZ UIBU UIF QBTTJOH

QBSUJDMF MPTFT UP UIFTF JPOJ[BUJPO JOUFSBDUJPOT JT LOPXO BT JPOJ[BUJPO FOFSHZ MPTT� 5IF TIPSUIBOE

dE/dx EFTDSJCFT UIF JPOJ[BUJPO FOFSHZ MPTT QFS VOJU MFOHUI
 EJWJEFE CZ UIF EFOTJUZ PG UIF NBUFSJBM�

5IF RVBOUJUZ dE/dx JT SFMBUFE UP UIF TQFFE β PG UIF JODJEFOU QBSUJDMF�

5IJT TFDUJPO EFTDSJCFT UIF #FUIF�#MPDI FRVBUJPO
 XIJDI SFMBUFT dE/dx UP βγ� 5IF NFBTVSFNFOU

PG dE/dx JO UIF "5-"4 QJYFM USBDLFS JT EFTDSJCFE
 BT XFMM BT EFUFDUPS�SFMBUFE DPSSFDUJPOT� 'JOBMMZ


UIF DBMJCSBUJPO PG NFBTVSFE dE/dx UP βγ JT EJTDVTTFE
 TP UIBU dE/dx BT NFBTVSFE CZ UIF "5-"4

EFUFDUPS DBO CF VTFE BT B XJOEPX UP QBSUJDMF TQFFE
 BOE VMUJNBUFMZ QBSUJDMF NBTT�

��



����� 5঑঎ #঎ঝ঑঎�#কঘঌ঑ &હঞঊঝ঒ঘগ

.FBO FOFSHZ MPTT EVF UP JPOJ[BUJPO �dE/dx � JT SFMBUFE UP QBSUJDMF TQFFE β UISPVHI UIF #FUIF�

#MPDI FRVBUJPO <�>�

〈−dE

dx
〉 = 4πNAr

2
emec

2 q
2Z

β2A
[
1

2
ln

2mec2(βγ)2Wmax

I2
− β2 − δ(βγ)

2
] 	���


NA JT "WPHBESPؠT OVNCFS
 re = e2/4πε0!c JT UIF DMBTTJDBM FMFDUSPO SBEJVT
me JT UIF NBTT PG UIF

FMFDUSPO� Z BOEA BSF UIF BUPNJD OVNCFS BOE BUPNJD NBTT PG UIF NBUFSJBM
 I JT UIF NFBO FYDJUBUJPO

FOFSHZ PG UIF NBUFSJBM
 BOEWmax JT UIF NBYJNVN QPTTJCMF FOFSHZ USBOTGFS UP BO FMFDUSPO JO UIF

NBUFSJBM� q JT UIF DIBSHF PG UIF JODJEFOU QBSUJDMF <�>�

5IF VOJUT PG 〈−dE
dx 〉 JO UIJT FRVBUJPO BSFMeVg−1cm2
 PS FOFSHZ QFS VOJU MFOHUI EJWJEFE CZ

EFOTJUZ PG UIF NBUFSJBM�

5IF CFIBWJPS PG JPOJ[BUJPO FOFSHZ MPTT BT B GVODUJPO PG βγ JO TJMJDPO JT TIPXO JO 'JHVSF ����

'PS TMPX QBSUJDMFT 	βγ � 1

 dE/dx GBMMT TUFFQMZ BT B GVODUJPO PG βγ EVF UP UIF 1
β2 DPF୭୮ୢDJFOU PG

UIF #FUIF�#MPDI FRVBUJPO� 5IJT CFIBWJPS DBO CF VOEFSTUPPE CZ DPOTJEFSJOH UIBU B TMPXFS JODJEFOU

QBSUJDMF TQFOET NPSF UJNF JO UIF NBUFSJBM� 5IF FMFDUSPNBHOFUJD ୮ୢFME PG UIF NBUFSJBM BDUT VQPO UIF

QBSUJDMF GPS B MPOHFS QFSJPE PG UJNF
 BOE NPSF FOFSHZ JT MPTU UP JPOJ[BUJPO�

"U IJHIFS QBSUJDMF TQFFE 	βγ � 3

 UIF MPHBSJUINJD UFSN JO UIF #FUIF�#MPDI FRVBUJPO CFDPNFT

TJHOJ୮ୢDBOU� 5IJT MPHBSJUINJD UFSN JT B GVODUJPO PG (βγ)2 BOE DBVTFT UIF SFMBUJWJTUJDآ SJTFأ TFFO JO UIF

#FUIF�#MPDI DVSWF GPS IJHIMZ SFMBUJWJTUJD QBSUJDMFT� 5IF FMFDUSJD ୮ୢFME PG B SFMBUJWJTUJD DIBSHFE QBSUJDMF
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Figure 5.1: The Bethe-Bloch curve of a charged particle traversing silicon.

CFDPNFT FMPOHBUFE JO UIF USBOTWFSTF EJSFDUJPO� 5IJT JODSFBTFT UIF SFBDI PG UIF FMFDUSJD ୮ୢFME JO UIF

NBUFSJBM
 JPOJ[JOH NPSF BUPNT BOE JODSFBTJOH UIF FOFSHZ MPTU EVF UP JPOJ[BUJPO�

5IF UVSOPWFS CFUXFFO UIF DMBTTJDBM 1
β2 CFIBWJPS BOE UIF SFMBUJWJTUJD SJTF PDDVST BU βγ ∼ 3
 DSFBUJOH

B NJOJNVN JO UIF #FUIF�#MPDI DVSWF� 1BSUJDMFT XJUI TQFFE TVDI UIBU βγ MJFT OFBS UIF NJOJNVN PG

UIF #FUIF�#MPDI DVSWF BSF LOPXO BT NJOJNBMMZ JPOJ[JOH QBSUJDMFT
 PS .*1T� 'PS FYBNQMF
 B NVPO

XJUI NPNFOUVN 300.F7XPVME TJU BU UIF NJOJNVN PG UIF #FUIF�#MPDI DVSWF�

5IF β2 UFSN PG UIF #FUIF�#MPDI FRVBUJPO SFTVMUT GSPN B EFSJWBUJPO BDDPVOUJOH GPS RVBOUVN

F୭GFDUT� 5IF δ(βγ) UFSN BSJTFT GSPN UIF QPMBSJ[BUJPO PG UIF NBUFSJBM BHBJOTU UIF JODJEFOU QBSUJDMFؠT

FMFDUSJD ୮ୢFME
 MJNJUJOH JUT SFBDI JO UIF NBUFSJBM� 5IJT QPMBSJ[BUJPO UFSN UFOET UP MFTTFO UIF SFMBUJWJTUJD

SJTF <�>�
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" EFSJWBUJPO PG UIF #FUIF�#MPDI FRVBUJPO DBO CF GPVOE JO 3FGFSFODF <��>�

����� .঎ঊজঞছ঒গঐ dE/dx

5P CF TFOTJUJWF UP MPOH�MJWFE QBSUJDMFT PG MJGFUJNFT EPXO UP B GFX OBOPTFDPOET
 XF XBOU UP NFBTVSF

QBSUJDMF TQFFE BT DMPTF UP UIF JOUFSBDUJPO QPJOU BT QPTTJCMF� 5IF QJYFM USBDLFS
 EJTDVTTFE JO 4FDUJPO

�����
 JT DBQBCMF PG NFBTVSJOH JPOJ[BUJPO FOFSHZ MPTT PG QBSUJDMFT QBTTJOH UISPVHI UIF 4 TJMJDPO QJYFM

MBZFST�

&BDI QJYFM SFBET PVU 5JNF PWFS 5ISFTIPME 	5P5

 XIJDI JT DBMJCSBUFE UP UIF BNPVOU PG DIBSHF

DPMMFDUFE JO UIF QJYFM
 PS UIF OVNCFS PG FMFDUSPOT GSPN BUPNT JPOJ[FE CZ UIF QBTTJOH DIBSHFE QBS�

UJDMF� 5IF QBSUJDMF NBZ JPOJ[F BUPNT JO NPSF UIBO POF QJYFM BT JU QBTTFT UISPVHI UIF MBZFS� 4FUT PG

OFJHICPSJOH IJU QJYFMT BSF GPSNFE JOUP DMVTUFST BDDPSEJOH UP UIF QSPDFEVSF EF୮ୢOFE JO 4FDUJPO ������

"G୴FS DIBSHF DBMJCSBUJPO
 UIF DIBSHF DPMMFDUFE JO FBDI QJYFM PG UIF DMVTUFS JT TVNNFE UP GPSN UIF UPUBM

DIBSHF સ
 XIJDI DBO CF SFMBUFE UP JPOJ[BUJPO FOFSHZ MPTT dE/dx <��>�

5IF UPUBM DMVTUFS DIBSHF NBZ CF NJTNFBTVSFE JG UIF DMVTUFS JT MPDBUFE BU UIF FEHF PG B NPEVMF PS

JO B SFHJPO XIFSF QJYFM TFOTPST BSF DPOOFDUFE UP UIF TBNF FMFDUSPOJDT DIBOOFM� $MVTUFST CFMPOHJOH

UP UIFTF SFHJPOT BSF SFNPWFE� 'PS UIF SFNBJOJOH ୮ୢEVDJBM DMVTUFST
 UIF UPUBM DIBSHF 2 DPMMFDUFE JO UIF

DMVTUFS DBO CF DPOWFSUFE UP FOFSHZ MPTT EVF UP JPOJ[BUJPO dE/dx UISPVHI UIF SFMBUJPO�

dE

dx
=

QW

eρl
	���


2 EJWJEFE CZ UIF FMFDUSPO DIBSHF e HJWFT UIF UPUBM OVNCFS PG FMFDUSPOT� 8 JT UIF XPSL GVODUJPO PG
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TJMJDPO
 PS UIF FOFSHZ OFFEFE UP DSFBUF BO FMFDUSPO�IPMF QBJS
 BOE JT 3.68± 0.02 F7� 5IF QBUI MFOHUI

l PG UIF DIBSHFE QBSUJDMF UISPVHI UIF TJMJDPO TFOTPS JT EFUFSNJOFE VTJOH UIF USBDLؠT USBKFDUPSZ UP ୮ୢOE

UIF BOHMF PG QBTTBHF� 5IF EFOTJUZ PG TJMJDPO
 ρ � 2.33 H�DN3
 JT QMBDFE JO UIF EFOPNJOBUPS UP HJWF

dE/dx JO VOJUT PGMeVg−1cm2 <��>�

5IF JOOFSNPTU QJYFM MBZFS
 DBMMFE UIF *#-
 IBT EJ୭GFSFOU SFBEPVU FMFDUSPOJDT GSPN UIF PUIFS UISFF

QJYFM MBZFST� 5IF *#- IBT 4 CJUT BMMPDBUFE UP 5P5 SFBEPVU SFMBUJWF UP 8 CJUT JO UIF PUIFS QJYFM MBZFST�

5IJT SFTVMUT JO B MPXFS EZOBNJD SBOHF GPS DIBSHF BOE UIFSFGPSF B MPXFS EZOBNJD SBOHF GPS dE/dx�

)PXFWFS
 UIF *#- SFBEPVU FMFDUSPOJDT DPNQFOTBUF GPS UIJT CZ JODMVEJOH BO PWFS୯୳PX CJU UIBU JT TFU

XIFO UIF 5P5 FYDFFET JUT EZOBNJD SBOHF
 DPSSFTQPOEJOH UP BQQSPYJNBUFMZ 30, 000 FMFDUSPOT <��>�

*#- DMVTUFST DPOUBJOJOH UIJT PWFS୯୳PX CJU BSF MBCFMFE BT PWFS୯୳PX DMVTUFST�

5ZQJDBMMZ
 B USBDL QBTTJOH UISPVHI UIF CBSSFM PG UIF QJYFM EFUFDUPS IBT 4 DMVTUFST BTTPDJBUFE UP JU�

)PXFWFS
 JU JT QPTTJCMF UP IBWF NPSF UIBO 4 DMVTUFST EVF UP B[JNVUIBM PWFSMBQQJOH PG NPEVMFT� &BDI

DMVTUFS IBT B DMVTUFS dE/dx WBMVF DBMDVMBUFE VTJOH &RVBUJPO ����

5IF dE/dx WBMVFT PG UIF DMVTUFST NVTU CF DPNCJOFE UP ୮ୢOE POF dE/dx WBMVF UIBU JT SFQSFTFOUB�

UJWF PG UIF USBDL
 TVDI UIBU UIF TQFFE PG UIF DIBSHFE QBSUJDMF DBO CF EFEVDFE� 5IF QSPCBCJMJUZ EFOTJUZ

GVODUJPO PG dE/dx JT EFTDSJCFE CZ B -BOEBV EJTUSJCVUJPO <��>
 EFQJDUFE JO 'JHVSF ����

&BDI DMVTUFS NFBTVSFNFOU PG dE/dx SFQSFTFOUT POF TBNQMFE WBMVF PG UIF dE/dx -BOEBV EJT�

USJCVUJPO� 5P DIBSBDUFSJ[F UIJT EJTUSJCVUJPO JO POF dE/dx WBMVF
 JEFBMMZ XF XPVME BWFSBHF BMM PG UIF

DMVTUFS dE/dx WBMVFT UP PCUBJO UIF NFBO JPOJ[BUJPO FOFSHZ MPTT� )PXFWFS
 EVF UP UIF MPOH VQQFS

UBJM
 UIF -BOEBV EJTUSJCVUJPO EPFT OPU IBWF B XFMM�EF୮ୢOFE NFBO� *OTUFBE
 UIF HPBM JT UP BQQSPYJNBUF

UIF .PTU 1SPCBCMF 7BMVF 	.17
 PG UIF -BOEBV EJTUSJCVUJPO
 XIJDI JT UIF dE/dx WBMVF DPSSFTQPOE�
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Figure 5.2: A Landau distribution with parametersµ=0 andσ=1. The probability density function ofdE/dx is a

Landau distribution.

JOH UP UIF QFBL PG UIF QSPCBCJMJUZ EJTUSJCVUJPO�

%VF UP UIF MPOH VQQFS UBJM
 BO BWFSBHF PG UIF DMVTUFS dE/dx WBMVFT XPVME SFTVMU JO BO BQQSPYJNB�

UJPO PG UIF .17 UIBU JT TLFXFE IJHI� 5P BDDPVOU GPS UIJT
 B USVODBUFE NFBO QSPDFEVSF JT VTFE� 5IF

CBTJD JEFB PG UIF USVODBUFE NFBO BMHPSJUIN JT UIBU UIF DMVTUFST XJUI UIF IJHIFTU dE/dx WBMVFT BSF

EJTDBSEFE CFGPSF BWFSBHJOH UIF SFTU PG UIF DMVTUFS dE/dx WBMVFT� .PSF EFUBJMT BCPVU UIF USVODBUFE

NFBO QSPDFEVSF DBO CF GPVOE JO 3FGFSFODF <��>�

5IF USVODBUFE NFBO QSPDFEVSF DPOWFSUT UIF JOEJWJEVBM DMVTUFS dE/dx WBMVFT GPS B USBDL UP B TJO�

HMF dE/dx WBMVF UIBU DBO CF VTFE UP EFTDSJCF UIF USBDL� 'SPN UIJT QPJOU GPSXBSE
 UIF USBDL dE/dx

WBSJBCMF SFGFST UP UIF USVODBUFE NFBO PG UIF USBDLؠT DMVTUFS dE/dx WBMVFT�
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����� dE/dx ঌঘছছ঎ঌঝ঒ঘগজ

5IF dE/dx WBSJBCMF JT IJHIMZ TFOTJUJWF UP QJYFM EFUFDUPS DPOEJUJPOT� "T B SFTVMU
 TFWFSBM DPSSFDUJPOT

UP USBDL dE/dxNVTU CF BQQMJFE UP FOTVSF UIBU B QBSUJDVMBS dE/dx WBMVF IBT UIF TBNF NFBOJOH PWFS

ZFBST PG EFUFDUPS PQFSBUJPOT BOE JO EJ୭GFSFOU SFHJPOT PG UIF EFUFDUPS�

" QMPU PG UIF USVODBUFE NFBO dE/dx BT B GVODUJPO PG EFMJWFSFE JOUFHSBUFE MVNJOPTJUZ PWFS 3VO

2 JT TIPXO JO 'JHVSF ���� *O FBDI SVO
 FWFOUT BOE *OOFS %FUFDUPS USBDLT BSF TFMFDUFE BDDPSEJOH UP UIF

DSJUFSJB PVUMJOFE JO 4FDUJPO ���� 5IF USVODBUFE NFBO dE/dx EJTUSJCVUJPO PG USBDLT XJUI pT � 10

(F7 JT ୮ୢU UP B $SZTUBM #BMM GVODUJPO� &BDI QPJOU JO 'JHVSF ��� SFQSFTFOUT UIF .17 PG UIF dE/dx

EJTUSJCVUJPO BT FYUSBDUFE GSPN UIF ୮ୢU�

0 20 40 60 80 100 120 140 160

]1−Delivered Integrated Luminosity [fb

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5]2
 c

m
1−

 M
PV

 [M
eV

 g
tru

nc
dE

/d
x

| < 1.0η 0.0 < |
| < 1.6η 1.4 < |
| < 2.0η 1.8 < |

p > 10 GeV, OF0
ATLAS

Figure 5.3: The truncatedmeandE/dxMPV as a function of delivered integrated luminosity over Run 2 for ID tracks

withpT >10GeV and no overflow bit set in an IBL cluster (OF0). The truncatedmeandE/dx displays a downward

trend over time. Differences indE/dx for three different ranges of |η| are also shown. Higher |η| regions tend to
have higher truncatedmeandE/dx due to the larger path length traversed through the pixel sensor [76].
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0WFS UIF DPVSTF PG 3VO 2
 BO PWFSBMM EPXOXBSE USFOE JO dE/dx JT PCTFSWFE� 5IJT JT EVF UP SBEJB�

UJPO EBNBHF JO UIF QJYFM TFOTPST� 3BEJBUJPO EBNBHF DBO EJTQMBDF TJMJDPO BUPNT GSPN UIF TFNJDPOEVD�

UPS MBUUJDF
 EJTSVQUJOH UIF FOFSHZ CBOEHBQ TUSVDUVSF
 PS DBVTF EFGFDUT UIBU USBQ JPOJ[FE DIBSHFT
 MJNJU�

JOH DIBSHF DPMMFDUJPO F୭୮ୢDJFODZ <��>� 5IF BDDVNVMBUJPO PG UIFTF F୭GFDUT PWFS UJNF SFEVDFT UIF BCJMJUZ

PG B QJYFM TFOTPS UP DPMMFDU DIBSHF
 XIJDI SFTVMUT JO MPXFS NFBTVSFE dE/dx WBMVFT� 4NBMMFS WBSJBUJPOT

JO UIF EPXOXBSE USFOE SFTVMU GSPN DIBOHFT JO EFUFDUPS TFUUJOHT
 TVDI BT UIF WPMUBHF BQQMJFE PO UIF

TJMJDPO TFOTPS�

5P FRVBMJ[F UIF dE/dx.17 WBMVFT BDSPTT UIF XIPMF PG 3VO 2
 B SFGFSFODF SVO JT TFMFDUFE BOE

UIF dE/dx.17 WBMVFT PG PUIFS SVOT BSF TDBMFE UP NBUDI UIF SFGFSFODF SVO� "T IJHIFS |η| SFHJPOT

SFDFJWF NPSF SBEJBUJPO EBNBHF UIBO SFHJPOT BU MPXFS |η|
 UIF EBUBTFU JT EJWJEFE JOUP CJOT PG |η| CFGPSF

BQQMZJOH B TDBMF GBDUPS UP FRVBMJ[F UIF dE/dx.17 UP UIF SFGFSFODF SVO� 5SBDLT XJUI BOE XJUIPVU

*#- PWFS୯୳PX DMVTUFST BSF BMTP USFBUFE TFQBSBUFMZ�

)JHIFS USVODBUFE NFBO dE/dx WBMVFT BSF PCTFSWFE JO 'JHVSF ��� JO SFHJPOT BU IJHIFS |η|� 'PS UIJO

TJMJDPO TFOTPST
 dE/dx IBT B EFQFOEFODF PO UIF QBUI MFOHUI USBWFSTFE UISPVHI UIF TFOTPS� 5IF EPN�

JOBOU |η|�EFQFOEFOU F୭GFDU PO NFBTVSFE dE/dx JT UIF EJ୭GFSFOU QBUI MFOHUI USBWFSTFE CZ B QBSUJDMF

QBTTJOH UISPVHI UIF QJYFM TFOTPST BU EJ୭GFSFOU BOHMFT� 5IF QJYFM NPEVMFT BSF BMJHOFE QBSBMMFM UP UIF

CFBNMJOF� 1BSUJDMFT PSJHJOBUJOH GSPN UIF JOUFSBDUJPO QPJOU XJMM UIVT USBWFSTF B HSFBUFS MFOHUI PG TJMJ�

DPO JO FBDI TFOTPS BU IJHIFS |η| SFHJPOT UIBO BU MPXFS |η| SFHJPOT� 5IJT SFTVMUT JO B IJHIFS NFBTVSFE

dE/dx.17 BU IJHIFS |η|�

5P FRVBMJ[F UIF dE/dx.17 WBMVFT BDSPTT BMM |η| SFHJPOT PG UIF EFUFDUPS
 B SFGFSFODF |η| CJO JT

DIPTFO
 BOE UIF dE/dx.17 WBMVFT PG UIF PUIFS |η| CJOT BSF TDBMFE UP NBUDI UIF SFGFSFODF |η| CJO�
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5IJT DPSSFDUJPO JT BQQMJFE BG୴FS UIF SVO�EFQFOEFOU DPSSFDUJPO� 5IF DIPTFO SFGFSFODF CJO JT 2.4 � |η| �

2.5�

*O BEEJUJPO UP UIF VQXBSE TIJG୴ JO .17 BT B GVODUJPO PG |η|
 UIF TIBQF PG UIF dE/dx EJTUSJCV�

UJPOT BMTP WBSJFT BT |η| JODSFBTFT� 5IF TIBQF PG UIF dE/dx EJTUSJCVUJPO CFDPNFT NPSF (BVTTJBO BU

IJHIFS |η| EVF UP UIF JODSFBTFE OVNCFS PG JOUFSBDUJPOT BMPOH UIF QBUI MFOHUI
 BOE UIF SFTPMVUJPO

UFOET UP JNQSPWF� 5IF |η| DPSSFDUJPO EPFT OPU FRVBMJ[F UIFTF TIBQF EJ୭GFSFODFT� "T B SFTVMU
 UIF

dE/dx WBSJBCMF XJMM CF DPOTJEFSFE TFQBSBUFMZ GPS EJ୭GFSFOU SFHJPOT PG |η| JO UIJT UIFTJT�

����� dE/dx ঌঊক঒ঋছঊঝ঒ঘগ

*O PSEFS UP VTF UIF DPSSFDUFE USVODBUFE NFBO dE/dx WBMVFT UP ୮ୢOE QBSUJDMF TQFFE BOE DBMDVMBUF NBTT


UIF dE/dx WBSJBCMF NVTU CF DBMJCSBUFE UP βγ� 5IJT DBMJCSBUJPO DPOTJTUT PG VTJOH QBSUJDMFT PG LOPXO

NBTT JO EBUB UP EFSJWF B #FUIF�#MPDI�MJLF GVODUJPO UIBU SFMBUFT DPSSFDUFE USVODBUFE NFBO dE/dx UP

βγ�

5IF MPOH�MJWFE DIBSHFE QBSUJDMFT PG LOPXONBTT BU PVS EJTQPTBM BSF 4UBOEBSE.PEFM QBSUJDMFT TVDI

BT UIF QJPO
 LBPO
 BOE QSPUPO� "U UIF VTVBM IJHI NPNFOUB PG SFDPOTUSVDUFE *OOFS %FUFDUPS USBDLT


GPS FYBNQMF pT � 10(F7
 UIFTF QBSUJDMFT BSF IJHIMZ SFMBUJWJTUJD� 5P DBMJCSBUF UIF CFIBWJPS PG dE/dx

BU MPX βγ 	βγ � 3

 XIFSF UIF #FUIF�#MPDI TUFFQ EFDMJOF BT 1
β2 CFDPNFT WJTJCMF
 XF NVTU SFDPOTUSVDU

USBDLT BU MPX NPNFOUB�

'JHVSF ��� TIPXT dE/dx BT B GVODUJPO PG DIBSHF UJNFT NPNFOUVN 	qp
 JO B 2010"5-"4 EBUB

TBNQMF JO XIJDI USBDLT XJUI pT � 100.F7XFSF SFDPOTUSVDUFE� 4JODF NPNFOUVN p = βγm


QMPUUJOH dE/dx WT NPNFOUVN p SFWFBMT UIF #FUIF�#MPDI DVSWF BT B GVODUJPO PG βγ TDBMFE CZ NBTT
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m GPS FBDI QBSUJDMF� dE/dx CBOET GPS UIF QJPO
 LBPO
 QSPUPO
 BOE EFVUFSPO BSF WJTJCMF�

Figure 5.4: dE/dx as a function of charge timesmomentum (qp) in a 2010 data sample with low-pT track reconstruc-

tion down to 100MeV. The Bethe-Bloch curves for the pion, kaon, proton, and deuteron appear [78].

5SBDL SFDPOTUSVDUJPO CFDPNFT DPNQVUBUJPOBMMZ JOUFOTJWF BU MPX NPNFOUB EVF UP UIF BNPVOU PG

MPX�FOFSHZ QBSUJDMFT PSJHJOBUJOH GSPN QJMFVQ JOUFSBDUJPOT� " MPX�QJMFVQ NJOJNVN�CJBT EBUB TBNQMF

UBLFO JO 2017XJUI MPX�pT USBDL SFDPOTUSVDUJPO EPXO UP 100.F7 JT VTFE GPS UIJT DBMJCSBUJPO� "

NJOJNVN�CJBT EBUB TBNQMF JT USJHHFSFE VTJOH EFEJDBUFE TDJOUJMMBUPST JO PSEFS UP QSPWJEF UIF MFBTU

NPEFM�EFQFOEFOU BOE VOCJBTFE EBUB TBNQMF QPTTJCMF <��>�

5IJT EBUB JT EJWJEFE JOUP OBSSPX SBOHFT PG NPNFOUVN� 8JUIJO FBDI NPNFOUVN TMJDF
 dE/dx PG

*OOFS %FUFDUPS USBDLT JT QMPUUFE JO CJOT PG |η|� 5SBDLT XJUI BOE XJUIPVU PWFS୯୳PX DMVTUFST 	0'1 BOE

0'0
 BSF DPOTJEFSFE TFQBSBUFMZ� "O FYBNQMF dE/dx QMPU JO B NPNFOUVN TMJDF PG 302�331.F7 BOE
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|η| � 0.4 JT TIPXO JO 'JHVSF ����
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Figure 5.5: dE/dx of tracks in a low pileup, minimum bias runwith low-pT track reconstruction down to 100MeV.

Tracks withmomentum in the range 302-331MeV and |η|<0.4 are shown. Tracks with overflow clusters (OF1) and

without overflow clusters (OF0) are considered separately. Peaks in thedE/dx distribution corresponding to the

pion, kaon, proton, and deuteron are visible. The triangles mark the fitted peakdE/dx value for each particle. The

location of these peaks relates themeasureddE/dx values at knownmomenta to known particle masses, and thus to

knownβγ values throughβγ = p/m [76].

1MPUUJOH dE/dx JO B OBSSPXNPNFOUVN TMJDF JT BOBMPHPVT UP FYUSBDUJOH B OBSSPX WFSUJDBM TMJDF PG

'JHVSF ���
 XIFSF dE/dx CBOET DPSSFTQPOEJOH UP UIF #FUIF�#MPDI DVSWF GPS FBDI QBSUJDMF BSF WJTJCMF�

1FBLT BQQFBS JO UIF dE/dx EJTUSJCVUJPOT JO 'JHVSF ��� UIBU DPSSFTQPOE UP UIF QJPO
 LBPO
 QSPUPO


BOE EFVUFSPO� 5IFTF QFBLT BSF ୮ୢU UP FYUSBDU UIF MPDBUJPO PG UIF dE/dx.17 GPS FBDI QBSUJDMF� 5IF

MPDBUJPO PG UIF .17T SFMBUFT UIF NFBTVSFE dE/dx WBMVFT UP QBSUJDMFT PG LOPXONBTTFT BU ୮ୢYFE NP�

NFOUB� 4JODF βγ = p/m
 UIF LOPXONPNFOUB BOE LOPXO QBSUJDMF NBTTFT SFMBUF NFBTVSFE dE/dx

WBMVFT UP βγ WBMVFT�
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3FQFBUJOH UIJT QSPDFTT GPS EJ୭GFSFOU TMJDFT PG NPNFOUB SFMBUFT NFBTVSFE dE/dx UP βγ PWFS B XJEF

SBOHF PG βγ� 5IF SFTVMUJOH dE/dx�βγ DVSWF GPS |η| � 0.4 JT TIPXO JO 'JHVSF ���� 'VSUIFS EFUBJMT

BCPVU UIF DBMJCSBUJPO QSPDFEVSF DBO CF GPVOE JO 3FGFSFODF <��>�

0

2

4

6

8

10

12

14

16

18]2
 c

m
1−

dE
/d

x 
M

PV
 [M

eV
 g

1−10×2 1 2 3 4 5 6 7 8 910

γβ

2−
1−
0
1
2

 F
it

−
D

at
a 

ATLAS
 Reco.

T
, Low-p1−21 pb

| < 0.4η|
 OF0π  OF1π

K OF0 K OF1
p OF0 p OF1
d OF0 d OF1
OF0 Fit OF1 Fit

Figure 5.6: A data-driven Bethe-Bloch-like calibration betweenmeasureddE/dx andβγ for |η|<0.4. The points
represent thedE/dxMPVs for the pion, kaon, proton, and deuteron extracted fromdE/dx distributions at fixed

momenta. Tracks with andwithout overflow clusters (OF1, OF0) are considered separately. The curves are fit with a

Bethe-Bloch-like function that is used tomapdE/dx toβγ . The fits are shown in dashed lines [76].

"T UIF NPTU NBTTJWF BOE UIVT TMPXFTU QBSUJDMFT DPOTJEFSFE GPS B ୮ୢYFE NPNFOUVN
 UIF QSPUPO BOE

EFVUFSPO.17 QFBLT JO WBSZJOH NPNFOUVN SBOHFT SFMBUF dE/dx EPXO UP UIF MPXFTU βγ WBMVFT


∼0.35� 5IF LBPO QFBLT SFMBUF dE/dx UP βγ GPS 0.4 � βγ � 1.5� 5IF QJPO QFBLT SFMBUF dE/dx UP

βγ GPS βγ � 1 BOE DPWFS UIF NJOJNBMMZ JPOJ[JOH SFHJPO OFBS βγ ∼ 3�
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5IF DVSWFT JO 'JHVSF ��� BSF ୮ୢU XJUI B #FUIF�#MPDI�MJLF GVODUJPO PG UIF GPSN�

MPVdE/dx (βγ) =
1 + (βγ)2

(βγ)2
(
c0 + c1 log10 (βγ) + c2[log10 (βγ)]

2
)

