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LD = ψ̄(iγµ∂µ −m)ψ
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LM = − 1

4
(FµνFµν)

avec Fµν = ∂µAν − ∂νAµ
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φi(x) → φ′
i(x) = U(θa)ijφj(x),
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L(φ, ∂µφ) = L(φ′, ∂µφ
′) = L(Uφ, ∂µUφ).
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U(θ) = 1 + iθaHa + O((θa)2),
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φ′
i(x) = φi(x) + iθaHa

ijφi(x) + O((θa)2)
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[Ha, Hb] = iCabcHc.
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LD = ψ̄(x)(iγµ∂µ −m)ψ(x),
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ψ(x) → ψ′ = e−iθψ(x),
� � � : �

ψ̄(x) → ψ̄′ = eiθψ(x).
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ψ(x) → ψ′ = e−iθ(x)ψ(x),
� � � �.�

ψ̄(x) → ψ̄′ = eiθ(x)ψ(x).
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ψ̄(x)iγµ∂µψ(x) → ψ̄(x)iγµ∂µ + ψ̄(x)γµ(∂µθ(x))ψ(x).
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Aµ(x) → A′
µ(x) = Aµ(x) +

1

q
∂µθ(x),
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Dµψ(x) → e−iθ(x)Dµψ(x).
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Dµψ(x) = (∂µ + iqAµ(x))ψ(x).
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Fµν = ∂µAν(x) − ∂νAµ(x).
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LQEDD = ψ̄(x)(iγµDµ −m)ψ(x) − 1

4
F µνFµν

� � � � F �

= ψ̄(x)(iγµ∂µ −m)ψ(x) − qψ̄(x)γµAµ(x)ψ(x) − 1

4
F µνFµν .
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Top Quark Mass (GeV/c
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7

Tevatron  1.2±172.4 
(Run I/Run II, July 2008)

/dof = 6.9/11.0 (81%)2χ

Lepton+Jets: D0  1.7±172.2 
)

-1
( 2.2 fb

Lepton+Jets: CDF  1.6±172.2 
)

-1
( 2.7 fb

Dilepton: D0  3.8±174.4 
)

-1
( 2.8 fb

Dilepton: CDF  3.9±171.2 
)

-1
( 2.0 fb

All-Jets: CDF  4.2±176.9 
)-1( 2.1 fb

Best Tevatron Run II (Preliminary)
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172.4 ± 1.2 GeV/c2 �
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 ��7<4->=;=;�
g@?^4�ACB.DFE/GIH�G�DJDJGJ@IACKLKJGMDONJP�KRQCNOACS�E/G$2�TUG1H�VW?�X�TUACQWGMG�S'DONLGIT.G�<�VWKLVWSYE/G yZBUQWQWK4G[D\T.G1]0?^ACN ;

DOVWXIG�KLD_B�@`X�VWNaDbACS'DJG$�0c&GdH�VC?�X�TeA2QWGfE/GZg�?�;hAji_AkE/?8]0?^ACN ;MDOVCX8G�KaDlACB.S�KJB�X�NJVmHbn�GfE�GdT#�o?�S�BpDOq@�Qg@G
H�Gh4�ACB.D!2/T.G4]m?�ACN ;rDJVWXsBUS'DOG�N>8mBUG�S'DtE�GFurACS/BUP�NLG4KJB.QWS�B7p�HjA2DJB78WG�/�]0?^ACE�NJA2DOB.]0?�G�u`G�S'DW1_E^A2S�KlTUG�KZH�VWNav
NJG�H[DOB.VWS�K_NJACE�BeAhDOB78CG�K_E/G�KtX�NJVCX^ACQ'A2DJG�?�NLKlE�G�Klw�VWKLVWS�K

W
G[D
Z
2)H�VWu`uIG@T#�oBUTUT.?�KLDJNJGZTUGdE/BeACQWNJACu`uIG

E�GfQWAC?�Hbn�GZE�GZTeA p^QW?�NLG � �.x �mc�GZw�VWKJVWS`E�GOyfB.QWQWKyBUS'DOG�N>8mBUG�S'Dzq�Q'ACTUG�uIG�S'D /�TUVWQWACNJBpDOn�u`BU]0?�G�uIG�S0Dx1
E^ACS�KdT.GRH�ACTUH�?�T{E/GkH�G�Kdu<N�uIG�K@H�VWNJNLG�H�DJBUVWS/KJ/�E�BUACQWNJACuIu`G�KtE�G\E�NJVWBpDOG|E�GkTUA<p^QW?�NLG � �.x 13���}T~G�KaD
E�VWS�HfX�VWKLKJB.w�TUGfE���B.uIX�VWKLG�N�E�G�KlT.BUu`B.DOG�K�KJ?�NzTeARuIACKLKJGdE�?�w�VWKLVWS8E�GhyZBUQWQCK�G�S�H�VWS�S�ACBUKLKOACS'DtA�8WG�H
X�NJq�H�BUKLBUVWSsTUAkurACKLKJGFE�?�]0?^ACN ;IDOVWXsG�DZE�G�Kfw�VWKLVWS�K

W
VW?

Z
�

W/Z

t

b̄

W/Z W/Z W/Z W/Z W/Z

H

∝ Gfm
2

top
∝ ln

mHiggs

mWH
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DOG�?/NJK4E�G�K|w�VWKLVWS�K

W
G[D
Z
��wf?
uIB.TUBUG�?�G[D&q8E�NJVWBpDOG@2�H�VCS0DJNJB.w�?/DOB.VWS�K4E�?
w�VWKJVCS�E/GJyfBUQCQWK4AC? �

H�VWNLNJG�H[DOB.VWS�KlNOA2E�BeA2DJB78CG�KlE�G�KfX�NLVWX^ACQWA2DOG�?�NJKlE�G�Kfw�VWKLVWS�K
W

G[D
Z
�

c�A p^QW?�NLG � �.� NJq�KL?�u`G|T.G�KlT.BUu`B.DOG�K�KL?�NtTeAkuIACKJKLG4E�? yfBUQCQWKlACB.S�KJB�VCw/DOG�Sm?/GCq1X^A2NLDOB.N_E�G�KZu`G[v
KJ?�NLG�KzE/GfX�NLq�H�BUKJB.VWSrE/G�KzuIACKLKJG�K�E�?rDJVWXrG[DzE/?rw�VWKJVWS

W
AC?8cEDGF7G�DzAC?JI~G38CAhDONJVCSrS�VCDOACu`uIG�S0D

W Z ��2 Z T@X9�rKdS�NLG�uIACNJ]0?�GsDONLP�KIH�TeA2BUNJG�uIG�S'DI]0?�G�TeA
urACKLKJG�E�?�w�VWKJVCS�E�G0yfBUQCQWKMKJG�NJACB.DIX�T.?/DO�CD
TUq�QCP�NJG@�&c�A�NJG�Hbn/G�NJHbn/GIE�B.NJG�H�DOGME�?
w�VWKJVCS�E�GJyZBUQWQCK5q�cEDGF Z qsX�G�NLuIB.KdE��oBUu`X�VCKJG�N4?/S�G1TUB.uIBpDOG
BUS"4�q�NJBUG�?�NFqRKJA\urA2KJKJGC%

mHiggs >
; 114 GeV/c2 ��g@GdNLq�H�G�S'DOK_NLq�KL?�T.DOA2DOK�E�?#I�GL82A2DJNJVWS8VCS0DzG3�)H�T.?

?�S�GFurA2KJKJGFE�GJkBa@b
GeV/c2 A�8WG�H�T)efc�E�GFS�B78CGjAC?�E�GFH�VCS"p;ACS�H�G W[Z T�X#�

�����������p���4�0�h-.(/"$�0=&*,�/"j-5#&(
 �!���!��^*O��"$#&%

AZS�G_AC?)DONJG�X�NLVWX�NJB.q�DJq�B.uIX�VWNLDOACS'DOGyE�?k]0?^A2N ;4DOVWXRG�KaD�]0?�G$2@qfTUAZE/B76�q�NJG�S�H�G�E�G�K{AC?/DJNJG�K~]0?^ACN ;0KL2
KJVWS`DOG�u`X�K�E�Gz8)B.G /�E�GZT#�oVWNJE�NLGfE/G

10−24 X�K�1yG�KLD k�b54�VWB.KyX�TU?�KS4�ACB.w�TUGl]0?�GfTUGlDOG�uIX�KyD}�mX�BU]0?�Gf]0?�G
uIG[D4?�S�]0?^ACN>;�X�VW?�N4K!�on^ACE/NJVWS�B.KJG�N!��gfG`X/TU?�KL2�TUG\uIVmE�?�T.G\E�GkT9��q�TUq�uIG�S0DdE�G1urAhDONJB.H�G :_�R�

VtbG�KLDyDJNJP�K�X�NLV)Hbn�GZE�G5kI/9b"�[TVTVTfb)� |Vtb| �[b"�[TVTVT Z)W lfb@X 13�0c&G�K�X�NLV)E/?�B.DJK�E�GfE/q�KJB.S'DOq�QCNOA2DJBUVWSME�?I]m?�ACN ;DOVWX
KJVCS0DFE/VWS�HMX�NJG�KJ]0?�G`G3�)H�T.?�KJBd8WG�uIG�S0D|H�VWS�KLDJB.DJ?�q�KFE��o?�S
w�VCKJVWS
W

NLq�G�T[/�HjA2N
mt > mW

1@G[D
E���?/S�]0?^ACN>;

b
H�VWuIu`G4T#�oBUT.TU?�KaDONLGfT.G4E�BeACQCNOACu`uIGfE�GFE�q�KLBUS'DOq�QWNOAhDOBUVCS�KL?�B782ACS'D&%
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LEP1 and SLD

LEP2 and Tevatron (prel.)