	���


XIFSF c0
 c1 BOE c2 BSF DPOTUBOUT FYUSBDUFE GSPN UIF ୮ୢU JO FBDI |η| CJO� *OWFSUJOH &RVBUJPO ���

BMMPXT UIF DPOWFSTJPO PG B QBSUJDVMBS NFBTVSFE dE/dx WBMVF UP B βγ WBMVF GPS UIF USBDL�

8JUI UIJT DBMJCSBUJPO
 JU JT QPTTJCMF UP SFDPOTUSVDU B NBTT GPS B USBDL HJWFO JUT JPOJ[BUJPO FOFSHZ MPTT

NFBTVSFE JO UIF QJYFMT BOE NPNFOUVNNFBTVSFE JO UIF *OOFS %FUFDUPS WJBm = p/βγ�

*O UIJT UIFTJT
 XF BSF TFBSDIJOH GPS OFX DIBSHFE MPOH�MJWFE QBSUJDMFT UIBU BSF NPSF NBTTJWF UIBO

FYJTUJOH 4UBOEBSE.PEFM QBSUJDMFT� "U IJHI NPNFOUB
 JU JT FYQFDUFE UIBU TVDI NBTTJWF QBSUJDMFT XJMM

USBWFM NPSF TMPXMZ UIBO 4UBOEBSE.PEFM QBSUJDMFT� 'PS FYBNQMF
 B OFX QBSUJDMF PG NBTT 600(F7 BOE

NPNFOUVN 300(F7 XPVME SFTVMU JO B βγ WBMVF PG 0.5
 PS β≈0.45� "U UIF TBNF NPNFOUVN
 B

QSPUPO XPVME IBWF βγ≈300 BOE β≈0.99999� 5IVT
 QBSUJDMF TQFFE BU IJHI NPNFOUB BMMPXT VT UP

EJTDSJNJOBUF CFUXFFO FYJTUJOH MPOH�MJWFE 4UBOEBSE.PEFM QBSUJDMFT
 XIJDI BSF IJHIMZ SFMBUJWJTUJD
 BOE

QPTTJCMF IFBWJFS OFX QBSUJDMFT�

/PUF UIBU TMPX QBSUJDMFT 	βγ ! 1
 MPTF NPSF FOFSHZ UP JPOJ[BUJPO MPTTFT UIBO GBTUFS�NPWJOH QBS�

UJDMFT� 5IFSFGPSF
 dE/dx DBO CF VTFE UP EJTDSJNJOBUF IFBWZ
 TMPX�NPWJOH QBSUJDMFT GSPN MJHIU
 GBTU�

NPWJOH 4UBOEBSE.PEFM QBSUJDMFT
 HJWFO IJHI QBSUJDMF NPNFOUVN� "OPNBMPVTMZ IJHI dE/dx
 DPV�

QMFE XJUI IJHI NPNFOUVN
 GPSNT B TJHOBUVSF GPS IFBWZ
 TMPX�NPWJOH QBSUJDMFT� 5IJT PCTFSWBUJPO JT

LFZ UP UIF TFBSDI TUSBUFHZ VTFE JO UIJT UIFTJT
 EFUBJMFE GVSUIFS JO $IBQUFS ��

0XJOH UP EFUFDUPS F୭GFDUT TVDI BT UIF UIJOOFTT PG UIF QJYFM TFOTPST BT XFMM BT UIF USVODBUFE NFBO

��



QSPDFEVSF XIJDI FMJNJOBUFT IJHI�dE/dx DMVTUFST
 UIF SFMBUJWJTUJDآ SJTFأ BU IJHI βγ JT OPU PCTFSWFE

JO 'JHVSF ���� *OTUFBE
 dE/dx BOE βγ BQQFBS VODPSSFMBUFE GPS βγ " 2� 5IJT MBDL PG DPSSFMBUJPO

CFUXFFO dE/dx BOE NPNFOUVN GPS IJHIMZ SFMBUJWJTUJD QBSUJDMFT GPSNT UIF DPSOFSTUPOF PG UIF CBDL�

HSPVOE FTUJNBUJPO TUSBUFHZ
 XIJDI JT EFTDSJCFE GVMMZ JO $IBQUFS ��

��� 5঒খ঎�ঘএ�'ক঒ঐ঑ঝ

1BSUJDMF TQFFE DBO BMTP CF EFUFSNJOFE VTJOH B UJNF�PG�୯୳JHIU NFBTVSFNFOU JO B TVCTZTUFN PG UIF "5�

-"4 EFUFDUPS� 4JODF UIF MPDBUJPO PG UIF EFUFDUPS TVCTZTUFN JT LOPXO
 UIF EJTUBODF UP UIF JOUFSBDUJPO

QPJOU BU UIF PSJHJO PG UIF "5-"4 EFUFDUPS JT BMTP LOPXO� 6TJOH B UJNF�PG�୯୳JHIU NFBTVSFNFOU BOE

UIJT LOPXO EJTUBODF
 UIF QBSUJDMFؠT TQFFE DBO CF EFEVDFE�

*O UIJT TFBSDI
 UIF 5JMF DBMPSJNFUFS JT VTFE UP NFBTVSF UJNF�PG�୯୳JHIU 	5P'
� *O 3VO 2
 UIF 5JMF

DBMPSJNFUFS IBE B UJNJOH SFTPMVUJPO PG EPXO UP 0.4 OT XJUI IJHI DFMM FOFSHZ EFQPTJUT 	∼15F7
 <��>�

5IF MJRVJE BSHPO CBSSFM FMFDUSPNBHOFUJD DBMPSJNFUFS BMTP IBT B QSFDJTF UJNJOH SFTPMVUJPO
 NFBTVSFE BU

0.25�0.3 OT BU TJNJMBS DFMM FOFSHJFT JO 3VO 2 <��>�

)PXFWFS
 UIF SFTPMVUJPO PG β EFQFOET OPU POMZ PO UIF UJNJOH SFTPMVUJPO BWBJMBCMF
 CVU BMTP PO

UIF EJTUBODF UP UIF JOUFSBDUJPO QPJOU� " MPOHFS ୯୳JHIU EJTUBODF GSPN UIF JOUFSBDUJPO QPJOU DPSSFTQPOET

UP B CFUUFS β SFTPMVUJPO� 5IF 5JMF DBMPSJNFUFS JT TJUVBUFE BU B SBEJVT 2.28�3.87N GSPN UIF JOUFSBD�

UJPO QPJOU
 XIFSFBT UIF -"S TZTUFN DPWFST POMZ 1.4N� r � 2N� 5IF 5JMF DBMPSJNFUFS IBT B MPOHFS

୯୳JHIU EJTUBODF BWBJMBCMF GPS UIF EFUFSNJOBUJPO PG QBSUJDMF TQFFE <��>�

%FTQJUF UIF BEWBOUBHFPVT β SFTPMVUJPO JO UIF 5JMF DBMPSJNFUFS EVF UP UIF MPOHFS ୯୳JHIU EJTUBODF


��



UIF VTF PG UIF CBSSFM -"S DBMPSJNFUFS XBT BMTP JOWFTUJHBUFE UP BEE BEEJUJPOBM UJNJOH NFBTVSFNFOUT�

)PXFWFS
 JU XBT GPVOE UIBU QBSUJDMFT MPTJOH FOFSHZ QSJNBSJMZ UISPVHI JPOJ[BUJPO SBUIFS UIBO TIPXFS�

JOH EFQPTJU UPP MJUUMF FOFSHZ JO UIF -"S DBMPSJNFUFS UP FYUSBDU B UJNJOH NFBTVSFNFOU�

5IF UJNF�PG�୯୳JHIU NFBTVSFNFOU JT JOUFSQSFUFE BTTVNJOH UIBU UIF QBSUJDMF PSJHJOBUFE GSPN UIF JO�

UFSBDUJPO QPJOU
 BU UIF EFUFDUPS PSJHJO
 TZODISPOPVTMZ XJUI UIF -)$ 40.)[ CVODI DSPTTJOH DMPDL�

)PXFWFS
 UIF CFBN TQPU PS UIF WPMVNF JO XIJDI DPMMTJPOT PDDVS
 IBE B (BVTTJBO QSP୮ୢMF XJUI σx BOE

σy ≈ 8 µN JO 3VO 2
 BOE σz FYUFOEJOH UP∼35NN <��>� 5IJT TQSFBE JO EJTUBODF
 BMPOH XJUI BOZ

BTTPDJBUFE EJ୭GFSFODF JO UJNF
 JT OPU BDDPVOUFE GPS JO UIF EFUFSNJOBUJPO PG β BOE DPOUSJCVUFT UP UIF

PWFSBMM UJNJOH SFTPMVUJPO� )PXFWFS
 UIF TJ[F PG UIF CFBN TQPU JT EXBSGFE CZ UIF TJ[F BOE SFTPMVUJPO

PG UIF 5JMF DBMPSJNFUFS DFMMT� 5IF -)$ DMPDL KJUUFS JT PO UIF PSEFS PG QJDPTFDPOET BOE JT OFHMJHJCMF

<��>�

'JHVSF ��� TIPXT B EJBHSBN PG UIF 5JMF DBMPSJNFUFS� 5IF UISFF MBZFST PG SFBEPVU DFMMT BSF TIPXO

JO CMVF
 HSFFO
 BOE ZFMMPX� η JT NBSLFE CZ EBTIFE SFE MJOFT� 5IF 5JMF DBMPSJNFUFS DPWFSBHF FOET BU

|η|≈1.7�

5IJT TFDUJPO EFTDSJCFT UIF NFBTVSFNFOU PG 5P' JO UIF 5JMF DBMPSJNFUFS
 BT XFMM BT UIF 5P' DBMJCSB�

UJPO QSPDFEVSF EFWFMPQFE GPS UIF TFBSDI QSFTFOUFE JO UIJT UIFTJT�

����� 5঒ক঎ $ঊকঘছ঒খ঎ঝ঎ছ 5঒খ঒গঐ

"T B DIBSHFE QBSUJDMF USBWFMT UISPVHI UIF 5JMF DBMPSJNFUFS
 JU MPTFT FOFSHZ WJB JPOJ[BUJPO
 BT XFMM BT CZ

TIPXFSJOH JG JU JT SFMBUJWJTUJD FOPVHI UP SBEJBUF QIPUPOT PS VOEFSHPFT IBESPOJD JOUFSBDUJPOT XJUI EF�

UFDUPS NBUFSJBM� .PTU PG UIF FOFSHZ MPTT PDDVST XJUIJO UIF TUFFM BCTPSCFS MBZFST PG UIF 5JMF $BMPSJNF�
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Figure 5.7: One quadrant of the r-z plane cross-section of the Tile calorimeter readout cells in Run 2. The three layers
of readout cells are shown in blue, green, and yellow. η is marked by dashed red lines. The Long Barrel (LB) and Ex-
tended Barrel (EB) are shown. Cells A1-A10, BC1-BC8, B9, and D0-D3 are located in the Long Barrel. Cells A12-A16,

B11-B15, and D5-D6 are located in the Extended Barrel. Cells D4, C10, and E1-E4make up the Intermediate Tile

Calorimeter (ITC) discussed in Section 3.5.2. [83].

UFS
 XIJMF UIF FOFSHZ MPTT JT TBNQMFE BOE NFBTVSFE JO UIF BDUJWF TDJOUJMMBUPS MBZFST� 4DJOUJMMBUJPO QIP�

UPOT USBWFM UISPVHI XBWFMFOHUI�TIJG୴JOH ୮ୢCFST UP B QIPUPNVMUJQMJFS UVCF
 XIJDI QSPEVDFT BO FMFD�

USPOJD TJHOBM� 5IF BNQMJUVEF PG UIJT TJHOBM DPSSFTQPOET UP UIF FOFSHZ EFQPTJUFE JO UIF DFMM <��>�

5IF TJHOBM JT EJHJUJ[FE BOE SFBE PVU UP B 3FBE 0VU %SJWFS
 XIFSF UIF TJHOBM JT SFDPOTUSVDUFE XJUI

BO 0QUJNBM 'JMUFSJOH BMHPSJUIN UP FYUSBDU FOFSHZ BOE UJNJOH JOGPSNBUJPO� .PSF JOGPSNBUJPO BCPVU

UIF 0QUJNBM 'JMUFSJOH BMHPSJUIN VTFE GPS UIF 5JMF DBMPSJNFUFS DBO CF GPVOE JO 3FGFSFODF <��>�

$FMMT BSF BTTPDJBUFE UP BO *OOFS %FUFDUPS USBDL CZ FYUSBQPMBUJOH UIF USBDL UISPVHI UIF 5JMF DBMPSJNF�

UFS� 5P SFEVDF UIF JNQBDU PG EFUFDUPS OPJTF
 B NJOJNVN FOFSHZ UISFTIPME PG 500.F7 JO FBDI DFMM JT

JNQPTFE CFGPSF BTTPDJBUJOH UIF DFMM UP B USBDL�

5IF UJNJOH RVBOUJUZ UIBU JT SFMFWBOU GPS UIF DBMDVMBUJPO PG β JO FBDI DFMM JT SFGFSSFE UP BT DFMM UJNF

t0� $FMM UJNF JT UIF EJ୭GFSFODF CFUXFFO UIF NFBTVSFE 5P' BOE UIF 5P' UIBU XPVME CF NFBTVSFE JO UIF
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DFMM GPS B QBSUJDMF USBWFMJOH BU UIF TQFFE PG MJHIU PSJHJOBUJOH GSPN UIF JOUFSBDUJPO QPJOU�

t0 = ToFmeasured − ToFv=c = ToFmeasured −
d

c
	���


XIFSF d JT UIF EJTUBODF GSPN UIF JOUFSBDUJPO QPJOU UP UIF DFOUFS PG UIF DFMM�

5IFO
 β DBO CF DBMDVMBUFE JO FBDI DFMM VTJOH UIF DFMM UJNF NFBTVSFNFOU�

β =
d

cToFmeasured
=

d

c(t0 +
d
c )

=
1

1 + ct0
d

	���


'JOBMMZ
 UIF β WBMVFT GSPN BMM DFMMT BTTPDJBUFE UP UIF USBDL BSF DPNCJOFE UP PCUBJO B TJOHMF β WBMVF

UP EFTDSJCF UIF QBSUJDMFؠT TQFFE� 5IJT JT EPOF VTJOH B XFJHIUFE BWFSBHF
 XIFSF UIF DFMM β WBMVFT BSF

XFJHIUFE CZ UIF β SFTPMVUJPO JO FBDI DFMM� 5SBDL βToF JT GPVOE VTJOH UIF FRVBUJPO�

1

βToF
=

∑
i

1/βi

σ2(1/βi)∑
i

1
σ2(1/βi)

=

∑
i
di(di+cti)

σ2(ti)
∑

i
d2i

σ2(ti)

	���


XIFSF UIF TVN JT PWFS BMM DFMMT BTTPDJBUFE UP UIF USBDL
 βi JT UIF β EFUFSNJOFE JO FBDI DFMM
 di JT UIF

EJTUBODF GSPN UIF JOUFSBDUJPO QPJOU UP FBDI DFMM
 ti JT UIF DFMM UJNF NFBTVSFE JO FBDI DFMM
 BOE σ(ti) JT

UIF DFMM UJNF SFTPMVUJPO JO FBDI DFMM�

5IF βToF NFBTVSFNFOU DBO CF JNQSPWFE CZ JNQMFNFOUJOH B TFSJFT PG DPSSFDUJPOT UP UIF DFMM UJNF


DPMMFDUJWFMZ SFGFSSFE UP BT UIF DFMM UJNF DBMJCSBUJPO QSPDFEVSF�

��



����� $঎কক 5঒খ঎ $ঊক঒ঋছঊঝ঒ঘগ

5IF IFBWZ MPOH�MJWFE QBSUJDMFT TFBSDIFE GPS JO UIJT UIFTJT BSF FYQFDUFE UP MPTF FOFSHZ QSJNBSJMZ WJB JPO�

J[BUJPO SBUIFS UIBO TIPXFSJOH JO UIF DBMPSJNFUFS� 5IJT CFIBWJPS JT TJNJMBS UP NVPOT QBTTJOH UISPVHI

UIF 5JMF DBMPSJNFUFS� 5IFSFGPSF
 B EBUB TBNQMF PG NVPOT GSPNZ→µµ EFDBZT JT VTFE UP EFSJWF UIF

DFMM UJNF DBMJCSBUJPO�

"T UIF NVPOT BSF IJHIMZ SFMBUJWJTUJD
 JU JT FYQFDUFE UIBU UIF NFBO DFMM UJNF<t0> � 0 JO FBDI DFMM�

5IF HPBM PG UIF DBMJCSBUJPO QSPDFEVSF JT UP EFSJWF DPSSFDUJPOT TVDI UIBU<t0> � 0 GPS UIFZ→µµ

EBUB TBNQMF JO FBDI DFMM� 5IFTF DPSSFDUJPOT DBO UIFO CF BQQMJFE UP BOZ NFBTVSFE ti JO UIF DFMM UP HFU B

DBMJCSBUFE DFMM UJNF GPS FOUSZ JO &RVBUJPO ����

5IF ୮ୢSTU DPSSFDUJPO BQQMJFE JT B DFMM�CZ�DFMM DPSSFDUJPO� 5JMF DBMPSJNFUFS DFMMT NBZ CFDPNF EFTZO�

DISPOJ[FE PWFS UIF DPVSTF PG B EBUB�UBLJOH ZFBS� 5IF DFMM UJNF EJTUSJCVUJPO JO FBDI DFMM JT FYBNJOFE

GPSZ→µµ EBUB TBNQMFT UBLFO JO 2015
 2016
 2017
 BOE 2018� 5IF DFMM UJNF EJTUSJCVUJPOT BSF ୮ୢU UP

B (BVTTJBO JO UIF±2σ SFHJPO
 BOE UIF NFBO<t0> JT FYUSBDUFE�

&YBNQMF DFMM UJNF EJTUSJCVUJPOT GPS 2018Z→µµ EBUB BSF TIPXO JO 'JHVSF ����

'PS UIF UXP DFMMT QJDUVSFE
 JU DBO CF PCTFSWFE UIBU<t0> JT OPU 0
 BT XPVME CF FYQFDUFE GPS SFMB�

UJWJTUJD NVPOT� 5P DPSSFDU UIJT
 UIF RVBOUJUZ 0−<t0>NVTU CF BEEFE UP BMM NFBTVSFE DFMM UJNF WBMVFT

JO UIF EJTUSJCVUJPO
 XIJDI TIJG୴T UIF EJTUSJCVUJPO TVDI UIBU<t0> � 0�

5IF TFDPOE DPSSFDUJPO BQQMJFE JT EFQFOEFOU VQPO UIF HFPNFUSZ PG UIF DFMMT� *O UIF EF୮ୢOJUJPO

PG DFMM UJNF t0 JO &RVBUJPO ���
 UIF SFGFSFODF 5P' GPS B QBSUJDMF USBWFMJOH BU UIF TQFFE PG MJHIU JT EF�

UFSNJOFE VTJOH UIF EJTUBODF d
 XIJDI JT BTTVNFE UP CF UIF EJTUBODF GSPN UIF JOUFSBDUJPO QPJOU UP

��



10− 8− 6− 4− 2− 0 2 4 6 8 10
 [ns]cellt

0

100

200

300

400

500

600
En

tri
es

/0
.1

Data 2018

(a)Cell LBA58-BC6

10− 8− 6− 4− 2− 0 2 4 6 8 10
 [ns]cellt

0

200

400

600

800

1000

1200

En
tri

es
/0

.1

Data 2018

(b)Cell EBC16-D6

Figure 5.8: Cell time distributions in two Tile calorimeter cells using 2018Z→µµ data. The distributions are fit with a

Gaussian in the±2σ region, shown in red. Themean of the fit is used to derive the cell-by-cell correction. a) shows the

cell time distribution in a cell in the Long Barrel (LB) section of the Tile calorimeter. b) shows the cell time distribution

in a cell in the Extended Barrel (EB) section of the Tile calorimeter.†

UIF DFOUFS PG UIF DFMM� )PXFWFS
 UIF QBSUJDMF NBZ OPU QBTT EJSFDUMZ UISPVHI UIF DFOUFS PG UIF DFMM
 BT

TIPXO JO 'JHVSF ���� 5IJT EJ୭GFSFODF JO ୯୳JHIU EJTUBODF XJMM SFTVMU JO B TLFXFE DFMM UJNF NFBTVSFNFOU�

"T 5JMF DBMPSJNFUFS DFMMT DBO CF VQ UP B NFUFS JO XJEUI
 UIF F୭GFDU PO DFMM UJNF DBO CF TJHOJ୮ୢDBOU�

*O FBDI DFMM
 UIF BWFSBHF DFMM UJNF JT FYBNJOFE BT B GVODUJPO PG∆η = ηtrack − ηcell� "WFSBHF DFMM

UJNF QMPUUFE BT B GVODUJPO PG∆η JT TIPXO JO 'JHVSF ���� GPS POF PG UIF MBSHFTU 5JMF DBMPSJNFUFS DFMMT�

"U∆η � 0
 PS XIFO UIF USBDL QBTTFT UISPVHI UIF DFOUFS PG UIF DFMM
 JU DBO CF TFFO UIBU BWFSBHF DFMM

UJNF JT 0
 BT FYQFDUFE� "T∆η JODSFBTFT
 UIF BWFSBHF DFMM UJNF CFDPNFT TLFXFE BXBZ GSPN 0�

5IF NFBO DFMM UJNF BT B GVODUJPO PG∆η JT ୮ୢU XJUI B MJOF� 'PS B HJWFO USBDL η
 UIF WBMVF PG UIF ୮ୢU BU

UIF DPSSFTQPOEJOH∆η JOEJDBUFT UIF GBDUPS UIBU OFFET UP CF TVCUSBDUFE GSPN B NFBTVSFE DFMM UJNF UP

DPSSFDU JU UP 0�
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Figure 5.9: The extrapolated Inner Detector track of a particle passing through a Tile calorimeter cell. The track passes

through the cell with a different η direction than the center of the cell. Because the track does not pass through the
cell center, themeasured cell timewill be skewed. A correction is implemented to account for the difference∆η
between the track and the center of the cell.

5IF SFTPMVUJPO PG DFMM UJNF EFQFOET PO DFMM FOFSHZ� JG NPSF FOFSHZ JT EFQPTJUFE JO B DFMM
 UIF FMFD�

USPOJD TJHOBM XJMM IBWF B IJHIFS BNQMJUVEF
 BOE B CFUUFS UJNJOH NFBTVSFNFOU DBO CF FYUSBDUFE� *U JT

QPTTJCMF UIBU UIF NFBO DFMM UJNF XPVME BMTP EFQFOE PO UIF FOFSHZ EFQPTJUFE JO UIF DFMM� "O FOFSHZ�

EFQFOEFOU DFMM UJNF DPSSFDUJPO XBT JOWFTUJHBUFE
 CVU GPVOE UIBU UIF NFBO DFMM UJNF EJTQMBZT OFHMJHJ�

CMF EFQFOEFODF PO DFMM FOFSHZ�

5IF DBMJCSBUJPO QSPDFEVSFT EFTDSJCFE BCPWF EFUFSNJOF UIF DBMJCSBUFE ti UIBU FOUFST &RVBUJPO ����

*O TVNNBSZ
 B NFBTVSFE DFMM UJNF JT DBMJCSBUFE CZ BQQMZJOH UIF DFMM�EFQFOEFOU GBDUPS EFSJWFE GSPN

UIF DFMM�CZ�DFMM DBMJCSBUJPO
 GPMMPXFE CZ BQQMZJOH UIF USBDL�η�BOE�DFMM�EFQFOEFOU GBDUPS EFSJWFE JO UIF
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Figure 5.10: Themean cell time in bins of∆η=ηtrack−ηcell for highpT muons in 2018Z→µµ data. The cell

studied here is in the final layer of the extended barrel, and is one of the largest Tile calorimeter cells. At larger |∆η|,
or larger difference between track η and cell center η, themeasuredmean cell time is skewed from 0. The data is fit

with a line (blue) which is used to derive a correction to themeasured cell time.†

HFPNFUSJD DBMJCSBUJPO�

5P DBMDVMBUF B DBMJCSBUFE βToF
 JU SFNBJOT UP EFUFSNJOF B DBMJCSBUFE σ(ti) GPS FBDI DFMM� 5IF DFMM

UJNF SFTPMVUJPO JT FYQFDUFE UP EFQFOE PO UIF BNPVOU PG FOFSHZ EFQPTJUFE JO UIF DFMM�

$BMJCSBUFE DFMM UJNFT GSPNNVPOT JOZ→µµ EBUB TBNQMFT BSF EJWJEFE JOUP CJOT CZ DFMM FOFSHZ� 'PS

FBDI DFMM FOFSHZ TMJDF
 UIF DBMJCSBUFE DFMM UJNF JT ୮ୢU UP B (BVTTJBO BOE UIF TUBOEBSE EFWJBUJPO JT UBLFO

UP CF UIF DFMM UJNF SFTPMVUJPO JO UIBU FOFSHZ CJO�

$FMMT PG UIF TBNF SBEJBM MBZFS BSF HSPVQFE UPHFUIFS TVDI UIBU UIF DFMM UJNF SFTPMVUJPO JT EFUFSNJOFE

TFQBSBUFMZ GPS FBDI SBEJBM MBZFS PG UIF -POH #BSSFM BOE &YUFOEFE #BSSFM 5JMF DBMPSJNFUFS TFDUJPOT�
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5IF FOFSHZ EFQFOEFODF PG DFMM UJNF SFTPMVUJPO GPS UXP FYBNQMF 5JMF DBMPSJNFUFS MBZFST JT TIPXO JO

'JHVSF �����
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Figure 5.11: Cell time resolution per energy slice as a function of cell energy for (a) the first layer of the Long Barrel

(LB) and (b) the last layer of the Extended Barrel (EB). The cell time resolution is extracted from aGaussian fit in the

±2σ region to the calibrated cell time distribution for 2018Z→µµ data. The cell energies are fit with the function

described in Equation 5.8 to provide a continuous relationship between cell energy and cell time resolution.†

5IF DFMM UJNF SFTPMVUJPO BT B GVODUJPO PG FOFSHZ JT ୮ୢU UP UIF GVODUJPO�

σ(t) =

√
p20 +

p21
E

+
(p2
E

)2
	���


XIFSFE JT UIF DFMM FOFSHZ
 BOE p0
 p1
 BOE p2 BSF QBSBNFUFST PG UIF ୮ୢU� 5IJT ୮ୢUUFE GVODUJPO QSP�

WJEFT B DPOUJOVPVT SFMBUJPO CFUXFFO NFBTVSFE DFMM FOFSHZE BOE DBMJCSBUFE DFMM UJNF SFTPMVUJPO σ(t)�

/PX
 XJUI DBMJCSBUFE DFMM UJNF ti BOE σ(ti) BWBJMBCMF GPS VTF
 B βToF WBMVF GPS UIF USBDL DBO CF

EFUFSNJOFE XJUI &RVBUJPO ���� " βToF WBMVF EFUFSNJOFE XJUI DBMJCSBUFE DFMM UJNF BOE DFMM UJNF SFTP�

MVUJPO JT DPOTJEFSFE B DBMJCSBUFE βToF WBMVF�
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Figure 5.12: UncalibratedβToF (black points) comparedwith calibratedβToF (red points) in 2018Z→µµ data [2].

0WFSBMM DBMJCSBUFE βToF BOE σ(βToF) WBMVFT BSF TIPXO JO 5BCMF ���� 5IF SFTPMVUJPO JT EFUFSNJOFE

CZ ୮ୢUUJOH UIF βToF EJTUSJCVUJPO XJUI B (BVTTJBO JO UIF±2σ SFHJPO� "T βToF JT OPU XFMM�EFTDSJCFE

CZ B TJOHMF (BVTTJBO JO UIF UBJMT
 UIF 3.4 WBMVFT BSF TIPXO BT XFMM�

5IF βToF SFTPMVUJPO BT B GVODUJPO PG |η| JT TIPXO JO 'JHVSF ����� 5IF βToF SFTPMVUJPO WBSJFT BT B

GVODUJPO PG |η| EVF UP UIF WBSZJOH TUSVDUVSF PG UIF 5JMF DBMPSJNFUFS JO |η|
 XIJDI DBO CF TFFO GSPN

'JHVSF ���� 5IF SFTPMVUJPO SPVHIMZ EFQFOET PO UIF OVNCFS PG DFMMT JODMVEFE JO UIF βToF DBMDVMBUJPO�

5IF QFBL JO SFTPMVUJPO JO UIF SFHJPO 0.8 � |η| � 1.0 DPSSFTQPOET UP UIF USBOTJUJPO SFHJPO CFUXFFO

UIF -POH #BSSFM BOE UIF &YUFOEFE #BSSFM 5JMF DBMPSJNFUFS TFDUJPOT� 5IF JODSFBTFE SFTPMVUJPO BU |η| �
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$BMJCSBUJPO .FBO βToF σ(βToF) 3.4
6ODBMJCSBUFE ޏޑޏ�ސ ޏޏސ�ޏ ސޒސ�ޏ
� DFMM DBMJC� ޔޘޘ�ޏ ޔޘޏ�ޏ ޕޑސ�ޏ
� η DPSS� ޗޘޘ�ޏ ޒޘޏ�ޏ ޔޑސ�ޏ

Table 5.1: ThemeanβToF,σ(βToF), and RMS of theβToF distribution for 2018 data. The first line of values is found

with no calibrations on cell time. The second line shows the effect with the cell-by-cell calibration only. The third line

shows the final calibrated performance with both the cell-by-cell and η-dependent calibrations implemented. The
resolutionσ(βToF) is determined by fitting theβToF distribution with a Gaussian in the±2σ region. AsβToF is not

well-described by a single Gaussian in the tails, the RMS values are shown as well.†

1.5 DPSSFTQPOET UP UIF SFHJPO XIFSF POMZ UXP DFMMT
 PS FWFO POMZ POF DFMM
 BSF BWBJMBCMF GPS B UJNJOH

NFBTVSFNFOU BT UIF 5JMF DBMPSJNFUFS |η| DPWFSBHF FOET�

%VF UP UIF EFQFOEFODF PG σ(βToF) PO |η|
 UIF WBSJBCMF βToF NVTU CF DPOTJEFSFE TFQBSBUFMZ JO

EJ୭GFSFOU |η| SFHJPOT JO UIJT BOBMZTJT�

8JUI B DBMJCSBUFE βToF WBMVF
 XF DBO SFDPOTUSVDU NBTT PG B DIBSHFE QBSUJDMF QBTTJOH UISPVHI UIF

5JMF DBMPSJNFUFS VTJOHm = p/βγToF 
 XIFSF βγToF = βToF/
√

1− β2
ToF�

5IJT UIFTJT TFBSDIFT GPS OFX DIBSHFE MPOH�MJWFE QBSUJDMFT UIBU BSF IFBWJFS UIBO FYJTUJOH 4UBOEBSE

.PEFM QBSUJDMFT� 'PS FYBNQMF
 B IFBWZ MPOH�MJWFE DIBSHFE QBSUJDMF PG NBTT 400(F7 BOE NPNFOUVN

300(F7 XPVME HJWF βγ = p/m � 0.75
 PS β � 0.6� #Z DPOUSBTU
 B 4UBOEBSE.PEFM NVPO PG UIF

TBNF NPNFOUVN XPVME USBWFM XJUI β ≈ 0.9999999� 8JUI β SFTPMVUJPO σ(βToF)∼ 0.1
 UIFTF

UXP β WBMVFT DBO CF EJTUJOHVJTIFE� *O UIJT XBZ
 βToF DBO CF VTFE UP EJTUJOHVJTI CFUXFFO IFBWZ
 TMPX�

NPWJOH OFX QBSUJDMFT BOE IJHIMZ SFMBUJWJTUJD 4UBOEBSE.PEFM QBSUJDMFT
 XIJDI DPOTUJUVUF CBDLHSPVOE

JO UIJT TFBSDI�

)PXFWFS
 JU JT OPU QPTTJCMF UP EJTUJOHVJTI CFUXFFO B NVPO PG NPNFOUVN 300(F7 	β ≈ 0.9999999


BOE B NVPO XJUI NPNFOUVN 120(F7 	β ≈ 0.9999997

 PS FWFO B NVPO XJUI NPNFOUVN BT MPX
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Figure 5.13: The resolution of calibratedβToF in different |η| regions. The worsened resolution at 0.8<|η|<1.0 corre-
sponds to the transition region in the Tile calorimeter between the Long Barrel and the Extended Barrel sections. The

worsening resolution at |η| > 1.5 is due to fewer cells available for timingmeasurements as Tile calorimeter coverage
ends [2].

BT 10(F7 	β ≈ 0.99995
 PS 1(F7 	β ≈ 0.995
� 5IJT NFBOT UIBU GPS 4UBOEBSE.PEFM QBSUJDMFT

NPWJOH XJUI IJHI NPNFOUB
 NPNFOUVN BOE 5JMF DBMPSJNFUFS βToF BSF QSBDUJDBMMZ VODPSSFMBUFE WBSJ�

BCMFT� 5IJT PCTFSWBUJPO
 UIBU p BOE βToF BSF VODPSSFMBUFE GPS CBDLHSPVOE QBSUJDMFT
 JT B LFZ JEFB JO

UIF CBDLHSPVOE FTUJNBUJPO TUSBUFHZ
 XIJDI JT EFTDSJCFE GVMMZ JO $IBQUFS ��
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e
"OBMZTJT 4USBUFHZ

5IJT UIFTJT QSFTFOUT B TFBSDI GPS IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT� )FBWZ MPOH�MJWFE QBSUJDMFT 	NBTT

O (100(F7) BOE BCPWF
 BSF FYQFDUFE UP USBWFSTF UIF "5-"4 EFUFDUPS XJUI TMPXFS TQFFE UIBO 4UBO�

EBSE.PEFM QBSUJDMFT� 5IVT
 NFBTVSFNFOUT PG QBSUJDMF TQFFE DBO CF VTFE UP EJTDSJNJOBUF B IFBWZ

MPOH�MJWFE QBSUJDMF GSPN MJHIU MPOH�MJWFE 4UBOEBSE.PEFM QBSUJDMFT�

5IJT UIFTJT NBLFT VTF PG UXP NFUIPET PG NFBTVSJOH QBSUJDMF TQFFE� JPOJ[BUJPO FOFSHZ MPTT 	dE/dx
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NFBTVSFE JO UIF QJYFM USBDLFS
 BOE 5JNF PG 'MJHIU 	5P'
 NFBTVSFE JO UIF IBESPOJD 5JMF DBMPSJNFUFS�

5IFTF DIPJDFT PG NFBTVSFNFOUT B୭GFDU UIF TFOTJUJWJUZ PG UIF TFBSDI� #PUI NFUIPET PG NFBTVSJOH TQFFE

SFRVJSF UIBU UIF QBSUJDMF JOUFSBDUT FMFDUSPNBHOFUJDBMMZ XJUI UIF EFUFDUPS NBUFSJBM JO UIF GPSN PG JPO�

J[BUJPO FOFSHZ MPTTFT� 5IJT SFTUSJDUT UIF TFBSDI TFOTJUJWJUZ UP POMZ QBSUJDMFT UIBU BSF FMFDUSJDBMMZ DIBSHFE�

"EEJUJPOBMMZ
 SFRVJSJOH B NFBTVSFNFOU PG DBMPSJNFUFS 5P' SFRVJSFT UIBU UIF QBSUJDMF TVSWJWFT MPOH

FOPVHI UP USBWFSTF UIF 5JMF DBMPSJNFUFS CFGPSF EFDBZJOH� 5IJT SFTUSJDUT UIF MJGFUJNF TFOTJUJWJUZ PG UIJT

TFBSDI UP> O(10OT)�

5IJT TFBSDI NFUIPE IBT TFOTJUJWJUZ UP QBSUJDMFT UIBU BSF DIBSHFE
 MPOH�MJWFE FOPVHI UP QBTT UISPVHI

UIF 5JMF DBMPSJNFUFS
 BOE NBTTJWF FOPVHI UIBU UIFJS TQFFE JT MPX FOPVHI UP CF EJTDSJNJOBUFE GSPN

4UBOEBSE.PEFM QBSUJDMFT� 4VDI QBSUJDMFT DPVME BQQFBS JO NBOZ UIFPSFUJDBM NPEFMT
 JODMVEJOH UIPTF

EJTDVTTFE JO $IBQUFS �
 PS DPVME CF QBSUJDMFT UIBU IBWF OPU ZFU CFFO IZQPUIFTJ[FE� *O F୭GFDU
 UIJT

TFBSDI NFUIPE P୭GFST B EFHSFF PG NPEFM�JOEFQFOEFODF
 BMMPXJOH TFOTJUJWJUZ UP HFOFSJD IFBWZ
 DIBSHFE


MPOH�MJWFE QBSUJDMFT JSSFTQFDUJWF PG UIF EFUBJMT PG IPX UIFZ BSF QSPEVDFE� 5IF SFTVMUT PG BNPEFM�

JOEFQFOEFOU TFBSDI DBO CF JOUFSQSFUFE JO UFSNT PG NBOZ NPEFMT� 5IJT JT JO DPOUSBTU UP BNPEFM�

EFQFOEFOU TFBSDI
 JO XIJDI UIF BOBMZTJT EFTJHO JT UBJMPSFE UP UIF EFUBJMT PG B QBSUJDVMBS NPEFM
 TVDI

BT B TQFDJ୮ୢD ୮ୢOBM TUBUF PS LJOFNBUJD DIBSBDUFSJTUJDT�

4JNVMBUJPO PG IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT GSPN TJHOBM NPEFMT JT OFDFTTBSZ UP IFMQ NBLF

EFTJHO DIPJDFT JO UIJT BOBMZTJT
 BT XFMM BT UP PQUJNJ[F TFOTJUJWJUZ BOE JOUFSQSFU UIF SFTVMUT PG UIF TFBSDI�

5IF NPEFMT DIPTFO GPS UIJT QVSQPTF BSF SFGFSSFE UP BT CFODINBSLNPEFMT� 5IJT BOBMZTJT DIPPTFT UP

CFODINBSL PO B WBSJFUZ PG 4VQFSTZNNFUSJD 	464:
 NPEFMT� 5IF CSPBE SBOHF PG XFMM�NPUJWBUFE

NPEFMT BWBJMBCMF BMMPXT VT UP EFTJHO UIF BOBMZTJT UP QSPCF B SBOHF PG NFDIBOJTNT UIBU MFBE UP MPOH�
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MJWFEOFTT PWFS B XJEF LJOFNBUJD QIBTF TQBDF� 4FDUJPO ��� EFTDSJCFT UIF CFODINBSL TJHOBM NPEFMT DIP�

TFO GPS UIJT TFBSDI�

'SPN 3VO 2"5-"4 EBUB
 XF BJN UP TFMFDU USBDLT UIBU BSF NPTU MJLFMZ UP SFTVMU GSPN IFBWZ MPOH�

MJWFE QBSUJDMFT XIJMF SFKFDUJOH 4UBOEBSE.PEFM CBDLHSPVOE� 5IF TFMFDUJPO SFRVJSFNFOUT QMBDFE PO

FWFOUT BOE PO UIF USBDLT XJUIJO UIF FWFOUT EF୮ୢOF B SFHJPO�PG�JOUFSFTU DBMMFE UIF 4JHOBM 3FHJPO 	43
�

4FDUJPO ��� EFUBJMT UIF TFMFDUJPO SFRVJSFNFOUT QMBDFE PO UIF FWFOUT BOE USBDLT DPOTJEFSFE JO UIJT

TFBSDI�

5IF VTF PG UXP JOEFQFOEFOU NFBTVSFT PG QBSUJDMF TQFFE QSPWJEFT B QPXFSGVM PQQPSUVOJUZ UP SFKFDU

CBDLHSPVOE
 XIJDI JODSFBTFT UIF TFOTJUJWJUZ UP TJHOBM QBSUJDMFT� 5IF UXP NFBTVSFT PG QBSUJDMF TQFFE

BMMPX UIF SFDPOTUSVDUJPO PG UXP NBTTFT GPS FBDI USBDL UISPVHI UIF FRVBUJPOm = p/βγ� 'PS B OFX

QBSUJDMF
 UIFTF UXP SFDPOTUSVDUFE NBTTFT TIPVME CF DPOTJTUFOU XJUIJO UIF NBTT SFTPMVUJPO� 8JUIJO

UIF 4JHOBM 3FHJPO
 JNQPTJOH DPOTJTUFODZ CFUXFFO UIF UXP SFDPOTUSVDUFE NBTTFT GVSUIFS PQUJNJ[FT

UIF TFOTJUJWJUZ PG UIJT BOBMZTJT� 4FDUJPO ��� EFTDSJCFT UIF SFDPOTUSVDUJPO PG NBTT BOE UIF NFUIPE PG

JNQPTJOH DPOTJTUFODZ CFUXFFO UIF UXP NBTTFT UISPVHI UIF BQQMJDBUJPO PG NBTT XJOEPXT�

��� 4঒খঞকঊঝ঒ঘগ 4ঝছঊঝ঎ঐঢ

)FBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT DBO SFTVMU GSPN B WBSJFUZ PG 4VQFSTZNNFUSJD 	464:
 NPEFMT� 8F

DIPPTF UP CFODINBSL UIF TFBSDI SFTVMUT PO TJNVMBUJPO GSPN TJHOBM NPEFMT UIBU QSFEJDU MPOH�MJWFE

TMFQUPOT
 DIBSHJOPT
 BOE HMVJOPT� 0VS DIPJDF PG TJHOBM NPEFMT BMMPXT UIF TFBSDI UP QSPCF B WBSJFUZ

PG 464:�CSFBLJOH NFDIBOJTNT BOE SFBTPOT GPS QBSUJDMF MPOH�MJWFEOFTT PWFS B XJEF LJOFNBUJD QIBTF

���



TQBDF� 5IJT TFDUJPO EJTDVTTFT UIF TJHOBM NPEFMT QSPCFE JO UIJT BOBMZTJT�

*O FBDI DBTF
 .POUF $BSMP 	.$
 TJNVMBUJPO JT HFOFSBUFE VTJOH ."%(3"1)�@B.$!/-0

<��>
 1:5)*"� <��> XJUI UIF "�� TFU PG UVOF QBSBNFUFST <��>
 BOE &75(&/ <��>� *OUFSBDUJPOT PG

UIF HFOFSBUFE QBSUJDMFT XJUI UIF "5-"4 EFUFDUPS BSF TJNVMBUFE VTJOH (&"/5� <��
 ��>�

" QSPEVDUJPO DSPTT�TFDUJPO GPS FBDI TJHOBM NPEFM JT BTTVNFE JO PSEFS UP EFUFSNJOF UIF OVNCFS

PG TJNVMBUFE FWFOUT UIBU BSF FYQFDUFE UP GVM୮ୢMM UIF BOBMZTJT TFMFDUJPO� 5IF TFOTJUJWJUZ PG UIF BOBMZTJT

JT UIFSFGPSF JOUFSQSFUFE JO UFSNT PG UIF DSPTT�TFDUJPO BTTVNFE GPS UIF CFODINBSL TJHOBM NPEFMT� 5IF

QSPEVDUJPO DSPTT�TFDUJPOT VTFE GPS UIF TMFQUPO
 DIBSHJOP
 BOE HMVJOP NPEFMT BSF TIPXO JO 'JHVSF ����
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Figure 6.1: The production cross-sections as a function of particle mass for the slepton, gluino, and charginos used as

benchmark signals.†
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����� 4ক঎ঙঝঘগজ

"T EJTDVTTFE JO $IBQUFS �
 (BVHF�.FEJBUFE 4VQFSTZNNFUSZ #SFBLJOH 	(.4#
 NPEFMT DBO HJWF SJTF

UP MPOH�MJWFE TMFQUPOT� 'JHVSF ��� TIPXT UIF 'FZONBO EJBHSBN GPS TMFQUPOT QBJS�QSPEVDFE JO QSPUPO�

QSPUPO DPMMJTJPOT� *O (.4#NPEFMT
 UIF DIBSHFE MPOH�MJWFE QBSUJDMF UIBU UIJT TFBSDI DPVME EFUFDU JT

UIF TMFQUPO� 5IF TMFQUPO XPVME EFDBZ UP B 4UBOEBSE.PEFM MFQUPO BOE B HSBWJUJOP�

˜̀

˜̀
p
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Figure 6.2: A Feynman diagram for pair-produced GMSB sleptons from proton-proton collisions. Each slepton decays

to a StandardModel lepton and a gravitino [91].

5IJT TFBSDI VTFT TJNVMBUJPO PG QBJS�QSPEVDFE (.4# TUBVT UIBU EFDBZ UP B UBV BOE B HSBWJUJOP�

5IF HSBWJUJOP JT BTTVNFE UP CF NBTTMFTT� 5IF TJHOBM TBNQMFT BSF HFOFSBUFE XJUI TUBV MJGFUJNFT PG 3 OT


10 OT
 30 OT
 BOE 3000 OT� 'PS FBDI MJGFUJNF QPJOU
 TJHOBM TBNQMFT BSF HFOFSBUFE BU TUBV NBTT QPJOUT JO

UIF SBOHF 100(F7−15F7�

$PNQBSFE UP UIF QSFWJPVT JUFSBUJPO PG UIJT BOBMZTJT UIBU VTFE dE/dx BT UIF TPMF XJOEPX UP QBS�

UJDMF TQFFE
 UIF CBDLHSPVOE SFEVDUJPO QSPWJEFE CZ UIF VTF PG UJNF�PG�୯୳JHIU GSPN UIF DBMPSJNFUFS

TIPVME JNQSPWF TFOTJUJWJUZ UP MPX�NBTT TMFQUPOT JO UIF NBTT SBOHF 100(F7−500(F7� 5P UBLF BEWBO�
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UBHF PG UIJT JNQSPWFE FYQFDUFE TFOTJUJWJUZ
 TJHOBM NBTT QPJOUT IBWF CFFO HFOFSBUFE XJUI B HSBOVMBSJUZ

PG 50(F7 JO UIJT NBTT SBOHF�

����� (কঞ঒গঘজ

4QMJU�464: NPEFMT DBO SFTVMU JO MPOH�MJWFE HMVJOPT� 'JHVSF ��� TIPXT UIF 'FZONBO EJBHSBN GPS QBJS�

QSPEVDFE HMVJOPT� *G UIF HMVJOPT BSF OPU TUBCMF
 UIFZ FBDI EFDBZ JOUP UXP 4UBOEBSE.PEFM RVBSLT

BOE B OFVUSBMJOP�
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Figure 6.3: A Feynman diagram for pair-produced gluinos. The gluinos hadronize into bound states of gluinos and

partons called R-hadrons. Each gluino decays to two StandardModel quarks and a neutralino [91].

5IF HMVJOPT UIFNTFMWFT BSF OFVUSBM� )PXFWFS
 UIFZ DBSSZ DPMPS DIBSHF BOE UIFSFGPSF IBESPOJ[F

JOUP DPMPSMFTT CPVOE TUBUFT XJUI 4UBOEBSE.PEFM QBSUPOT� 5IFTF CPVOE TUBUFT BSF DBMMFE 3�IBESPOT


BOE NBZ CF FMFDUSJDBMMZ DIBSHFE� 5IF 3�IBESPO TFSWFT BT UIF IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMF EF�

UFDUBCMF CZ UIJT TFBSDI�

5IF DPNQPTJUJPO PG BO 3�IBESPO NBZ DIBOHF BT JU NPWFT UISPVHI UIF EFUFDUPS EVF UP JOUFS�

BDUJPOT XJUI NBUFSJBM� 5IF DPNQPTJUJPO PG 3�IBESPOT BT B GVODUJPO PG r JO UIF "5-"4 EFUFDUPS
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JT TIPXO JO 'JHVSF ��� GPS B HMVJOP PG NBTT 1.45F7
 TJNVMBUFE VTJOH 1ZUIJB�� "O 3�NFTPO JT B

CPVOE TUBUF PG B HMVJOP BOE B NFTPO
 BO 3�CBSZPO JT B CPVOE TUBUF PG B HMVJOP BOE B CBSZPO
 BOE

B HMVJOPCBMM JT B CPVOE TUBUF PG B HMVJOP BOE B HMVPO� "G୴FS QBTTBHF UISPVHI UIF 5JMF DBMPSJNFUFS


NPSF UIBO ��ॎ PG UIF TJNVMBUFE 3�IBESPOT IBWF DPOWFSUFE JOUP 3�CBSZPOT <��>�
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Figure 6.4: The fraction of R-hadrons in the form of R-mesons, R-baryons, and gluinoballs for a gluino of mass 1.4 TeV

as a function of r in the ATLAS detector in simulation using Pythia8 and GEANT4. R-hadronsmay change composition
as they traverse the detector via the exchange of partons with thematerial [20].

%FUBJMT BCPVU TJNVMBUJPO PG 3�IBESPOT JO "5-"4 DBO CF GPVOE JO 3FGFSFODF <��>�

5IJT TFBSDI VTFT TJNVMBUJPO PG HMVJOPT XJUI MJGFUJNFT PG 3 OT
 10 OT
 BOE 30 OT
 BT XFMM BT TUB�

CMF HMVJOPT� 'PS FBDI MJGFUJNF QPJOU
 TJHOBM TBNQMFT BSF QSPEVDFE BU NBTT QPJOUT JO UIF SBOHF 1.4

5F7−2.65F7� 5IJT TFBSDI DPOTJEFST UXP QPTTJCMF TDFOBSJPT GPS UIF NBTT TQMJUUJOH CFUXFFO UIF HMVJOP

BOE UIF OFVUSBMJOP� *O POF TDFOBSJP
 UIF OFVUSBMJOP JT DPOTJEFSFE UP CF NBTTMFTT� *O UIF PUIFS TDF�

OBSJP
 UIF HMVJOP BOE UIF OFVUSBMJOP BSF BTTVNFE UP IBWF B ୮ୢYFE NBTT TQMJUUJOH
 XIFSF UIF NBTT PG UIF
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OFVUSBMJOP JT TFU UP CF 30(F7 MFTT UIBO UIF NBTT PG UIF HMVJOP� 4BNQMFT BSF QSPEVDFE GPS CPUI DBTFT

BOE BMMPX VT UP FYQMPSF EFDBZT XJUI EJ୭GFSFOU LJOFNBUJD QIBTF TQBDF�

����� $঑ঊছঐ঒গঘজ

"OPNBMZ�.FEJBUFE 4VQFSTZNNFUSZ #SFBLJOH 	".4#
 NPEFMT DBO SFTVMU JO DIBSHJOPT UIBU BSF MPOH�

MJWFE EVF UP B TNBMM NBTT TQMJUUJOH CFUXFFO UIF DIBSHJOP BOE UIF OFVUSBMJOP� 'JHVSF ��� TIPXT B 'FZO�

NBO EJBHSBN GPS QBJS�QSPEVDFE DIBSHJOPT JO QSPUPO�QSPUPO JOUFSBDUJPOT� 5IF DIBSHJOP JT BTTVNFE

UP EFDBZ UP B TPG୴ QJPO BOE B OFVUSBMJOP�
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Figure 6.5: A Feynman diagram for pair-produced AMSB charginos. Each chargino decays to a pion and a neutralino

[91].
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FWFOUT UIBU BSF QSPEVDFE TFQBSBUFMZ BOE UIFO DPNCJOFE GPS FBDI MJGFUJNF BOE NBTT QPJOU� 5IF NBTT

TQMJUUJOH CFUXFFO UIF DIBSHJOP BOE UIF OFVUSBMJOP JT ୮ୢYFE UP CF BQQSPYJNBUFMZ 170.F7� $IBSHJOP

TBNQMFT BSF HFOFSBUFE BU MJGFUJNF QPJOUT PG 4 OT
 10 OT
 30 OT
 BOE TUBCMF� 5IF DIBSHJOP TJHOBM TBNQMFT

BSF HFOFSBUFE BU NBTT QPJOUT JO UIF SBOHF 700(F7−1.45F7�
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5IJT TFBSDI JT EFTJHOFE UP QSJNBSJMZ UBSHFU TMFQUPOT PG NBTTFT MFTT UIBO 15F7� "EEJUJPOBMMZ
 3�

IBESPO TBNQMFT BSF HFOFSBUFE BU IJHIFS NBTTFT UP QSPCF B NBTT SBOHF PG 3�IBESPOT UIBU IBT OPU ZFU

CFFO FYDMVEFE� $IBSHJOP TBNQMFT BSF VTFE UP DPWFS UIF JOUFSNFEJBUF NBTT SBOHF CFUXFFO UIF TMFQUPO

BOE UIF 3�IBESPO TBNQMFT BOE RVBOUJGZ PVS TFOTJUJWJUZ UP QPUFOUJBM TJHOBMT JO UIJT NBTT SBOHF�

����� dE/dx ঊগ঍ 5঒খ঎ ঘএ 'ক঒ঐ঑ঝ ঒গ 4঒খঞকঊঝ঒ঘগ

"T EJTDVTTFE JO $IBQUFS �
 UIF dE/dx BOE UJNF�PG�୯୳JHIU 	5P'
 NFBTVSFNFOUT BSF TFOTJUJWF UP EF�

UFDUPS DPOEJUJPOT� 5IF TJNVMBUJPO PG dE/dx BOE 5P' JO UIF HFOFSBUFE TJHOBM TBNQMFT EPFT OPU DBQ�

UVSF BMM SFMFWBOU EFUFDUPS F୭GFDUT� 5P DPSSFDU GPS UIJT
 B EBUB�ESJWFO QSPDFEVSF SFQMBDFT UIF TJNVMBUFE

dE/dx BOE 5P' WBMVFT JO UIF TJHOBM TBNQMFT XJUI WBMVFT EFSJWFE GSPN EBUB� 5IJT QSPDFEVSF BMMPXT

VT UP EJSFDUMZ DPNQBSF TJHOBM TJNVMBUJPO XJUI EBUB�

%ঊঝঊ�%ছ঒ট঎গ dE/dx3঎ঙকঊঌ঎খ঎গঝ

5IF dE/dx PCTFSWBCMF JT OPU EFTDSJCFE XFMM CZ TJNVMBUJPO EVF UP JUT TFOTJUJWJUZ UP EFUFDUPS F୭GFDUT


TVDI BT SBEJBUJPO EBNBHF� 'JHVSF ��� TIPXT B DPNQBSJTPO CFUXFFO UIF USVODBUFE NFBO dE/dx JO

EBUB BOE TJNVMBUJPO BG୴FS UIF DPSSFDUJPOT EJTDVTTFE JO 4FDUJPO ������ 5IF TJNVMBUFE dE/dx EJTUSJCV�

UJPOT BSF OBSSPXFS UIBO UIF dE/dx EJTUSJCVUJPOT JO EBUB CFDBVTF UIF TJNVMBUJPO EPFT OPU BDDPVOU

GPS BMM EFUFDUPS F୭GFDUT� 5IF TJNVMBUFE dE/dx WBMVFT EP OPU EFTDSJCF UIF EBUB
 NPUJWBUJOH UIF SF�

QMBDFNFOU PG TJNVMBUFE dE/dx WBMVFT CZ EBUB�ESJWFO WBMVFT�

5IF SFQMBDFNFOU dE/dx WBMVFT BSF TBNQMFE GSPN B dE/dx UFNQMBUF UIBU JT DPOTUSVDUFE JO CJOT

PG |η| BOE βγ� 5IF UFNQMBUF JT ୮ୢMMFE VTJOH UIF TBNF MPX�QJMFVQ NJOJNVN�CJBT EBUB TBNQMF GSPN
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Figure 6.6: A comparison of truncatedmeandE/dx after corrections have been applied in simulation (histograms)

and in data (points). The distributions are plotted separately according to whether the track contains an IBL overflow

cluster (OF1) or does not contain an overflow cluster (OF0). The dataset shown is the sameminimum-bias dataset
used for thedE/dx calibration. The simulateddE/dx distributions do not agree with the data, motivating the

replacement of simulateddE/dx values with data-driven values [76].

2017XJUI MPX�pT USBDL SFDPOTUSVDUJPO UIBU JT VTFE GPS UIF dE/dx�βγ DBMJCSBUJPO EFTDSJCFE JO 4FD�

UJPO ������ 5IF DBMJCSBUJPO FYUSBDUT UIF dE/dx�βγ NBQQJOH GSPN UIF QSPUPO
 QJPO
 BOE LBPO QFBLT

JO dE/dx EJTUSJCVUJPOT JO |η| BOE NPNFOUVN TMJDFT
 TFQBSBUFE CZ *#- PWFS୯୳PX TUBUVT 	0'0
 0'1
�

5IF WBSJPVT QBSUJDMF DPOUSJCVUJPOT UP UIFTF dE/dx EJTUSJCVUJPOT BSF VTFE UP ୮ୢMM UIF UFNQMBUF� 0WFS�

MBQQJOH dE/dx DPOUSJCVUJPOT GSPN EJ୭GFSFOU QBSUJDMFT JO UIF TBNF βγ TMJDF BSF BWFSBHFE�

5IF SFTVMUJOH UFNQMBUFT GPS UIF CJO |η| � 0.4 BSF TIPXO JO 'JHVSF ���� 'JHVSF ���B TIPXT UIF

dE/dx UFNQMBUF GPS USBDLT XJUIPVU BO *#- PWFS୯୳PX DMVTUFS 	0'0
� 'JHVSF ���C TIPXT UIF dE/dx

UFNQMBUF GPS USBDLT UIBU JODMVEF BO *#- PWFS୯୳PX DMVTUFS 	0'1
� 5SBDLT JO UIF 0'1 UFNQMBUF BSF DPO�
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DFOUSBUFE BU MPXFS βγ CFDBVTF BO PWFS୯୳PX DMVTUFS JO UIF *#- JOEJDBUFT IJHI JPOJ[BUJPO FOFSHZ MPTT


DPSSFTQPOEJOH UP MPX βγ� 5SBDLT XJUIPVU BO *#- PWFS୯୳PX DMVTUFS BSF NPSF MJLFMZ UP CF DPODFOUSBUFE

BU IJHIFS βγ
 BT TFFO JO UIF 0'0 UFNQMBUF�
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(a) Template for OF0
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(b) Template for OF1

Figure 6.7: dE/dx templates in bins ofβγ for |η|<0.4. The templates are constructed separately for tracks that
do not contain an IBL overflow cluster (OF0), shown in (a), and tracks that do contain an IBL overflow cluster (OF1),

shown in (b). The templates are used to replace simulateddE/dx values in the signal simulation samples.†

5IF TJNVMBUFE dE/dx WBMVFT BSF SFQMBDFE CZ dE/dx WBMVFT ESBXO GSPN UIF UFNQMBUFT BDDPSEJOH

UP UIF η BOE βγ UIBU UIF TJNVMBUFE QBSUJDMF XBT HFOFSBUFE XJUI� 'JSTU
 UIF TJNVMBUFE QBSUJDMF JT BT�

TJHOFE BO *#- PWFS୯୳PX WBMVF PG 0 PS 1� 5IJT JT EPOF VTJOH BO η�EFQFOEFOU QSPCBCJMJUZ EJTUSJCVUJPO

UIBU EFTDSJCFT UIF QSPQPSUJPO PG USBDLT PG UIBU QBSUJDVMBS βγ DPOUBJOJOH BO *#- PWFS୯୳PX DMVTUFS JO

UIBU QBSUJDVMBS |η| TMJDF
 BT EFSJWFE JO EBUB�

5IF *#- PWFS୯୳PX BTTJHONFOU BOE UIF η PG UIF TJNVMBUFE QBSUJDMF EFUFSNJOF XIJDI dE/dx UFN�

QMBUF XJMM CF VTFE� " SBOEPN dE/dx WBMVF JT ESBXO GSPN UIF DPSSFTQPOEJOH βγ CJO BOE JT VTFE JO

QMBDF PG UIF TJNVMBUFE dE/dx WBMVF GPS UIF TJNVMBUFE QBSUJDMF� 'JOBMMZ
 UIF |η|�EFQFOEFOU DPSSFDUJPO

EFTDSJCFE JO 4FDUJPO ����� JT BQQMJFE�
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" DPNQBSJTPO PG UIF EBUB�ESJWFO SFQMBDFNFOU dE/dx EJTUSJCVUJPO JO DIBSHJOP TBNQMFT UP UIF

dE/dx EJTUSJCVUJPO JO EBUB JT TIPXO JO 'JHVSF ��� GPS UIF *#- PWFS୯୳PX 0'0 BOE 0'1 DBTFT� 5IF

EBUB�ESJWFO SFQMBDFNFOU dE/dx EJTUSJCVUJPO 	CMBDL IJTUPHSBN
 TIPXT JNQSPWFE BHSFFNFOU XJUI

UIF EBUB EJTUSJCVUJPO 	VO୮ୢMMFE TRVBSFT
 DPNQBSFE UP UIF PSJHJOBM TJNVMBUFE dE/dx EJTUSJCVUJPO 	SFE

IJTUPHSBN
�
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Figure 6.8: dE/dx distributions in a bin 0.38<βγ<0.398 and |η|<0.4, for IBL overflow status (a) OF0 and (b) OF1.
The originaldE/dx distribution in charginoMonte Carlo simulation is shown in the red histogram. The blue his-

togram shows the simulateddE/dx distribution with a rudimentary scaling correction applied that is insufficient

to describe thedE/dx distribution in data, shown in the unfilled squares. The data prior to the |η|-dependent cor-
rection described in Section 5.1.3 is shown in black dots. The data-drivendE/dx distribution is shown in the black

histogram. The data-drivendE/dx distribution shows agreement with the |η|-corrected data (unfilled squares).†

%ঊঝঊ�%ছ঒ট঎গ 5ঘ' 3঎ঙকঊঌ঎খ঎গঝ

5JMF DBMPSJNFUFS DFMM UJNF JT OPU XFMM�NPEFMFE CZ TJNVMBUJPO� 'JHVSF ��� TIPXT UIF DFMM UJNF EJTUSJ�

CVUJPO JO 2018Z→µµ EBUB DPNQBSFE UP UIF DFMM UJNF EJTUSJCVUJPO JOZ→µµ TJNVMBUJPO� 5IF DFMM

UJNF SFTPMVUJPO JO TJNVMBUJPO JT OBSSPXFS UIBO JO EBUB�

*O PSEFS UP SFMJBCMZ DPNQBSF TJHOBM TJNVMBUJPO UP EBUB
 B QSPDFEVSF IBT CFFO EFWFMPQFE UP SFQMBDF
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Figure 6.9: The cell time distribution in 2018Z→µµ data (black points) compared to the cell time distribution in

Z→µµ simulation (red points). The cell time distribution is wider in data than in simulation because the simulation

does not model all relevant detector conditions and effects.†

UIF TJNVMBUFE DFMM UJNF XJUI WBMVFT EFSJWFE GSPN EBUB TVDI UIBU UIF DFMM UJNF SFTPMVUJPO JO TJNVMBUJPO

XJMM NBUDI UIF SFTPMVUJPO JO EBUB� 5IJT TNFBSJOH QSPDFEVSF JT QFSGPSNFE TFQBSBUFMZ GPS FBDI DFMM� "T

DFMM UJNF SFTPMVUJPO EFQFOET VQPO UIF DFMM FOFSHZ
 UIF TNFBSJOH JT BMTP QFSGPSNFE TFQBSBUFMZ JO CJOT

PG DFMM FOFSHZ�

5IF TNFBSJOH PG TJNVMBUFE DFMM UJNF JT EFUFSNJOFE UISPVHI B QSPCBCJMJUZ GVODUJPO UIBU SFMBUFT

UIF DFMM UJNF WBMVF JO TJNVMBUJPO UP B DFMM UJNF WBMVF JO EBUB� 5IJT GVODUJPO DPNQBSFT UIF OPSNBMJ[FE

DVNVMBUJWF EJTUSJCVUJPO GVODUJPO PG DFMM UJNF JO TJNVMBUJPO UP UIF OPSNBMJ[FE DVNVMBUJWF EJTUSJCV�
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UJPO GVODUJPO PG DFMM UJNF JO EBUB� 5IF QSPCBCJMJUZ GVODUJPO SFMBUFT B TJNVMBUFE DFMM UJNF WBMVF UP B

EBUB DFMM UJNF WBMVF TVDI UIBU UIF GSBDUJPO PG UIF TJNVMBUFE DFMM UJNF EJTUSJCVUJPO MZJOH CFMPX UIF TJN�

VMBUFE WBMVF JT FRVBM UP UIF GSBDUJPO PG UIF EBUB DFMM UJNF EJTUSJCVUJPO MZJOH CFMPX UIF DIPTFO EBUB

WBMVF� *O UIJT XBZ
 UIF SFTPMVUJPO PG TJNVMBUFE DFMM UJNF JT TNFBSFE UP NBUDI UIBU PG EBUB CZ DPOTUSVD�

UJPO�

5IF βToF WBMVF DBMDVMBUFE XJUI TNFBSFE DFMM UJNF JT SFGFSSFE UP BT B TNFBSFE βToF WBMVF� 'PS QBS�

UJDMFT XJUI MPX TQFFE 	β ! 0.8

 B SFTJEVBM EFQFOEFODF PG TNFBSFE βToF XBT GPVOE PO UIF β WBMVF

UIBU UIF QBSUJDMF XBT HFOFSBUFE XJUI
 PS UIF USVUI β� *EFBMMZ
 UIF TNFBSFE βToF WBMVF XPVME NBUDI

UIF USVUI β WBMVF GPS UIF QBSUJDMF� 'JHVSF ���� TIPXT UIBU UIF TNFBSFE βToF WBMVFT EP OPU OFDFTTBS�

JMZ NBUDI UIF USVUI β WBMVFT
 BOE UIBU UIF EFWJBUJPO CFUXFFO TNFBSFE βToF BOE USVUI β EFQFOET

PO USVUI β� " RVBESBUJD ୮ୢU JT QFSGPSNFE
 TIPXO BT UIF SFE DVSWF JO 'JHVSF ����
 BOE B DPSSFDUJPO JT

BEEFE UP UIF TNFBSFE βToF UP BDDPVOU GPS UIJT F୭GFDU�

5IF DPSSFDUFE TNFBSFE βToF EJTUSJCVUJPO JOZ→µµ TJNVMBUJPO DPNQBSFE UP UIF βToF EJTUSJ�

CVUJPO JO 2018Z→µµ EBUB JT TIPXO JO 'JHVSF ����� 5IFSF BSF TPNF SFTJEVBM ୯୳VDUVBUJPOT JO UIF

TJNVMBUJPO SFMBUJWF UP UIF EBUB� )PXFWFS
 UIF SBUJP CFUXFFO TJNVMBUJPO BOE EBUB JT TUBCMF JO UIF MPX�

β 	βToF ! 0.9
 SFHJPO�PG�JOUFSFTU JO UIJT TFBSDI� 5IF EFWJBUJPO PG UIF TJNVMBUJPO�UP�EBUB SBUJP GSPN

VOJUZ JT DPWFSFE CZ B TZTUFNBUJD VODFSUBJOUZ PG 3ॎ PO UIF TNFBSJOH GBDUPST�
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Figure 6.10: The difference betweenβToF calculated after smearing and theβ the particle was generatedwith (truth

β), as a function of truthβ . Below truthβ 0.8, there is a dependence of the smearedβToF on truthβ . A quadratic fit is

performed and used to derive a correction to the smearedβToF.
†
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5IJT UIFTJT VTFT 140.1± 1.2 ୯୰−1 PG 3VO 2 EBUB� 5P TFBSDI GPS IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT


XF QMBDF SFRVJSFNFOUT PO UIJT EBUB UP EF୮ୢOF B SFHJPO PG WBSJBCMF TQBDF UIBU XF FYQFDU UP CF FOSJDIFE

XJUI TJHOBM SFMBUJWF UP UIF BNPVOU PG CBDLHSPVOE� 5IJT SFHJPO�PG�JOUFSFTU JT DBMMFE UIF 4JHOBM 3FHJPO�

8F QMBDF SFRVJSFNFOUT PO FWFOUT JO UIF 3VO 2 EBUBTFU BT XFMM BT PO UIF USBDLT XJUIJO UIPTF FWFOUT

UP TFMFDU USBDLT UIBU IBWF QSPQFSUJFT XF XPVME FYQFDU GSPN PVS UBSHFU TJHOBM QBSUJDMFT
 XIJMF SFKFDUJOH

USBDLT UIBU MJLFMZ DPNF GSPN CBDLHSPVOE QSPDFTTFT� 5SBDLT UIBU TBUJTGZ BMM PG UIFTF SFRVJSFNFOUT BSF

MPDBUFE JO UIF 4JHOBM 3FHJPO�
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Figure 6.11: The corrected smearedβToF (red points) compared to 2018Z→µµ data (black points). While residual

fluctuations remain after the smearing procedure, the ratio of smeared simulation to data is stable in the region

βToF ! 0.9, which includes the region of interest in this search [2].

" TVNNBSZ PG UIF 4JHOBM 3FHJPO TFMFDUJPO JT TIPXO JO 'JHVSF ����� 5IJT TFDUJPO EJTDVTTFT UIF

QVSQPTF BOE UIF JNQBDU PG UIF TFMFDUJPO SFRVJSFNFOUT�

����� &ট঎গঝ 4঎ক঎ঌঝ঒ঘগ

&ট঎গঝ2ঞঊক঒ঝঢ 3঎હঞ঒ছ঎খ঎গঝজ

&WFOUT NVTU DPNF GSPN EBUBTFUT MJTUFE PO UIF (PPE 3VO -JTU 	(3-

 XIJDI JT B TFU PG EBUB�UBLJOH

SVOT UIBU TUBUJTGZ "5-"4 EBUB RVBMJUZ SFRVJSFNFOUT� *O BEEJUJPO
 FWFOUT NVTU QBTT FWFOU DMFBOJOH
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Figure 6.12: A summary of the selection requirements that form the Signal Region. The Signal Region is composed of

the highest-pT track that fulfills the track selection containedwithin events that fulfill the event selection.

SFRVJSFNFOUT
 XIJDI SFNPWF FWFOUT JO XIJDI FSSPS ୯୳BHT BSF SBJTFE EVF UP EFUFDUPS TZTUFN JTTVFT

UIBU DPVME DPSSVQU UIF EBUB JO UIF FWFOU� 5P SFNPWF TQVSJPVT DBMPSJNFUFS TJHOBMT UIBU NBZ B୭GFDU

UIFEmiss
T DBMDVMBUJPO
 B DVTUPN KFU DMFBOJOH QSPDFEVSF SFNPWFT FWFOUT DPOUBJOJOH KFUT UIBU EP OPU

GVM୮ୢMM B TFU PG RVBMJUZ DSJUFSJB�
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5ছ঒ঐঐ঎ছ

5IJT TFBSDI MPPLT GPS IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT UIBU XPVME MFBWF IJHI�NPNFOUVN USBDLT

JO UIF *OOFS %FUFDUPS 	*%
 PG "5-"4� 5P DPMMFDU DPMMJTJPO EBUB SFMFWBOU UP UIF TFBSDI
 JEFBMMZ XF

XPVME DIPPTF UP VTF B USJHHFS UIBU TBWFT FWFOUT DPOUBJOJOH IJHI�pT *% USBDLT� )PXFWFS
 BT USBDLJOH

JT DPNQVUBUJPOBMMZ JOUFOTJWF
 TVDI B USJHHFS XBT VOBWBJMBCMF EVSJOH 3VO 2� 'PS MBDL PG B USBDL�CBTFE

USJHHFS
 XF NVTU DIPPTF BOPUIFS USJHHFS UIBU TFMFDUT FWFOUT XJUI GFBUVSFT DPNNPO UP B WBSJFUZ PG

NPEFMT QSPEVDJOH IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT�

5IJT TFBSDI VTFT EBUB DPMMFDUFE XJUI UIFEmiss
T USJHHFS EJTDVTTFE JO 4FDUJPO ���� 5IF POMJOFEmiss

T

USJHHFS NBLFT EFDJTJPOT CBTFE POMZ PO FOFSHZ EFQPTJUJPO JOGPSNBUJPO GSPN UIF DBMPSJNFUFST� &WFOUT

XJUI B MBSHF JNCBMBODF JO DBMPSJNFUFS EFQPTJUT JO UIF USBOTWFSTF QMBOF
 SFHBSEMFTT PG TJHOBMT JO PUIFS

EFUFDUPS TZTUFNT
 XJMM IBWF IJHIEmiss
T � 0WFS UIF DPVSTF PG 3VO 2
 UIF MPXFTU POMJOFEmiss

T USJHHFS

UISFTIPME WBSJFE GSPN 70(F7 UP 110(F7� &WFOUT QBTTJOH UIFEmiss
T USJHHFS BSF TFMFDUFE GPS VTF JO

UIJT BOBMZTJT�

5IF IFBWZ MPOH�MJWFE QBSUJDMFT UBSHFUFE JO UIJT TFBSDI BSF OPU FYQFDUFE UP MFBWF MBSHF FOFSHZ EF�

QPTJUT JO UIF DBMPSJNFUFST� 5IFSFGPSF
 XF SFMZ PO UIF QSFTFODF PG PCKFDUT JO UIF FWFOU UIBU MFBWF MBSHF

DBMPSJNFUFS EFQPTJUT 	TVDI BT KFUT PS UBVT
 JO PSEFS UP QBTT UIF POMJOFEmiss
T USJHHFS�

'JHVSF ���� TLFUDIFT PVU IPX POMJOFEmiss
T DBO BSJTF JO FWFOUT DPOUBJOJOH MPOH�MJWFE QBSUJDMFT� "O

FWFOU DPOUBJOJOH QBSUJDMFT UIBU BSF TUBCMF PO UIF TDBMF PG UIF EFUFDUPS DBO SFTVMU JO TJHOJ୮ୢDBOUEmiss
T

JG UIF TUBCMF QBSUJDMFT BSF P୭GTFU JO UIF USBOTWFSTF QMBOF CZ B KFU SFTVMUJOH GSPNތ$% JOJUJBM�TUBUF SBEJB�

UJPO� "O FWFOU DPOUBJOJOH NFUBTUBCMF QBSUJDMFT 	QBSUJDMFT UIBU EFDBZ XJUIJO UIF EFUFDUPS WPMVNF
 DBO
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SFTVMU JO IJHIEmiss
T JG UIF EFDBZ QSPEVDUT BSF 4UBOEBSE.PEFM RVBSLT UIBU HJWF SJTF UP KFUT BOE B IJHI�

NPNFOUVN QBSUJDMF UIBU FTDBQFT UIF EFUFDUPS XJUIPVU JOUFSBDUJOH TJHOJ୮ୢDBOUMZ XJUI UIF NBUFSJBM�

Figure 6.13: A sketch of how onlineEmiss
T (a large imbalance in calorimeter deposits), can appear in events containing

long-lived particles. An event with pair-produced stable particles can result in significantEmiss
T if the particles are

offset in the transverse plane by a jet fromQCD initial-state radiation. The heavy stable particles are not expected

to interact significantly with the calorimeter, resulting in an overall imbalance in calorimeter deposits and therefore

Emiss
T . Metastable particles, or long-lived particles decaying within the detector volume, can result inEmiss

T if they

decay into a StandardModel quark that produces a jet and a high-momentum particle that escapes the detector

without interacting significantly with thematerial.
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 UIF DIPJDF
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DJFODZ XJUI XIJDI UIFEmiss
T USJHHFS TFMFDUT FWFOUT JT JNQBDUFE CZ UIF NBTT
 MJGFUJNF
 BOE LJOFNBUJDT