July 2008
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�[T��@:zVWS'DONJACBUS'DOG�E�G�TeAturACKLKJG�E�?kw�VWKJVCS
W

/ A��)G�E�G�K~VWNJE�VCS�S�q�G�Kx1�G�D�E/G�TUAZuIACKJKLGzE�?R]0?^ACN ;
DOVWX /�A��)G1E�G�K|ACw�KLH�B.KJKJG�Kx1dKJ?/N|TUAruIACKJKLG1E�?
w�VWKLVWS
E�GJyfB.QWQWK���c&G1H�VWS'DJVW?�N4w�T.G�?
H�VWNLNJG�KJX�VWS�E^q
TeA�NLq�QWB.VWS7E�GrurACKLKJG8E/?_yfBUQCQWK\X�G�NLuIB.KJG8A�8CG�H�?�S:S�Bd8WG�AC?:E�G8H�VWS"p;ACS/H�G�E�G��C�)c G[D1HjA2TUH�?/TUq�G
q�X^ACNLDJBUNkE/G�KMuIG�KJ?�NLG�KME�B.NJG�H[DOG�K`E/G�TeA�uIACKJKLG�E�?

W
G�DME/? DJVWX:E�G�c���� Z G�D`E�?���GL82A2DJNJVWS��

c�GRH�VWS'DJVW?�NdNLVW?�QWGRH�VWNLNJG�KLX�VCS�E�AC?�NJq�KJ?�TpDbA2D@H�VWu\w�BUS�qRE�G1c���� k1G�D4E�G��/c�g���c�Arw^A2S�E�GI8CG�NLDJG
H�VWNLNJG�KLX�VCS�E qFTeAdNLq�QWB.VWSME�GZurACKLKJGtE�?<yfB.QWQWK�X�G�NJu`BUKLGlX^ACNyTUGZ��V)E�P�TUG��mDOACS�E^ACNLE! 

< 1 TeV/c2 "
G�DtS�VWS�G#�)H�TU?�GFX^ACNtT.G�Klu`G�KJ?/NJG�KZE�B.NJG�H[DOG�KfA2?�c����$ 

> 114 GeV/c2 " W Z b\X%�

b

l, q

ν̄, q̄′
W+

t

:zVWu`u`GrTUGIDOVWX:KLG�E�q�KLBUS'DOP�QWNJGsA�82ACS'DME�G8K�&�n^A2E�NJVWS/BUKJG�N('�B.TzG�KLDMX�VWKJKLBUw�T.GrE�&oq�DJ?�E�BUG�N1E�BUNLG�H[DOG[v
uIG�S0D_TUGdKLX�BUSsE�?�DOVCX�G�Ssq�DJ?�E�BeA2S0DtKLG�KtX�NLV)E�?/B.DOKzE�G4E�q�KLBUS'DOq�QWNOAhDOBUVCS����~ACNlG#�)G�u`X�T.G)'�T*&�q[DO?�E�G4E/G
TeARX�VWTUACNJB.KOA2DJBUVWS`E�?�w�VWKJVWS

W
E^A2S�K_TeARE�q�KLBUS'DOq�QWNOA2DJBUVWSrE�?8DOVWX�X�G�NLuIG[D_E�&oq�DJ?�E�B.G�N_E�B.NJG�H�DOG�uIG�S'D

TUG58WG�NaDOG+�
tWb

G�D@TeAMKLDJNJ?�H[DO?�NLG
V − A

E�?
��VmE�P�TUG��0DbACS�E�ACNJE���:zG�DdACKJX�G�H[DdG�KLDdDJVW?/DfX^ACNLDJBUH�?)v
TUBUP�NJG�uIG�S0D�B.S0DJq�NLG�KJKJACS'D_X�VW?�N�TeAFNJG�Hbn�G�NLHbn�G4E�G@S/VW?"8WG�TUT.GfX�n'�mKJB.]0?�G)'mDOG�T.TUGt]0?�GdE�G�KzH�VWS'DONJB.w�?/DJBUVWS�K
V + A

VW?sTeA1X�NLq�KLG�S�H�GRE�&o?�S�w�VCKJVWS�E�G&yfB.QWQWKlHbn^ACNLQWq)�
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tt̄
X�NJq�KJG�S'DJG�S'D`TUG�KRBUS�QCNJq�E/BUG�S'DJK\X�NLVWX�NJG�K ��E�GrS�VWukw�NLG�? ��H�ACS^AC? �YE�G8S/VW?C$WG�TUT.GrX�n'�mKJB.]m?/G �~TUA

X�NJq�KJG�S/H�GYE &�?�S VW? X�TU?/KJBUG�?�NJKsT.G�X/DJVWS�K�Hbn^ACNLQWq�K�q�u`BUK � QWNJACS�E
pT
'l?�S�G
q�S/G�NJQCBUG�DONJACS�K*$CG�NLKJG

urACS/]m?�ACS'DOGzq�TUG'$Wq�G 'WE�G�K (LG�DJK�E�G_QWNJACS�E
pT

G�D�q'$WG�S0DJ?�G�T.TUG�uIG�S0DyE/G�K (LG[DOK
b
� � TmKJG�NOAdE�VCS�H_G�KLKJG�S0DJBUG�T

E�GMw�BUG�S�H�VWuIX/NJG�S/E�NJGMH�G�K\q'$Wq�S/G�u`G�S'DOK\A �^S�E�GIX/NJq�X�ACNJG�N\AC?�u`BUG�? ��TeA�NLG�Hbn�G�NJHbn�GIE�BUNLG�H�DJGIE/G
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σtt̄ /1032%465!798 ≈ 300&�:$) �,+.-
σtt̄ /1;�0�065!798 ≈ 720
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� � � :fVWukw/NJG\E &�q'$Wq�S/G�u`G�S'DOK
tt̄
X�NJVmE�?�BpDOKZX^ACN�(LVC?�N@A2?
c /#" X�VC?�N@E�B3/�q�NJG�S0DJG�K4q�S�G�NLQWBUG�K

E�GFH�VWT.TUBUKLBUVWSIG�DZX�VW?�NlE�B3/�q�NJG�S'DJG�KZTU?�u`BUS�VCKJB.DJq�K�BUS�KaDbACS'DbA2S�q�G�K(�

c&G�K�]0?^ACN* mK�DOVWXIX�G�?C$WG�S'D_q�QWACTUG�uIG�S0D�G[DONJGZ?/DJBUTUB.KJq�K�X�VW?/N�TUAFNLG�Hbn�G�NJHbn�G@E�GfS/VW?C$WG�TUT.GfX�n'�mKJB.]0?�G
G�S�$Wq�NJB��^ACS'DF]m?/G`T.G�K4u`G�KL?�NJG�K|E/G1X�NJq�H�BUKLBUVWS�E/G`KLG�KFX�NLVWX�NJB.q�DJq�K4KJVCS0D|G�S�w�VWS�ACH�H�VWNLE�A�$CG�HMTUG�K
X�NJq�E�BUH[DOBUVCS�KdE�?���VmE�P�T.G �mDbA2S�E^ACNLE�� �{A2N4G#�)G�u`X�TUG '�T%&oG#�)B.KLDOG�S�H�GME�&o?�S
w�VWKJVWS
E�G	/ZBUQWQWK@Hbn^ACNJQCq
ACB �EDGF �GHJI�KGL F(MON B D A�$WG�H mH+ < mt

H�VWS�E/?�BUNJACB.D���?�SYS�VC?C$WG�AC?:HjACS�ACTyE�GrE�q�KJB.S0DJq�QWNJA2DOB.VWS�E�?
DOVWX

t→ H+b
V?>8T.G /fBUQCQWK�Hbn�ACNJQWqfKJGfE�q�KLBUS'DOP�QWNJGfX�NJq'��q�NJG�S'DOBUG�TUT.G�u`G�S'DzG�SrT.G�X/DJVWS

τ
G�DzS�G�?/DJNJB.S�V

ACKJKLV)H�BUq W 0 �@X*�."zG�TUA4KJGlDONJACE�?�B.NOACBpD�ACB.S�KJB�X�ACN�?�SME�q���H�B.DyE &�q'$Wq�S/G�u`G�S'DOK�DOVWXMH�VCS0DJG�S^A2S0D�?�S`TUG�X/DOVCS
e
VW?