BTTVNFE JO UIF TJHOBM NPEFMT� &୭୮ୢDJFODZ JT EF୮ୢOFE BT�

efficiency =
number of events passing cuts

total number of events
	���
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SFMFWBOU DVUT JO UIF OVNFSBUPS PG &RVBUJPO ��� BSF UIF FWFOU DMFBOJOH SFRVJSFNFOUT BOE UIFEmiss
T

USJHHFS SFRVJSFNFOUT�
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Figure 6.14: The efficiency of (a) slepton events, (b) R-hadron events wheremχ=100GeV, and (c) chargino-chargino(
χ̃+
1 χ̃

−
1

)
events passing the event quality requirements and theEmiss

T trigger requirements as a function of mass and

lifetime.†

5IF F୭୮ୢDJFODZ PG UIF TJNVMBUFE FWFOUT UP QBTT UIFEmiss
T USJHHFS WBSJFT BT B GVODUJPO PG NBTT BOE

MJGFUJNF� "T TFFO JO 'JHVSF ����
 UIF USJHHFS F୭୮ୢDJFODJFT BSF IJHIFTU GPS TIPSU MJGFUJNFT BOE IJHI NBTTFT�

5IF NPSF NBTTJWF UIF QBSUJDMF JT
 UIF NPSF NPNFOUVN JU JNQBSUT UP JUT EFDBZ QSPEVDUT� "O VOEF�

UFDUFE EFDBZ QSPEVDU UIFSFGPSF SFTVMUT JO B IJHIFS FOFSHZ JNCBMBODF JO UIF FWFOU BOE IJHIFSEmiss
T 
 SF�

TVMUJOH JO B IJHIFS QSPCBCJMJUZ UP QBTT UIFEmiss
T USJHHFS� " QBSUJDMF XJUI B TIPSU MJGFUJNF IBT B HSFBUFS
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QSPCBCJMJUZ UP EFDBZ CFGPSF SFBDIJOH UIF DBMPSJNFUFS� *UT WJTJCMF EFDBZ QSPEVDUT EFQPTJU FOFSHZ JO UIF

DBMPSJNFUFS BOE UIF JOWJTJCMF OFVUSBM EFDBZ QSPEVDUT MFBWF UIF EFUFDUPS
 SFTVMUJOH JOEmiss
T � 'PS QBS�

UJDMFT UIBU BSF TUBCMF PO UIF TDBMF PG UIF EFUFDUPS
 UIF QSFTFODF PGEmiss
T SFMJFT VQPO B KFU PSJHJOBUJOH

GSPNތ$% JOJUJBM�TUBUF SBEJBUJPO UP DSFBUF UIF FOFSHZ JNCBMBODF JO UIF FWFOU� 5IFSFGPSF
 UIFEmiss
T

USJHHFS F୭୮ୢDJFODZ JT MPXFS GPS TUBCMF QBSUJDMFT�

&WFOU LJOFNBUJDT BMTP QMBZ B SPMF JO USJHHFS F୭୮ୢDJFODZ� *O UIF TJHOBM NPEFMT DPOTJEFSFE
 UIF NFUBTUBCMF

TMFQUPOT BOE DIBSHJOPT FBDI EFDBZ UP B OFVUSBM BOE UIVT JOWJTJCMF EFDBZ QSPEVDU 	B HSBWJUJOP GPS UIF

TMFQUPO DBTF BOE B OFVUSBMJOP GPS UIF DIBSHJOP DBTF
 BT XFMM BT 4UBOEBSE.PEFM QBSUJDMFT UIBU XPVME

SFTVMU JO MBSHF FOFSHZ EFQPTJUT JO UIF DBMPSJNFUFS 	TFF 'JHVSFT ��� BOE ���
� )PXFWFS
 GPS B HJWFO NBTT

BOE MJGFUJNF QPJOU
 UIF F୭୮ୢDJFODZ PG UIF DIBSHJOP FWFOUT QBTTJOH UIFEmiss
T USJHHFS JT MFTT UIBO UIF USJH�

HFS F୭୮ୢDJFODZ GPS UIF TMFQUPO FWFOUT� 5IF NBTT TQMJUUJOH CFUXFFO UIF DIBSHJOP BOE UIF OFVUSBMJOP JT

BTTVNFE UP CF∼170.F7
 TP UIFSF JT NVDI MFTT QIBTF TQBDF BWBJMBCMF GPS UIF EFDBZ QSPEVDUT UIBO

JO UIF DBTF PG UIF TMFQUPO
 XIJDI JT BTTVNFE UP EFDBZ UP B NBTTMFTT HSBWJUJOP� 5IFSFGPSF UIF EFDBZ

QSPEVDUT PG UIF DIBSHJOP XJMM CF MFTT FOFSHFUJD BOE SFTVMU JO MFTTEmiss
T �

0এএক঒গ঎ Emiss
T

&BDI FWFOU JT SFRVJSFE UP IBWF P୭୯୳JOFEmiss
T � 170(F7� 0୭୯୳JOFEmiss

T 
 EJTDVTTFE JO 4FDUJPO ���
 JT

SFDPOTUSVDUFE VTJOH JOGPSNBUJPO GSPN BMM EFUFDUPS TZTUFNT BOE JODMVEFT DPOUSJCVUJPOT GSPN SFDPO�

TUSVDUFE NVPOT
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 KFUT
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4PVSDFT PG P୭୯୳JOFEmiss
T WBSZ BDDPSEJOH UP UIF FWFOU UPQPMPHZ DPOTJEFSFE� 'PS NFUBTUBCMF QBSUJDMFT

UIBU EFDBZ UP OFVUSBM QBSUJDMFT
 UIF NPNFOUVN DBSSJFE BXBZ CZ UIF OFVUSBM EFDBZ QSPEVDU XJMM CF
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Figure 6.15: The offlineEmiss
T distributions of events containing (a) sleptons of mass 400GeV and varying lifetimes, (b)

R-hadrons (mχ=100GeV) of mass 2.2 TeV at varying lifetimes, and (c) stable charginos of 1mass TeV, where chargino-

chargino (here referred to as C1C1) and chargino-neutralino (C1N1) events are considered. The events have passed

the event quality requirements and the onlineEmiss
T trigger requirements.†
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&BDI FWFOU JT SFRVJSFE UP DPOUBJO B QSJNBSZ WFSUFY XJUI BU MFBTU 2 BTTPDJBUFE USBDLT� 5IF QSJNBSZ

WFSUFY PG UIF FWFOU JT JEFOUJ୮ୢFE BT UIF SFDPOTUSVDUFE WFSUFY XIFSF UIF BTTJHOFE USBDLT IBWF UIF IJHIFTU

TVN PG pT �

����� 5ছঊঌঔ 4঎ক঎ঌঝ঒ঘগ

5ছঊঌঔ2ঞঊক঒ঝঢ

$BOEJEBUF USBDLT NVTU CF BTTPDJBUFE UP UIF QSJNBSZ WFSUFY� 5IF USBDL NVTU DPOUBJO BU MFBTU 6 IJUT JO

UIF 4$5�

" QIPUPO DPOWFSUJOH UP B TNBMM�BOHMF FMFDUSPO�QPTJUSPO QBJS DBO MFBE UP B TJOHMF SFDPOTUSVDUFE

USBDL NFBTVSFE XJUI BOPNBMPVTMZ IJHI dE/dx� 5SBDLT SFTVMUJOH GSPN QIPUPO DPOWFSTJPOT PG୴FO

MBDL B IJU JO UIF ୮ୢSTU MBZFS PG UIF QJYFM USBDLFS� 5P SFKFDU UIJT TPVSDF PG CBDLHSPVOE
 UIF DBOEJEBUF

USBDL JT SFRVJSFE UP IBWF B IJU JO FJUIFS UIF *#- PS UIF #ୖ-BZFS EFQFOEJOH PO UIF DPWFSBHF PG UIF *#-

BOE # -BZFST JO UIBU SFHJPO�

" NPNFOUVN VODFSUBJOUZ SFRVJSFNFOU JT BQQMJFE UP UIF DBOEJEBUF USBDLT UP FOTVSF UIF RVBMJUZ PG

UIF NPNFOUVNNFBTVSFNFOU� "T NPNFOUVN SFTPMVUJPO JT MJOFBSMZ EFQFOEFOU PO NPNFOUVN
 UIF

DVU QMBDFE PO UIF NPNFOUVN VODFSUBJOUZ JT BMTP NPNFOUVN�EFQFOEFOU� 5IF NPNFOUVN VODFS�

UBJOUZ σp ≡ δ(q/p)/(q/p)NVTU TBUJTGZ UIF GPMMPXJOH SFRVJSFNFOU�

σp = min (f(p), 200%) 	���
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XIFSF UIF GVODUJPO f(p) JT HJWFO CZ�

f(p) = max

(
−1% + 90%

|p|
TeV

, 10%

)
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5P FOTVSF UIF RVBMJUZ PG UIF dE/dxNFBTVSFNFOU
 BU MFBTU 2 QJYFM IJUT GSPN EJ୭GFSFOU MBZFST BSF

SFRVJSFE UP FOUFS JOUP UIF DBMDVMBUJPO PG dE/dx� *O BEEJUJPO
 UIF USBDL DBOOPU DPOUBJO BOZ TIBSFE

PS TQMJU QJYFM IJUT� 4IBSFE QJYFM IJUT BSF IJUT UIBU BSF VTFE JO UIF SFDPOTUSVDUJPO PG NVMUJQMF USBDLT CVU

BSF OPU JEFOUJ୮ୢFE BT NFSHFE CZ UIF OFVSBM OFUXPSL EFTDSJCFE JO 4FDUJPO ������ 4QMJU IJUT BSF QJYFM

IJUT UIBU BSF JEFOUJ୮ୢFE BT MJLFMZ UP PSJHJOBUF GSPNNVMUJQMF USBDLT CZ UIF OFVSBM OFUXPSL
 CVU BSF VM�

UJNBUFMZ BTTJHOFE UP POMZ POF USBDL� 5SBDLT DPOUBJOJOH TQMJU PS TIBSFE IJUT BSF SFKFDUFE UP FOTVSF UIBU

UIF USBDL dE/dxNFBTVSFNFOU JT OPU B୭GFDUFE CZ IJUT UIBU DPVME IBWF PSJHJOBUFE GSPN PWFSMBQQJOH

USBDLT�

5ছঊঌঔ ,঒গ঎খঊঝ঒ঌজ

$BOEJEBUF USBDLT BSF SFRVJSFE UP IBWF pT � 120(F7� 4JHOBM USBDLT BSF FYQFDUFE UP IBWF IJHI NP�

NFOUVN
 XIJMF UIF pT TQFDUSVN PG CBDLHSPVOE USBDLT JT FYQFDUFE UP GBMM
 BT TIPXO JO 'JHVSF ����B�

"EEJUJPOBMMZ
 SFRVJSJOH IJHI pT FOTVSFT UIBU 4UBOEBSE.PEFM QBSUJDMFT XJMM USBWFM XJUI B QBSUJDMF

TQFFE β DMPTF UP 1
 TP UIBU NFBTVSFT PG QBSUJDMF TQFFE UISPVHI dE/dx BOE UJNF�PG�୯୳JHIU DBO CF VTFE

UP EJTDSJNJOBUF CFUXFFO TJHOBM BOE CBDLHSPVOE�

5SBDLT BSF SFRVJSFE UP MJF JO UIF SFHJPO |η| � 1.6� "MUIPVHI UIF *OOFS %FUFDUPS FYUFOET VQ UP

|η| ≈1.8 JO UIF CBSSFM SFHJPO BOE VQ UP 2.5 JO UIF FOEDBQT
 UIF 5JMF DBMPSJNFUFS DPWFSBHF FOET OFBS
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|η| � 1.7� 5IF USBDL JT SFRVJSFE UP CF MPDBUFE XJUIJO UIF SBOHF |η| � 1.6 UP FOTVSF UIBU JU IBT QBTTFE

UISPVHI NVMUJQMF 5JMF DBMPSJNFUFS DFMMT� )FBWZ TJHOBM QBSUJDMFT BSF FYQFDUFE UP IBWF BO η EJTUSJCVUJPO

UIBU JT DFOUSBM DPNQBSFE UP CBDLHSPVOE
 BT TFFO JO 'JHVSF ����C� 5IF η SFRVJSFNFOU UIFSFGPSF BMTP

TFSWFT UP SFKFDU CBDLHSPVOE XIJMF SFUBJOJOH NPTU PG UIF TJHOBM USBDLT�
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Figure 6.16: Kinematic distributions of signal tracks compared to data. (a) shows thepT distribution of tracks passing

the offlineEmiss
T cut. ThepT cut is shown in the red dotted line. Tracks withpT > 120GeV are selected. (b) shows the

η distribution of tracks passing thepT requirement. Tracks falling within |η| < 1.6 are selected.†
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)FBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT BSF FYQFDUFE UP QSPEVDF IJHIMZ JPOJ[JOH USBDLT JO UIF *OOFS %F�

UFDUPS� 5IF QSFTFODF PG PUIFS USBDLT OFBS UIF DBOEJEBUF USBDL NBZ JOEJDBUF UIBU IJUT GPSNJOH UIF USBDL

DPVME IBWF PSJHJOBUFE GSPNNVMUJQMF QBSUJDMFT EFQPTJUJOH FOFSHZ JO UIF TBNF QJYFMT
 XIJDI XPVME QSP�

EVDF BO BOPNBMPVTMZ IJHI dE/dx WBMVF BTTJHOFE UP UIF USBDL� 8F BQQMZ BO JTPMBUJPO DVU SFRVJSJOH

UIBU XJUIJO B DPOF PG∆3 � 0.3 BSPVOE UIF DBOEJEBUF USBDL
 UIF TVN PG pT PG PUIFS USBDLT NVTU CF
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MFTT UIBO 5(F7�

"O FMFDUSPO WFUP JT BQQMJFE UP SFKFDU USBDLT QSPEVDFE CZ FMFDUSPOT� $BMPSJNFUFS EFQPTJUT PSJHJ�

OBUJOH GSPN FMFDUSPOT DIBSBDUFSJTUJDBMMZ IBWF B TJHOJ୮ୢDBOU GSBDUJPO PG FOFSHZ JO UIF FMFDUSPNBHOFUJD

DBMPSJNFUFS� 5P SFKFDU FMFDUSPOT
 UIF DBOEJEBUF USBDL JT BTTPDJBUFE UP UIF OFBSFTU KFU XJUI pT � 20(F7

XJUIJO B DPOF PG SBEJVT∆3 � 0.4� *G UIF GSBDUJPO PG UIF UPUBM KFU FOFSHZ EFQPTJUFE JO UIF FMFDUSPNBH�

OFUJD DBMPSJNFUFS 	&.frac
 FYDFFET 95ॎ
 UIF USBDL JT SFKFDUFE�

)BESPOJD CBDLHSPVOE DBO CF TJNJMBSMZ SFKFDUFE CZ BTTPDJBUJOH UIF USBDL UP UIF OFBSFTU KFU XJUI

pT � 20(F7 XJUIJO B DPOF PG SBEJVT∆3 � 0.4� "T UIF TJHOBM USBDLT BSF OPU FYQFDUFE UP MFBWF MBSHF

FOFSHZ EFQPTJUT JO UIF DBMPSJNFUFST
 UIF USBDL JT SFKFDUFE JG UIF FOFSHZ PG UIF BTTPDJBUFE KFU JT HSFBUFS

UIBO UIF NPNFOUVN PG UIF DBOEJEBUF USBDL�

#BDLHSPVOE GSPN8 CPTPO EFDBZT JT TVQQSFTTFE UISPVHI B SFRVJSFNFOU UIBU UIF USBOTWFSTF NBTT

PG UIF USBDL BOE UIFEmiss
T JT HSFBUFS UIBO 130(F7� 5SBOTWFSTF NBTTmT JT EF୮ୢOFE BT�

mT =
√

2pTtrackEmiss
T (1− cos∆φ) 	���


XIFSFEmiss
T JT UIF P୭୯୳JOFEmiss

T JO UIF FWFOU
 pTtrack JT UIF pT PG UIF DBOEJEBUF USBDL
 BOE∆φ JT

UIF EJ୭GFSFODF JO B[JNVUIBM BOHMF CFUXFFO UIF DBOEJEBUF USBDL BOE UIF P୭୯୳JOFEmiss
T JO UIF FWFOU�
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"T EJTDVTTFE JO 4FDUJPO ���
 IFBWZ
 IJHI�NPNFOUVN
 MPOH�MJWFE QBSUJDMFT BSF FYQFDUFE UP USBWFM NPSF

TMPXMZ UIBO IJHI�NPNFOUVN 4UBOEBSE.PEFM QBSUJDMFT
 BOE TMPX�NPWJOH QBSUJDMFT 	βγ ! 1
 MPTF
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NPSF FOFSHZ UP JPOJ[BUJPO MPTTFT XIJMF USBWFSTJOH NBUFSJBM� 5IVT
 BOPNBMPVTMZ IJHI JPOJ[BUJPO FO�

FSHZ MPTT DBO CF VTFE UP EJTDSJNJOBUF TMPX�NPWJOH
 IFBWZ OFX QBSUJDMFT GSPN 4UBOEBSE.PEFM CBDL�

HSPVOE�

5SBDLT BSF SFRVJSFE UP IBWF dE/dx � 1.8MeV g−1cm2� 5IF dE/dx EJTUSJCVUJPO GPS USBDLT JO

TJHOBM TJNVMBUJPO BOE JO EBUB JT TIPXO JO 'JHVSF �����
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Figure 6.17: ThedE/dx distribution for several signal points compared to background-dominated data. Data satis-

fies Signal Region selection exceptEmiss
T < 150GeV, nodE/dx requirement is placed, andβToF < 1.
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4JNJMBSMZ
 BT EJTDVTTFE JO 4FDUJPO ���
 UJNF�PG�୯୳JHIU 	5P'
 BT NFBTVSFE JO UIF IBESPOJD 5JMF DBMPSJNF�

UFS DBO CF VTFE UP EJTUJOHVJTI IFBWZ MPOH�MJWFE QBSUJDMFT GSPN MJHIU
 GBTU 	β ≈ 1
 QBSUJDMFT� " DVU PO

βToF JT BQQMJFE UP TFMFDU TMPX�NPWJOH QBSUJDMFT�
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%VF UP UIF TUSVDUVSF PG UIF 5JMF DBMPSJNFUFS
 UIF SFTPMVUJPO PG βToF EFQFOET PO |η|
 BT EJTDVTTFE

JO 4FDUJPO ����� BOE TIPXO JO 'JHVSF ����B� 'PS UIJT SFBTPO
 UIF βcut SFRVJSFNFOU UP UIF DBOEJEBUF

USBDL JT EJ୭GFSFOU JO EJ୭GFSFOU SFHJPOT PG |η|� 5IF βcut SFRVJSFNFOU JT EF୮ୢOFE JO CJOT PG 0.1XJEUI JO

|η|�

5SBDLT BSF SFRVJSFE UP IBWF βToF � βcut
 XIFSF βcut JT HJWFO CZ�

βcut = 1− 2σβ 	���


BOE σβ JT UIF SFTPMVUJPO PG βToF JO UIF |η| CJO DPSSFTQPOEJOH UP UIF η PG UIF DBOEJEBUF USBDL�

'JHVSF ����C TIPXT UIF EJTUSJCVUJPO PG βToF FYQFDUFE GPS TJHOBM BOE GPS CBDLHSPVOE USBDLT JO B QBS�

UJDVMBS CJO PG |η|�

5IF DVU JO &RVBUJPO ��� JT EF୮ୢOFE TVDI UIBU UIF β SFRVJSFNFOU JNQPTFE CZ UIF βToF DVU BQQSPY�

JNBUFMZ NBUDIFT UIF β SFRVJSFNFOU JNQPTFE CZ UIF dE/dx DVU� 5IF βcut WBMVFT MJF BSPVOE βToF �

0.8
 XIJDI SPVHIMZ DPSSFTQPOET UP UIF β SFRVJSFNFOU JNQPTFE CZ UIF JPOJ[BUJPO DVU dE/dx � 1.8

MeV g−1cm2�

����� 5঑঎ 4঒ঐগঊক 3঎ঐ঒ঘগ

&WFOUT NVTU QBTT BMM PG UIF EFTDSJCFE FWFOU TFMFDUJPO BOE DPOUBJO BU MFBTU POF USBDL UIBU QBTTFT BMM PG

UIF EFTDSJCFE USBDL TFMFDUJPO� 5IF IJHIFTU�pT USBDL JO UIF FWFOU UIBU NFFUT BMM PG UIF USBDL DSJUFSJB JT

BEEFE UP UIF 4JHOBM 3FHJPO�

5IF CBTJD GPSNBU PG "5-"4 EBUB JT UIF "OBMZTJT 0CKFDU %BUB 	AOD
 GPSNBU
 EFTDSJCFE JO <��>�
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(a)βToF resolution (b) TrackβToF

Figure 6.18: (a) shows the dependence of theβToF resolutionσβ on |η| due to the structure of the Tile calorimeter
in 2018Z→µµ data.† (b) shows theβToF distributions of selected signal samples compared to Run 2 data. The data

is background-dominated and satisfies Signal Region selection exceptEmiss
T < 150GeV, nodE/dx requirement is

placed, andβToF < 1. Tracks falling below theβcut value for the given |η| slice would be selected for the Signal Region
in data that satisfies all Signal Region requirements. For 0.1<|η|<0.2, theβcut selects tracks falling belowβToF=0.76.

4FMFDUJPO /	&WFOUT
 &Ӈ�
SUSY6 տտքւփրրքվց ռ
(3- տվւռւրփտցտ ջ�քւս
5SJHHFS փջջցւտվսջ ջ�ռւփ
5SBDL JO 17 րցջրվռքքց ջ�ռսր
pT � րջ (F7 ռտտփփվտքռ ջ�ջվս
-PPTF USBDL JTPMBUJPO րջվռջռսռ ջ�ջռռ

Table 6.1: The cutflow for the preselection requirements on the events and tracks for data events skimmed from the

DAOD to the mini-xAOD data format.†

" EFSJWBUJPO GSBNFXPSL SFEVDFT UIF TJ[F PG AODT UP QSPEVDF EFSJWFE AOD EBUB TBNQMFT
 PS DAODT�

5IJT TFBSDI VTFT B DAOD DBMMFE UIF SUSY6 DAOD
 XIJDI DPOUBJOT VTFGVM PCTFSWBCMFT GPS BOBMZTFT

TFBSDIJOH GPS MPOH�MJWFE QBSUJDMFT� 5IJT EBUB JT TLJNNFE UP QSPEVDF B EBUB ୮ୢMF TNBMMFS JO TJ[F
 DBMMFE

B mini-AOD� 5IJT TLJNNJOH QSPDFEVSF BQQMJFT TFWFSBM FWFOU�MFWFM BOE USBDL�MFWFM QSF�TFMFDUJPO DVUT

TIPXO JO 5BCMF ����

5IF mini-AOD EBUB GPSNBU JT QSPDFTTFE JOUP OUVQMFT UIBU DPOUBJO FWFOU BOE USBDL JOGPSNBUJPO
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BOE IBWF UIF TFMFDUJPO SFRVJSFNFOUT EJTDVTTFE JO UIJT DIBQUFS BQQMJFE� 5IF DVU୯୳PX
 PS UIF F୭୮ୢDJFODZ

PG FBDI TFMFDUJPO SFRVJSFNFOU
 PG UIF 3VO 2 EBUBTFU JT TVNNBSJ[FE JO 5BCMF ����

5IF DVU୯୳PX GPS TFWFSBM TJHOBM TBNQMFT JT TIPXO JO 5BCMFT ���� ���� 5BCMF ��� TIPXT UIF DVU୯୳PX GPS

B TMFQUPO TBNQMF PG NBTT 400(F7 BOE MJGFUJNF 10 OT� 5BCMF ��� TIPXT UIF DVU୯୳PX GPS DIBSHJOPT PG

NBTT 800(F7 BOE MJGFUJNF 10 OT� 5BCMF ��� TIPXT UIF DVU୯୳PX GPS TUBCMF 3�IBESPOT 	Nχ�100(F7


PG NBTT 2.25F7�

$VU /	&WFOUT
 &Ӈ� 3FM� &Ӈ�
mini-xAOD րջվռջռսռ ռ�ջջջ ռ�ջջջ
(3- րջվռջռսռ ռ�ջջջ ռ�ջջջ
&WFOU $MFBOJOH րջսցրռքջ ջ�քքք ջ�քքք
+FU $MFBOJOH տքցցցցտւ ջ�քփւ ջ�քփփ
5SJHHFS տքցցցցտւ ջ�քփւ ռ�ջջջ
1SJNBSZ 7FSUFY տքցցցցտւ ջ�քփւ ռ�ջջջ
0ӋJOFEmiss

T սցքցտփջ ջ�ջրտ ջ�ջրտ
5SBDL JO 17 սցքցտփջ ջ�ջրտ ռ�ջջջ
pT � րջ (F7 սցքցտփջ ջ�ջրտ ռ�ջջջ
dE/dx 6TFE )JUT ստրռտցւ ջ�ջտք ջ�քջք
*#-�#�-BZFS )JUT ստռռքսր ջ�ջտփ ջ�քփտ
4IBSFE�4QMJU )JUT սսքռցվջ ջ�ջտց ջ�քրջ
4$5 )JUT սռփւրքվ ջ�ջտվ ջ�քրր
5SBDL *TPMBUJPO ռրցջռքփ ջ�ջվռ ջ�ւռվ
pT � ռսջ (F7 վքջցտս ջ�ջջփ ջ�սրջ
5SBDL Q VODFSUBJOUZ վփրսքռ ջ�ջջփ ջ�քփց
$FOUSBM USBDL վվքցքր ջ�ջջւ ջ�փփս
mT � ռվջ (F7 փցւքտ ջ�ջջս ջ�սրց
&MFDUSPO WFUP վցտցս ջ�ջջռ ջ�տսջ
)BESPO WFUP սրտտջ ջ�ջջռ ջ�ցքփ
4JHOBM 3FHJPO /	&WFOUT
 'SBDUJPO

Ѽ Ѽ

Table 6.2: The cutflow for the full Run 2 dataset. The resulting number of data events in the Signal Region after the
application of the particle speed (dE/dx andβToF) requirements can be found in Chapter 9.

†
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$VU /	&WFOUT
 &Ӈ� 3FM� &Ӈ�
5PUBM սրփ�վցտ ռ�ջջջ ռ�ջջջ
(3- սրփ�վցտ ռ�ջջջ ռ�ջջջ
&WFOU $MFBOJOH սրփ�վցտ ռ�ջջջ ռ�ջջջ
+FU $MFBOJOH սրր�քռտ ջ�քքռ ջ�քքռ
5SJHHFS ռսփ�փսվ ջ�տքք ջ�րջվ
1SJNBSZ 7FSUFY ռսփ�փսվ ջ�տքք ռ�ջջջ
0ӋJOFEmiss

T փւ�ջտս ջ�վվւ ջ�ցւց
5SBDL JO 17 փտ�փրք ջ�վսփ ջ�քւր
pT � րջ (F7 փվ�ւռջ ջ�վստ ջ�քփց
dE/dx 6TFE )JUT փս�սվւ ջ�վռփ ջ�քփս
*#-�#�-BZFS )JUT փս�ռքվ ջ�վռփ ջ�քքք
4IBSFE�4QMJU )JUT փռ�ւփտ ջ�վռւ ջ�քքր
4$5 )JUT փջ�վրռ ջ�վռռ ջ�քփս
5SBDL *TPMBUJPO ւք�տջռ ջ�վջւ ջ�քփփ
pT � ռսջ (F7 ւփ�քսւ ջ�վջր ջ�քքտ
5SBDL Q VODFSUBJOUZ ւփ�վռտ ջ�վջվ ջ�քքս
$FOUSBM USBDL ւվ�վռւ ջ�սփտ ջ�քվց
mT � ռվջ (F7 ցջ�րփռ ջ�սվտ ջ�փսց
&MFDUSPO WFUP ցջ�ջսս ջ�սվս ջ�քքռ
)BESPO WFUP րփ�փսջ ջ�սսփ ջ�քփջ
dE/dx � ռ�փ .F7H−1DN2 ռս�քււ ջ�ջրջ ջ�սսռ
4JHOBM 3FHJPO /	&WFOUT
 'SBDUJPO
βToF � βcut ր�ջփք ջ�ջսջ

Table 6.3: Cutflow for sleptons withmass 400GeV and lifetime 10 ns. Themass windows discussed in Section 6.3 have

not been applied.†

$VU /	&WFOUT
 &Ӈ� 3FM� &Ӈ�
5PUBM քռ�տրր ռ�ջջջ ռ�ջջջ
(3- քռ�տրր ռ�ջջջ ռ�ջջջ
&WFOU $MFBOJOH քռ�տրր ռ�ջջջ ռ�ջջջ
+FU $MFBOJOH քջ�քւվ ջ�քքր ջ�քքր
5SJHHFS ռք�ռջս ջ�սջք ջ�սռջ
1SJNBSZ 7FSUFY ռք�ռջս ջ�սջք ռ�ջջջ
0ӋJOFEmiss

T ռվ�վւց ջ�ռտց ջ�ցքք
5SBDL JO 17 ռվ�վջր ջ�ռտր ջ�քքր
pT � րջ (F7 ռս�րքջ ջ�ռվփ ջ�քտց
dE/dx 6TFE )JUT ռս�ռջջ ջ�ռվս ջ�քցռ
*#-�#�-BZFS )JUT ռս�ջփց ջ�ռվս ջ�քքք
4IBSFE�4QMJU )JUT ռռ�քջջ ջ�ռվջ ջ�քփր
4$5 )JUT ռռ�տւք ջ�ռսց ջ�քցր
5SBDL *TPMBUJPO ռջ�փտջ ջ�ռռք ջ�քտտ
pT � ռսջ (F7 ռջ�ւփր ջ�ռռփ ջ�քքր
5SBDL Q VODFSUBJOUZ ռջ�ցվւ ջ�ռռց ջ�քփց
$FOUSBM USBDL ք�ցցտ ջ�ռջց ջ�քջւ
mT � ռվջ (F7 ւ�փցփ ջ�ջփց ջ�փռց
&MFDUSPO WFUP ւ�փցս ջ�ջփց ջ�քքք
)BESPO WFUP ւ�փցս ջ�ջփց ռ�ջջջ
dE/dx � ռ�փ .F7H−1DN2 ս�փցց ջ�ջվռ ջ�վցր
4JHOBM 3FHJPO /	&WFOUT
 'SBDUJPO
βToF � βcut ռ�ռվվ ջ�ջռս

Table 6.4: Cutflow for charginos withmass 800GeV and lifetime 10ns. Themass windows discussed in Section 6.3

have not been applied.†
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$VU /	&WFOUT
 &Ӈ� 3FM� &Ӈ�
5PUBM տք�տւս ռ�ջջջ ռ�ջջջ
(3- տք�տւս ռ�ջջջ ռ�ջջջ
&WFOU $MFBOJOH տք�տւս ռ�ջջջ ռ�ջջջ
+FU $MFBOJOH տք�ռւջ ջ�քքտ ջ�քքտ
5SJHHFS ռց�քքւ ջ�վտտ ջ�վտց
1SJNBSZ 7FSUFY ռց�քքւ ջ�վտտ ռ�ջջջ
0ӋJOFEmiss

T ռս�ցւս ջ�սրց ջ�ւտց
5SBDL JO 17 ռս�րքս ջ�սրր ջ�քքտ
pT � րջ (F7 ռջ�վվջ ջ�սջք ջ�փսջ
dE/dx 6TFE )JUT ք�տցք ջ�ռքռ ջ�քռւ
*#-�#�-BZFS )JUT ք�տռփ ջ�ռքջ ջ�քքր
4IBSFE�4QMJU )JUT փ�փփց ջ�ռփջ ջ�քտտ
4$5 )JUT փ�ւրվ ջ�ռււ ջ�քփր
5SBDL *TPMBUJPO ւ�ռսր ջ�ռտտ ջ�փռտ
pT � ռսջ (F7 ւ�ջցփ ջ�ռտվ ջ�քքս
5SBDL Q VODFSUBJOUZ ց�ւջվ ջ�ռվր ջ�քտփ
$FOUSBM USBDL ց�սսր ջ�ռսց ջ�քսք
mT � ռվջ (F7 ր�րռց ջ�ռռռ ջ�փփց
&MFDUSPO WFUP ր�րռց ջ�ռռռ ռ�ջջջ
)BESPO WFUP ր�րռց ջ�ռռռ ռ�ջջջ
dE/dx � ռ�փ .F7H−1DN2 ր�ջվց ջ�ռջս ջ�քռվ
4JHOBM 3FHJPO /	&WFOUT
 'SBDUJPO
βToF � βcut վ�ւսւ ջ�ջւր

Table 6.5: Cutflow for stable R-hadrons withmass 2.2 TeV. Themass windows discussed in Section 6.3 have not been

applied.†
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8F BSF TFBSDIJOH GPS DIBSHFE MPOH�MJWFE QBSUJDMFT UIBU BSF IFBWZ DPNQBSFE UP 4UBOEBSE.PEFM QBSUJ�

DMFT� #FDBVTF B QBSUJDMF UIBU JT DIBSHFE BOE MPOH�MJWFE XPVME JOUFSBDU XJUI UIF EFUFDUPS NBUFSJBM
 XF

BSF BCMF UP NFBTVSF JUT TQFFE β� .BTT JT SFMBUFE UP QBSUJDMF TQFFE β BOE NPNFOUVN p UISPVHI UIF

FRVBUJPO�

m =
p

βγ
	���


.PNFOUVN JT NFBTVSFE GSPN UIF USBKFDUPSZ PG UIF USBDL JO UIF *OOFS %FUFDUPS� 5IFSFGPSF XF DBO

SFDPOTUSVDU NBTT GPS FBDI USBDL JO UIF 4JHOBM 3FHJPO�

����� .ঊজজ 3঎ঌঘগজঝছঞঌঝ঒ঘগ

8FNFBTVSF QBSUJDMF TQFFE JO UXP JOEFQFOEFOU XBZT� JPOJ[BUJPO FOFSHZ MPTT dE/dxNFBTVSFE JO

UIF QJYFM USBDLFS BOE UJNF�PG�୯୳JHIU 	5P'
 NFBTVSFE JO UIF IBESPOJD DBMPSJNFUFS� 5IJT BMMPXT VT UP

SFDPOTUSVDU UXP NBTTFT GPS FBDI USBDL
mdE/dx BOEmToF �

mdE/dx =
p

βγdE/dx
	���


mToF =
p

βγToF
	���


XIFSF p JT UIF NPNFOUVNNFBTVSFE GPS UIF *OOFS %FUFDUPS USBDL
 βγdE/dx JT UIF βγ WBMVF PC�

���



UBJOFE GSPN UIF USBDL dE/dx UISPVHI UIF dE/dx�βγ DBMJCSBUJPO EJTDVTTFE JO 4FDUJPO �����
 BOE

βγToF JT DBMDVMBUFE GSPN UIF βToF WBMVF�

βγToF =
βToF√
1− β2

ToF

	���


'JHVSF ����B TIPXT UIF NBTT EJTUSJCVUJPO DBMDVMBUFE GSPN dE/dx
mdE/dx
 GPS TFWFSBM TJHOBM

TBNQMFT� 'JHVSF ����C TIPXT UIF NBTT EJTUSJCVUJPO DBMDVMBUFE GSPN βToF
mToF 
 GPS TFWFSBM TJHOBM

TBNQMFT�
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Figure 6.19:Mass distributions for mass reconstructed from (a)dE/dx and (b) ToF for several signal samples. These

tracks satisfy Signal Region requirements exceptEmiss
T < 150GeV, nodE/dx requirement is placed, andβToF < 1. †

5IF NBTT SFTPMVUJPO JT EPNJOBUFE CZ UIF NPNFOUVN SFTPMVUJPO
 XIJDI EFHSBEFT BU IJHI NPNFO�

UVN� 5P JMMVTUSBUF UIF EFHSBEBUJPO PG UIF NPNFOUVN SFTPMVUJPO
 DPOTJEFS UIF NPNFOUVN VODFS�

UBJOUZ SFRVJSFNFOU EFTDSJCFE JO 4FDUJPO ������ 5IJT SFRVJSFNFOU QMBDFT B DVU PO UIF VODFSUBJOUZ PG

UIF SFDPOTUSVDUFE NPNFOUVN PG UIF USBDL� 5IF DVU MPPTFOT BU IJHIFS NPNFOUB UP SF୯୳FDU UIF XPSTFO�
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JOH NPNFOUVN SFTPMVUJPO BU IJHI NPNFOUB� 'PS B HJWFO NPNFOUVN PG 500(F7
 UIJT SFRVJSFNFOU

BDDFQUT USBDLT XJUI NPNFOUVN VODFSUBJOUZ VQ UP∼44ॎ� 'PS B NVDI IJHIFS NPNFOUVN PG 2.4

5F7
 USBDLT XJUI NPNFOUVN VODFSUBJOUZ VQ UP 200ॎ BSF BDDFQUFE� #Z DPOUSBTU
 UIF βγ SFTPMVUJPO

BT NFBTVSFE WJB dE/dx BOE βToF JT FYQFDUFE UP CF PO UIF PSEFS PG 10−20ॎ� "T IJHIFS NBTT USBDLT

BSF SFDPOTUSVDUFE VTJOH IJHIFS NPNFOUVN WBMVFT
 UIF TQSFBE JO UIF NBTT EJTUSJCVUJPOT TIPXO JO

'JHVSF ���� JT XJEFS GPS TBNQMFT PG IJHIFS NBTT
 NBJOMZ ESJWFO CZ UIF NPNFOUVN SFTPMVUJPO�

'JHVSF ����B TIPXT UIF 2�EJNFOTJPOBM 	mdE/dx
mToF 
 QMBOF GPS 4JHOBM 3FHJPO USBDLT JO BO FY�

BNQMF TMFQUPO TBNQMF PG NBTT 400(F7 BOE MJGFUJNF 30 OT� 'JHVSF ����C TIPXT UIF 	mdE/dx
mToF 


QMBOF GPS 4JHOBM 3FHJPO USBDLT GPS B TBNQMF PG TUBCMF 3�IBESPOT PG NBTT 2.25F7�

(a) Slepton 400GeV, 30ns (b)R-hadron (mχ=100GeV) 2.2 TeV, stable

Figure 6.20: Distributions in the 2D (mdE/dx,mToF ) plane for a (a) slepton sample withmass 400GeV and lifetime

30ns, and a (b) stable R-hadron sample withmass 2.2 TeV. The linemdE/dx=mToF is shown in a gray dashed line.

These tracks satisfy all Signal Region requirements.†

5IF TQSFBE PG UIFTF NBTT EJTUSJCVUJPOT JO UIF 2%NBTT QMBOF DBO CF VOEFSTUPPE UISPVHI UIF CF�

IBWJPS PG UIF NBTT SFTPMVUJPO� 5IF VODFSUBJOUZ σm PO UIF SFDPOTUSVDUFE NBTT 	FJUIFSmdE/dx PS
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mToF 
 PG B USBDL JT SFMBUFE UP UIF SFTPMVUJPO PG UIF NPNFOUVNNFBTVSFNFOU σp BOE UIF SFTPMVUJPO

PG UIF βγ NFBTVSFNFOU σβγ �

σm =

√(
p

(βγ)2

)2

σ2
βγ +

(
1

βγ

)2

σ2
p

=

√(
m

βγ

)2

σ2
βγ +

(
m

p

)2

σ2
p

= m

√(
σβγ
βγ

)2

+

(
σp
p

)2

	����


$POTJEFS UIF MJNJU JO XIJDI UIF NPNFOUVN SFTPMVUJPO JT QFSGFDU BOE UIF SFTPMVUJPO PG CPUI βγ

NFBTVSFNFOUT JT QFSGFDU 	σp = σβγ = 0

 JNQMZJOH QFSGFDU 5P' BOE dE/dx SFTPMVUJPO� "TTVNJOH

UIF QBSUJDMF IBT B EFDBZ XJEUI PG [FSP
 UIF SFDPOTUSVDUFEmdE/dx BOEmToF XPVME CPUI CF FRVBM

UP UIF NBTT PG UIF QBSUJDMF JO RVFTUJPO� "T TFFO JO 'JHVSF ����
 UIJT MJNJU JT DMFBSMZ OPU UIF DBTF
 BT UIF

SFDPOTUSVDUFE NBTTFT FYIJCJU B TQSFBE BSPVOE UIF OPNJOBM NBTT QPJOU
 XIJDI JT 	400(F7
 400(F7


GPS UIF TMFQUPO TBNQMF BOE 	2.25F7
 2.25F7
 GPS UIF 3�IBESPO TBNQMF�

$POTJEFS UIF MJNJU UIBU UIF NPNFOUVN SFTPMVUJPO JT OPO[FSP
 CVU UIF βγ SFTPMVUJPO JT QFSGFDU

	σβγ = 0
� 5IJT JNQMJFT QFSGFDU dE/dx BOE 5P' SFTPMVUJPO� 4JODFmdE/dx BOEmToF BSF DBMDV�

MBUFE XJUI UIF TBNF NPNFOUVN
 SFDPOTUSVDUFEmdE/dx = mToF GPS FBDI USBDL� )PXFWFS
 EVF

UP UIF VODFSUBJOUZ JO UIF NPNFOUVNNFBTVSFNFOU
 UIJT SFDPOTUSVDUFE NBTT WBMVF JT OPU OFDFTTBSJMZ

FRVBM UP UIF OPNJOBM NBTT PG UIF TBNQMF� 5IVT UIF SFDPOTUSVDUFE 2%NBTT QPJOUT XPVME MJF BMPOH

UIF EJBHPOBM MJOFmdE/dx = mToF 
 EFOPUFE JO 'JHVSF ���� CZ B HSBZ EBTIFE MJOF� 5IF TQSFBE PG UIF
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QPJOUT BMPOH UIJT MJOF JT ESJWFO CZ UIF NPNFOUVN SFTPMVUJPO�

5IFSFGPSF XF TFF UIBU UIF TQSFBE JO UIF 2%NBTT EJTUSJCVUJPO BMPOH UIF MJOFmdE/dx = mToF

JT ESJWFO CZ UIF NPNFOUVN SFTPMVUJPO
 XIJMF UIF TQSFBE JO UIF EJTUSJCVUJPO JO UIF PSUIPHPOBM EJSFD�

UJPO JT ESJWFO CZ UIF SFTPMVUJPO JO UIF βγ NFBTVSFNFOUT� 5IF EJTUSJCVUJPOT BSF SPVHIMZ TZNNFUSJD

BCPVU UIF MJOFmdE/dx = mToF CFDBVTF UIF SFTPMVUJPOT PG βγdE/dx BOE βγToF BSF DPNQBSBCMF�

*U JT BMTP JNQPSUBOU UP OPUF UIBU UIF VODFSUBJOUZ JO UIF SFDPOTUSVDUFE NBTT JT MJOFBSMZ SFMBUFE UP

UIF SFDPOTUSVDUFE NBTT 	TFF &RVBUJPO ����
� 8JUIJO FBDI TBNQMF EFQJDUFE JO 'JHVSF ����
 UIF XJEUI

PG UIF EJTUSJCVUJPO PSUIPHPOBM UP UIF MJOFmdE/dx = mToF TDBMFT XJUI SFDPOTUSVDUFE NBTT
 TVDI

UIBU UIF NBTT EJTUSJCVUJPO CFDPNFT XJEFS BU IJHIFS SFDPOTUSVDUFE NBTTFT� 5IF MFOHUI PG UIF 2%NBTT

EJTUSJCVUJPOT BMPOH UIF MJOFmdE/dx = mToF BMTP TDBMFT XJUI SFDPOTUSVDUFE NBTT TVDI UIBU UIF 3�

IBESPO TBNQMF PG NBTT 2.25F7 IBT B HSFBUFS TQSFBE BMPOH UIJT MJOF UIBO UIF TMFQUPO TBNQMF PG NBTT

400(F7� 5IJT SF୯୳FDUT UIF EFHSBEJOH NPNFOUVN SFTPMVUJPO BU IJHIFS NPNFOUB�

*O TVNNBSZ
 JG TJHOBM USBDLT XFSF UP BQQFBS JO UIF 4JHOBM 3FHJPO
 XF XPVME FYQFDU UIFN UP CF

DMVTUFSFE BSPVOE B QBSUJDVMBS NBTT QPJOU JO UIF 2%NBTT QMBOF
 XJUIJO TPNF TQSFBE ESJWFO CZ UIF

SFTPMVUJPO BU UIBU NBTT QPJOU�

*O DPOUSBTU
 XF FYQFDU UIF SFDPOTUSVDUFEmdE/dx BOEmToF WBMVFT PG CBDLHSPVOE USBDLT UP CF

MFTT DPSSFMBUFE� #BDLHSPVOE USBDLT BSF QSPEVDFE CZ QBSUJDMFT UIBU BSF OPU USBWFMJOH TMPXMZ
 CVU BSF

BDDFQUFE CZ UIF 4JHOBM 3FHJPO SFRVJSFNFOUT� 5IJT DPVME PDDVS EVF UP TUBUJTUJDBM ୯୳VDUVBUJPOT JO UIF

IJHI UBJM PG UIF dE/dx EJTUSJCVUJPO PS UIF MPX UBJM PG UIF βToF EJTUSJCVUJPO
 PS EVF UP B NJTNFBTVSF�

NFOU PG NPNFOUVN� 5IF TPVSDFT PG CBDLHSPVOE BSF GVSUIFS EJTDVTTFE JO $IBQUFS ��

'JHVSF ���� TIPXT UIF 2%NBTT EJTUSJCVUJPO PG UIF FYQFDUFE CBDLHSPVOE
 BT QSFEJDUFE UISPVHI
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UIF QSPDFEVSF EFTDSJCFE JO $IBQUFS �� /PUF UIBU UIF CBDLHSPVOE NBTT EJTUSJCVUJPO JT DPODFOUSBUFE

BU MPX SFDPOTUSVDUFE NBTTFT BOE GBMMT TUFFQMZ XJUI JODSFBTJOH NBTT� *O BEEJUJPO
 UIF EJTUSJCVUJPO

FYIJCJUT B XJEF TQSFBE PSUIPHPOBM UP UIF MJOFmdE/dx = mToF 
 SF୯୳FDUJOH UIF MBDL PG DPSSFMBUJPO

CFUXFFO βγdE/dx BOE βγToF JO CBDLHSPVOE USBDLT�
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Figure 6.21: The predicted background distribution in the (mdE/dx,mToF ) plane. The background prediction is

obtained through the procedure described in Chapter 7.†

����� .ঊজজ8঒গ঍ঘঠ঒গঐ

8F DBO FYQMPJU UIF EJ୭GFSJOH UPQPMPHZ JO UIF 2%NBTT QMBOF PG UIF TJNVMBUFE TJHOBM EJTUSJCVUJPOT

SFMBUJWF UP UIF QSFEJDUFE CBDLHSPVOE EJTUSJCVUJPO UP GVSUIFS JODSFBTF UIF TFOTJUJWJUZ PG UIF 4JHOBM

3FHJPO� 'PS FBDI TJHOBM NBTT QPJOU
 XF EF୮ୢOF B TVCSFHJPO PG UIF 2%NBTT QMBOF UIBU DPOUBJOT BT

NBOZ PG UIF TJHOBM USBDLT BOE BT GFX PG UIF CBDLHSPVOE USBDLT BT QPTTJCMF� 5IF ୮ୢOBM TFOTJUJWJUZ PG UIF
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4JHOBM 3FHJPO UP B TJHOBM PG UIBU QBSUJDVMBS NBTT JT FWBMVBUFE XJUIJO UIBU TVCSFHJPO
 PSNBTT XJOEPX�

5IJT SFTVMUT JO B TFU PG PWFSMBQQJOH NBTT XJOEPXT XIFSF FBDI XJOEPX JT UBJMPSFE UP NBYJNJ[F UIF

TFOTJUJWJUZ UP B QBSUJDVMBS TJHOBM NBTT QPJOU�

5IF NBTT XJOEPXT TIPVME CF EF୮ୢOFE UP DPOUBJO BT MJUUMF CBDLHSPVOE BT QPTTJCMF� 5IF CBDL�

HSPVOE EJTUSJCVUJPO FYUFOET NVDI GBSUIFS PSUIPHPOBMMZ GSPN UIF MJOFmdE/dx = mToF UIBO

UIF TJHOBM EJTUSJCVUJPOT EVF UP UIF MBDL PG DPSSFMBUJPO CFUXFFO βγdE/dx BOE βγToF GPS CBDLHSPVOE

USBDLT� 'PS TJHOBM USBDLT
 βγdE/dx BOE βγToF TIPVME CF DPSSFMBUFE XJUIJO UIFJS SFTPMVUJPOT� "T EJT�

DVTTFE BCPWF
 UIF FYUFOU PG UIF TQSFBE PSUIPHPOBM UP UIF MJOFmdE/dx = mToF JT ESJWFO CZ UIF βγ

SFTPMVUJPO BOE TDBMFT MJOFBSMZ XJUI NBTT 	TFF &RVBUJPO ����
�

5P SF୯୳FDU UIJT MJOFBS TDBMJOH
 XF JNQPTF UXP MJOFBS CPVOEBSJFT JO UIF 2%NBTT QMBOF
 TUFNNJOH

GSPN UIF PSJHJO BOE TZNNFUSJD BCPVU UIF MJOFmdE/dx = mToF � 5IF TMPQFT PG UIFTF MJOFT BSF

EF୮ୢOFE TVDI UIBU UIF TQSFBE JO UIF TJHOBM USBDLT EVF UP UIF βγ SFTPMVUJPO JT DPOUBJOFE XJUIJO UIF UXP

MJOFT� 5IFTF MJOFT BSF EFQJDUFE JNQPTFE PO UIF CBDLHSPVOE QSFEJDUJPO JO 'JHVSF �����

5IFTF MJOFBS CPVOEBSJFT BSF DPMMFDUJWFMZ SFGFSSFE UP BT UIFآ DPOFأ� 5IF NBTT XJOEPXT GPS BMM TJHOBM

NBTT QPJOUT BSF EF୮ୢOFE XJUIJO UIF CPVOEBSJFT PG UIF DPOF
 SFNPWJOH CBDLHSPVOE USBDLT XJUI IJHIMZ

VODPSSFMBUFEmdE/dx BOEmToF GSPN DPOTJEFSBUJPO� "T UIF βγ SFTPMVUJPO BOE UIF MJOFBS TDBMJOH PG

UIF SFTVMUJOH DPNQPOFOU PG UIF NBTT SFTPMVUJPO BSF DPNNPO UP BMM TJHOBM TBNQMFT
 UIF TBNF DPOF JT

VTFE UP EF୮ୢOF UIF NBTT XJOEPXT GPS BMM NBTT QPJOUT�

" DPOF XJUI BO PQFOJOH BOHMF PG 22◦ SFNPWFT 24ॎ PG UIF CBDLHSPVOE USBDLT JO UIF 4JHOBM 3FHJPO


XIJMF SFUBJOJOH �90ॎ PG TJHOBM USBDLT GPS NPTU TBNQMFT� 'PS FYBNQMF
 95ॎ PG UIF USBDLT JO UIF 4JHOBM

3FHJPO JO B TMFQUPO TBNQMF PG NBTT 400(F7 BOE MJGFUJNF 30 OT GBMM XJUIJO UIF DPOF� 'PS B TUBCMF
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Figure 6.22: Two linear boundaries, referred to as a “cone”, are imposed on the predicted background distribution in

the (mdE/dx,mToF ) plane. The background prediction is obtained through the procedure described in Chapter 7.

The cone has an opening angle of 22◦ that is determined through an optimization procedure. Themass windows are
definedwithin the cone.†

3�IBESPO PG NBTT 2.25F7
 UIF DPOF DPOUBJOT 97ॎ PG UIF TJHOBM USBDLT JO UIF 4JHOBM 3FHJPO�

8JUIJO UIF DPOF
 UIF NBTT XJOEPX GPS FBDI TJHOBM QPJOU JT GPSNFE CZ JNQPTJOH BO VQQFS BOE

MPXFS CPVOEBSZ PSUIPHPOBM UP UIF MJOFmdE/dx = mToF UP GPSN B USBQF[PJE
 BT EFQJDUFE JO 'JH�

VSF ����� 5IF QMBDFNFOU PG UIF VQQFS BOE MPXFS FEHFT JT EFUFSNJOFE UISPVHI BO PQUJNJ[BUJPO QSPDF�

EVSF�

'JSTU
 B MPXFS CPVOEBSZ JT QMBDFE JO UIF DPOF
 JOUFSTFDUJOH UIF MJOFmdE/dx = mToF BU B NBTT

NVDI MPXFS UIBO UIF OPNJOBM NBTT PG UIF TJHOBM TBNQMF� 5IF MPXFS CPVOEBSZ JT UIFO NPWFE VQ

BMPOH UIF MJOFmdE/dx = mToF � 5IF MPDBUJPO PG UIF MPXFS CPVOEBSZ JT PQUJNJ[FE UP NBYJNJ[F UIF

TFOTJUJWJUZ NFUSJD <��>�

���



Figure 6.23: A sketch of how trapezoidal mass windows are constructed within the cone in the 2D (mdE/dx,mToF )

plane. The shaded region represents the conewith opening angle θ. Upper and lower edges of the trapezoid are
imposedwithin the cone around the target mass point, which is highlighted with a black dot. The placement of the

upper and lower trapezoid edges is determined through an optimization procedure. The trapezoid is parameterized by

the cone angle θ and by themass values at the center of the upper and lower edges where the edges intersect the line
mdE/dx = mToF , shown in a dashed gray line [2].

Z =

√
2
(
(s+ b) ln

(
1 +

s

b

)
− s
)
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XIFSF s BOE b BSF UIF OVNCFS PG TJHOBM BOE CBDLHSPVOE USBDLT XJUIJO UIF DPOF BOE BCPWF UIF

MPXFS CPVOEBSZ� 4JODF NPTU PG UIF CBDLHSPVOE EJTUSJCVUJPO JT DPODFOUSBUFE BU MPX NBTT
 UIF PQUJ�

NJ[BUJPO PG UIJT MPXFS CPVOEBSZ JT JNQPSUBOU UP SFNPWF BT NVDI CBDLHSPVOE BT QPTTJCMF GSPN UIF

NBTT XJOEPX XIJMF SFUBJOJOH TJHOBM USBDLT�
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5IFO
 BO VQQFS CPVOEBSZ JT TFU TVDI UIBU JUT DFOUFS JT MPDBUFE BU UIF IJHIFTU NBTT QPJOU QPTTJCMF


	7000(F7
 7000(F7

 XIJDI JT MPDBUFE CFZPOE UIF NBTT SFBDI PG UIJT 4JHOBM 3FHJPO BOE JT F୭GFD�

UJWFMZ BU JO୮ୢOJUZ� 5IF VQQFS CPVOEBSZ JT NPWFE EPXOXBSE BMPOH UIF MJOFmdE/dx = mToF VOUJM

UIF TFOTJUJWJUZ NFUSJDZ JT NBYJNJ[FE PS VOUJM UIF GSBDUJPO PG 4JHOBM 3FHJPO TJHOBM USBDLT MPDBUFE

XJUIJO UIF USBQF[PJE GBMMT CFMPX 70ॎ
 XIJDIFWFS DPNFT ୮ୢSTU� 'PS TJHOBM TBNQMFT XJUI NBTT"15F7


UIF MJLFMJIPPE UP ୮ୢOE B TJHOBM USBDL BU WFSZ IJHI NBTTFT JT NVDI HSFBUFS UIBO GPS CBDLHSPVOE USBDLT


BOE JNQPTJOH BOZ VQQFS CPVOEBSZ JT OPU BEWBOUBHFPVT GPS NBYJNJ[JOH UIF TFOTJUJWJUZ� 'PS UIFTF

NBTT QPJOUT
 UIF VQQFS CPVOEBSZ JT ୮ୢYFE BU 	7000(F7
 7000(F7

 PS F୭GFDUJWFMZ BU JO୮ୢOJUZ�

0OF NBTT XJOEPX JT EF୮ୢOFE QFS TJHOBM NBTT� 5P EF୮ୢOF UIF PQUJNJ[FE USBQF[PJEBM NBTT XJOEPX


TJHOBM TBNQMFT PG UIF TBNF NBTT BSF DPNCJOFE CFGPSF BQQMZJOH UIF PQUJNJ[BUJPO QSPDFEVSF EFTDSJCFE

BCPWF� 'PS FYBNQMF
 UP DSFBUF UIF CPVOEBSJFT PG B USBQF[PJE EFTJHOFE GPS UIF NBTT 700(F7
 700(F7

TMFQUPO TBNQMFT PG BMM BWBJMBCMF MJGFUJNF QPJOUT BOE 700(F7 DIBSHJOP TBNQMFT PG BMM BWBJMBCMF MJGFUJNF

QPJOUT BSF DPNCJOFE JOUP POF 2%NBTT IJTUPHSBN� 5IF DPOF BOHMF JT PQUJNJ[FE CZ TDBOOJOH PWFS

NBOZ QPTTJCMF BOHMFT BOE DIPPTJOH UIF BOHMF UIBU SFTVMUT JO USBQF[PJET XJUI UIF IJHIFTU TFOTJUJWJUZ GPS

UIF NBKPSJUZ PG TJHOBM NPEFMT�

5IF USBQF[PJEBM NBTT XJOEPXT BSF QBSBNFUFSJ[FE CZ UIF PQFOJOH BOHMF PG UIF DPOF
 UIF NBTT

WBMVF BU UIF DFOUFS PG UIF MPXFS USBQF[PJE CPVOEBSZ
 BOE UIF NBTT WBMVF BU UIF DFOUFS PG UIF VQQFS

CPVOEBSZ� 5IF USBQF[PJEBM NBTT XJOEPX QBSBNFUFST BSF TIPXO JO 5BCMF ����

5IF XJOEPXT UFOE UP CF BTZNNFUSJD BCPVU UIF UBSHFU NBTT QPJOU
 XJUI UIF MPXFS FEHF PG UIF

USBQF[PJE MPDBUFE DMPTFS UP UIF UBSHFU NBTT UIBO UIF VQQFS FEHF� 5IJT SFTVMUT GSPN UIF PQUJNJ[BUJPO

PG UIF MPXFS CPVOE UP SFNPWF MPX�NBTT CBDLHSPVOE� *U JT BEWBOUBHFPVT GPS UIF NBTT XJOEPX UP CF
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5SBQF[PJE 1BSBNFUFST
 $POF BOHMF 22◦
5BSHFU NBTT <(F7> -PXFS FEHF NBTT <(F7> 6QQFS FEHF NBTT <(F7>

ռրջ ռսջ սռջ
սջջ ռցջ սքջ
սրջ սռջ վփջ
վջջ սրջ տքջ
վրջ սւջ ցտջ
տջջ վսջ ցփջ
տրջ վւջ ւջջ
րջջ տջջ փռջ
րրջ տւջ քվջ
ցջջ տփջ ռվցջ
ցրջ րվջ ռվցջ
ւջջ րվջ ռվցջ
փջջ րփջ ռւցջ
քջջ ւռջ սցռջ
ռջջջ փսջ սվփջ
ռտջջ փցջ ւջջջ
ռցջջ քրջ ւջջջ
ռփջջ քրջ ւջջջ
սջջջ ռռջջ ւջջջ
սսջջ ռսջջ ւջջջ
ստջջ ռսջջ ւջջջ
սցջջ ռցցջ ւջջջ

Table 6.6: The 2Dmass window parameters derived using the trapezoidal method, given a cone opening angle of 22◦.
The lower edgemass identifies themass point (mToF ,mdE/dx) at the center of the trapezoidal lower edge. The

upper edgemass locates the center at the point (mToF ,mdE/dx) of the trapezoid upper edge in the 2Dmass plane.

The definitions of mass windows in the range 800GeV to 1.3 TeVwill be finalized using chargino simulation that is still

in production at the writing of this thesis. The 800GeV, 900GeV, and 1000GeVmass windowswere determined using

existing chargino samples with lifetimes 4 ns and 10 ns.†

MPDBUFE BU IJHIFS NBTTFT 	XIJMF SFUBJOJOH TJHOBM USBDLT
 JO PSEFS UP BWPJE JODMVEJOH UIF CBDLHSPVOE

EJTUSJCVUJPO
 XIJDI GBMMT TUFFQMZ XJUI JODSFBTJOH NBTT� 5IF XJOEPXT JODSFBTF JO TJ[F XJUI JODSFBTJOH

NBTT
 SF୯୳FDUJOH UIF XPSTFOJOH NBTT SFTPMVUJPO BU IJHI NBTTFT EVF UP UIF EFHSBEBUJPO PG UIF NPNFO�

UVN SFTPMVUJPO BU IJHI NPNFOUB�

5IF USBQF[PJEBM NBTT XJOEPXT BSF VTFE BT NJOJ 4JHOBM 3FHJPOT UBJMPSFE UP PQUJNJ[F TFOTJUJWJUZ UP

FBDI TJHOBM NBTT QPJOU� 5IF FWBMVBUJPO PG TZTUFNBUJD VODFSUBJOUJFT BT XFMM BT UIF TUBUJTUJDBM JOUFSQSFUB�

UJPO PG UIF SFTVMUT PG UIF TFBSDI PDDVS XJUIJO UIF NBTT XJOEPXT�

5BCMF ��� TIPXT UIF OVNCFS PG TJHOBM BOE CBDLHSPVOE USBDLT XJUIJO UIF USBQF[PJE
 UIF GSBDUJPO

���



PG TJHOBM USBDLT JO UIF 4JHOBM 3FHJPO GBMMJOH XJUIJO UIF NBTT XJOEPX
 BOE UIF FYQFDUFE TFOTJUJWJUZ GPS

TFWFSBM TJHOBM TBNQMFT�

4JHOBM .BTT <(F7> -JGFUJNF <OT> 4JHOBM 5SBDLT #BDLHSPVOE 5SBDLT 4JHOBM &ӊDJFODZ 4FOTJUJWJUZ
4MFQUPO սջջ ռջ վ�ւ ռ�տ ջ�փս ս�վփ
4MFQUPO տջջ վջ տ�վ ջ�ք ջ�փփ վ�ռվ

$IBSHJOP ւջջ ռջ ռ�փ ջ�վ ջ�փր ս�ռր
3�IBESPO սսջջ TUBCMF վ�ս ջ�ռ ջ�փք տ�վց

Table 6.7: The results of the application of the trapezoidal mass window for a few signal samples. Themass of the signal

sample determines the parameters of the trapezoid that is applied. The number of signal tracks in the trapezoid, the

number of predicted background tracks in the trapezoid, the signal efficiency of the trapezoid relative to the Signal

Region, and the sensitivity determinedwith themetricZ (Equation 6.11) [93] are shown.
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d
#BDLHSPVOE &TUJNBUF

5IF 4JHOBM 3FHJPO JT DPNQPTFE PG USBDLT UIBU IBWF IJHI pT 
 IJHI dE/dx
 BOE MPX βToF� "MUIPVHI

UIFTF SFRVJSFNFOUT BSF PQUJNJ[FE UP TFBSDI GPS QPUFOUJBM IJHI NBTT TJHOBMT
 TPNF 4UBOEBSE.PEFM

USBDLT XJMM BMTP DPOUSJCVUF UP UIF EBUB JO UIF 4JHOBM 3FHJPO� 4JODF UIF QSPDFTTFT UIBU MFBE UP UIJT DPO�

USJCVUJPO BSF EJ୭୮ୢDVMU UP NPEFM
 UIJT BOBMZTJT VTFT B UFDIOJRVF UP FYUSBDU UIF FYQFDUFE CBDLHSPVOE

EJTUSJCVUJPO GSPN EBUB� 5IJT DIBQUFS EFUBJMT UIF QPTTJCMF TPVSDFT PG CBDLHSPVOE
 B QSPDFEVSF GPS FTUJ�
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NBUJOH UIF CBDLHSPVOE JO UIF 4JHOBM 3FHJPO VTJOH EBUB JO BEKBDFOU SFHJPOT
 BOE B TUSBUFHZ UP UFTU UIF

F୭GFDUJWFOFTT PG UIJT CBDLHSPVOE FTUJNBUJPO QSPDFEVSF�

��� 4ঘঞছঌ঎জ ঘএ #ঊঌঔঐছঘঞগ঍

5IF CBDLHSPVOE JO UIF 4JHOBM 3FHJPO JT DPNQPTFE PG 4UBOEBSE.PEFM USBDLT XJUI B IJHI SFDPO�

TUSVDUFE NBTT� " IJHI SFDPOTUSVDUFE NBTT DBO DPNF GSPN BO BOPNBMPVTMZ MPX βγ NFBTVSFNFOU
 PS

B IJHI NFBTVSFNFOU PG NPNFOUVN� "O VOEFSFTUJNBUF PG βγ UISPVHI βToF JT QPTTJCMF EVF UP UIF

UJNJOH SFTPMVUJPO PG UIF DBMPSJNFUFS DFMMT� "O VOEFSFTUJNBUF PG βγ UISPVHI dE/dx JT QPTTJCMF EVF

UP UIF QSPCBCJMJTUJD OBUVSF PG UIF dE/dxNFBTVSFNFOU�

"T EFTDSJCFE JO 4FDUJPO �����
 UIF QSPCBCJMJUZ EFOTJUZ GVODUJPO PG B TJOHMF dE/dxNFBTVSFNFOU

JT EFTDSJCFE CZ B -BOEBV GVODUJPO
 XIJDI IBT B MPOH VQQFS UBJM� " USVODBUFE NFBO QSPDFEVSF JT

VTFE UP DPNCJOF UIF JOEJWJEVBM QJYFM dE/dxNFBTVSFNFOUT JOUP POF dE/dx WBMVF UIBU FTUJNBUFT

UIF .PTU 1SPCBCMF 7BMVF 	.17
 PG UIF -BOEBV EJTUSJCVUJPO� 8JUI POMZ B MJNJUFE OVNCFS PG QJYFM

dE/dxNFBTVSFNFOUT BWBJMBCMF
 UIF MPOH UBJM PG UIF -BOEBV EJTUSJCVUJPO DBO TLFX UIF USVODBUFE

NFBO dE/dx WBMVF IJHI BOE PWFSFTUJNBUF UIF dE/dx.17�

5IFTF TUBUJTUJDBM BOE EFUFDUPS�EFQFOEFOU QSPQFSUJFT BSF EJ୭୮ୢDVMU UP TJNVMBUF� 5IFSFGPSF
 UIJT BOBMZ�

TJT VTFT B EBUB�ESJWFO BQQSPBDI UP CBDLHSPVOE FTUJNBUJPO
 JO XIJDI EBUB JO TJHOBM�EFQMFUFE SFHJPOT JT

VTFE UP NPEFM UIF CBDLHSPVOE JO UIF 4JHOBM 3FHJPO�

���



��� &জঝ঒খঊঝ঒ঘগ 1ছঘঌ঎঍ঞছ঎

5IF QSFEJDUFEmToF BOEmdE/dx CBDLHSPVOE EJTUSJCVUJPOT JO UIF 4JHOBM 3FHJPO BSF DPOTUSVDUFE

CZ HFOFSBUJOH أUPZآ USBDLT UIBU BSF FYQFDUFE UP IBWF TJNJMBS LJOFNBUJD BOE dE/dx QSPQFSUJFT BT

CBDLHSPVOE USBDLT JO UIF 4JHOBM 3FHJPO� 5IJT JT EPOF CZ SBOEPNMZ TBNQMJOH LJOFNBUJD BOE dE/dx

WBSJBCMFT GSPN IJTUPHSBNT JO CBDLHSPVOE�EPNJOBUFE SFHJPOT
 BOE VTJOH UIPTF WBMVFT UP SFDPOTUSVDU B

NBTT VTJOHm = p/βγ�

����� $ঘগঝছঘক 3঎ঐ঒ঘগজ

5IF CBDLHSPVOE�EPNJOBUFE SFHJPOT VTFE UP DPOTUSVDU UIF CBDLHSPVOE NBTT EJTUSJCVUJPOT BSF SF�

GFSSFE UP BT $POUSPM 3FHJPOT 	$3T
� 5XP $3T BSF OFFEFE UP HFOFSBUF NBTT WJBm = p/βγ� B LJOF�

NBUJD $3 GSPN XIJDI UP EFUFSNJOF NPNFOUVN
 BOE B βγ $3 GSPN XIJDI UP EFUFSNJOF βγ
 FJUIFS

UISPVHI dE/dx PS βToF� &WFOUT JO UIF $3T GVM୮ୢMM JEFOUJDBM TFMFDUJPO DSJUFSJB BT UIF 4JHOBM 3FHJPO

BQBSU GSPNEmiss
T 
 dE/dx
 BOE βToF SFRVJSFNFOUT�

'PS CBDLHSPVOE USBDLT
 XIJDI IBWF β ≈1 BU UIF IJHI NPNFOUB DPOTJEFSFE
 UIF WBSJBCMFT pT 


dE/dx
 BOE βToF TIPVME BMM CF VODPSSFMBUFE XJUIJO B OBSSPX TMJDF PG |η|� dE/dx BOE NPNFOUVN

BSF BTTVNFE UP CF VODPSSFMBUFE GPS GBTU CBDLHSPVOE QBSUJDMFT CFDBVTF BU IJHI βγ WBMVFT
 UIF EBUB�

ESJWFO dE/dx�βγ DVSWF QMBUFBVT� 4JNJMBSMZ
 BU IJHI NPNFOUVN
 TNBMM EJ୭GFSFODFT JO β EVF UP TNBMM

EJ୭GFSFODFT JO NPNFOUVN PG WFSZ MJHIU QBSUJDMFT XPVME OPU CF SFTPMWBCMF XJUI UIF BWBJMBCMF βToF

SFTPMVUJPO� 5IFSFGPSF BU IJHI NPNFOUB
 XIFSF MJHIU QBSUJDMFT BSF USBWFMJOH DMPTF UP UIF TQFFE PG MJHIU


dE/dx BOE βToF TIPVME CF F୭GFDUJWFMZ VODPSSFMBUFE GSPNNPNFOUVN� .PSF EFUBJM PO UIJT QPJOU

���



DBO CF GPVOE JO 4FDUJPOT ����� BOE ������

%VF UP UIJT MBDL PG DPSSFMBUJPO
 UIF pT EJTUSJCVUJPO PG CBDLHSPVOE USBDLT JO UIF 4JHOBM 3FHJPO XJMM

CF TJNJMBS UP UIF pT EJTUSJCVUJPO PG CBDLHSPVOE USBDLT BU B MPXFS dE/dx SBOHF
 XJUIJO B QBSUJDVMBS

|η| TMJDF� 5IJT NPUJWBUFT UIF QMBDFNFOU PG UIF LJOFNBUJD $3 BU dE/dx < 1.6�

5IF dE/dx QSPQFSUJFT PG CBDLHSPVOE USBDLT BT NFBTVSFE JO UIF TJMJDPO QJYFMT TIPVME CF JOEFQFO�

EFOU PGEmiss
T DBMDVMBUFE JO UIF FWFOU� 4JNJMBSMZ
 NFBTVSFE βToF WBMVFT BOEEmiss

T BSF FYQFDUFE UP CF

VODPSSFMBUFE� *U GPMMPXT UIBU βγ GPVOE UISPVHI βToF PS dE/dx TBNQMFE GSPN B EJ୭GFSFOUEmiss
T

SBOHF UIBO UIF 4JHOBM 3FHJPO 	Emiss
T �170(F7
 DBO CF VTFE UP NPEFM βγ JO UIF 4JHOBM 3FHJPO� 'PS

UIJT SFBTPO
 UIF βγ $3 DBO CF EF୮ୢOFE BU B MPXFSEmiss
T SBOHF 	Emiss

T �150(F7
 UIBO UIF 4JHOBM 3F�

HJPO�

"MUIPVHI UIF QVSQPTF PG UIF $3T JT UP QSFEJDU UIF CFIBWJPS PG UIF CBDLHSPVOE JO B SFHJPO XIFSF

dE/dx � 1.8
 UIF βγ $3 FYUFOET PWFS BMM dE/dx WBMVFT� 5IJT DIPJDF QSPWJEFT HFOFSBUFE UPZ USBDLT

UIBU XJMM TFSWF UP TDBMF UIF HFOFSBUFE CBDLHSPVOE FTUJNBUF UP EBUB JO B CBDLHSPVOE�EPNJOBUFE SFHJPO

BU MPX dE/dx�

"MUIPVHI UIF $3T BSF NFBOU UP QSFEJDU CBDLHSPVOE JO B SBOHF XIFSF βToF � βcut
 CPUI $3T

DPWFS UIF SBOHF βToF � 1.0� 5IJT FOSJDIFT UIF $3T XJUI TUBUJTUJDT
 BOE EPFT OPU B୭GFDU UIF TIBQF PG

UIF CBDLHSPVOE FTUJNBUF EVF UP UIF NVUVBM MBDL PG DPSSFMBUJPO CFUXFFO pT 
 dE/dx
 BOE βToF

JO B HJWFO |η| TMJDF� 5SBDLT XJUI βToF ≥ 1 BSF OPU DPOTJEFSFE JO UIF $POUSPM 3FHJPOT CFDBVTF γ JT

VOEF୮ୢOFE GPS UIFTF WBMVFT
 BOE B WBMJE γ WBMVF JT OFDFTTBSZ GPS UIF SFDPOTUSVDUJPO PG NBTT�

" NBQ TVNNBSJ[JOH UIF QMBDFNFOU PG UIF $POUSPM 3FHJPOT SFMBUJWF UP UIF 4JHOBM 3FHJPO JT TIPXO

JO 'JHVSF ����

���



Figure 7.1: Schematic diagram of the Signal region and its Control Regions. MET refers toEmiss
T .