µ
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DOVWX�X�T.?�K#��ACB.w�TUGR]0?�G1TUG�K4X�NJq�E�BUH[DOBUVCS�KdE�?���VmE�P�TUG �mDOACS�E^ACNLE�E^ACS�K4T.G�KdH�ACS^AC? �
H�VWS'DJG�S^ACS'DFE�G�K
q�TUG�H�DJNJVWS�KFG[DRE/G�K|uk?�VWS�K�����S�H�VWS'DONJG�X^ACNaDOBUG '&TUG�K4HjACS^A2? ��H�VWS'DJG�S^ACS'DRE�G�K|TUG�X/DOVCS�K

τ
X/NJq�KLG�S'DOG$v

NOACB.G�S'Dl?�S�G+�/H�P�KZE�&oq0$Wq�S�G�u`G�S'DJK(��c&G4HjACS^A2T�E�Bpv,TUG�X/DOVWSIG�KaDZDJVW?/DlX�ACNLDJBUH�?/TUBUP�NJG�uIG�S0DzKJG�S�KJB.w�TUG��1H�G
D}�)X�GFE�GFX�NJVmH�G�KJKL?�K(�

 G|X�T.?�K(';E�G�Kf]0?^ACN* 0KfDOVCX�X�G�?C$CG�S'D G[DONJG|X�NLq�KJG�S'DOKdE^A2S�KfT.G�KtX�NLV)E�?/B.DOKtE�G|E�q�KJBUS'DJq�QWNJA2DOB.VWS�E/G

X^ACNLDJBUH�?�TUG�KkS�VWS:KaDbACS�E�ACNJE E�G�n^AC?)DOG�uIACKJKLG)'{DJG�TUT.G8]0?�G�?�S�GsNLq�KJVCS^ACS�H�G
Z ′ → tt̄

W 0 T@X_VW? ?�S
w�VWKLVWSsE�G�/fB.QWQWK �)?�X�G�NLKL�mu`q�DONLBU]0?�GFHbn^ACNLQWq

H+ → tb̄
T.VWNJKL]0?�G

mH+ > mt
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KOArX�NLq�E�B.H�DJBUVWS�DOn�q�VWNJB.]m?/G)����S�X�n'�mKJB.]0?�G1E�G�K@X^ACNLDJBUH�?�TUG�K('�TUG�KfX�NJq�E�BUH[DOB.VWS�KtDOn�q�VWNJB.]m?/G�KdX�G�?C$CG�S'D
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ISR

ISR

FSR

FSR

protons initiaux
Processus dur

Q2 max

gerbes hadroniques

evenements sous − jacent
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QWq�S�q�NOA2DJG�?�NLKtE�&�q'$Wq�S�G�u`G�S'DOK��
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KJG�H[DOB.VWS Z ��� " G�KLD8?/S H�VWTUT.BUKJB.VWS�S�G�?�N1ACH�H�q�TUq�NJACS'DrE/G�K ��A2BUKJH�GjAC? � E�G�X�NJVCDJVWS�K�(L?�KJ]0?�&1�Y?�S/G
q�S�G�NJQWB.GfE�G � ��G98 'mH�VWNLNJG�KJX�VWS�E^ACS'D �|E�G�K�H�VWT.TUB.KJBUVCS�K�E�G � B���G98 E^ACS/K�T.GfH�G�S'DONLGdE�G@uIACKLKJG)�
� N��CH�G �rH�G�K4n^AC?/DJG�Kdq�S�G�NLQWBUG�K('�T.G�KfH�VWS�KaDOBpDO?^ACS'DJKdu G�uIG|E�G�K4X�NJVCDJVWS�KfBUS'DOG�NOACQWB.KJKLG�S'D4E^ACS/K
TUG�K4H�VWTUT.BUKLBUVWS�K ��TUG�KF]m?�ACN! 0KFG�D|TUG�K4QWTU?/VWS�K('�q�Q'ACT.G�u`G�S'D|ACX�X�G�T.q�K4X^A2NLDOVCS�K(� 
 G�? �
D}�mX�G�KRE/G
]m?�ACN! 0KrKLVWS'D �
H�VCS�KJB.E�q�NLG�N ��T.G�KM]0?^ACN* mK�� D���� � D�� ��D ]0?�BtH�VWS�KLDJB.DJ?�G�S'DITUGsX�NJV2DOVWS G�D`TUG�K
]m?�ACN! 0K�� D � � I DGF B.KJKJ?/KZE/G|TUAkX�VCTeACNLBUKOAhDOBUVCSrE�? $mBUE�G �� BUS/KJB%'2X�VC?�N�E�G�? �MX^ACNaDOVWS/K�B.uIX/TUBU]0?�q�K{E^A2S�K�?�S�GtBUS'DJG�NOA2H�DOB.VWS1E�?�NLGlG�Dy]0?�B^X�VWNLDJG�S'DyHbn^ACH�?�S
?�S�GA��NOACH[DOBUVCS

x1

G�D
x2

E�G|T%&oBUu`X�?�T.KJBUVCSrDOVCDOACTUGFE�G|TUG�?�NtX�NJV2DOVWS�'^TUA`KLG�H[DOBUVCS�G04`H�ACH�GFDOVCDOACTUG
E�&�B.S'DOG�NJACH�DJBUVWS�G�S'DONJG|E�G�? ��X�NJV2DOVWS�KlG�KLDfE�VWS�S/q�GFX^ACN �

σ(pp→ X) =
∑

i,j

∫ 1

0

∫ 1

0

f pi (x1, Q
2
F )f pj (x2, Q

2
F )σ̂ij→X(Q2

F )dx1dx2,
 (�
� B � "
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σ̂(ij → X)

G�KLD�TeAdKLG�H�DJBUVWSMG'4IH�ACH�GtE�&oBUS'DJG�NOA2H�DOB.VWS1E�G�K�X�ACNLDJVWS�K
i
G�D
j
G�DyTUG�K

f p(xi, Q
2
F )H�VWNLNJG�KLX�VCS�E�G�S'DFA2? ��E/BUKLDJNJB.w�?/DOB.VWS�KtE�G�K#��VWS�H[DOBUVCS�K@E�GRX�NJVCw^ACw�B.TUB.DJq  ACX�X�G�T.q�G�K � 

	 " X�VW?/N

]m? &�?�SYX^ACNLDJVWS
i
X�VWKJKLP�E�G8?/S�G ��NJACH�DJBUVWS

xi
E/GrT%&oBUu`X�?�T.KJB.VWS�DOVCDOACTUGME�&o?�S�X�NJVCDJVWS��

Q2
F

G�KaD
T%&oBUu`X�?�TUKLBUVWS`]0?�B�uIACNJ]0?�G4TUA\KJq�X^ACNJA2DOB.VWS�G�S'DONLGFTUG�KlB.S'DOG�NJACH�DJBUVWS/K_X^ACNaDOVWS�B.]0?�G�KlE�?/NJG�KlG[DtTUG�K
G0/�G�DOKZS�VWSmv}X�G�NLDJ?�NJw�A2DOB3��KZE�ACS�KZTUGFX�NJV2DOVWS���c&G�K�� 

	 KLVWS'D@X^A2NZG+�)G�u`X�TUG|E�q�DJG�NLuIB.S�q�G�KfX^A2N
TUG�K4QCNJVW?�X�G�K2" � ��� W B Z X�G�DR��
�� � W B 0 X*'�S�V2DbACu`uIG�S'D ��X^ACNLDJBUNfE�G�K|uIG�KJ?�NLG�KFE�G�K|G+�)X�q$v
NJBUG�S�H�G�KZAC?�X�NLP�KtE�?�H�VWT.TUBUKLBUVWS/S�G�?�N�q�T.G�H�DJNJVWSmv}X�NLVCDOVWS /���
 � �
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TeA8H�VCTUTUB.KJB.VWS�X�NLVCDOVWSmv}X�NLVCDOVWS �="zVWS�KLBUE�q�NJVWS/KRT*&�G+�/G�uIX/TUG1E�G�K|X/NJVmH�G�KLKJ?�K

2 → 2
 �E�G�? ��X^ACN v

DOVWS�KfBUS'DOq�N*$mBUG�S�S�G�S0D@E^ACS�K@TUG|X�NJVmH�G�KJKJ?/K4E�?�N@G[DdE�G�? ��S�VW?C$CGjAC? ��X^ACNaDOVWS/K@KJVCS0DdX�NJVmE�?�BpDOK "
E^ACS�K4T.G1HjACKFE�G1H�VWTUT.BUKJB.VWS�KfX�NJVCDJVWS)v,X�NJVCDJVWS���c�VCNJKJ]0?�&o?�S�]m?�ACN! 

u
E�&o?�S�X�NJVCDJVWS
BUS'DOG�N*$mBUG�S'D

E^ACS�KlT.G4X�NJVmH�G�KJKJ?/KfE�?/N('�T.G�KlNJq�KJB.E�?�KtE�G4H�GFX�NLVCDOVCS  �TUG�Kl]m?�ACN! 0K
ud

E�G�$2ACT.G�S�H�G)'�T.G�KlX^A2BUNJG�K
qq̄

E�GMTeA�uIG�N4G�DRTUG�K4QWTU?�VCS�K " X�G�?C$CG�S'DkB.S'DOG�NJACQWB.N4A�$WG�HITUG�K4NJq�KLBUE�?/KRE�GMT*&5AC?)DONJG1X/NJVCDJVWS�G[D
H�NJq�G�N�?�S8q'$Wq�S/G�u`G�S'DlKJVC?�Kav3(JACH�G�S0D(�/c&VWNLKJ]0?�GfE�G�K�QWTU?/VWS�K�BUS'DOG�N*$mBUG�S�S�G�S'DzE^ACS�K�TUGtX�NLV)H�G�KJKL?�K
E�?�N('2T%&oq0$Cq�S�G�uIG�S0D�KLVW?�Kav3(JACH�G�S'D�H�VWS'DOB.G�S'DyTUG�K�BUS'DOG�NOACH[DOB.VWS�K�E�?/G�KyAC? �k]0?^ACN! 0KyG�D�A2? �1QWT.?�VWS�K
NJq�KLBUE�?/G�TUK��{c&G�K\q0$Cq�S�G�uIG�S'DOKMKJVW?/Kav%(JA2H�G�S'DJKkKJVWS'D1NLG�TUA2DOB3$WG�u`G�S'DRE�B%4`H�BUTUG�K���uIVmE�q�TUBUKLG�NFHjA2N
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T%&oq�DbAhDIB.S�B.DJBeACT  A�$2ACS'DrT.G�X/NJVmH�G�KLKJ?�KrE�?�N(' � A��! " G�DIE�G�T%&oq�DbAhD	��S^ACT  ACX/NJP�KITUGsX�NLV)H�G�KJKL?�K
E�?�N � A��#" " �'c &oq0$CVWTU?/DJBUVWSME�GtT*&�q�uIB.KJKJB.VWS1E�G�K�QCG�NJw�G�K�X^ACNaDOVWS/BU]0?�G�K�G�KLD�X^ACNJACuIq[DONLBUKJq�GlX^ACN�TUA
$)B.NLDJ?^ACTUBpDOq