����� (঎গ঎ছঊঝ঒গঐ #ঊঌঔঐছঘঞগ঍ 5ছঊঌঔজ

5IJT TFDUJPO EFTDSJCFT UIF QSPDFEVSF VTFE UP HFOFSBUF B UPZ USBDL� 'JSTU
 JO UIF LJOFNBUJD $3
 B 2%

IJTUPHSBN PG |η| WT 1/pT JT SBOEPNMZ TBNQMFE UP PCUBJO B TFU PG WBMVFT 	|η|
1/pT
� 5IJT IJTUPHSBN


SFGFSSFE UP BT UIF LJOFNBUJD UFNQMBUF
 JT TIPXO JO 'JHVSF ���� 5IFTF WBMVFT BSF VTFE UP DBMDVMBUF B

NPNFOUVN WBMVF GPS UIF USBDL WJB UIF SFMBUJPO p = pT cosh(η)�

/FYU
 B dE/dx IJTUPHSBN JT TBNQMFE JO UIF βγ $3 UP HFU B dE/dx WBMVF GPS UIF USBDL� %VF UP

UIF DPSSFMBUJPOT CFUXFFO dE/dx BOE |η| EJTDVTTFE JO 4FDUJPO �����
 B TFQBSBUF dE/dx IJTUPHSBN

JT DSFBUFE GPS FBDI 0.2�XJEF |η| TMJDF JO UIF βγ $3� 5IF BQQSPQSJBUF dE/dx IJTUPHSBN JT TFMFDUFE

BDDPSEJOH UP UIF |η| WBMVF TBNQMFE GSPN UIF LJOFNBUJD $3 JO UIF QSFWJPVT TUFQ� 5IFTF |η|�CJOOFE

dE/dx IJTUPHSBNT UIBU BSF TBNQMFE UP DPOTUSVDU UPZ USBDLT BSF DPMMFDUJWFMZ SFGFSSFE UP BT UIF dE/dx

UFNQMBUFT� "O FYBNQMF dE/dx UFNQMBUF JT TIPXO JO 'JHVSF ����

5IFO
 B βToF IJTUPHSBN JT TBNQMFE JO UIF βγ $3 UP PCUBJO B βToF WBMVF GPS UIF UPZ USBDL� 5IF

βToF IJTUPHSBNT BSF CJOOFE JO 0.1�XJEF TMJDFT PG |η| EVF UP UIF |η|�EFQFOEFODF PG βToF EJTDVTTFE
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Figure 7.2: The template in the kinematic CR fromwhich (|η|,1/pT) values are sampled and used to construct momen-
tum for toy tracks.
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Figure 7.3: ExampledE/dx histograms in theβγ CR fromwhichdE/dx values are sampled for toy tracks.

JO 4FDUJPO ������ "T JO UIF dE/dx DBTF
 UIF TBNQMFE βToF IJTUPHSBN JT JOEFYFE BDDPSEJOH UP UIF |η|

WBMVF TBNQMFE GSPN UIF LJOFNBUJD $3� "O FYBNQMF βToF IJTUPHSBN JT TIPXO JO 'JHVSF ����

'JOBMMZ
 BmdE/dx WBMVF BOE BmToF WBMVF BSF SFDPOTUSVDUFE GPS UIF UPZ USBDL� 5IF 	|η|
 pT


 dE/dx
 WBMVFT PG UIF USBDL BSF VTFE BT JOQVUT UP UIF dE/dx�βγ DBMJCSBUJPO EJTDVTTFE JO 4FD�

UJPO ����� UP PCUBJO BmdE/dx WBMVF� 5IF 	Q
 βToF
 WBMVFT BSF VTFE UP DBMDVMBUFmToF WJBm =

p/βγ�

5IJT QSPDFEVSF JT SFQFBUFE 10NJMMJPO UJNFT
 DSFBUJOH 10NJMMJPO UPZ USBDLT
 UP HFOFSBUF UIF TIBQFT

PG UIF QSFEJDUFE CBDLHSPVOEmdE/dx BOEmToF EJTUSJCVUJPOT JO UIF 4JHOBM 3FHJPO�
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Figure 7.4: ExampleβToF histograms in theβγ CR fromwhichβToF values are sampled for toy tracks.

����� /ঘছখঊক঒ণঊঝ঒ঘগ

5IF JOUFHSBMT PG UIFTF EJTUSJCVUJPOT NVTU CF TDBMFE UP EBUB JO PSEFS UP F୭GFDUJWFMZ QSFEJDU UIF OVNCFS

PG CBDLHSPVOE USBDLT JO UIF 4JHOBM 3FHJPO� " OPSNBMJ[BUJPO QSPDFEVSF SFMBUFT UIF OVNCFS PG HFOFS�

BUFE UPZ USBDLT UP UIF OVNCFS PG EBUB USBDLT JO B CBDLHSPVOE�EPNJOBUFE SFHJPO� 5IF OPSNBMJ[BUJPO

GBDUPS
 PS TDBMF GBDUPS
 XJMM TDBMF UIF OVNCFS PG HFOFSBUFE UPZT QBTTJOH UIF 4JHOBM 3FHJPO dE/dx BOE

βToF SFRVJSFNFOUT UP QSFEJDU UIF OVNCFS PG CBDLHSPVOE USBDLT JO UIF 4JHOBM 3FHJPO�

5IJT TDBMJOH QSPDFEVSF JT EPOF CZ DBMDVMBUJOH UIF SBUJP PG HFOFSBUFE USBDLT XIPTF dE/dx WBMVFT

GBMM CFMPX 1.6 BOE XIPTF βToF WBMVFT GBMM CFUXFFO βcut BOE 1
 UP UIF TFU PG USBDLT JO EBUB XJUI JEFOUJ�

DBM SFRVJSFNFOUT� 5IF EBUB USBDLT DPSSFTQPOE UP USBDLT JO UIF LJOFNBUJD $3 XJUI UIF BEEFE SFRVJSF�

NFOU PG βcut � βToF � 1� 5P SFEVDF QPTTJCMF TJHOBM DPOUBNJOBUJPO GSPN TJHOBM QBSUJDMFT XJUI IJHI

NBTT
 UIF SBUJP JT DBMDVMBUFE POMZ JO B NBTT SBOHF TVDI UIBUmdE/dx BOEmToF BSF CPUI MFTT UIBO 160

���



(F7� 5IJT SBUJP
 PS TDBMF GBDUPS
 JT UIFO BQQMJFE UP TDBMF UIF OVNCFS PG HFOFSBUFE UPZT XJUI dE/dx �

1.8 BOE βToF � βcut UP QSFEJDU UIF OVNCFS PG CBDLHSPVOE USBDLT JO UIF 4JHOBM 3FHJPO�

5IF QSFEJDUFEmdE/dx BOEmToF EJTUSJCVUJPOT JO UIF 4JHOBM 3FHJPO BSF TIPXO JO 'JHVSF ���

BOE 'JHVSF ���� 5IF QSFEJDUFE CBDLHSPVOE EJTUSJCVUJPO JO UIF 2%NBTT QMBOF JO UIF 4JHOBM 3FHJPO JT

TIPXO JO 'JHVSF ��� JO UIF CMVF IJTUPHSBN� 4FWFSBM FYBNQMF TJHOBM TBNQMFT BSF TIPXO GPS DPNQBSJTPO

JO UIF SFE
 HSFFO
 BOE ZFMMPX IJTUPHSBNT�
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Figure 7.5: The predictedmdE/dx background (blue histogram) in the Signal Region. The blue band represents the

total systematic uncertainty on the background estimate. Several example signal samples are shown for comparison in

the red, green, and yellow histograms.†
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5IF CBDLHSPVOE FTUJNBUJPO QSPDFEVSF JT UFTUFE JO CBDLHSPVOE�EPNJOBUFE SFHJPOT DBMMFE 7BMJEBUJPO

3FHJPOT 	73T
� 5XP 73T BSF EF୮ୢOFE JO UIJT BOBMZTJT XJUI UIF TBNF TFMFDUJPO BT UIF 4JHOBM 3FHJPO
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Figure 7.6: The predictedmToF background (blue histogram) in the Signal Region. The blue band represents the

total systematic uncertainty on the background estimate. The spike in the uncertainty band at 1 TeV is caused by low

statistics in the systematic uncertainty calculation at highmass. This spike does not reflect a physical effect and is

removed using a smoothing procedure before the application of mass windows. Several example signal samples are

shown for comparison in the red, green, and yellow histograms.†
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Figure 7.7: The predicted background (blue histogram) in themdE/dx vsmToF plane in the Signal Region.†

FYDFQU GPS DIBOHFT JO UIF dE/dx BOE βToF SFRVJSFNFOUT� 5IF -PX dE/dx73 JT DPNQPTFE PG

USBDLT XJUI JEFOUJDBM TFMFDUJPO UP UIF 4JHOBM 3FHJPO FYDFQU GPS B SFRVJSFNFOU UIBU 1.05 � dE/dx �

1.6� 4JNJMBSMZ
 UIF )JHI βToF 73 JT DPNQPTFE PG USBDLT XJUI JEFOUJDBM TFMFDUJPO UP UIF 4JHOBM 3FHJPO

FYDFQU UIBU βToF SBOHFT GSPN βcut UP 1.0� " TDIFNBUJD PG UIF 73T SFMBUJWF UP UIF 43 JT TIPXO JO

'JHVSF ����

4JODF 4UBOEBSE.PEFM CBDLHSPVOE USBDLT IBWF β ≈ 1
 UIF NBKPSJUZ PG UIFN TIPVME CF NFBTVSFE

BT IBWJOH MPX dE/dx BOE IJHI βToF SFMBUJWF UP UIF 4JHOBM 3FHJPO� "OZ CBDLHSPVOE USBDLT UIBU GBMM

JOUP FJUIFS UIF 43 PS UIF 73T SFTVMU GSPN FJUIFS BO BOPNBMPVTMZ IJHI dE/dxNFBTVSFNFOU 	)JHI

βToF 73

 BO BOPNBMPVTMZ MPX βToF NFBTVSFNFOU 	-PX dE/dx73

 PS CPUI 	43
� 'PS GBTU CBDL�

HSPVOE USBDLT
 UIFTF BOPNBMPVT NFBTVSFNFOUT TIPVME CF VODPSSFMBUFE� *O F୭GFDU
 BO BOPNBMPVTMZ
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Figure 7.8: Schematic diagram of the Signal region, LowdE/dxVR, andHighβToF VR.MET refers toEmiss
T .

IJHI QJYFM dE/dxNFBTVSFNFOU PG B GBTU CBDLHSPVOE QBSUJDMF TIPVME HJWF OP JOGPSNBUJPO BCPVU

UIF UJNF�PG�୯୳JHIU UIBU JT NFBTVSFE JO UIF DBMPSJNFUFS� #Z DIPPTJOH BEKBDFOU SFHJPOT UP UIF 4JHOBM

3FHJPO JO UIF dE/dx − βToF QMBOF UP BDU BT 7BMJEBUJPO 3FHJPOT
 UIF CBDLHSPVOE FTUJNBUF JT TFQ�

BSBUFMZ UFTUFE JO SFHJPOT XIFSF dE/dx JT NFBTVSFE BOPNBMPVTMZ IJHI BOE XIFSF βToF JT NFBTVSFE

BOPNBMPVTMZ MPX� 5IF DMPTVSF PG UIF CBDLHSPVOE QSFEJDUJPO XJUI EBUB JO CPUI 73T XJMM WBMJEBUF UIF

CBDLHSPVOE FTUJNBUF QSPDFEVSF�

"TTPDJBUFE βγ BOE LJOFNBUJD $3T BSF EF୮ୢOFE GPS FBDI 7BMJEBUJPO 3FHJPO
 XIFSF FWFOUT JO UIFTF

$POUSPM 3FHJPOT QBTT BMM 4JHOBM 3FHJPO TFMFDUJPO FYDFQU GPS UIF dE/dx
 βToF
 BOEEmiss
T DVUT� 5IF

MBZPVU PG UIF -PX dE/dx73 BOE JUT $POUSPM 3FHJPOT JT TIPXO JO 'JHVSF ���� 5IF LJOFNBUJD $3

SFRVJSFT dE/dx � 1.05
 βToF � 1.0
 BOEEmiss
T � 170(F7� 5IF βγ $3 JT EF୮ୢOFE CZ dE/dx � 1.6
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βToF � 1.0
 BOEEmiss
T � 150(F7�

Figure 7.9: Schematic diagram of the LowdE/dxValidation Region and the corresponding Control Regions. MET

refers toEmiss
T .

5IF MBZPVU PG UIF )JHI βToF 73 BOE JUT $POUSPM 3FHJPOT JT TIPXO JO 'JHVSF ����� 5IF LJOFNBUJD

$3 JT EF୮ୢOFE CZ βcut � βToF � 1
 dE/dx � 1.6
 BOEEmiss
T � 170(F7� 5IF βγ $3 JT MPDBUFE JO UIF

SFHJPO XIFSF βcut � βToF � 1 BOEEmiss
T � 150(F7�

Figure 7.10: Schematic diagram of the HighβToF Validation Region and the corresponding Control Regions. MET

refers toEmiss
T .

4JHOBM
 7BMJEBUJPO
 BOE $POUSPM 3FHJPO EF୮ୢOJUJPOT BSF TVNNBSJ[FE JO 5BCMF ����

���



Table 7.1: Definitions of the Signal, Control and Validation regions. All events and tracks satisfy the Signal Region

selection apart fromEmiss
T ,dE/dx, andβToF requirements.†

3FHJPO Emiss
T <(F7> dE/dx [MeV g−1cm2] βToF

SR > 170 > 1.8 [0.− βcut]
CR-kin > 170 < 1.6 [0.− 1.0]
CR-βγ < 150 > 0 [0.− 1.0]
VR-LowdE/dx > 170 [1.05− 1.6] [0.− βcut]
CR-LowdE/dx-kin > 170 < 1.05 [0.− 1.0]
CR-LowdE/dx-βγ < 150 < 1.6 [0.− 1.0]
VR-HighβToF > 170 > 1.8 [βcut − 1.0]
CR-HighβToF-kin > 170 < 1.6 [βcut − 1.0]
CR-HighβToF-βγ < 150 > 0 [βcut − 1.0]

*O FBDI 7BMJEBUJPO 3FHJPO
 UIF CBDLHSPVOEmToF BOEmdE/dx EJTUSJCVUJPOT BSF DBMDVMBUFE GSPN

UIF $POUSPM 3FHJPOT BOE DPNQBSFE UP EBUB�

5IF QSFEJDUFEmToF CBDLHSPVOE DPNQBSFE UP UIFmToF EJTUSJCVUJPO PG UIF EBUB JO UIF -PX

dE/dx73 JT TIPXO JO 'JHVSF ����� 5IF QSFEJDUFEmdE/dx CBDLHSPVOE DPNQBSFE UP UIFmdE/dx

EJTUSJCVUJPO PG UIF EBUB JO UIF -PX dE/dx73 JT TIPXO JO 'JHVSF ����� *O CPUI DBTFT
 UIF CBDL�

HSPVOE QSFEJDUJPO BOE EBUB BHSFF JO TIBQF BOE OPSNBMJ[BUJPO�

5IF QSFEJDUFEmToF CBDLHSPVOE DPNQBSFE UP UIFmToF EJTUSJCVUJPO PG UIF EBUB JO UIF )JHI

βToF 73 JT TIPXO JO 'JHVSF ����� 5IF QSFEJDUFEmdE/dx CBDLHSPVOE DPNQBSFE UP UIFmdE/dx

EJTUSJCVUJPO PG UIF EBUB JO UIF )JHI βToF 73 JT TIPXO JO 'JHVSF ����� *O CPUI DBTFT
 UIF CBDLHSPVOE

QSFEJDUJPO BOE EBUB BHSFF JO TIBQF BOE OPSNBMJ[BUJPO�

5IF 2%mdE/dx WTmToF IJTUPHSBNT GPS UIF 7BMJEBUJPO 3FHJPOT BSF TIPXO JO 'JHVSFT ����� �����

5IF CMVF IJTUPHSBNT SFQSFTFOU UIF QSFEJDUFE CBDLHSPVOE BOE UIF EBUB JT TIPXO BT SFE QPJOUT�

5IF QSFEJDUFE BOE PCTFSWFE ZJFMET JO UIF 7BMJEBUJPO 3FHJPOT
 BT XFMM BT UIF FYQFDUFE ZJFME JO UIF

���
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Figure 7.11: Comparison of predictedmToF background (blue histogram) to data (black points) in the LowdE/dx
Validation Region. The blue band represents the total systematic uncertainty on the background estimate [2].
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Figure 7.12: Comparison of predictedmdE/dx background (blue histogram) to data (black points) in the LowdE/dx
Validation Region. The blue band represents the total systematic uncertainty on the background estimate [2].

���



0

10

20

30

40

50

60

70

En
tri

es

O
ve

rfl
ow

0 200 400 600 800 1000

 [GeV]ToFm

0
1
2

D
at

a 
/ P

re
d.

Observed

Prediction

-VR
ToF
βHigh

1− = 13 TeV,  140 fbs
(calo)<1β<

cut
βdE/dx > 1.8, 

ATLAS Preliminary

Figure 7.13: Comparison of predictedmToF background to data in the HighβToF Validation Region. The blue band

represents the total systematic uncertainty on the background estimate [2].
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Figure 7.14: Comparison of predictedmdE/dx background to data in the HighβToF Validation Region. The blue band

represents the total systematic uncertainty on the background estimate [2].
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Figure 7.16: The predicted background (blue histogram) compared to data (red points) in themdE/dx vsmToF plane

in the HighβToF Validation Region.†
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3FHJPO 1SFEJDUFE :JFME 0CTFSWFE :JFME
VR-LowdE/dx վռց± սւ սքջ
VR-HighβToF քռ± ց քվ

SR ր�ռ± ջ�ր Ѽ

Table 7.2: The expected and observed number of tracks in the LowdE/dxValidation Region andHighβToF Valida-

tion Region, and the expected number of tracks in the Signal Region. The uncertainties shown are the total systematic

uncertainties on the background prediction in the Signal Region, as detailed in Chapter 8. See Chapter 9 for the num-

ber of events in the Signal Region observed in data.†

4JHOBM 3FHJPO
 BSF TVNNBSJ[FE JO 5BCMF ���� *O FBDI 7BMJEBUJPO 3FHJPO
 UIF QSFEJDUFE OVNCFS PG

CBDLHSPVOE USBDLT BHSFFT XJUI UIF PCTFSWFE OVNCFS PG USBDLT�

5IF 7BMJEBUJPO 3FHJPOT BSF BCMF UP WBMJEBUF EJ୭GFSFOU SBOHFT PGmdE/dx BOEmToF EFQFOEJOH PO

UIF EJ୭GFSFODFT JO β BDDFQUBODF JNQPTFE CZ UIF dE/dx BOE βToF SFRVJSFNFOUT JO FBDI SFHJPO� *O

UIF )JHI βToF 73
 IJHIFSmdE/dx WBMVFT DBO CF SFDPOTUSVDUFE UIBOmToF WBMVFT CFDBVTF UIF )JHI

βToF 73 JT EF୮ୢOFE BU βcut � βToF � 1.0 BOE dE/dx � 1.8� 5IF IJHIFS dE/dx WBMVFT DPSSFTQPOE

UP MPXFS βγdE/dx WBMVFT BOE BMMPX UIF SFDPOTUSVDUJPO PG IJHIFSmdE/dx WBMVFT� 5IF IJHIFS βToF

WBMVFT BMMPX B NPSF MJNJUFE βγToF BOEmToF SBOHF�

)PXFWFS
 EVF UP UIF JEFOUJDBM dE/dx SFRVJSFNFOU BT UIF 4JHOBM 3FHJPO
 UIF )JHI βToF 73

JT BCMF UP WBMJEBUF UIF NPEFMJOH PG UIFmdE/dx EJTUSJCVUJPO JO UIF TBNF NBTT SBOHF BT UIF 4JHOBM

3FHJPO� 4JNJMBSMZ
 UIF -PX dE/dx73 JT BCMF UP WBMJEBUF UIF CBDLHSPVOE NPEFMJOH PG UIFmToF

EJTUSJCVUJPO PWFS UIF TBNF NBTT SBOHF BT UIF 4JHOBM 3FHJPO�
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3
4ZTUFNBUJD 6ODFSUBJOUJFT

.BOZ BTTVNQUJPOT BOE DIPJDFT NBEF JO EFTJHOJOH UIF USBDL TFMFDUJPO BOE UIF CBDLHSPVOE FTUJNBUF

QSPDFEVSF DBO B୭GFDU UIF TIBQFT BOE JOUFHSBMT PG UIF QSFEJDUFE CBDLHSPVOE EJTUSJCVUJPOT� *U JT JNQPS�

UBOU UP VOEFSTUBOE UIF FYUFOU PG UIF F୭GFDUT UIBU UIFTF DIPJDFT IBWF PO UIF CBDLHSPVOE FTUJNBUF� 5IJT

DIBQUFS EJTDVTTFT UIF WBSJPVT TPVSDFT PG VODFSUBJOUZ BOE FWBMVBUFT UIFJS F୭GFDU PO UIF CBDLHSPVOE

QSFEJDUJPO JO UIF 4JHOBM 3FHJPO�

���



��� 5঎খঙকঊঝ঎ $ঘছছ঎কঊঝ঒ঘগ 6গঌ঎ছঝঊ঒গঝঢ

*O UIF CBDLHSPVOE FTUJNBUJPO QSPDFEVSF
 JU JT BTTVNFE UIBU JOEFQFOEFOUMZ TBNQMJOH dE/dx
 βToF


BOE LJOFNBUJD WBSJBCMFT UP GPSN B UPZ USBDL SFTVMUT JO WBMJE QIZTJDBM EJTUSJCVUJPOT UIBU DBO CF DPN�

QBSFE UP EBUB� 5IJT JT FRVJWBMFOU UP UIF BTTVNQUJPO UIBU dE/dx
 βToF
 BOE NPNFOUVN BSF BMM NV�

UVBMMZ VODPSSFMBUFE GPS CBDLHSPVOE USBDLT�

5IJT BTTVNQUJPO JT NBEF CFDBVTF BU IJHI NPNFOUVN
 MJHIU CBDLHSPVOE QBSUJDMFT TIPVME CF USBW�

FMJOH DMPTF UP UIF TQFFE PG MJHIU� "U IJHI βγ WBMVFT
 UIF EBUB�ESJWFO dE/dx�βγ DVSWF QMBUFBVT� 4JNJ�

MBSMZ
 BU IJHI NPNFOUVN
 TNBMM EJ୭GFSFODFT JO β EVF UP TNBMM EJ୭GFSFODFT JO NPNFOUVN PG WFSZ MJHIU

QBSUJDMFT XPVME OPU CF SFTPMWBCMF XJUI UIF BWBJMBCMF βToF SFTPMVUJPO� 5IFSFGPSF BU IJHI NPNFOUB


XIFSF MJHIU QBSUJDMFT BSF USBWFMJOH DMPTF UP UIF TQFFE PG MJHIU
 dE/dx BOE βToF TIPVME CF F୭GFDUJWFMZ

VODPSSFMBUFE GSPNNPNFOUVN� 5IFTF QPJOUT BSF BMTP EJTDVTTFE JO 4FDUJPOT ����� BOE ������

4JODF dE/dx BOE NPNFOUVN BSF BTTVNFE UP CF VODPSSFMBUFE
 XF DBO TBNQMF dE/dx GSPN UIF

GVMM dE/dx EJTUSJCVUJPO JO UIF BQQSPQSJBUF |η|�CJOOFE UFNQMBUF
 SFHBSEMFTT PG UIF TBNQMFE pT PG UIF

UPZ USBDL� 4JNJMBSMZ
 XF DBO TBNQMF βToF GSPN UIF βToF EJTUSJCVUJPO JO UIF BQQSPQSJBUF |η|�CJOOFE

UFNQMBUF
 SFHBSEMFTT PG UIF TBNQMFE pT PG UIF UPZ USBDL�

8F BMTP FYQFDU UIF dE/dx BOE βToF WBSJBCMFT UP CF VODPSSFMBUFE GPS CBDLHSPVOE USBDLT� "U IJHI

NPNFOUVN
 XF FYQFDU MJHIU CBDLHSPVOE QBSUJDMFT UP IBWF B TQFFE β ≈ 1
 BOE UIFSFGPSF MPX dE/dx

WBMVFT BOE IJHI βToF WBMVFT DPNQBSFE UP TMPXFS
 IFBWJFS QBSUJDMFT� "OPNBMPVTMZ IJHI dE/dx WBM�

VFT PS MPX βToF WBMVFT GPS CBDLHSPVOE USBDLT BSF BTTVNFE UP PSJHJOBUF GSPN ୯୳VDUVBUJPOT JO FBDI

WBSJBCMF� *O F୭GFDU
 GPS B GBTU CBDLHSPVOE QBSUJDMF
 B IJHI dE/dx WBMVF TIPVME QSPWJEF OP JOGPSNB�
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UJPO PO XIBU βToF WBMVF JT FYQFDUFE� 5IJT BTTVNQUJPO PG VODPSSFMBUJPO JT CVJMU JOUP UIF CBDLHSPVOE

FTUJNBUJPO QSPDFEVSF
 XIFSF UPZ USBDLT BSF GPSNFE GSPN TFQBSBUFMZ TBNQMJOH dE/dx BOE βToF�

5IFTF BTTVNQUJPOT BSF UFTUFE VTJOH UIF βγ $POUSPM 3FHJPO� 8JUIJO UIF βγ $POUSPM 3FHJPO
 B

5FTU 4JHOBM 3FHJPO JT EF୮ୢOFE XJUI MPPTFOFE dE/dx BOE βToF SFRVJSFNFOUT SFMBUJWF UP UIF 4JHOBM

3FHJPO UP JODSFBTF TUBUJTUJDT GPS UIJT UFTU� 'JHVSF ��� TIPXT UIF 5FTU 4JHOBM 3FHJPO JO UIF βγ $POUSPM

3FHJPO QMBDFE BU dE/dx � 1.6 BOE βToF � 1 − 1σβToF 
 XIFSF σβToF JT UIF η�EFQFOEFOU βToF SFTP�

MVUJPO� " OFX CBDLHSPVOE QSFEJDUJPO JT HFOFSBUFE JO XIJDI CPUI UIF LJOFNBUJD BOE UIF βγ WBSJBCMFT

BSF TBNQMFE GSPN UFNQMBUFT JO UIF βγ $POUSPM 3FHJPO� 5IF SFTVMUJOH HFOFSBUFE CBDLHSPVOE UPZT

XJUI dE/dx � 1.6 BOE βToF � 1− 1σβToF BSF DPNQBSFE XJUI UIF EBUB JO UIF 5FTU 4JHOBM 3FHJPO�

Figure 8.1: A diagram of the regions used to determine the uncertainty on the background estimate due to template

correlations. A Test Signal Region is definedwithin theβγ Control Region. Theβγ Control Region provides both the

βγ and the kinematic templates to derive a background estimate that is compared to data in the Test Signal Region.

MET refers toEmiss
T .

8F VTF UIF TBNF TFU PG USBDLT UP JOEFQFOEFOUMZ TBNQMF UIF LJOFNBUJD BOE βγ WBSJBCMFT� *G UIF BT�
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TVNQUJPO UIBU NPNFOUVN
 dE/dx
 BOE βToF BSF BMM VODPSSFMBUFE JT WBMJE
 XF DBO DPOTUSVDU WBMJE

UPZ USBDLT CZ TBNQMJOH FBDI PG UIPTF WBSJBCMFT JOEFQFOEFOUMZ
 BOE CBDLHSPVOE NBTT EJTUSJCVUJPOT

HFOFSBUFE GSPN UIF UPZ USBDLT XJMM NBUDI UIF EBUB� "OZ EJ୭GFSFODF CFUXFFO UIF SFTVMUJOH HFOFSBUFE

UPZT BOE UIF EBUB JO UIF 5FTU 4JHOBM 3FHJPO SFWFBMT DPSSFMBUJPOT CFUXFFO UIFTF WBSJBCMFT� 5IF EJ୭GFS�

FODF CFUXFFO UIF OFX CBDLHSPVOE QSFEJDUJPO BOE UIF EBUB JO UIF 5FTU 4JHOBM 3FHJPO JT UBLFO UP CF

BO VODFSUBJOUZ DPWFSJOH VOBDDPVOUFE�GPS DPSSFMBUJPOT XJUIJO UIF CBDLHSPVOE UFNQMBUFT�

5IF UFNQMBUF DPSSFMBUJPO VODFSUBJOUZ JT UIF EPNJOBOU VODFSUBJOUZ JO UIJT BOBMZTJT� 'JHVSF ���

TIPXT UIF UFNQMBUF DPSSFMBUJPO VODFSUBJOUZ 	CMVF TRVBSFT
 FWBMVBUFE JO FBDI NBTT XJOEPX� 5IF

UFNQMBUF DPSSFMBUJPO VODFSUBJOUZ JODSFBTFT BU IJHI NBTTFT NBJOMZ EVF UP MBDL PG TUBUJTUJDT JO UIF 5FTU

4JHOBM 3FHJPO BU IJHI NBTT�

��� dE/dx5঎খঙকঊঝ঎ #঒গগগ঒গঐ 6গঌ঎ছঝঊ঒গঝঢ

"T EFTDSJCFE JO 4FDUJPO �����
 UIF TIBQF PG UIF dE/dx EJTUSJCVUJPO WBSJFT BT B GVODUJPO PG |η|� 5P

BDDPVOU GPS UIJT
 UIF dE/dx UFNQMBUFT VTFE JO UIF CBDLHSPVOE FTUJNBUJPO QSPDFEVSF BSF TMJDFE JO

|η|� 5IF DIPJDF PG |η| CJOOJOH JNQBDUT UIF TIBQF PG UIF dE/dx UFNQMBUFT
 BOE DBO UIFSFGPSF EJSFDUMZ

JNQBDU UIF HFOFSBUFE CBDLHSPVOE EJTUSJCVUJPOT�

*O UIF OPNJOBM UFNQMBUFT
 PS UFNQMBUFT VTFE UP HFOFSBUF UIF CBDLHSPVOE QSFEJDUJPO GPS UIF 4JHOBM

3FHJPO
 UIF |η| CJO FEHFT BSF�

[0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6]

8F DBO FWBMVBUF UIF F୭GFDU PG UIJT DIPJDF PG |η| CJOOJOH CZ HFOFSBUJOH B OFX CBDLHSPVOE QSFEJD�

���



UJPO XJUI B EJ୭GFSFOU DIPJDF PG |η| CJOOJOH� " EJ୭GFSFOU CVU BMTP SFBTPOBCMF DIPJDF PG |η| CJOOJOH JT�

[0, 0.15, 0.25, 0.45, 0.65, 0.85, 1.05, 1.25, 1.45, 1.6]

5P FWBMVBUF UIF F୭GFDU PG UIF QBSUJDVMBS DIPJDF PG |η| CJOOJOH PO UIF CBDLHSPVOE QSFEJDUJPO
 B

OFX CBDLHSPVOE QSFEJDUJPO JT HFOFSBUFE XJUI UIF dE/dx UFNQMBUFT CJOOFE JO UIJT BMUFSOBUJWF |η|

CJOOJOH TDIFNF� 5IF OFX CBDLHSPVOE FTUJNBUF JT DPNQBSFE UP UIF OPNJOBM CBDLHSPVOE FTUJNBUF�

5IF VODFSUBJOUZ JT FWBMVBUFE JO FBDI NBTT XJOEPX
 XIFSF UIF EJ୭GFSFODF JO UIF OVNCFS PG USBDLT QSF�

EJDUFE CZ FBDI CBDLHSPVOE FTUJNBUF JT UBLFO UP CF UIF VODFSUBJOUZ EVF UP UIF DIPJDF PG |η| CJOOJOH�

'JHVSF ��� TIPXT UIJT VODFSUBJOUZ 	NBHFOUB USJBOHMFT
 FWBMVBUFE JO FBDI NBTT XJOEPX�

��� dE/dx5ঊ঒ক 6গঌ঎ছঝঊ঒গঝঢ

"T UIF 4JHOBM 3FHJPO DPOUBJOT USBDLT NFBTVSFE XJUI IJHI dE/dx
 JU JT JNQPSUBOU UP DPSSFDUMZ NPEFM

UIF IJHI UBJM PG UIF dE/dx EJTUSJCVUJPO JO UIF CBDLHSPVOE FTUJNBUJPO QSPDFEVSF� 5IJT NFBOT UIBU

UIF IJHI dE/dx UBJMT JO UIF dE/dx UFNQMBUFT NVTU CF XFMM�QPQVMBUFE TP UIBU UIF CBDLHSPVOE QSF�

EJDUJPO QSPQFSMZ NPEFMT IJHI dE/dx USBDLT�

5IF FYUFOU UP XIJDI ୯୳VDUVBUJPOT EVF UP TQBSTF TUBUJTUJDT JO UIF IJHI UBJMT PG UIF dE/dx UFNQMBUFT

B୭GFDUT UIF CBDLHSPVOE FTUJNBUF DBO CF FWBMVBUFE CZ ୮ୢUUJOH FBDI UFNQMBUF UP B DPOUJOVPVT GVODUJPO�

$SZTUBM #BMM GVODUJPOT BSF UZQJDBMMZ VTFE UP NPEFM MPTTZ QSPDFTTFT XJUI B MPOH UBJM BOE B (BVTTJBO

DPSF
 BOE XFSF GPVOE UP NPEFM UIF IJHI dE/dx UBJM XFMM JO IJHI�TUBUJTUJDT TBNQMFT� 5IF $SZTUBM #BMM

GVODUJPO VTFE GPS UIF ୮ୢU JT EF୮ୢOFE BT�
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 σ
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 BOE n WBSJBCMFT BSF GSFF QBSBNFUFST JO UIF ୮ୢU� "O FYBNQMF dE/dx UFNQMBUF

BOE JUT $SZTUBM #BMM GVODUJPO ୮ୢU BSF TIPXO JO 'JHVSF ����
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| < 0.2ηdE/dx template, 0.1 < |

Crystal ball fit

 CRγβdE/dx Template and Crystal Ball Fit, Nominal 

Figure 8.2: ThedE/dx template in the bin 0.1 < |η| < 0.2, fit to a Crystal Ball function. The fit and thedE/dx distri-

bution show good agreement at lowdE/dx values. To estimate the uncertainty in the backgroundmodeling of the

highdE/dx tail,dE/dx values sampled from the template in the rangedE/dx > 1.8 are instead sampled from the

Crystal Ball fit, which is smooth and continuous in this region.†

" OFX CBDLHSPVOE QSFEJDUJPO JT HFOFSBUFE JO XIJDI dE/dx WBMVFT GPS dE/dx � 1.8 BSF TBNQMFE
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GSPN UIF $SZTUBM #BMM ୮ୢU SBUIFS UIBO GSPN UIF dE/dx UFNQMBUF� 5IF EJ୭GFSFODF CFUXFFO UIJT OFX

CBDLHSPVOE QSFEJDUJPO BOE UIF OPNJOBM CBDLHSPVOE QSFEJDUJPO JT UBLFO UP CF UIF VODFSUBJOUZ EVF

UP UIF IJHI dE/dx UBJM NPEFMJOH� 5IF F୭GFDU PG UIJT VODFSUBJOUZ FWBMVBUFE JO FBDI NBTT XJOEPX JT

TIPXO JO 'JHVSF ��� 	VO୮ୢMMFE HSFFO USJBOHMFT
�

��� Emiss
T 3঎ঠ঎঒ঐ঑ঝ঒গঐ 6গঌ঎ছঝঊ঒গঝঢ

"T NFOUJPOFE JO 4FDUJPO ���
 UIF MPXFTUEmiss
T USJHHFS UISFTIPME DIBOHFE PWFS UIF DPVSTF PG 3VO

2� "T B SFTVMU
 FWFOUT XJUI MPXFSEmiss
T UIBU QBTTFE POF USJHHFS CVU XPVME OPU IBWF QBTTFE BOPUIFS

USJHHFS VTFE BU B EJ୭GFSFOU QPJOU JO 3VO 2 BSF VOEFSSFQSFTFOUFE JO UIF EBUBTFU DPNQBSFE UP FWFOUT

XJUI IJHIFSEmiss
T � 5P QSFWFOU UIFTF USJHHFS EJ୭GFSFODFT GSPN JNQBDUJOH UIF βγ $POUSPM 3FHJPO

XIFSF UIF dE/dx BOE βToF UFNQMBUFT BSF TBNQMFE
 FWFOUT BSF SFXFJHIUFE BDDPSEJOH UP UIFJSEmiss
T

USJHHFS�

5IF QPUFOUJBM VODFSUBJOUZ JOUSPEVDFE UP UIF CBDLHSPVOE FTUJNBUF UISPVHI UIJT SFXFJHIUJOH QSP�

DFEVSF JT FWBMVBUFE CZ HFOFSBUJOH B OFX CBDLHSPVOE QSFEJDUJPO XIFSF dE/dx BOE βToF BSF TBN�

QMFE GSPN VO�SFXFJHIUFE UFNQMBUFT� 5IF EJ୭GFSFODF CFUXFFO UIJT OFX CBDLHSPVOE QSFEJDUJPO BOE

UIF OPNJOBM CBDLHSPVOE QSFEJDUJPO JT UBLFO UP CF UIF VODFSUBJOUZ JOUSPEVDFE CZ UIFEmiss
T USJHHFS

SFXFJHIUJOH� 5IFEmiss
T USJHHFS SFXFJHIUJOH VODFSUBJOUZ FWBMVBUFE JO FBDI NBTT XJOEPX JT TIPXO JO

'JHVSF ��� 	VO୮ୢMMFE NBHFOUB USJBOHMFT
�
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��� βToF 5঎খঙকঊঝ঎ #঒গগগ঒গঐ 6গঌ঎ছঝঊ঒গঝঢ

"T EFTDSJCFE JO 4FDUJPO �����
 UIF βToF SFTPMVUJPO JT EFQFOEFOU PO η� 'PS UIJT SFBTPO
 UIF βToF DVU

JT EF୮ୢOFE TFQBSBUFMZ JO CJOT PG η� 5IF βToF UFNQMBUFT VTFE JO UIF CBDLHSPVOE HFOFSBUJPO BSF TMJDFE

JO UIF TBNF η CJOOJOH UP SF୯୳FDU UIF EFQFOEFODF PG UIF βToF WBSJBCMF PO η� 5IF OPNJOBM DIPJDF PG

η�CJOOJOH JT�

[0, 0.1, 0.2, 0.3, . . . , 1.3, 1.4, 1.5, 1.6]

5IF OPNJOBM βToF DVUT BSF EF୮ୢOFE VTJOH UIF SFTPMVUJPO PG UIF βToF EJTUSJCVUJPOT XJUIJO UIPTF η

TMJDFT�

)PXFWFS
 XIJMF UIF HSBOVMBSJUZ PG UIF η CJOOJOH JT NPUJWBUFE CZ UIF TUSVDUVSF PG DFMMT JO UIF 5JMF�

$BM
 UIF QBSUJDVMBS DIPJDF PG η CJOT JT SFMBUJWFMZ BSCJUSBSZ� 5P FWBMVBUF UIF TZTUFNBUJD F୭GFDU PG UIF

DIPJDF PG η CJOOJOH PO UIF CBDLHSPVOE FTUJNBUF
 B OFX CBDLHSPVOE FTUJNBUF JT HFOFSBUFE VTJOH B EJG�

GFSFOU DIPJDF PG η CJOT BOE B OFX TFU PG βToF DVUT EF୮ୢOFE XJUIJO UIPTF OFX η CJOT� 5IF OFX DIPJDF

PG η�CJOOJOH JT�

[0, 0.15, 0.25, 0.35, ..., 1.35, 1.45, 1.6]

5IF OFX η�EFQFOEFOU DVUT βcut,syst BSF EF୮ୢOFE BT 1− 2σβ 
 XIFSF σβ JT UIF SFTPMVUJPO EF୮ୢOFE JO

FBDI OFX η TMJDF� 5IF σβ WBMVFT EFSJWFE GPS UIJT OFX TFU PG η CJOT BSF TIPXO JO 'JHVSF ����

5IFTF OFX DVUT BOE η CJOT BSF VTFE UP HFOFSBUF B OFX CBDLHSPVOE FTUJNBUF XIFSF βToF WBMVFT BSF

ESBXO GSPN UFNQMBUFT TMJDFE JO UIF OFX η�CJOOJOH TDIFNF� 5IF ESBXO βToF WBMVFT BSF DPNQBSFE UP

UIF βcut,syst DPSSFTQPOEJOH UP UIF OFX η CJOT� 5IF OFX HFOFSBUFE CBDLHSPVOE UPZT BSF OPSNBMJ[FE

UP EBUB JO UIF LJOFNBUJD $POUSPM 3FHJPO XIFSFmdE/dx � 160(F7
mToF � 160(F7
 BOE βcut,syst
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Figure 8.3: The resolution ofβToF in the nominal (black squares) and systematic-shifted (red squares) η-binning
schemes.†

� βToF � 1� 5IJT OFX OPSNBMJ[FE CBDLHSPVOE JT DPNQBSFE UP UIF OPNJOBM CBDLHSPVOE FTUJNBUF�

5IF EJ୭GFSFODF CFUXFFO UIFN JT UBLFO UP CF UIF VODFSUBJOUZ PO UIF CBDLHSPVOE QSFEJDUJPO EVF UP UIF

DIPJDF PG η�CJOOJOH� 5IF βToF η�CJOOJOH VODFSUBJOUZ FWBMVBUFE JO FBDI NBTT XJOEPX JT TIPXO JO

'JHVSF ��� 	VO୮ୢMMFE CFJHF TRVBSFT
�

��� βToF 5ঊ঒ক 6গঌ঎ছঝঊ঒গঝঢ

5IF βToF UBJM NPEFMJOH VODFSUBJOUZ FWBMVBUFT IPX XFMM UIF CBDLHSPVOE FTUJNBUF NPEFMT UIF MPX UBJM

PG UIF βToF EJTUSJCVUJPO� 5IF MPX UBJMT NBZ OPU CF XFMM�QPQVMBUFE JO UIF η�TMJDFE βToF UFNQMBUFT


BOE TP OPU BMM η�EFQFOEFOU F୭GFDUT NJHIU CF DBQUVSFE JO UIF CBDLHSPVOE FTUJNBUF� 5P BDDPVOU GPS

���



UIJT
 B OFX CBDLHSPVOE FTUJNBUF JT DSFBUFE XIFSF βToF JT ESBXO GSPN B DPOUJOVPVT ୮ୢUUFE GVODUJPO

SBUIFS UIBO GSPN UIF MPX UBJMT PG UIF βToF UFNQMBUFT� 5IF EJ୭GFSFODF CFUXFFO UIJT OFX CBDLHSPVOE

FTUJNBUF BOE UIF OPNJOBM CBDLHSPVOE FTUJNBUF JT UBLFO UP CF UIF VODFSUBJOUZ EVF UP UIF NPEFMJOH PG

UIF βToF UBJM�

" GVODUJPO JT DIPTFO UIBU EFTDSJCFT UIF MPX UBJM PG UIF βToF EJTUSJCVUJPO JO B TBNQMF XJUI IJHI

TUBUJTUJDT� 5IF GVODUJPO p0 exp(p1x+ p2x2+ p3x3)XBT GPVOE UP EFTDSJCF UIF MPX βToF UBJM XFMM
 BT

TIPXO JO 'JHVSF ��� GPS USBDLT JO UIF βγ $3 JO UIF βToF SBOHF <0.2
 0.9>�

Figure 8.4: The fitted function (red) used to describe the low tail of theβToF distribution (blue) in theβToF range [0.2,

0.9] agrees well with data in theβγ CR.†

5IJT GVODUJPO JT UIFO ୮ୢU UP FBDI η�CJOOFE βToF UFNQMBUF JO UIF βγ $3� 4FWFSBM η�CJOOFE ୮ୢUUFE

UFNQMBUFT BSF TIPXO JO 'JHVSF ����

" OFX CBDLHSPVOE FTUJNBUF JT HFOFSBUFE XIFSF βToF JT ESBXO GSPN UIF UFNQMBUFT
 BOE JG UIF

ESBXO βToF GBMMT XJUIJO UIF SBOHF PG UIF ୮ୢUUFE GVODUJPO BU UIF MPX UBJM
 UIF βToF WBMVF JT SFQMBDFE
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CZ B βToF WBMVF ESBXO GSPN UIF ୮ୢU JOTUFBE� *O UIJT XBZ
 B OFX CBDLHSPVOE FTUJNBUF JT DPOTUSVDUFE

XIFSF UIF βToF MPX UBJMT BSF NPEFMFE CZ B DPOUJOVPVT ୮ୢUUFE GVODUJPO SBUIFS UIBO TQBSTFMZ QPQVMBUFE

UFNQMBUFT� 5IF EJ୭GFSFODF CFUXFFO UIJT OFX CBDLHSPVOE FTUJNBUF BOE UIF OPNJOBM CBDLHSPVOE

FTUJNBUF SFQSFTFOUT UIF VODFSUBJOUZ EVF UP UIF NPEFMJOH PG UIF βToF UBJM� 5IF βToF UBJM VODFSUBJOUZ

FWBMVBUFE JO FBDI NBTT XJOEPX JT TIPXO JO 'JHVSF ��� 	VO୮ୢMMFE HSBZ DSPTTFT
�

��� /ঘছখঊক঒ণঊঝ঒ঘগ 6গঌ঎ছঝঊ঒গঝঢ

5IF OPSNBMJ[BUJPO VODFSUBJOUZ FWBMVBUFT UIF VODFSUBJOUZ PO UIF CBDLHSPVOE FTUJNBUF EVF UP UIF

TDBMF GBDUPS VTFE UP OPSNBMJ[F UIF CBDLHSPVOE FTUJNBUF� 5IF TDBMF GBDUPS
 BT EF୮ୢOFE JO 4FDUJPO �����


JT UIF SBUJP PG HFOFSBUFE CBDLHSPVOE UPZT UP EBUB USBDLT JO UIF OPSNBMJ[BUJPO SFHJPO�

5IF OPSNBMJ[BUJPO VODFSUBJOUZ JT DBMDVMBUFE CZ QSPQBHBUJOH UIF TUBUJTUJDBM VODFSUBJOUJFT PO UIF

CBDLHSPVOE UPZT BOE EBUB USBDLT JO UIF OPSNBMJ[BUJPO SFHJPO UISPVHI UP UIF TDBMF GBDUPS� "T UIF

OVNCFS PG HFOFSBUFE CBDLHSPVOE UPZT DBO CF BSCJUSBSJMZ MBSHF
 UIF TDBMF GBDUPS VODFSUBJOUZ JT EPNJ�

OBUFE CZ UIF TUBUJTUJDBM VODFSUBJOUZ PO UIF OVNCFS PG EBUB USBDLT�

" OFX CBDLHSPVOE QSFEJDUJPO JT HFOFSBUFE
 XIFSF UIF TDBMF GBDUPS VTFE UP OPSNBMJ[F UIF CBDL�

HSPVOE QSFEJDUJPO JT BEKVTUFE UP CF UIF TDBMF GBDUPS QMVT UIF TDBMF GBDUPS VODFSUBJOUZ� 5IF EJ୭GFSFODF

CFUXFFO UIF SFTVMUJOH CBDLHSPVOE QSFEJDUJPO BOE UIF OPNJOBM CBDLHSPVOE QSFEJDUJPO JT UBLFO UP

CF UIF VODFSUBJOUZ EVF UP UIF OPSNBMJ[BUJPO QSPDFEVSF� 5IF OPSNBMJ[BUJPO VODFSUBJOUZ FWBMVBUFE JO

FBDI NBTT XJOEPX JT TIPXO JO 'JHVSF ��� 	PSBOHF DSPTTFT
�

���



��� 4ঝঊঝ঒জঝ঒ঌঊক 6গঌ঎ছঝঊ঒গঝঢ

"MUIPVHI UIF OVNCFS PG HFOFSBUFE CBDLHSPVOE UPZT DBO CF BSCJUSBSJMZ MBSHF
 UIF TUBUJTUJDT PG UIF UFN�

QMBUFT GSPN XIJDI UIF UPZT BSF HFOFSBUFE DBO B୭GFDU UIF TIBQF PG UIF SFTVMUJOH QSFEJDUFE CBDLHSPVOE

EJTUSJCVUJPOT� 5IFSFGPSF
 UIF VODFSUBJOUZ EVF UP UIF QPQVMBUJPO PG UIF βγ BOE LJOFNBUJD UFNQMBUFT

NVTU CF BDDPVOUFE GPS�

5P FWBMVBUF UIF F୭GFDU PG UFNQMBUF TUBUJTUJDT PO UIF CBDLHSPVOE FTUJNBUF
 UIF CJO DPOUFOUT PG UIF

UFNQMBUFT BSF ୯୳VDUVBUFE BDDPSEJOH UP B 1PJTTPO EJTUSJCVUJPO UP SFQSFTFOU UIF F୭GFDU PG TUBUJTUJDBM ୯୳VD�

UVBUJPO
 BOE B OFX CBDLHSPVOE FTUJNBUF JT HFOFSBUFE� *O UPUBM
 30 OFX CBDLHSPVOE FTUJNBUFT BSF

HFOFSBUFE
 FBDI VTJOH B OFX TFU PG 1PJTTPO�୯୳VDUVBUFE UFNQMBUFT� 5IF 3.4 PG UIJT DPMMFDUJPO PG CBDL�

HSPVOE FTUJNBUFT JT UBLFO UP CF UIF VODFSUBJOUZ EVF UP UFNQMBUF TUBUJTUJDT� 5IF VODFSUBJOUZ PO UIF

CBDLHSPVOE QSFEJDUJPO EVF UP UFNQMBUF TUBUJTUJDT FWBMVBUFE JO FBDI NBTT XJOEPX JT TIPXO JO 'JH�

VSF ��� 	HSFFO USJBOHMFT
�

��� 4ঞখখঊছঢ

'PS FBDI TPVSDF PG TZTUFNBUJD VODFSUBJOUZ EJTDVTTFE JO UIJT DIBQUFS
 B OFX CBDLHSPVOE QSFEJDUJPO JT

HFOFSBUFE BOE DPNQBSFE UP UIF OPNJOBM CBDLHSPVOE QSFEJDUJPO� 5IF OVNCFS PG USBDLT QSFEJDUFE CZ

UIF BMUFSOBUJWF CBDLHSPVOE FTUJNBUF BOE UIF OPNJOBM CBDLHSPVOE FTUJNBUF BSF DPNQBSFE XJUIJO UIF

NBTT XJOEPXT EF୮ୢOFE JO 4FDUJPO ������ 5IF EJ୭GFSFODF JO UIF QSFEJDUFE OVNCFS PG USBDLT JT UBLFO UP

CF UIF VODFSUBJOUZ PO UIF CBDLHSPVOE FTUJNBUF EVF UP UIBU TPVSDF PG VODFSUBJOUZ�

'JHVSF ��� TIPXT UIF TZTUFNBUJD VODFSUBJOUJFT DBMDVMBUFE JO FBDI NBTT XJOEPX JO UIF 4JHOBM 3F�

���



HJPO� 5IF MFBEJOH VODFSUBJOUZ JT UIF UFNQMBUF DPSSFMBUJPO VODFSUBJOUZ� 5IJT VODFSUBJOUZ UFOET UP

JODSFBTF BT B GVODUJPO PG NBTT EVF UP TQBSTF TUBUJTUJDT BU IJHI NBTT�

���



(a)Nominalβγ CR, 0.3<|η|<0.4 (b)Nominalβγ CR, 0.8<|η|<0.9

(c)Nominalβγ CR, 1.1<|η|<1.2

Figure 8.5: VariousβToF templates from different η slices are overlaid with their respective fits. The fit provides a
goodmodel for theβToF distributions.†

���



100 200 300 400 500 600 700
Target Mass [GeV]

2−10

1−10

1

10

210

310

410

510

Sy
st

em
at

ic
 U

nc
er

ta
in

ty
 [%

]

template correlation
-sliceη 

ToF
βalternative 

 tail
ToF
β

-sliceηalternative dE/dx 
statistics
MET trigger
normalisation
dE/dx tail

 PreliminaryATLAS
Stau mass range

(a)Mass windows for target masses≤ 700GeV

1400 1600 1800 2000 2200 2400 2600
Target Mass [GeV]

2−10

1−10

1

10

210

310

410

510

Sy
st

em
at

ic
 U

nc
er

ta
in

ty
 [%

]

template correlation
 tail

ToF
β
statistics

-sliceη 
ToF
βalternative 

-sliceηalternative dE/dx 
MET trigger
normalisation
dE/dx tail

 PreliminaryATLAS
R-hadron mass range

(b)Mass windows for target masses≥ 1400GeV

Figure 8.6: A summary of the uncertainties related to the background estimation in the Signal Region. The uncertainty

is calculated within each trapezoidal mass window defined in Section 6.3.2 [2].
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3FTVMUT

5IJT DIBQUFS EJTDVTTFT UIF SFTVMUT PG UIJT TFBSDI GPS IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT� 5IF PCTFSWFE

EBUB JT DPNQBSFE UP UIF QSFEJDUFE CBDLHSPVOE JO UIF 4JHOBM 3FHJPO� 5IF SFTVMUT BSF DPNQBSFE XJUI

TJHOBM TJNVMBUJPO UP EFUFSNJOF VQQFS MJNJUT PO UIF QSPEVDUJPO DSPTT TFDUJPOT PG IFBWZ
 DIBSHFE
 MPOH�

MJWFE QBSUJDMFT JO TFWFSBM TJHOBM NPEFMT� 4FDUJPO ��� EJTDVTTFT UIF EBUB PCTFSWFE JO UIF 4JHOBM 3FHJPO�

4FDUJPO ��� EFTDSJCFT UIF JOUFSQSFUBUJPO PG UIF SFTVMUT JO UFSNT PG UIF TJHOBM NPEFMT DPOTJEFSFE JO UIJT
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5IF EJTUSJCVUJPO PG EBUB JO UIF 2% 	mdE/dx
mToF 
 QMBOF JT TIPXO JO 'JHVSF ���� *O UIF 2%NBTT

QMBOF
 5.1 ± 0.5 USBDLT BSF FYQFDUFE GSPN UIF CBDLHSPVOE QSFEJDUJPO
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Figure 9.1: The results in the Signal Region in the (mdE/dx,mToF ) plane. The background prediction is shown in the

blue histogram. The observed data is shown as red dots. The black lines denote the linear boundaries imposed on the

Signal Region 2Dmass plane discussed in Section 6.3.2.†
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7BSJPVT QSPQFSUJFT PG UIF 9 USBDLT JO UIF 4JHOBM 3FHJPO BSF TVNNBSJ[FE JO 5BCMF ���� /P EBUB

USBDLT IBWF SFDPOTUSVDUFE NBTTFT HSFBUFS UIBO 500(F7�

5SBDL mdE/dx <(F7> mToF <(F7> dE/dx <MeVg−1cm2 > βToF pT <(F7> η

ռ սռփ սվփ ռ�քւ ջ�ցց ռցր ջ�ւջ
ս սջք ռցվ ս�ռվ ջ�ւր ռփր �ջ�ջց
վ սրվ սռվ ռ�քվ ջ�ւր սսց �ջ�տջ
տ սցք սւց ռ�փտ ջ�ցք ռրս �ռ�ռց
ր սցջ ռփք ս�վտ ջ�ւտ ռսջ ռ�ռր
ց ռրւ ռվք ռ�քջ ջ�ւտ ռրտ ջ�ջւ
ւ ռտք սսվ ռ�փջ ջ�րւ ռտս ջ�վփ
փ սվջ տցք ռ�քջ ջ�տվ սջջ ջ�րջ
ք վջռ տցց ռ�փռ ջ�րր ստվ �ջ�ւվ

Table 9.1: Properties of the 9 observed tracks that enter the Signal Region. The tracks are numbered in no particular

order. The reconstructedmdE/dx andmToF values are shown for each track, as well as theirdE/dx,βToF,pT ,

and η.

'JHVSF ��� TIPXT UIFmdE/dx BOEmToF EJTUSJCVUJPOT PG UIF EBUB PCTFSWFE JO UIF 4JHOBM 3FHJPO�

5IF CMBDL EPUT SFQSFTFOU UIF EBUB JO UIF 4JHOBM 3FHJPO
 XIJMF UIF CMVF IJTUPHSBN JT UIF CBDLHSPVOE

QSFEJDUJPO GPVOE JO $IBQUFS �� 5IFmdE/dx BOEmToF EJTUSJCVUJPOT PG TFWFSBM TMFQUPO TBNQMFT PG

WBSZJOH NBTTFT BOE MJGFUJNFT BSF TIPXO GPS DPNQBSJTPO�

'JHVSF ��� TIPXT UIF dE/dx
 βToF
 pT 
 BOE |η| EJTUSJCVUJPOT PG UIF EBUB JO UIF 4JHOBM 3FHJPO�

0G UIF 9 USBDLT PCTFSWFE JO UIF 4JHOBM 3FHJPO
 6 MJF JOTJEF UIF MJOFBS CPVOEBSJFT GPSNJOH UIF DPOF

EJTDVTTFE JO 4FDUJPO ������ 5IJT DPOF TFSWFT UP JNQPTF DPOTJTUFODZ CFUXFFO UIF UXP SFDPOTUSVDUFE

NBTTFT XJUIJO UIF NBTT SFTPMVUJPOT� 5IF CBDLHSPVOE QSFEJDUJPO XJUIJO UIF DPOF JT 3.7± 0.4 USBDLT�

'JHVSF ��� [PPNT JO PO UIF EJTUSJCVUJPO PG EBUB JO UIF 2% 	mdE/dx
mToF 
 QMBOF JO UIF NBTT

SBOHF XIFSF UIF EBUB JT PCTFSWFE� 5IF USBDLT PCTFSWFE JOTJEF UIF DPOF BSF IJHIMJHIUFE BT SFE EPUT


XIFSFBT UIF USBDLT MZJOH PVUTJEF UIF DPOF BSF NBSLFE BT HSFFO EPUT� *O 5BCMF ���
 UIF USBDLT OVNCFSFE

1�6 MJF JOTJEF UIF DPOF�

���



'JHVSF ��� TIPXT UIFmdE/dx BOEmToF EJTUSJCVUJPOT PG UIF 6 EBUB USBDLT JOTJEF UIF DPOF
 DPN�

QBSFE UP UIF CBDLHSPVOE EJTUSJCVUJPOT BOE TFWFSBM TMFQUPO TBNQMFT JOTJEF UIF DPOF� 5IF BWFSBHF PG

UIF SFDPOTUSVDUFEmdE/dx BOEmToF WBMVFT GPS UIF USBDLT GPVOE JOTJEF UIF DPOF JT TIPXO JO 'JH�

VSF ���� 5IF dE/dx
 βToF
 pT 
 BOE |η| EJTUSJCVUJPOT PG UIF 6 USBDLT JOTJEF UIF DPOF BSF TIPXO JO

'JHVSF ����

5IF SFTVMUT PG UIF TFBSDI BSF FWBMVBUFE XJUIJO UIF USBQF[PJEBM NBTT XJOEPXT EF୮ୢOFE JO 4FD�

UJPO ������ 5BCMF ��� TIPXT UIF OVNCFS PG QSFEJDUFE CBDLHSPVOE USBDLT BOE UIF OVNCFS PG PCTFSWFE

USBDLT JO FBDI NBTT XJOEPX� 5IF MBSHFTU EFWJBUJPO GSPN UIF CBDLHSPVOE QSFEJDUJPO PDDVST JO UIF

NBTT XJOEPX EFTJHOFE UP UBSHFU QBSUJDMFT PG NBTT 200(F7� *O UIF 200(F7NBTT XJOEPX
 1.9± 0.2

USBDLT BSF FYQFDUFE BOE 5 USBDLT BSF PCTFSWFE� 5IJT VQXBSE ୯୳VDVUBUJPO OFBS 200(F7 DBO CF PC�

TFSWFE JO UIF 1%mdE/dx BOEmToF EJTUSJCVUJPOT JO 'JHVSFT ��� BOE ���
 BT XFMM BT JO UIF BWFSBHF

NBTT EJTUSJCVUJPO TIPXO JO 'JHVSF ����

5IF BHSFFNFOU PG UIF PCTFSWFE EBUB XJUI UIF CBDLHSPVOE QSFEJDUJPO JO FBDI XJOEPX DBO CF

RVBOUJ୮ୢFE VTJOH UIF p0 WBMVF
 XIJDI JT EF୮ୢOFE JO <��>� 
VBMJUBUJWFMZތ UIF p0 WBMVF HJWFT UIF QSPCB�

CJMJUZ PG PCTFSWJOH BU MFBTU BT NBOZ USBDLT BT XFSF PCTFSWFE JO UIF EBUB HJWFO UIF CBDLHSPVOE�POMZ

IZQPUIFTJT� *O PUIFS XPSET
 UIF p0 WBMVF SFQSFTFOUT UIF QSPCBCJMJUZ PG B TUBUJTUJDBM ୯୳VDUVBUJPO JO UIF

CBDLHSPVOE UIBU EFWJBUFT GSPN UIF OPNJOBM CBDLHSPVOE QSFEJDUJPO BU MFBTU BT NVDI BT UIF PCTFSWFE

EBUB� " TNBMMFS p0 WBMVF DPSSFTQPOET UP MFTT BHSFFNFOU CFUXFFO UIF EBUB BOE UIF CBDLHSPVOE FYQFD�

UBUJPO�

'JHVSF ��� TIPXT UIF p0 WBMVF DBMDVMBUFE GPS NBTT XJOEPXT VQ UP 700(F7� 5IF MPXFTU p0 WBMVF


3.26 × 10−2
 JT NFBTVSFE JO UIF NBTT XJOEPX BU 200(F7� 5IJT SFMBUJWFMZ MPX p0 WBMVF SF୯୳FDUT UIF

���



.BTT <(F7> &YQFDUFE :JFME 0CTFSWFE :JFME
ռրջ ռ�ւ± ջ�ս ս
սջջ ռ�ք± ջ�ս ր
սրջ ռ�տ± ջ�ս տ
վջջ ռ�ս± ջ�ս ռ
վրջ ռ�ս± ջ�ս ջ
տջջ ջ�ք± ջ�ս ջ
տրջ ջ�ց± ջ�ռ ջ
րջջ ջ�ց± ջ�ռ ջ
րրջ ջ�տ± ջ�ռ ջ
ցջջ ջ�տ± ջ�ռ ջ
ցրջ ջ�վ± ջ�ռ ջ
ւջջ ջ�վ± ջ�ռ ջ
ռտջջ ջ�ռ± ջ�ռ ջ
ռցջջ ջ�ռ± ջ�ռ ջ
ռփջջ ջ�ռ± ջ�ռ ջ
սջջջ ջ�ռ± ջ�ռ ջ
սսջջ ջ�ջւ± ջ�ջս ջ
ստջջ ջ�ջւ± ջ�ջս ջ
սցջջ ջ�ջվ± ջ�ջվ ջ

Table 9.2: The number of tracks expected from the background prediction and the number of observed tracks in data

in each trapezoidal mass window. The definitions of mass windows in the range 800GeV to 1.3 TeVwill be finalized

using chargino simulation that is still in production at the writing of this thesis. Themass windows are defined in

Section 6.3.2.†

EFWJBUJPO CFUXFFO CBDLHSPVOE FYQFDUBUJPO BOE PCTFSWFE EBUB JO UIBU XJOEPX
 BOE DPSSFTQPOET UP B

TJHOJ୮ୢDBODF PG MFTT UIBO 2σ�
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Figure 9.2: ThemdE/dx andmToF distributions in the Signal Region. The background prediction is shown in the blue

histogram. The uncertainties on the background estimate are represented by the blue bands. The black dots are the

observed data in the Signal Region. Several example signal samples are shown for comparison in the red, green, and

yellow histograms.†
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Figure 9.3: ThedE/dx,βToF,pT , and η distributions in the Signal Region. The background prediction is shown in
the blue histogram. The uncertainties on the background estimate are represented by the blue bands. The black dots

are the observed data in the Signal Region. Several example signal samples are shown for comparison in the red, green,

and yellow histograms.†
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Figure 9.5: ThemdE/dx andmToF distributions inside the cone in the Signal Region. The background prediction is

shown in the blue histogram. The uncertainties on the background estimate are represented by the blue bands. The

black dots are the observed data in the Signal Region. Several example signal samples are shown for comparison in the

red, green, and yellow histograms.†
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Figure 9.7: ThedE/dx,βToF,pT , and η distributions inside the cone in the Signal Region. The background predic-
tion is shown in the blue histogram. The uncertainties on the background estimate are represented by the blue bands.