Q2 E�?�X^ACNaDOVWS  �V?>
Q2 G�KaDdT%&oBUu`X�?�T.KJB.VWSrDONJACS�K&��q�NJq�G\A2? ��X^ACNLDJVWS�K " ��c&VWNJKL]m?/GRTUA

$)B.NLDJ?^ACTUBpDOq@A2DJDJG�BUS'Dt?�SsKLG�?�B.T
Q2
max

'/TeA1QWG�NLw�G4K�&5A2NJN!G[DOGFG�DZT.G4X�NJVmH�G�KJKJ?/KfE�&oBUS'DJG�NOA2H�DOB.VWSsE�?�NLG
H�VWu`uIG�S�H�G �;c&G�K@NJACE�BUA2DOB.VWS�K � A�� G�D � A�� KJVCS0DfNJG�X�NJq�KJG�S0DJq�G�K4KJ?�NZTUG|KJHbn�q�urA`E�G|TeA �^QW?�NLG
��� � � G�S
NJVW?/QWGkG�DdG�S
w�TUG�?�NJG�KJX�G�H�DJB%$CG�u`G�S'D ��c�A8H�VC?�X�?�NLG

Q2
max

G�KLDFKJHbn/q�uIA2DOB.KJq�G1X�ACNdTUG
H�G�NLH�T.G|X�VWS'DOB.TUT.q)�

� 
 � 
 � 	 � � 	 � � � 	 � � BUT�K(&�ACQWBpDzE�G4TUARE�G�NJS�B.P�NLG4q�DbA2X�GdE/GdTeA\QCq�S�q�NOA2DJBUVWS8E &�q'$Wq�S/G�u`G�S'DOK��;c�G�K
X^ACNLDJVWS�KdH�VWTUVCNJq�K �^S^ACT.K@KLGkDONOA2S�K*��VWNLuIG�S'D4X�VC?�N@X�NLV)E/?�BUNLG\E�G�K4n^ACE�NLVWS�KdKJACS�K4H�VC?�TUG�?�N(� "zG
X�NJVmH�G�KJKJ?/K(''ACX/X�G�TUq_n^A2E�NJVWS/BUKOAhDOBUVCS�' G�KLD�DJNOACBpDOq�X^ACN{?/S1uIVmE�P�T.GzE�G,��NOACQWu`G�S'DOA2DOB.VWS\E�GlH�VWNJE/G
W B?B@X�E^A2S�KdTUGRQWq�S/q�NOAhDOG�?/N%$�&('�)/` = W B��@X*� 
 ACS�KdH�G1uIVmE�P�T.G)';T%&oBUS'DJG�NOA2H�DOB.VWS�G�S'DONJG\?�S�]0?^ACN! 
G�DZ?�S�A2S0DJBpv,]m?�ACN! 8G�KLDfNJG�X�NJq�KJG�S'DJq�GkX^A2Nf?�S/GRH�VWNJE�G|E�G|H�VW?/TUG�?/NZ]0?�B�T.G�KtNJG�TUBUG � � ? ��?�NZG�D��

*,+.-0/213/54�6�78194:1<;>=�4�?@/54:1</2AB-
C�D /2-E4�6�78194:13;>=F4�?@/54:1</2AB-
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uIG�KJ?�NLGZ]0?�GZTUG�Ky]m?�ACN! 0K�KJGZKJq�X�ACNJG�S0D('0TeA4H�VWNLE�GZKJGlDOG�S�ErG[D�H�P�E�G '0H�VWS�E/?�BUKJACS'D �4TeA4H�NJqjAhDOBUVCS
E�&�?/S�GdS�VW? $WG�T.TUGZX^ACB.NJG@E/G@]0?^ACN* rACS'DJBpv}]0?^A2N! �� "zG�DJDJGdq�DOACX�G@X�G�NJu`G�DzE�GD��VCNJu`G�N�E�G�K7(LG[DOK_E/G
X^ACNLDJBUH�?�TUG�Kl]m?/B $WVWS'DZX^ACNtTeAkKL?�B.DJGAG�DONLGFVWw�KJG�N*$Cq�KZE^ACS�KtTUG�KtE�q�DJG�H�DJG�?�NLK(�


 B3/�q�NJG�S0DJKIQCq�S�q�NOA2DJG�?�NLKrE�&oq0$Cq�S�G�uIG�S0DJK8G#�)B.KLDOG�S'DrX�VW?�NME�q�H�NJB.NJGsTUG�KIX/NJVmH�G�KLKJ?�KIE�?�NLK(�,"zG�? �
]m?/BZVCS0D`q[DOq�?/DOB.TUBUKLq�K1E^A2S�KIH�G�DLDOG�DJn�P�KLG�KLVWS'D�$ &('�) ` = W B��@XtG[D = � $ a���� W B �\X*�yc&G�X/NJG�u`BUG�N`A
T%&�A $2ACS'DOACQWG�E�GsE�q�H�NJB.NJGs?�S DONJP�KMQWNOACS/E S�VCukw�NJGsE�GsX�NLV)H�G�KLKJ?�K`DbACS�E/BUK1]0?�G�TUG�KJG�H�VWS/E�E�VWS�S/G
?�S�G1u`G�BUT.TUG�?�NJGRE�G�KLH�NJB.X/DOB.VWS
E�G�KFuk?/T.DOB.X�TUB.H�BpDOq�KtE�GM]0?^ACN* 0K|G[DFE�GMQWTU?/VWS�KdE^A2S�KFTUG�K4q[DbA2D���S^AC? �
E�G1H�G�NLDbA2BUS�KFX�NLV)H�G�KJKL?�K(� 
 A2S�KFTUG1HjA2K|V�>�T.G1QWq�S/q�NOAhDOG�?/N = � $ a���� G�KLD|?/DJBUT.BUKJq '�B.T{G�KaD|BUS'DOG�N*��ACH�q
A $CG�H $ & '�)/` = ]0?�BlQCq�S�P�NJGsTUG�K1q0$Wq�S�G�u`G�S'DJKIKLVW?�Kav3(JACH�G�S'DOK('yT.G�K1NOA2E�BeA2DJBUVWS/K � A�� G�D � A�� ACB.S�KJB
]m?/GIT*&�n^A2E�NJVWS/BUKOAhDOBUVCS�� � TyG�KLDRBUu`X�VWNaDbACS'D4E/G`S/VCDOG�NR]0?�G`TUG�K|QCq�S�q�NOA2DJG�?�NLKRX�VWKJKLP�E�G�S'Dk?�S�QWNOA2S�E
S�VWukw�NLG�E�G�X^ACNOA2uIP[DONJG�K8TUB.w�NJG�Kr]0?�&oBUT���AC?/D�E/q�DOG�NJu`BUS�G�N �YX�ACNLDJBUNrE/G�K8E�VCS�S�q�G�K(�tc&G�KrG�NJNLG�?�NLK
H�VWNLNJG�KLX�VCS�E^ACS'DOG�KfE/VWB%$CG�S'D G�DONLGFX�NJB.KJG�KtG�S�H�VWuIX)DOG4E^ACS/KZDJVW?/DOG�KtTUG�KtA2S^ACT.�mKLG�KtE�GFX�n'�mKJBU]0?�G �
	 B.S^ACT.G�u`G�S'D '�X�VC?�N�X�NJG�S�E�NLG�G�S H�VWu`X/DOG�T.G�K�G'/�G[DOK�E�&�ACH�H�G�X/DOACS�H�G)'tE�&oBUS'DOG�NOACH[DOBUVCS	E^ACS�K�TUA

urA2DJBUP�NJG�G�DIE�G�NJG�H�VWS�KaDONL?�H�DJBUVWS E�? E/q�DOG�H�DJG�?�N�'z?�S�G�KJB.uk?�TUA2DOB.VWS7S0?�u`q�NJB.]0?�G�G�KLDI?/DOB.TUB.KJq�G �yc�A
KJBUu\?�TeA2DJBUVWS
E�?:E/q�DOG�H�DJG�?�N1G[D1TUG�KkACT.QWVWNJBpDOn�u`G�KFKaDbACS�E�ACNJE:E�GrNJG�H�VWS�KaDONJ?/H�DOB.VWS:KJG�NJVWS'D1E/BUKJH�?/DOq�K
E^ACS�KZTUG|Hbn^ACX�BpDONLG Z � "zG�K@q0$Cq�S�G�uIG�S'DOK4QWq�S�q�NLq�K@G[DdKLBUuk?�T.q�KtKJVCS0DdACX�X�G�T.q�KZq0$Wq�S�G�u`G�S'DJK � ��� L D��
��� F � � G[DfX�G�? $WG�S'D@G�S�X�NJB.S�H�B.X�G�G[DONLG|H�VWu`X^ACNJq�KZAC? � $mNOA2BUG�KlE/VWS�S�q�G�K(�
"zG�X�G�S�E^ACS'D 'ZAC? E�q�urACNLNOACQCG�E�? c�/#" 'l?�S w�VWS ACH�H�VWNLE G�S0DJNJG�E�VWS�S/q�G�K���VWS'DJG[v&"_A2NJTUV G[D