The black dots are the observed data in the Signal Region. Several example signal samples are shown for comparison in

the red, green, and yellow histograms.†
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3FTVMUT BSF JOUFSQSFUFE JO FBDI NBTT XJOEPX JO UFSNT PG UIF TJHOBM NPEFMT DPOTJEFSFE� 5IF FYQFDUFE

CBDLHSPVOE ZJFME BOE UIF PCTFSWFE ZJFME JO FBDI NBTT XJOEPX BSF VTFE UP TFU VQQFS MJNJUT PO UIF

DSPTT TFDUJPOT PG TMFQUPOT BOE 3�IBESPOT� 'PS FBDI TJHOBM NBTT BOE MJGFUJNF IZQPUIFTJT
 VQQFS MJNJUT

PO UIF QSPEVDUJPO DSPTT TFDUJPO BU UIF 95ॎ DPO୮ୢEFODF MFWFM 	$-
 BSF FYUSBDUFE VTJOH UIF $-T QSF�

TDSJQUJPO <��>�

'JHVSFT ���� ���� TIPX UIF 95ॎ$- VQQFS MJNJUT QMBDFE PO UIF TMFQUPO QSPEVDUJPO DSPTT TFD�

UJPO GPS TMFQUPO MJGFUJNFT PG 3
 10
 30
 BOE 3000 OT BT B GVODUJPO PG NBTT� 5IF DSPTT TFDUJPO QSF�

EJDUFE CZ UIF TJNQMJ୮ୢFE NPEFM JT TIPXO JO B HSBZ MJOF� 5IF FYQFDUFE VQQFS DSPTT�TFDUJPO MJNJU JO UIF

CBDLHSPVOE�POMZ IZQPUIFTJT JT TIPXO JO UIF EBTIFE MJOF� 5IF MJNJU FYUSBDUFE GSPN UIF PCTFSWFE EBUB

JT TIPXO JO UIF TPMJE CMBDL MJOF� 5IF UFBM CBOET SFQSFTFOU UIF 1 BOE 2 σ VODFSUBJOUZ SBOHFT PO UIF

VQQFS MJNJU� 'PS FBDI NBTT QPJOU DPOTJEFSFE
 DSPTT TFDUJPOT BCPWF UIF TPMJE CMBDL MJOF BSF DPOTJEFSFE

FYDMVEFE� *G UIF UIFPSFUJDBM DSPTT TFDUJPO MJFT BCPWF UIF PCTFSWFE MJOF BU B QBSUJDVMBS NBTT
 TMFQUPOT PG

UIBU NBTT QSPEVDFE JO UIJT NPEFM BSF FYDMVEFE CZ UIFTF SFTVMUT�

5ISPVHI UIF SFEVDUJPO JO CBDLHSPVOE SFTVMUJOH GSPN UIF JODMVTJPO PG UJNF�PG�୯୳JHIU BT B TFDPOE

NFBTVSF PG QBSUJDMF TQFFE
 UIJT TFBSDI UBSHFUT TJHOBMT PG NBTTFT PO UIF PSEFS PG TFWFSBM IVOESFE (F7�

5IJT TFBSDI QMBDFT UIF NPTU TUSJOHFOU MJNJUT UP EBUF PO TMFQUPOT XJUI MJGFUJNFT PO UIF PSEFS PG UFOT

PG OBOPTFDPOET� 'PS TMFQUPOT PG MJGFUJNF 10 OT
 XF FYQFDUFE UP FYDMVEF NBTTFT 288−414(F7
 BOE

UIF PCTFSWFE DSPTT TFDUJPO MJNJUT FYDMVEF NBTTFT 295−448(F7� 'PS TMFQUPOT PG MJGFUJNF 30 OT
 XF

FYQFDUFE UP FYDMVEF NBTTFT 199−449(F7
 BOE UIF PCTFSWFE MJNJUT FYDMVEF NBTTFT 294−485(F7�

���



5IF TFBSDI JT OPU TFOTJUJWF UP TMFQUPOT PG MPXFS MJGFUJNFT 	3 OT
 EVF UP UIF SFRVJSFNFOU UIBU UIF

QBSUJDMF QBTTFT UISPVHI UIF IBESPOJD DBMPSJNFUFS CFGPSF EFDBZJOH� 5IF TFOTJUJWJUZ UP EFUFDUPS�TUBCMF

TMFQUPOT JT SFTUSJDUFE CZ UIF VTF PG UIFEmiss
T USJHHFS� 4FOTJUJWJUZ FOET BU IJHI NBTTFT EVF UP UIF EF�

DSFBTJOH QSPEVDUJPO DSPTT TFDUJPO PG IJHIFS NBTT TMFQUPOT� "U MPXFS NBTTFT
 TFOTJUJWJUZ JT MJNJUFE CZ

UIF IJHI�pT BOE MPX�TQFFE SFRVJSFNFOUT�

5IF PCTFSWFE MJNJUT BSF XFBLFS UIBO UIF FYQFDUFE MJNJUT OFBS 200(F7� 5IJT JT EVF UP UIF EFWJB�

UJPO GSPN QSFEJDUJPO TFFO JO UIF 200(F7NBTT XJOEPX
 XIFSF 1.9 ± 0.2 USBDLT BSF FYQFDUFE BOE 5

USBDLT BSF PCTFSWFE�

5IJT EFWJBUJPO JO UIF 200(F7NBTT XJOEPXNBZ CF B TUBUJTUJDBM ୯୳VDUVBUJPO
 PS NBZ CF B IJOU PG

B OFX QBSUJDMF� " TJNJMBS TFBSDI JT JO QSPHSFTT JO 3VO 2"5-"4 EBUB UIBU MPPLT GPS IFBWZ
 DIBSHFE


MPOH�MJWFE QBSUJDMFT WJB UXP IJHIMZ�JPOJ[JOH USBDLT JO UIF TBNF FWFOU
 BOE EPFT OPU JODMVEF UJNF�PG�

୯୳JHIU JOGPSNBUJPO� 5IJT OFX TFBSDI JT FYQFDUFE UP IBWF TFOTJUJWJUZ UP TMFQUPOT XJUI NBTTFT OFBS UIF

EFWJBUJPO BSPVOE 200(F7
 BOE NBZ CF BCMF UP XFJHI JO PO UIJT EFWJBUJPO�

'JHVSF ���� TIPXT UIF MJNJUT QMBDFE PO TMFQUPOT JO UIF 2%NBTT�MJGFUJNF QMBOF� 5IF CMBDL EBTIFE

DPOUPVS TIPXT UIF FYQFDUFE MJNJU BT B GVODUJPO PG NBTT BOE MJGFUJNF
 XIJMF UIF TPMJE UFBM MJOF TIPXT

UIF PCTFSWFE MJNJU� 5IF UFBM CBOET SFQSFTFOU UIF 1σ BOE 2σ VODFSUBJOUZ SBOHFT� 5IF NBTT�MJGFUJNF

BSFB JOTJEF UIF DPOUPVS IBT CFFO FYDMVEFE� "T JO UIF 1% MJNJU QMPUT
 UIF PCTFSWFE MJNJU JT XFBLFS UIBO

UIF FYQFDUFE MJNJU OFBS 200(F7 EVF UP UIF EFWJBUJPO JO UIF 200(F7NBTT XJOEPX�

'JHVSF ���� DPNQBSFT UIF MJNJUT QMBDFE PO TMFQUPOT BT B GVODUJPO PG NBTT BOE MJGFUJNF JO UIJT TFBSDI

UP MJNJUT QMBDFE CZ QSFWJPVT TFBSDIFT� 5IF FYQFDUFE BOE PCTFSWFE MJNJUT QMBDFE JO UIJT TFBSDI BSF

TIPXO JO UFBM EBTIFE BOE TPMJE MJOFT
 SFTQFDUJWFMZ� 5IF QVSQMF DPOUPVST TIPX UIF MJNJUT QMBDFE JO UIF

���



QSFWJPVT JUFSBUJPO PG UIJT TFBSDI
 EFTDSJCFE JO <��>
 XIJDI VTFE JPOJ[BUJPO FOFSHZ NFBTVSFE JO UIF

"5-"4 TJMJDPO QJYFM EFUFDUPS BT UIF TPMF NFBTVSF PG QBSUJDMF TQFFE� 5IF CMVF DPOUPVST SFQSFTFOU UIF

MJNJUT QMBDFE CZ B TFBSDI GPS EJTQMBDFE MFQUPOT
 EFTDSJCFE JO <��>
 XIJDI UBSHFUFE TMFQUPOT PG B MPXFS

NBTT BOE MJGFUJNF SBOHF UIBO UIF TFBSDI QSFTFOUFE IFSF�

$PNQBSFE UP UIF 1JYFM dE/dx TFBSDI
 UIF dE/dx � βToF TFBSDI UBSHFUT TMFQUPOT PG MPOHFS MJGF�

UJNFT BOE TMJHIUMZ IJHIFS NBTTFT� 5IJT TFBSDI SFRVJSFT UIBU B QBSUJDMF USBWFSTFT UIF UJMF DBMPSJNFUFS JO

BEEJUJPO UP UIF *OOFS %FUFDUPS UP PCUBJO B TFDPOE NFBTVSF PG QBSUJDMF TQFFE
 UJNF�PG�୯୳JHIU� 3FRVJS�

JOH UIBU UIF QBSUJDMF TVSWJWFT MPOH FOPVHI UP QBTT UISPVHI UIF UJMF DBMPSJNFUFS SFEVDFT UIF TFOTJUJWJUZ

UP TIPSUFS MJGFUJNFT� )PXFWFS
 UIF TFDPOE NFBTVSFNFOU PG QBSUJDMF TQFFE SFTVMUT JO TJHOJ୮ୢDBOU CBDL�

HSPVOE SFEVDUJPO
 XIJDI BMMPXT HSFBUFS TFOTJUJWJUZ UP TMFQUPOT PG MPOHFS MJGFUJNFT BOE IJHIFS NBTTFT

JO QSFWJPVTMZ VOFYQMPSFE BSFBT PG UIJT NBTT�MJGFUJNF QMBOF�

'JHVSFT ����� ���� TIPX UIF 95ॎ $- VQQFS MJNJUT QMBDFE PO UIF 3�IBESPO QSPEVDUJPO DSPTT TFDUJPO

GPS WBSZJOH MJGFUJNFT BT B GVODUJPO PG NBTT GPS UIF DBTF XIFSF UIF NBTT PG UIF OFVUSBMJOP JT ୮ୢYFE UP

100(F7� *O UIJT TDFOBSJP
 3�IBESPOT PG MJGFUJNF 3 OT BSF FYDMVEFE GPS NBTTFT MFTT UIBO 1860(F7�

3�IBESPOT PG MJGFUJNFT 10 BOE 30 OT BSF FYDMVEFE VQ UP NBTTFT 2180 BOE 2278(F7
 SFTQFDUJWFMZ�

4UBCMF 3�IBESPOT BSF FYDMVEFE VQ UP NBTTFT PG 2222(F7
 XIJDI JT UIF NPTU TUSJOHFOU MJNJU PO TUBCMF

3�IBESPOT UP EBUF�

'JHVSFT ����� ���� TIPX UIF 95ॎ$- VQQFS MJNJUT PO UIF 3�IBESPO QSPEVDUJPO DSPTT TFDUJPO GPS

UIF DBTF XIFSF UIF NBTT EJ୭GFSFODF CFUXFFO UIF HMVJOP BOE UIF OFVUSBMJOP JT ୮ୢYFE UP 30(F7� *O UIJT

TDFOBSJP
 3�IBESPOT PG MJGFUJNFT 3 OT
 10 OT
 BOE 30 OT BSF FYDMVEFE VQ UP NBTTFT 1557
 1968
 BOE

2130(F7
 SFTQFDUJWFMZ�

���



'JHVSF ���� TVNNBSJ[FT UIF MJNJUT QMBDFE PO 3�IBESPOT BT B GVODUJPO PG NBTT BOE MJGFUJNF� 'JH�

VSF ����B TIPXT UIF 3�IBESPO MJNJUT JO UIF NBTT�MJGFUJNF QMBOF GPS UIF DBTF XIFSF UIF OFVUSBMJOP

NBTT JT BTTVNFE UP CF ୮ୢYFE BU 100(F7� 'JHVSF ����C TIPXT UIF MJNJUT QMBDFE PO 3�IBESPOT JO UIF

DBTF UIBU UIF NBTT EJ୭GFSFODF CFUXFFO UIF HMVJOP BOE UIF OFVUSBMJOP JT ୮ୢYFE UP CF 30(F7� 'PS B HJWFO

MJGFUJNF
 NBTTFT CFMPX UIF MJNJU DPOUPVS BSF FYDMVEFE�

5IF MJNJUT QMBDFE PO UIF 3�IBESPOT PG MJGFUJNF 30 OT JO CPUI DBTFT BSF UIF NPTU TUSJOHFOU UP EBUF�

3FMBUJWF UP UIF QSFWJPVT JUFSBUJPO PG UIJT TFBSDI
 XIJDI MPPLFE GPS IFBWZ
 DIBSHFE
 MPOH�MJWFE QBSUJDMFT

WJB IJHIMZ JPOJ[JOH USBDLT <��>
 UIJT TFBSDI JT BCMF UP QMBDF TMJHIUMZ TUSPOHFS MJNJUT PO 3�IBESPOT JO

UIF 30 OT MJGFUJNF SBOHF� 5IJT TFBSDI QMBDFT XFBLFS MJNJUT PO TIPSUFS�MJWFE 3�IBESPOT EVF UP UIF

BEEJUJPOBM SFRVJSFNFOU UIBU UIF QBSUJDMF NVTU USBWFSTF UIF IBESPOJD DBMPSJNFUFS CFGPSF EFDBZJOH�

)PXFWFS
 BT UIJT TFBSDI QSJNBSJMZ UBSHFUT QBSUJDMFT PG NBTTFT PO UIF PSEFS PG 100T PG (F7
 UIF HBJO

JO TFOTJUJWJUZ BU WFSZ IJHI NBTTFT JT TMJHIU
 BOE JT MJNJUFE CZ TQBSTF TUBUJTUJDT BU IJHI NBTTFT� /POFUIF�

MFTT
 UISPVHI UIF UJNF�PG�୯୳JHIU SFRVJSFNFOU UIBU UBSHFUT TMPX�NPWJOH QBSUJDMFT
 UIJT TFBSDI TMJHIUMZ

JNQSPWFT MJNJUT PO 3�IBESPOT UIBU XFSF XFBLFS UIBO FYQFDUFE JO UIF QSFWJPVT JUFSBUJPO PG BOBMZTJT

EVF UP UIF FYDFTT BU WFSZ IJHI NBTTFT EJTDVTTFE JO 4FDUJPO ���� 5IF USBDLT JO UIJT FYDFTT XFSF EFUFS�

NJOFE UP IBWF B DBMPSJNFUFS UJNF�PG�୯୳JHIU NFBTVSFNFOU DPOTJTUFOU XJUI UIF TQFFE PG MJHIU
 XIJDI JT

OPU DPOTJTUFOU XJUI B IFBWZ 	∼25F7
 3�IBESPO�

5IF SFTVMUT PG UIJT TFBSDI DBO CF SF�JOUFSQSFUFE JO UFSNT PG PUIFS TJHOBM NPEFMT UIBU QSFEJDU IFBWZ


DIBSHFE
 MPOH�MJWFE QBSUJDMFT� -JNJUT PO DIBSHJOPT XJMM CF QMBDFE QFOEJOH UIF QSPEVDUJPO PG TJHOBM

TJNVMBUJPO�
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Figure 9.9: 95%CL upper limits on the production cross section of sleptons of lifetimes 3 and 10ns as a function of
mass. The cross section predicted by the simplifiedmodel is shown in a gray line. The expected upper cross-section

limit in the background-only hypothesis is shown in the dashed line. The limit extracted from the observed data is

shown in the solid black line. The teal bands represent the 1 and 2σ bounds on the upper limit [2].
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Figure 9.10: 95%CL upper limits on the production cross section of sleptons of lifetimes 30 and 3000ns as a function
of mass. The cross section predicted by the simplifiedmodel is shown in a gray line. The expected upper cross-section

limit in the background-only hypothesis is shown in the dashed line. The limit extracted from the observed data is

shown in the solid black line. The teal bands represent the 1 and 2σ bounds on the upper limit [2].
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Figure 9.11: Limits placed on sleptons in themass-lifetime plane. The black dashed contour shows the expected limit,

while the solid teal line shows the observed limit in the 2Dmass-lifetime plane. The teal bands represent the 1σ and

2σ uncertainty ranges. Themass-lifetime area within the contour has been excluded. The observed limit is weaker
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Figure 9.13: 95%CL upper limits on the production cross section of R-hadrons (mχ=100GeV) of lifetimes 3 and
10ns as a function of mass. The cross section predicted by the simplifiedmodel is shown in a gray line. The expected
upper cross-section limit in the background-only hypothesis is shown in the dashed line. The limit extracted from the

observed data is shown in the solid black line. The teal bands represent the 1 and 2σ bounds on the upper limit [2].
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Figure 9.14: 95%CL upper limits on the production cross section of R-hadrons (mχ=100GeV) of lifetimes 30ns and
stable as a function of mass. The cross section predicted by the simplifiedmodel is shown in a gray line. The expected

upper cross-section limit in the background-only hypothesis is shown in the dashed line. The limit extracted from the

observed data is shown in the solid black line. The teal bands represent the 1 and 2σ bounds on the upper limit [2].
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Figure 9.15: 95%CL upper limits on the production cross section of R-hadrons (mg̃−mχ=30GeV) of lifetimes 3 and
10ns as a function of mass. The cross section predicted by the simplifiedmodel is shown in a gray line. The expected
upper cross-section limit in the background-only hypothesis is shown in the dashed line. The limit extracted from the

observed data is shown in the solid black line. The teal bands represent the 1 and 2σ bounds on the upper limit [2].
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Figure 9.16: 95%CL upper limits on the production cross section of R-hadrons (mg̃−mχ=30GeV) of lifetime 30ns
as a function of mass. The cross section predicted by the simplifiedmodel is shown in a gray line. The expected upper

cross-section limit in the background-only hypothesis is shown in the dashed line. The limit extracted from the ob-

served data is shown in the solid black line. The teal bands represent the 1 and 2σ bounds on the upper limit [2].
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Figure 9.17: Limit contours in the 2Dmass-lifetime plane for (a) R-hadrons (mχ=100GeV) and (b) R-hadrons

(mg̃−mχ=30GeV). The black dashed line shows the expected limit. The solid teal line shows the observed limit.
The teal bands represent the 1σ and 2σ uncertainty ranges. For a given lifetime, masses below the limit contour are

excluded [2].
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GPS MPOH�MJWFE OFVUSBM QBSUJDMFT JO $&3/ TFSWJDF TIBG୴T
 ����� 63- https://arxiv.org/

abs/1909.13022�

<��> .� "BCPVE FU BM� 4FBSDI GPS MPOH�MJWFE
 NBTTJWF QBSUJDMFT JO FWFOUT XJUI EJTQMBDFE WFSUJDFT BOE
NJTTJOH USBOTWFSTF NPNFOUVN JO

√
s = 13 TeV pp DPMMJTJPOT XJUI UIF BUMBT EFUFDUPS� 1IZT�

���

https://doi.org/10.1088%2F1126-6708%2F1998%2F12%2F027
https://doi.org/10.1088%2F1126-6708%2F1998%2F12%2F027
https://doi.org/10.1016%2Fj.nuclphysb.2004.11.048
https://doi.org/10.1088%2F1126-6708%2F2005%2F06%2F073
https://doi.org/10.1088%2F1126-6708%2F2005%2F06%2F073
http://cds.cern.ch/record/2676309
http://cds.cern.ch/record/2676309
https://cds.cern.ch/record/2852738
https://doi.org/10.1088%2F0954-3899%2F39%2F10%2F105005
https://arxiv.org/abs/2203.08126
https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022


3FW� %
 ���������
 .BS ����� EPJ� ��������1IZT3FW%����������� 63- https://link.aps.

org/doi/10.1103/PhysRevD.97.052012�

<��> "5-"4 $PMMBCPSBUJPO� 4FBSDI GPS IFBWZ
 MPOH�MJWFE
 DIBSHFE QBSUJDMFT XJUI MBSHF JPOJTBUJPO
FOFSHZ MPTT JO pp DPMMJTJPOT BU

√
s = 13 5F7 VTJOH UIF BUMBT FYQFSJNFOU BOE UIF GVMM SVO �

EBUBTFU
 ����� 63- https://arxiv.org/abs/2205.06013�

<��> (FPSHFT "BE FU BM� 4FBSDI GPS MPOH�MJWFE DIBSHJOPT CBTFE PO B EJTBQQFBSJOH�USBDL TJHOB�
UVSF VTJOH ��� ୯୰−1 PG QQ DPMMJTJPOT BU

√
s � �� 5F7 XJUI UIF "5-"4 EFUFDUPS� &VS� 1IZT�

+� $
 ��	�
����
 ����� EPJ� ��������FQKD�T������������������ 63- https://cds.cern.

ch/record/2799061� $PNNFOUT� �� QBHFT JO UPUBM
 BVUIPS MJTU TUBSUJOH QBHF ��
 � ୮ୢH�
VSFT
 � UBCMFT
 QVCMJTIFE JO &1+$� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�464:����������

<��> (FPSHFT "BE FU BM� 4FBSDI GPS EJTQMBDFE MFQUPOT JO
√
s = 13 5F7 pp DPMMJTJPOT XJUI UIF "5�

-"4 EFUFDUPS� 1IZT� 3FW� -FUU�
 ���	�
�������
 ����� EPJ� ��������1IZT3FW-FUU������������
63- https://cds.cern.ch/record/2744332� �� QBHFT JO UPUBM
 BVUIPS MJTU TUBSUJOH
QBHF ��
 � ୮ୢHVSFT
 � UBCMF
 TVCNJUUFE UP 13-� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJM�
BCMF BU IUUQ���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�464:���������

<��> (JBO '� (JVEJDF
 .BUUIFX.D$VMMPVHI
 BOE %BOJFMF 5FSFTJ� E&�EY GSPN CPPTUFE MPOH�MJWFE
QBSUJDMFT� +PVSOBM PG )JHI &OFSॻ 1IZTJDT
 ����	�

 BVH ����� EPJ� ��������KIFQ��	����
����
63- https://doi.org/10.1007%2Fjhep08%282022%29012�

<��> "OB -PQFT BOE.FMJTTB -PZTF 1FSSFZ� '"2ୖ-)$ 5IF HVJEF� ����� 63- https://cds.

cern.ch/record/2809109�

<��> 0MJWFS 4JN #S¼OJOH
 1BVM $PMMJFS
 1 -FCSVO
 4UFQIFO.ZFST
 3BOLP 0TUPKJD
 +PIO 1PPMF
 BOE
1BVM 1SPVEMPDL� -)$ %FTJHO 3FQPSU� $&3/ :FMMPX 3FQPSUT� .POPHSBQIT� $&3/
 (FOFWB

����� EPJ� ��������$&3/����������7��� 63- https://cds.cern.ch/record/782076�

<��> +PBP 1FRVFOBP� $PNQVUFS HFOFSBUFE JNBHF PG UIF XIPMF "5-"4 EFUFDUPS� ����� 63-
https://cds.cern.ch/record/1095924�

<��> .BMUF #BDLIBVT� 5IF VQHSBEFE 1JYFM %FUFDUPS PG UIF "5-"4 &YQFSJNFOU GPS 3VO� BU UIF
-BSHF )BESPO $PMMJEFS� 5FDIOJDBM SFQPSU
 $&3/
 (FOFWB
 ����� 63- https://cds.cern.

ch/record/2110260�

���

https://link.aps.org/doi/10.1103/PhysRevD.97.052012
https://link.aps.org/doi/10.1103/PhysRevD.97.052012
https://arxiv.org/abs/2205.06013
https://cds.cern.ch/record/2799061
https://cds.cern.ch/record/2799061
https://cds.cern.ch/record/2744332
https://doi.org/10.1007%2Fjhep08%282022%29012
https://cds.cern.ch/record/2809109
https://cds.cern.ch/record/2809109
https://cds.cern.ch/record/782076
https://cds.cern.ch/record/1095924
https://cds.cern.ch/record/2110260
https://cds.cern.ch/record/2110260


<��> 5SBDL 3FDPOTUSVDUJPO 1FSGPSNBODF PG UIF "5-"4 *OOFS %FUFDUPS BU
√
s =

135F7� 5FDIOJDBM SFQPSU
 $&3/
 (FOFWB
 ����� 63- https://cds.cern.

ch/record/2037683� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�16#/05&4�"5-ୖ1):4ୖ16#������
����

<��> 7FSUFY 3FDPOTUSVDUJPO 1FSGPSNBODF PG UIF "5-"4 %FUFDUPS BU أ
√
s = 13 5F7أ�

5FDIOJDBM SFQPSU
 $&3/
 (FOFWB
 ����� 63- https://cds.cern.ch/

record/2037717� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�16#/05&4�"5-ୖ1):4ୖ16#������
����

<��> E&�EY NFBTVSFNFOU JO UIF "5-"4 1JYFM %FUFDUPS BOE JUT VTF GPS QBSUJDMF JEFOUJ୮ୢ�
DBUJPO� 5FDIOJDBM SFQPSU
 $&3/
 (FOFWB
 ����� 63- https://cds.cern.

ch/record/1336519� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�$0/'/05&4�"5-"4ୖ$0/'�
���������

<��> (� -JOETUSPN FU BM� 3BEJBUJPO IBSE TJMJDPO EFUFDUPST EFWFMPQNFOUT CZ UIF 3%�� 	304&

$PMMBCPSBUJPO� /VDM� *OTUSVN� .FUI� "
 
���؛������� ����� EPJ� ��������4���������	��

��������

<��> ( "BE FU BM� "5-"4 QJYFM EFUFDUPS FMFDUSPOJDT BOE TFOTPST� +*/45
 ��1�����
 ����� EPJ�
�����������������������1������ 63- https://cds.cern.ch/record/1119279�

<��> )� 1FSOFHHFS� 5IF 1JYFM %FUFDUPS PG UIF "5-"4 FYQFSJNFOU GPS -)$ 3VO��� +PVSOBM PG
*OTUSVNFOUBUJPO
 ���$�����
 ����� EPJ� ������������������������$������ 63- https:

//dx.doi.org/10.1088/1748-0221/10/06/C06012�

<��> #� "CCPUU FU BM� 1SPEVDUJPO BOE *OUFHSBUJPO PG UIF "5-"4 *OTFSUBCMF #ୖ-BZFS� +*/45
 ��
	��
�5�����
 ����� EPJ� ������������������������5������ 63- https://cds.cern.

ch/record/2307576� �� QBHFT JO UPUBM� "VUIPS MJTU� "5-"4 *#- $PMMBCPSBUJPO
 TUBSUJOH
QBHF �� �� ୮ୢHVSFT
 �� UBCMFT� 1VCMJTIFE JO +PVSOBM PG *OTUSVNFOUBUJPO� "MM ୮ୢHVSFT BWBJMBCMF BU�
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1-054�1*9����������

<��> "5-"4 JOOFS EFUFDUPS� 5FDIOJDBM %FTJHO 3FQPSU
 �� 5FDIOJDBM EFTJHO SFQPSU� "5-"4� $&3/

(FOFWB
 ����� 63- https://cds.cern.ch/record/331063�

���

https://cds.cern.ch/record/2037683
https://cds.cern.ch/record/2037683
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/1336519
https://cds.cern.ch/record/1336519
https://cds.cern.ch/record/1119279
https://dx.doi.org/10.1088/1748-0221/10/06/C06012
https://dx.doi.org/10.1088/1748-0221/10/06/C06012
https://cds.cern.ch/record/2307576
https://cds.cern.ch/record/2307576
https://cds.cern.ch/record/331063


<��> ( "BE FU BM� 0QFSBUJPO BOE QFSGPSNBODF PG UIF "5-"4 TFNJDPOEVDUPS USBDLFS JO -)$
3VO �� +*/45
 ���1�����
 ����� EPJ� ������������������������1������ 63- https://

cds.cern.ch/record/2780336� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQ���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�4$5%���������

<��> " "CEFTTFMBN BOE 5 "LJNPUP� 5IF #BSSFM .PEVMFT PG UIF "5-"4 4FNJ$POEVDUPS 5SBDLFS�
5FDIOJDBM SFQPSU
 $&3/
 (FOFWB
 ����� 63- https://cds.cern.ch/record/974073�

<��> .PSBE "BCPVE FU BM� 1FSGPSNBODF PG UIF "5-"4 5SBOTJUJPO 3BEJBUJPO 5SBDLFS JO 3VO �
PG UIF -)$� USBDLFS QSPQFSUJFT� 1FSGPSNBODF PG UIF "5-"4 5SBOTJUJPO 3BEJBUJPO 5SBDLFS
JO 3VO � PG UIF -)$� USBDLFS QSPQFSUJFT� +*/45
 ���1�����
 ����� EPJ� ������������������
������1������ 63- https://cds.cern.ch/record/2253059� �� QBHFT JO UPUBM
 BV�
UIPS MJTU TUBSUJOH QBHF ��
 �� ୮ୢHVSFT
 � UBCMFT
 TVCNJUUFE UP +*/45
 "MM ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�*%&5���������

<��> 5IF "5-"4 $PMMBCPSBUJPO� 5SU QFSGPSNBODF SFTVMUT GSPN �� UFW DPMMJTJPO EBUB 	���������
�
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/TRT-2016-001/
 �
"DDFTTFE� �����������

<��> &� )JOFT� 1FSGPSNBODF PG QBSUJDMF JEFOUJ୮ୢDBUJPO XJUI UIF BUMBT USBOTJUJPO SBEJBUJPO USBDLFS

����� 63- https://arxiv.org/abs/1109.5925�

<��> 5IF "5-"4 $PMMBCPSBUJPO� 5IF BUMBT FYQFSJNFOU BU UIF DFSO MBSHF IBESPO DPMMJEFS� +PVSOBM
PG *OTUSVNFOUBUJPO
 �	��
�4�����
 BVH ����� EPJ� �����������������������4������ 63-
https://dx.doi.org/10.1088/1748-0221/3/08/S08003�

<��> +PBP 1FRVFOBP� $PNQVUFS (FOFSBUFE JNBHF PG UIF "5-"4 DBMPSJNFUFS� ����� 63- https:

//cds.cern.ch/record/1095927�

<��> .PSBE "BCPVE FU BM� .FBTVSFNFOU PG UIF QIPUPO JEFOUJ୮ୢDBUJPO F୭୮ୢDJFODJFT XJUI
UIF "5-"4 EFUFDUPS VTJOH -)$3VO�� EBUB� .FBTVSFNFOU PG UIF QIPUPO JEFOUJ୮ୢDB�
UJPO F୭୮ୢDJFODJFT XJUI UIF "5-"4 EFUFDUPS VTJOH -)$3VO�� EBUB� &VS� 1IZT� +� $
 ��
	��
����
 ����� EPJ� ��������FQKD�T����������������� 63- https://cds.cern.

ch/record/2158117� �� QBHFT QMVT BVUIPS MJTU 	�� QBHFT UPUBM

 �� ୮ୢHVSFT
 � UB�
CMFT
 TVCNJUUFE UP &VS� 1IZT� +� $
 "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQ���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�1&3'����������

���

https://cds.cern.ch/record/2780336
https://cds.cern.ch/record/2780336
https://cds.cern.ch/record/974073
https://cds.cern.ch/record/2253059
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/TRT-2016-001/
https://arxiv.org/abs/1109.5925
https://dx.doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1095927
https://cds.cern.ch/record/1095927
https://cds.cern.ch/record/2158117
https://cds.cern.ch/record/2158117


<��> "5-"4 UJMF DBMPSJNFUFS� 5FDIOJDBM %FTJHO 3FQPSU� 5FDIOJDBM EFTJHO SFQPSU� "5-"4� $&3/

(FOFWB
 ����� EPJ� ���������$&3/�+3#+��0��� 63- https://cds.cern.ch/record/

331062�

<��> (FPSHFT "BE FU BM� 1FSGPSNBODF PG UIF "5-"4 31$ EFUFDUPS BOE -FWFM�� NVPO CBSSFM USJHHFS
BU
√
s = 13 5F7� 1FSGPSNBODF PG UIF "5-"4 31$ EFUFDUPS BOE -FWFM�� NVPO CBSSFM USJHHFS

BU
√
s��� 5F7� +*/45
 ���1�����
 ����� EPJ� ������������������������1������ 63-

https://cds.cern.ch/record/2753039� �� QBHFT JO UPUBM
 BVUIPS MJTU TUBSUJOH QBHF ��

�� ୮ୢHVSFT
 � UBCMFT
 QVCMJTIFE JO +*/45� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQ���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�.%&5���������

<��> "5-"4 NVPO TQFDUSPNFUFS� 5FDIOJDBM %FTJHO 3FQPSU� 5FDIOJDBM EFTJHO SFQPSU� "5-"4�
$&3/
 (FOFWB
 ����� 63- https://cds.cern.ch/record/331068�

<��> (FPSHFT "BE FU BM� 0QFSBUJPO PG UIF "5-"4 USJHHFS TZTUFN JO 3VO �� +*/45
 ��
	��
�1�����
 ����� EPJ� ������������������������1������ 63- https://cds.

cern.ch/record/2725146� �� QBHFT JO UPUBM
 BVUIPS MJTU TUBSUJOH QBHF ��
 �� ୮ୢH�
VSFT
 � UBCMFT
 TVCNJUUFE UP +*/45
 "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�53*(����������

<��> (� "BE FU BM� 1FSGPSNBODF PG UIF NJTTJOH USBOTWFSTF NPNFOUVN USJHHFST GPS UIF "5-"4
EFUFDUPS EVSJOH SVO�� EBUB UBLJOH� +PVSOBM PG )JHI &OFSॻ 1IZTJDT
 ����	�

 BVH ����� EPJ� ���
�����KIFQ��	����
���� 63- https://doi.org/10.1007%2Fjhep08%282020%29080�

<��> 5 $PSOFMJTTFO
 . &MTJOH
 * (BWSJMFOLP
 8 -JFCJH
 & .PZTF
 BOE " 4BM[CVSHFS� 5IF OFX
"5-"4 USBDL SFDPOTUSVDUJPO 	/&85
� +� 1IZT�� $PO؟� 4FS�
 ����������
 ����� EPJ� ��������
����������������������� 63- https://cds.cern.ch/record/1176900�

<��> "[SJFM 3PTFOGFME BOE +PIO -� 1GBMU[� 4FRVFOUJBM PQFSBUJPOT JO EJHJUBM QJDUVSF QSPDFTTJOH� +�
"$.
 ��	�

���؛���� PDU ����� *44/ ���������� EPJ� ���������������������� 63- https:

//doi.org/10.1145/321356.321357�

<��> .� "BCPVE FU BM� 1FSGPSNBODF PG UIF "5-"4 5SBDL 3FDPOTUSVDUJPO "MHPSJUINT JO
%FOTF &OWJSPONFOUT JO -)$ SVO �� &VS� 1IZT� +� $
 ��	��
����
 ����� EPJ� ��������FQKD�
T����������������� 63- https://cds.cern.ch/record/2261156� �� QBHFT JO UPUBM
 BV�
UIPS MJTU TUBSUJOH QBHF ��
 �� ୮ୢHVSFT
 � UBCMF
 TVCNJUUFE UP &1+$
 "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ
୮ୢHVSFT BSF BWBJMBCMF BU IUUQ���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�1&3'�
���������

���

https://cds.cern.ch/record/331062
https://cds.cern.ch/record/331062
https://cds.cern.ch/record/2753039
https://cds.cern.ch/record/331068
https://cds.cern.ch/record/2725146
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https://doi.org/10.1007%2Fjhep08%282020%29080
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<��> 3� 'S¼IXJSUI� "QQMJDBUJPO PG LBMNBO ୮ୢMUFSJOH UP USBDL BOE WFSUFY ୮ୢUUJOH� /VDMFBS *O�
TUSVNFOUT BOE .FUIPET JO 1IZTJDT 3FTFBSDI 4FDUJPO "� "DDFMFSBUPST
 4QFDUSPNFUFST
 %F�
UFDUPST BOE "TTPDJBUFE &RVJQNFOU
 ���	�

���؛���� ����� *44/ ���������� EPJ� IUUQT�
��EPJ�PSH������������������	��
�������� 63- https://www.sciencedirect.com/

science/article/pii/0168900287908874�

<��> (� "BE FU BM� .VPO SFDPOTUSVDUJPO QFSGPSNBODF PG UIF "5-"4 EFUFDUPS JO QSPUPO؛
QSPUPO DPMMJTJPO EBUB BU

√
(s) � �� UFW� 5IF &VSPQFBO 1IZTJDBM +PVSOBM $
 ��	�

 NBZ �����

EPJ� ��������FQKD�T���������������Z� 63- https://doi.org/10.1140%2Fepjc%

2Fs10052-016-4120-y�

<��> 5IF "5-"4 $PMMBCPSBUJPO� #FBNTQPUQVCMJDSFTVMUT
SVO � ��OT QQ DPMMJTJPOT

�T � �� UFW� https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

BeamSpotPublicResults
 � "DDFTTFE� �����������

<��> 1FSGPSNBODF PG QSJNBSZ WFSUFY SFDPOTUSVDUJPO JO QSPUPO�QSPUPO DPMMJTJPOT BU
√
s =�

5F7 JO UIF "5-"4 FYQFSJNFOU� 5FDIOJDBM SFQPSU
 $&3/
 (FOFWB
 ����� 63- https:

//cds.cern.ch/record/1281344� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�$0/'/05&4�"5-"4ୖ$0/'������
����

<��> 3 'S¼IXJSUI
 8PMGHBOH8BMUFOCFSHFS
 BOE 1BTDBM 7BOMBFS� "EBQUJWF 7FSUFY 'JUUJOH� 5FDIOJDBM
SFQPSU
 $&3/
 (FOFWB
 ����� 63- https://cds.cern.ch/record/1027031�

<��> (FPSHFT "BE FU BM� .VPO SFDPOTUSVDUJPO BOE JEFOUJ୮ୢDBUJPO F୭୮ୢDJFODZ JO "5-"4 VT�
JOH UIF GVMM 3VO � pp DPMMJTJPO EBUB TFU BU

√
s = 13 5F7� &VS� 1IZT� +�
 $
 ������


����� EPJ� ��������FQKD�T������������������ 63- https://cds.cern.ch/record/

2746302� �� QBHFT JO UPUBM
 BVUIPS MJTU TUBSUJOH QBHF ��
 BVYJMJBSZ NBUFSJBM TUBSUJOH
BU QBHF ��
 �� ୮ୢHVSFT
 � UBCMFT� "MM ୮ୢHVSFT JODMVEJOH BVYJMJBSZ ୮ୢHVSFT BSF BWBJMBCMF BU
IUUQT���BUMBT�XFC�DFSO�DI�"UMBT�(30614�1):4*$4�1"1&34�.60/����������

<��> (FPSHFT "BE FU BM� .VPO SFDPOTUSVDUJPO QFSGPSNBODF PG UIF "5-"4 EFUFDUPS JO
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