E�VWS�S�q�G�KFNJq�G�T.TUG�K@S�&�G�KLD|X^ACK|A2DLDOG�S�E�?�'�E/? ��A2B.D4E�G1TUA8S�VWS
VWX/DJBUu`BUKJA2DOB.VWS�E/G�KFX^ACNJACuIP[DONLG�K4E�G1TUA
QWq�S�q�NOA2DJBUVWS1G[D�E�GtTeAdKJB.uk?�TUA2DOB.VWS �FT%&�ACBUE/GzE�G�K�E�VCS�S�q�G�K(� 
 GlDOG�TUT.G�K�E�B3/�q�NJG�S�H�G�K�G�S0DJNJGtE�VWS/S�q�G�K�G[D
��VWS'DOG$v&"_ACNLTUVMKJVWS'DZE�q�( �`VWw/KJG�N&$Wq�G�K@E�ACS�KtTUG�KZE/VWS�S�q�G�KZH�VWKLuIB.]m?/G�K(� "zG[DJDJG\ACKLX�G�H�DfKJG�NOAME�BUKLH�?/DJq
E^ACS�KtTUG4Hbn�ACX�B.DJNJG 0 �
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c&GrH�VWTUT.BUKLBUVWS�S/G�?�N|c�/�"  "! � F � D$# � � F ��� �,� � � M � DGF " G�KLD1KLB.DJ?�q8AC?YTeACw�VWNOAhDOVWB.NJGMG�?�NLVWX�q�G�S:E/G
NJG�Hbn/G�NJHbn/G�G�S X�n'�mKJB.]m?/G�E�G�KIX^A2NLDOB.H�?�T.G�K�'�TUG " �>
D: '�KJBpDO?�qsX�NLP�K`E�G � G�S�P0$CG)� � TtA�q[DOqsH�VWS&%�?
X�VW?/NdX�NJVmE�?�B.NJGkE/G�KFH�VWT.TUB.KJBUVCS�K

proton − proton
E�G ��B���G98 �8n^AC?/DJGMTU?�u`BUS�VCKJB.DJq\A �^S
E�G1NJG$v

Hbn�G�NLHbn�G�NFE�G�K|X/NJVmH�G�KLKJ?�KFNJACNJG�KdDOG�T.Kd]0?�GMTeArX/NJVmE�?�H�DJBUVWS�E/G1w�VWKLVWS�E�G /ZBUQWQWK �mDbACS/E^ACNJE�VC?�E/G
S�VW?C$CG�TUT.G�K1X^A2NLDOB.H�?�T.G�KMAj�'A2S0D`E�G�KIuIACKLKJG�KME�GsT*&�VWNLE�NJG�E/? ��G98 ���d?^A2DJNJG�QWNJACS�E�G�KMG#�)X�q�NJB.G�S�H�G�K
VWS'DFq�DOqMH�VWS'%�?/G�K|G�D|BUS�KaDbACT.TUq�G�KFAC?�X/NJP�KFE�?�c�/�" �

Atlas
W B � XyG[D

CMS
W BW�@XyKJVCS0D|E�G�KRE/q�DOG�H[v

DOG�?/NJKZQWq�S�q�NOACT.BUKaDOG�KZE�q�E�BUq�K@G�S�X^ACNaDOBUH�?�TUB.G�N �`TeAMNJG�Hbn/G�NJHbn/GkE�?�w�VWKJVCS�E�G /fB.QWQWKZG�DfE�GRS/VW?C$WG�TUT.G
X�n'�)KLBU]0?�G ��c &�G+�)X�q�NJBUG�S�H�G

LHCb
W B T\X�q�DJ?�E�BUG�NOA�TeA $mB.VWTeA2DJBUVWS
E�G

CP
E�ACS�K\TUA�E�q�KJB.S0DJq�QWNJA2DOB.VWS

E�G�K4n^A2E�NJVWS/Kdw�G�AC? ��A �^S�E�&oG�KLKOAj�WG�NRE�&oG#�)X�T.BU]0?�G�NdTeArX/NJq�E/VWuIB.S^ACS�H�GkE�G1TUArurAhDOBUP�NJGRKJ?�NdT*&5A2S0DJBpv
urA2DJBUP�NJG\E�ACS�KFT%&o?�S�B3$WG�NLK(� 	 BUS^ACT.G�u`G�S'D4T*&�G+�/X�q�NLBUG�S�H�G Alice W � P\XyACS�ACT.�mKJG�NOA�TUG�K4E�VWS�S/q�G�KFB.KJKJ?/G�KE�G�TeA�H�VWTUT.BUKLBUVWS�E�&oBUVWS�K1T.VW?�NLE�KkNJG�TeA2DJB%$mBUKaDOG�KkA �^S E�&oq�DJ?�E�B.G�N1T%&oq�DOA2DkE/G�TUA�uIA2DOB.P�NJGIn^ACE�NLVWS�B.]m?/G
E^ACS�KfE�G�K4H�VWS�E�BpDOBUVCS�KfX/NJVmHbn�G�KdE/GkH�G�TUTUG�K@E�? ��BUQ2v �_ACS�Q  �IDJNJP�K#��VWNLDJG\E�G�S�KJBpDOqkG[D �IDJNJP�K@n^AC?/DJG
DOG�u`X�q�NOAhDO?�NLG " �

 A2S�KtTeAkKJG�H�DJBUVWS Z ���
'�T%&�ACH�H�q�T.q�NJA2DOG�?�N_E�GFX�NLVCDOVWS/Kfc�/#" KLG�NOAMX�NLq�KJG�S'DOq)��c&G�KtKJG�H�DJBUVWS�K Z � Z v Z � �

KJVWS'DIE�q�E�B.q�G�K �
TeA
E�G�KLH�NLBUX/DJBUVWS E�?�E/q�DOG�H�DJG�?�N "l�!� G[DrE�G�KJG�KrE�B3/�q�NJG�S0DJKIH�VWu`X�VWKJACS'DOK��yc�G�K
ACTUQWVCNJB.DJn�u`G�K�E�GfNJG�H�VWS�KaDONJ?/H�DOB.VWS8E�G�K_E�B3/�q�NJG�S'DJK_VWw�(LG[DOKzX/n0�mKLBU]0?�G�KlKLG�NLVWS'Dlq�Q'A2TUG�u`G�S'D�E�BUKLH�?/DJq�K��

(��U� ) % )+*�, - # � . .0/1/  ��! .�� ��% # * 0+* .+-/.��32 0+* .+-/.��

c&G�c�/�"�Atq�DJqyBUS�KaDbACT.TUq�E^A2S�K�TUG�DO?�S/S�G�T'B.S�B.DJBeACT.G�u`G�S'D�H�NJG�?/KJq�X�VW?/N�T.G�H�VWT.TUB.KJBUVCS�S�G�?/N
e+e−

c����
 "! � F � D54 � D � L F�����6�� � M L F ��� " �4c&G�K
ACH�H�q�T.q�NJA2DOG�?�NJK
E�&oq�T.G�H�DJNJVWS/Kav}X�VWKLB.DONLVWS�K�KLVW?C/�NJG�S'D
E�&oBUu`X�VWNav
DbACS'DOG�KlX�G�NLDJG�KlE�&oq�S�G�NJQWB.GdE'7�G�KZAC?�NOAj�WVCS�S�G�u`G�S'DtKa�)S/Hbn�NJVCDJNJVWS '^X�NJVWX�VWNaDOBUVCS�S�G�T��

(E4/(R m4)
'

V?>
E
G�KaD{T*&�q�S�G�NLQWBUGyE�G�T%&oq�T.G�H[DONJVCS�'

m
KJAfuIACKJKLG�G[D

R
TUG�NOAj�WVWSRE�G�T%&�ACH�H�q�TUq�NOA2DJG�?�N�� �~VW?/N�A2DLDOG�B.S�E�NLG
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E�G�K_q�S�G�NLQWBUG�KlE�GdT*&�VWNLE�NJGfE�?���G98 '�T.G@NOAj�CVWSsE�GdT%&�ACH�H�q�T.q�NJA2DOG�?�Nzq[DbACS'D ���)G '�E�G�KlX�ACNLDJBUH�?/TUG�K�Hbn^ACN v
QWq�G�K|X/TU?�K4uIACKJKLB%$CG�KFE�VWB3$WG�S'DAG[DONJGM?/DJBUT.BUKJq�G�K �&T.G�K4X�NLVCDOVCS�K(� "zG�TeA�X�G�NJu`G�DFE/G`NLq�E�?/BUNJG1TUA8X�G�NLDJG
E�&�q�S�G�NLQWBUG|X^ACNZNOAj�CVWS�S�G�uIG�S0DdKL�mS�Hbn�NLVCDONLVWS�E�&o?�S ��ACH[DOG�?/N

20004 G�S+$)B.NJVWS�X�VW?/Nf?�S/G\q�S/G�NJQCBUG E���)q�G)�
�ZSYAC?)DONJGMA2KJX�G�H�DFB.uIX�VWNaDbACS'DdE/?Yc�/�" G�KaD|KJVWS
DbAC? ��E�G1H�VWTUT.BUKJB.VWS�K�� � �^S
E�GMX�NJVmE�?�B.NJGkE�G�K

q0$Wq�S�G�u`G�S'DJK�NJACNJG�K�G�S1]0?^A2S0DJB.DJq�K�KJ? 4IKJACS'DOG�K�X�VW?�N G�DJNJG_E�q[DOG�H�DOq�K(''T.G�DbA2? �kE/GlH�VWT.TUBUKLBUVWSFE�VCB.D G[DONLG
q�TUG'$Wq �;c�G ��ACB.KJH�GjAC?sq�DOACS'DZE�B%$mBUKLq4G�S�X^AC]0?�G[DOKZE�GFX^ACNLDJBUH�?�TUG�K('�T.G@DbAC? �sE�GFX�NJVmE�?�H[DOB.VWSsE�GFX^ACNLDJBpv
H�?�T.G�K@E�ACS�K@T.G�KfH�VWT.TUBUKLBUVWS/KlG�KLDdX�NJVWX�VWNaDOBUVCS�S�G�T �`TeAIT.?�u`BUS�VWKLB.DJq4BUS�KaDbACS'DbA2S�q�GRE�GkT%&�ACH�H�q�T.q�NJA2DOG�?�N(�
"zG�TUT.G[v,H�B�G�KLDfE�VWS�S/q�GFX^ACN �

L =
f k n2

p

4πσxσy
,

 Z ��� "
V?>

f
G�KLD�TUA#��NJq�]0?�G�S�H�GtE�GtNLq0$WVCTU?/DJBUVWS1E &�?�SMX^A2]m?/G�D '

k
T.G_S�VWukw/NJGlE�GtX^AC]0?�G[D '

np
G�KLD�TUG_S/VWukw�NLG

E�G1X�NJV2DOVWS�KFX^A2N4X^AC]0?�G�D|G[D
σx

G[D
σy

TUG�?/NJK4E�B.KJX�G�NJKLBUVWS/KdDONOA2S�K*$CG�NJKLG�KRG�S
x
G[DRG�S

y
� 
 ACS�KFTUG�K

H�VWS�E/B.DOB.VWS�KRS�VWu`BUS^ACT.G�KRE�G ��VWS�H[DOBUVCS�S�G�u`G�S'D1E/? c�/#" �.��B ��G98  L = 1034cm−2s−1 " '~TUG�K
$CA2TUG�?/NJK�E�G�K�H�G�K�]m?�ACS'DOB.DJq�KyKJVCS0D

k = 2808
'
np �

�
� � ×1011 G�D σx = σy = 16.6 µm
 �G[D

σz = 7.6H�u T.G4TUVWS�Q1E/? ��ACB.KJH�GjAC? " �^c�A1TU?�u`BUS�VCKJB.DJq@B.S0DJq�QWNLq�GFG�KaDZE�q��^S/BUGFX^ACN L =
∫

Ldt �c &�ACH�H�q�TUq�NOA2DJG�?�N ��G0$2A2DJNJVWSFE�? 	 G�NLuIB.TeACwfX�NJVmE�?�BpD&E�G�X�?�BUK � TVT Z E�G�K&H�VWT.TUBUKLBUVWS/K�X�NLVCDOVCS)v ACS'DJBUX�NLVCDOVWS �
c�&oq�S/G�NJQCBUG4E^ACS/KlTUG4H�G�S'DONJGFE�G4uIACKLKJG|Akq�DJq|E/G �
�5����G98 (L?�KJ]0?�&oG�S&�UTVTW�kG[DtE�G �
�[T
� �~G98 E�G�X�?�B.K
Z P P �
�/c�AMX/NJBUS/H�BUX�ACTUGfTUBUu`B.DOA2DOB.VWS`E�G�KtH�VCTUTUB.KJB.VWS�S�G�?�NJK�X�NJVCDJVWS)v}ACS'DOBUX/NJVCDJVWS $mBUG�S'DtE�GFTUAkE�B%4`H�?/T.DOq
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�����[.	!a�5,a!$*,'(�Z0��%'(#%�"*VW9� *V8/� 0��	#Lm�!$.4W .4!$\/��+e� *Vl)�9�F0�!$��'U#%�e�"� �F�"+-\/*,8$� 09�40�+e� �-#-� �-��� l)�9*YWY�%�;�
#%8/��09��*,�(� h ���9� .4!$�5,a!$*V'"� W��(8/W^!$\/!a� *V8/��0��%' � �"!62(�%#e� 8/*V�"�-' 8$� 0��-'4���~�e� ' 021 !$7,*V\/���%. �%��� .4!$7
�"�%W9�"8)0���*V�"' � 7V��0�+-�"�%#-�"�%���F�%' �FW^!$� $H!a*,'Z0^!$�9'F7,!�'"*V.���7_!{� *,8$� �e:
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0��
0�+-�"�%#-�"�%���-:



� \�� �����
��� ��� �����
	 � 	����
��� � ���	� ��	���	�� ��� ��� � 
 � ��� �����
	 ��� �����
	 ��
�� � � � �
	 �
	�� 
 ��� �� � � � � � 
 	 ���

/ndf2χ
0 5 10 15 20 25

-110

1

10

210

310

410

510 muon MC

muon Data

number of hits
30 35 40 45 500

5000

10000

15000

20000

25000

/103254Rl9:
�
6RV !$��'�7V�%' 0�8$����+%�-'

Craft
h~09*,'(�"�"*Vn��9� *V8/� 0��

χ2 ��8$�".4!$7,*V'"+ � h \�!$��#Lm9���6�-���98/.�n��(�
0���#%8/��W9' � h 0��"8/* � � �d!$'"'(8;#-*,+%'F!$�)f
.���8/�9'F7V8;#%!$�;f	�"�-#%8/��' � �(��*V�"'%:

n�*_!$*V'dW��(86,$�%�^!a�5�P0���7 1 !$#-#%�%W;�L!$��#-��0�� �"� !62(�-#-�"8/\/� !aW�m���W^!$�Z�"!$W�WY8/�(�F!$�)f
#Lm^!$.�n9�"�%' h .���8/�~:
V !a��'�7_!
'"�-#-�"*,8/� �;: l;: �;:�U/hb��8/�9'�!1,/8/�9' ,)�Jl5��� 7,�-' W�!$� !$. �-�"�"�-' 0213�����4� � !a#%� W]�-�5,/�-�5�ine� �(�

�%'(�"*,. +%'A!$�J��* ,/�k!a�J0�� #Lm^!al)�9� #%8/��W�l)�9* 7,�9* �-'(� !a'"'"8)#%*V+$:%. �%'�#-8/��W�'�#-8/�"�(�%'(W]8/�90��%���4h����9�
#%�%� �L!$*V���&7,8)#k!$7V*,' !{� *,8$� � x h y h z �P0^!$��'P7,�&0�+-�"�%#e� �%�9�%: � 7c�%' � *V.4WY8/�(� !$���F0��A#-8/.4W�!$�"�-�P7V�%'FW^!$� !�%
. �e� �"�-'�0213����.��98/�=7,8)#k!$7��-�&0213����� � �"!$#%� 0^!$�9'&�9��� . n-.4� �(+%\/*V8/�=0�� 0�+-�"�%#-�"�%���&�-��WY8/����#-�
$H!$*,�(�	0213�ef)� �"!$WY8/7,�-��7,�-'A� �"!62(�%#e� 8/*V�"�%' 09� 7_! �"� !$#-� �-� 0���.��98/� 7,8)#k!$7 0^!$�9' #%�-�(� � �(+%\/*V8/�2:XS��-'
�ef)� �"!$W]8$7_!a�"*,8/��'P0��%'��"� !62(�-#-� 8$*,�"�-'�'"8/���&�"+%!$7,*V'"+%�-' h 7 1 !$*,0�� 0��%'&+%l5�^!{� *,8$��'�0���.48/� ,/�%. �%����0��-'
W^!$�(�"*,#-��7,�-'c#Lm�!$�"\/+-�%'X0�!$��'c����#Lm^!$. WA.4!$\/�9+-� *Vl5��� �-�AW��(�%�^!a�5�i�%��#-8/. W9� � 7,�-'�WY�%� � �%'�0213+%���-�"\/*V�
0^!$��'[7,�-'Z0�*��]+%�(�%��� '['(8/��'&% 0�+-�"�%#e� �%�9�"'%: . �-�(� �&.4+e� m�8)0����-'(�F'"#Lm�+-.	!{� *,'(+%�&'"���[7,! W^\/���(� � � � :)P*,��'(* h^WY8/���[#Lm^!$l5��� +9,/+-���%. �%���6'"+%7V�%#e� *,8$����+&#%8/��� �-�^!$���P����� �"� !$#-���"�%#-8/��' � �"�9*V� �ahR7 13+-�L!{�P09�
7_!	� �"!$#%� �(�%#-8/��'(�"�"��* � � �%' �&�%'(�"*,. + !$�=��*-,$�k!$��0���.48)0���7V��0�� � �"!62(�%#e� 8/\$� !$W�m9� l5��*T#-8/��� �-�^!$���
7,��#-8/��W=�"�-#%8/��' � �(��*V��l5��*T! 7V��W�7,�9' \/� !a��0

y
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 0�!$��'�7_! '(��*V�"�$: � 7T0�+kW^��*V���9��� '"����$H!$#%� W�7_!a�����L!$�9\/�%��� �4h 7_! #-8/��#Lm�� 0��=� �"!62(�%# %
� 8/\/�"!$W�m��a:cSb�4'(j)'(���%. � 0��4#%8)8/�"0�8$����+%�-'�7,8)#k!a7,�%'�0���.48)0���7V�4�-'(� !a7,8/�(' �9�"*,7V*,'"+ 6c7 1 !{f;�

Y
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7 1 !{f;�4W^!a� !$7V7.�%7V� !$�;f W�*,' � �-'A0�� '(*,7V*,#%*V��. � W^!$�"!$7,7 �%7,�4h 7 1 !{f;�	0��-'"$H!$*,'(#%�%!$�;f
z
�&�e��7t1w!{f;�
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�%' �

7 1 !{f;� W]�-�"WY�%��0�*V#%��7,!$*,�(�Bh
Y

09� .4!$��* �%�(� h $ 8$�". �%� �����"�-W �-�"�
0�*,�(�%#e�4WY8/'(*V� *V8/����+ !$� #-�%��� �(�
0�� .48)0���7V�$:YSb!4� �"!62(�%#e� 8/*V�"� 0�� .���8/��7,8)#k!$7c�%' ��W��"8$W^!$\/+-� 2(��'"l5�21 h 7_! '"����$H!$#%��09� #%��. 8;09��7,�
�%��W��"�-�^!$���&�%��#%8/. W9� � 7V�%'�WY�%� � �%'�0213+%�9�%�"\$*,� �-�&7_! 09*��]��'"*V8/� .���7 � *,W97,�$:]S��%'�W^!$�"!$. �-� �(�%'�0��-'
� � !42(�%#-�"8/*,�(�%'Z'(�%�"8$�5�P#%8$.4W^!a�"+%'Z'(���[#%�e�"� �&'"�9� $H!$#-�$:

Sb! W�\/���"� � � � � �"�-W��"+-'"�-�5�"� 7,�-' WY8/'"* � *V8/��'&7,8)#k!$7V�%'
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�e�
Y

09�%' �"� !$#-�%'A!$�J��* ,/�k!a�J0��	7V�%���
.48)0���7V�&#-8/. W^!a� *Vn�7,��7V� W�7V��'6�gf)� �%�(���$:~Sb!	\/� !a��0��A.4!62(8/�(*V�"+&09�%' WY8/'"* � *V8/��'F'"� �"�"8/� ,/��0^!a��'67,!
�"+%\$*,8/� |X| < 10

#%. �e� |Y | < 10
#-.D#%!$�P�-7,7V� #-8/�"�(�%'"WY8/��0 h 7_! \/+%8/. +-�"�"*V�&0~1 ��� . 8)0���7,��0��
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/103254 l9:���6 �;#Lm9+%.4! �"�%W9�"+%'(�%���L!a�5� 7,!�W��"8$W^!$\�!a�"*,8/� 0��%' .A��8/��'�7V8;#%!$�;f �-��0��%'��"� !$#-�%' ,/�-�"' 7,!
#%8/��#Lm9�&#-8/. W^!a� *Vn�7,�67_!�W�7V��'[�ef)� �-�"���a:

� � !42(�%#-�"8/\/�"!$W�m��a:��P��� WY�-�"*V� � $ �"!$#-�"*,8/� 09�%'�� � !a#%�%'�8/����7V�%���('&WY8/'(*V� *V8/��' '(*V�"��+%�-'&m98/�"'�0�� #-�-�"�"�
�"+%\$*,8/�2:�8U� ���]�-�%hYn9*,�%� l5��� 7V��#%8/��W 0��&7_! � � !42(�%#-�"8/*,�(��'"8/* �P�(�%#-8/��'(�"�"��* �F'"���F7,��. 8;0��97,�$hR!aW����-'
7 1 !62(��'(�"�%. �%���P0�� 7,! �"� !$#-�$hR7_! WY8/'"* � *,8$� 09�A7_!��"� !62(�-#-� 8$*,�"�&WY�%�9�P'"�&� �"8$�5,/�-�6m�8/�('P09�A7_! '(��� $H!$#-�
0��
.48)0���7V�$:
V !a��' 7V�F#%!$' 09�67 13�ef)�"� !$WY8/7_!{� *,8$� 0��%' .���8/��' '"�9� #%�e�"�"�P.4n%. �P'(��� $H!a#%� � \/� !aW�m�*,l5���[0��P0��"8$*V� �

'"��� #%�e�"� �P. n-.4��W^\/�9�"���T8/�4�"�%.4!$�(l)�9�Pl5��� 7,!�$ � !$#e� *,8$�40��F� �"!62(�%#e� 8/*V�"�%' 0��P.���8/��' l5��*Y���6'(8/���
W^!$'�#%8/. W^!a�"*,n�7V�%'�!1,/�-#	7,!
�(+%\/*V8/� |X| < 10

#-. �-� |Y | < 10
#%. �-'(� W�7,��'�*V.4WY8/�(� !$��� �a: . �-�

���]�-�F�%' �P0�� h 7 13�%�(�"�-���Z'"���[7,! W9�"8/W^!a\�!a� *V8/� 0��-'F.A��8/��'-:. �e�6���~�e�P�-'(�P+%\�!a7,�%. �%���[*V7,7,�9'(� �(+ '"�9�F7,! W^\/���(� � � � � 6^7,��\$� !$W�m9*,l5����0���\�!$��#Lm9� �(�%W��(+%'"�-��� �
7_!4WY8/'(*V� *V8/� �%�

X
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Y
0�� .��98/�2hY7,�A\$� !$W�m9*,l5���A09�
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09�&7,!A� �"!$#%���%��$ 8/��#e� *V8/� 0���7_!�WY8/'"* � *V8/� �%�
Y

0��
.���8/�2:
� *,�-� l5���&l5�21 *V7�j ! 0�� $ 8/� � �%'F#%8$�"�"+-7_!a�"*,8/�9'Z�%��� �(�A7,�-'Z� � !a#%�%'P�-�P7,�-'F.A��8/��'-hY8$� �(�%.4!$�"l5���&l5���
7_!	WY8/'"* � *V8/� 0��-'&.A��8/��'�WY�%�9��'(� '"* � ���-� h
W97,��'(*,�%�9�"' 0�*�'k!$*V���%'�09� #%�%���"*,. �-� �(�%'�0�� 7,! W]8$'"*V�"*,8/�
0��%'Z� �"!$#%�-'%:

Sb! W^\/�9�"�%' � � � \
W9�"+%'(�%��� ��7V�%'d0�*V'(� !$��#%�-'Z�%��� �(� � �"!$#%�-'Z�-�Z.��98/��'d7V8;#%!$�;f !$� ��*-,$�k!$� 09� . 8$%
0���7,� #%8/. W^!a�"*,n�7V� 7V�AW�7V��' �gf;�"�%�(��� �%� $ 8/��#e� *V8/� 0��

pT
0��A7_!4�"� !$#-� 6

∆X = Xtrace − Xmuon
h

∆Y = Ytrace − Ymuon
�-�

∆R =
√

∆X2 + ∆Y 2
:bSb�-'�0�*,' �L!$��#-�%'�0�*V.4*V�)�9�%���&!1,/�%# 7,�

pT
0��-'

� � !a#%�%'P#k!$�ph4\/�"!$��0
pT

7,�-'6#%8$���"n��9�"�%'60��%'6�"� !62(�-#-�"8/*,�(�%'6'(8/��� . 8/*,�9' $ 8$�(� �-'6�e� 7,�-'6�(+%'"8$7,�9�"*,8/��'
!$��\/��7,!$*,�(�%'U'"8$�5� .4�-*,7V7,�%�9�"�%' � .48/*V��'U0��609*��]��'"*V8/�4.A��7V�"*,W�7V���e:/SU13�%�(�"�-���d'"�9� 7_!�W��(8/W^!$\�!{� *,8$�40��-'
.���8/��'67,8)#k!$�;f �%' ��0�8/��# �(+%0���* � �a: � 7X�%' �&#%7_!a*,�6l5��� 7V�%' 0�*V'(� !$��#%�-'

∆X
WY�%�5,$�%���"n-�"�"� � � �%'�'"��%

W]+-�"*,�-���"�-' !$�;fJ0�*,' �L!$�9#%�%'
∆Y

:XSb�	#Lm^!$. W�.4!$\/�9+-� *Vl5���$hcl5��*[!$\/* ��0^!$�9' 7,�	W97_!$�J�"� !$��';,/�-�"'"�ah
0�+%\/�"!$0�� '"*V\/��*�W�#k!a�"*-,/�-.4�-���	7,!��(+%'"8$7,�9�"*,8/��'"���47_!=W]8$'"*V�"*,8/�

X
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W��"8/W�!$\�!a�"*,8/� 0��%'6.���8/��'P7,8)#k!$�)f�0�!$��'67V�AW�7,!$� �"� !$�9' ,/�-�"'(�$:RV6�A#%�"$H!$* �khR*,7b'-1w!1,
�-�"� 0�* 8 #%*,7V� 09�
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�-� $ 8/��#e� *V8/�
0�� 7,! W]8/'(*V�"*,8/�
7,8)#k!a7,�
Y
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09�%'[.���8/�9'
7,8)#k!$�;f � h \�!$��#Lm�� �6�-��WY8/'(*V� *V8/��'P7,8)#k!$7V�%'

Y
0��%' �"� !$#-�%'��%� $ 8/�9#-� *V8/� 0�� 7,!	WY8/'"* � *,8$��7,8)#k!a7,�

Y0��%'[.���8$��'[7,8)#k!$�;f � h 0��(8/*V�"���d!$�
��* ,/�k!a� 0�� . 8;0��97,� #-8/.4W�!a� *Vn�7,�P7,��W�7V��'[�ef)� �-�"���a:
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0�+XW^�9*,�Z0��-'F#-�"* �:�%�(�%'[\/+-8/.4+e� �(*,l5���%'[021 !$'('"8)#%*_!{� *,8$� �%��� �(�&.A��8/��'[7,8)#k!a�;f �e�F�"� !$#-�%'-:
S��%'T���~�e� 'T*V�5�"�"8)0���* � 'iW�!$�X7,� #Lm^!$. W .	!$\$��+-�"*,l5���dWY�%�5,$�%���Jn-�"�"�d. *,'��%� +9,)*,09�%��#-�F�-� #%8/. W^!�%

� !$���[7,�-'Z*,. W���7V'"*,8$��' �"� !$��';,/�-�"'"�-'6�-�5�"�"��� �"!$#%�-'[�-�F.���8/�9'Z7,8)#k!$�;f]: �c8/���Z7,!�'"+%7V�%#e� *,8$�
PRT

h�7V�
∆R

�-'(� #k!$7V#%��7V+P'(���d7V�P. 8;09��7,�[#%8$.4W^!{� *,n97,�[7,�PW�7,��' �ef)�"�%�"�9�$: �;*Y7 138/�4#%8/��'(*,0��-�"�Pl)�9� 7_!&�"+%'(8/7,��%
� *,8$���%�

pT
0��-'X� �"!$#%�-'T�%'(�Un9*,�%� . �%*V7,7V�%���(� l5���Z#-�%7,7V� 0��-'T.���8/�9'T7,8)#k!$�;f � #k!$�X7V� � �"!62(�%#e� 8/\$� !$W�m9�

!��9���P. �%*V7,7V�%���(�dW��"+-#%*V'"*,8$� �e� 7V�Z#Lm^!$. W4.4!$\/�9+-� *Vl5���[�%'(� ����* $ 8/�". �d0^!a��' 7V�['"8/7V+%��8(+ 0��Z�-� 0�8/�9#
W�7,��' $H!$#%*V7,�"h	�-'(� *V.4�-� �ghY8$� W]�-�9��. �%'(���"�-�67_! �"+-'"8/7V�9� *V8/���-� *,. W���7,'(*,8/� �"� !$��';,/�-�"'"� 09��.���8/�9'
7,8)#k!$�;f	W^!$�[�"!$W�WY8/�(�F!$�

pT
0��%'Z�"� !$#-�%'%:

)
W^� 09� .4*V��*,. *,'(�%�F7,�%'�!a.�n�*,\$�,+ �"+%' 7V*,+%�-'�h 7_! W��(+%'(�%��#-�4WY8/'"'(*,n�7V� 0�� W�7V��'"*V�%���(' � � !a#%�%'�W^!a�
+9,/+-���%. �%���%h/����.��98/��7,8)#k!a7)'(�%�"!6#%8/. W^!$�(+�h67,!F�"� !$#-� l5��*97V��*5�%' �T7_!FW�7,��'�W��"8)#Lm��d'(���i7V� . 8;09��7,�
#%8/. W^!a�"*,n�7V�67,��W97,��'Z�gf;�"�%�(��� � ∆R 7V��W�7,��'[WY�-�"*V� �g:

�c8/���U7_!�'"+-7,�-#-� *V8/�
PRT

h$7,�%'U*V.4W��97,'"*V8/��'c� � !a��' ,$�%�"'(�%'d09�%'T� �"!$#%�-' �e� 09�%' .���8/��'U7V8;#%!$�;f '(8/���
#%8/. W^!$�(+%'&�%�J+e� ��0�*,!$���A7,! 0�*V'(�"�"*,n9�9� *V8/�=0��	7V�%���&0�*��]+%�(�%��#-�	�(�%7_!{� *-,$�%. �%���A!$�

pT
09�%' �"� !$#-�%'-:

��8/���[0�* �~+-�"�-�5�"'[*,��� �-� ,a!$7,7V�%'d�-�
pT

h�7,�-'F09*,'(�"�"*Vn��9� *V8/��'d'(��*-,a!$���"�%'['"8/���F#k!a7,#%�97,+%�-')6

R1 =
pmuonT − ptraceT

ptraceT

, � l;: �
�

R2 =
1/pmuonT − 1/ptraceT

1/ptraceT

. � l;: l,�
S��%'[0�*V'(�"�"*,n9�9� *V8/��'d�-�

R1
�-�
R2

'"8/���F*,7V7,��' � �(+%'d'(���[7_! W^\/�9�"� � � � � :. �-'60�*V'(� �(*,n��;� *,8$��'Z'"8/���P�%��'(��*V�"��!62(�9'(� +-�%'PW^!$�F����� $ 8/��#-�"*,8/� \�!$�9'"'"*V�%���9�$:YS�� \/�"!$W�m�*Vl5��� �-�
m^!$�9�Jh \�!a��#Lm��['"���U7,!pW^\/���(� � � �,� �(�%W��(+%'"�-��� �F7_! . 8�j$�%���9�F09�F7t1w!42(��'(�"�%. �%���U0��

R1

W]8$���T0�*��]+ %
�"�%���"'T*,��� �-� ,a!$7,7V�%'c0��

pT
0��-'X� �"!$#%�-'T�-�TWY8/���X7V�%'X09*��]+%�"�-��� 'T!$7V\/8/�(*V� m9.4�-'�0�� �"�%#-8/��' � �"�9#-� *V8/�2:$Sb�-'

�%�"�(�%���('U#%8/�(�"�%'(W]8$��0��%��� !$�;f��%�"�(�%���('U0��[7 1 !62(��'(�"�%. �%���U0��[7_! \/!$��'"'(*,�-�����$: . 8$.4. �Z7,�-'T0�*,' � �"*Vn��7%
� *,8$��'

R1

���P'"8/���dW�!$' W^!a� $H!$* � �%. �%��� \�!$�9'"'"*V�%���9�%' � #%$ :�W^\/���(� � � � � �eh)7,�%' n^!$�(�"�-' 0213�%�(�"�%�9�"'d'(8/���
�"�%7,!a� * ,/�-.4�-�5� *,. WY8/�(� !$��� �%'-: Y � WY�%�9� #%�-W]�-��0^!$���[�"�-.	!a�"l5���%� l)�9��7,�%' *,. W���7V'"*,8$��' �"� !$�9' ,/�-�"'(�%'
0��%'�.A��8/��' 7,8)#k!$�;f '(8/����'(j)' � +%.4!a�"*,l5���%. �%��� W97,��' \/� !$�90��%'�l5��� 7V�%' *,. W���7,'(*,8/�9'��"� !$�9' ,/�-�"'(�%'
0��%'d�"� !$#-�%'%: . �-�[���]�-�dW]�-�9�[W��"84,$�%��*V�d0���7_! W]�-�(� ��0~1 +-���%�(\/*,� 09�%'Z.���8$��'
h�7_!&� � !1,$�%�"'(+%�&0�� 0�+ %
� �%#e� �-��� � ���~�e� .4!62(8/�(*V� !$*,�(�oh n^!a'

pT
��8/�4h������Z.4!$�5,a!$*,'(�d0��-'"#%�(*,W9�"*,8/� 0�� #Lm^!a.4W .4!$\/��+e� *,l5���

0^!$��'[7,�-'Z�"+-\/*,8/�9'Z�ef)� +-�"*,�-���"�-'6!a� '(8/7,+-��8(+ 0��$:. � #-8/.4WY8/� � �%. �%�����-'(��#-8/�MW^�(.4+�W�!$��7,� \/� !$W9m�*,l5��� �-��m�!$�9� h 0��(8/*V�"��'"�9��7_! W^\$���"� � � �,� :� 7 �"�-W��"+-'"�-�5�"� 7V�%'�. 8 j/�-�����%' 0�� 7t1w!42(��'(�"�%. �%��� \�!$�9'"'"*V�%��0��
R2

WY8/����7t1w!a7,\/8/�(*V�"m�.4�
CTF

�e�
W]8/�9�	0�* �~+-�"�%���"'	*,���"�%� ,a!$7V7,�-'4�-�

pT
0��%' �"� !$#-�%'-:dS��%' 098/����+-�%' �"+-�%7V7,�%' �-� � 8/��� � %;.d!$�(7,8J'(8/���

#%8/. W^!$�(+%�%'-:5S��%' �-�"�(�%���(' '(8/��� . 8/*,�9'T*,. W]8/� �L!$���"�%'U*,#-*^#k!$�U7,�-'U0�*,' � �"*Vn��9�"*,8/��'
R2

'"8$�5� � � �%' n�*,�-�
0�+%#-�"*V�"�%'FW^!$�[0��-' $ 8/�9#-� *V8/��' � !$��'"'(*,�-�����%'-:~S��-' ,a!$7V�%���('F. 8 j/�-�����%'P0��%'P0�*,' � �(*,n��9�"*,8/�9'

R2
'(8/���

'"*,\$��*�W^#%!a� * ,/�-.4�-�5��*,�'$ +-�"*,�-���"�-' h � W]8/�9� 7,�%' 098/����+-�%'%hU.4n%. � WY8/��� 0�� \/�"!$��0�'
pT

: V !$��' 7,�
� 8/��� � %;.d!$�(7,8�hT7V�%' ,$!a7,�%�9�"' .48 j$�%�����-' '"8$�5�4+%\/!$7,�-.4�-�5�4*,� $ +%�"*V�%���(�%'4h1��W]8$��� 0�� $H!$*Vn�7,�-'

pT.	!$*V'd'"���"!$W�W��(8;#Lm��-���P09� � WY8/���Z7,�-'Z\/� !a��0�'
pT
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X � �%�Jm�!$�9� h \�!$�9#Lm����gh

Y � �%��m^!$�9� h
0��"8/* � � �F�-��09*,'(� !$��#-�%'��%���"�"� #%�-'&WY8/'(*V� *V8/��'

∆R
WY8/��� 7V�%'6�"� !62(�-#-�"8/*,�(�%'��ef)�"� !$WY8/7,+-�%'�!$� �9*-,/�%!$�

0�� . 8)0���7,�6#%8/. W^!a�"*,n�7V�67,��W97,��'Z�gf;�"�%�(���$:
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WY8/���i09�%'i�"� !$#-�%'X0��
pT ≈ 10 � �! #"a#a:$S��-'X0�*,' � �(*,n��9�"*,8/�9'

'"8/���P!62(��' � +%'FW^!$�Z�9� $ 8/�9#-� *V8/� \�!$�9'"'"*V�%���9�$:

�;*Y7 138/� #%8/�9'"*,0��%�"�6l)�9�67,�-' ,a!$7V�%���(' . 8 j/�%�9���%'d�9+%\�!a�"*-,$�%' 0�!$��' 7V� � 8/��� � %3.d!$�"7V8AW��(84,;*V�%���9�%���
W��"*V��#%*VW^!$7,�-.4�-���U0�� WY�%�(�"�%' 021 +-���%�(\/*,�ph 7,!&� �"!1,/�%�('"+-� 0�� 0�+e� �-#-� �-���%h97,�%' 0�* �~+-�"�%�9#%�%' �%��� �(� 0�8/�7%
��+%�-'F�e� � 8/��� � %;.d!$�(7,8 '"��\$\
�%�(�%���Fl)�9� 7V��#Lm^!$. W .4!$\/�9+-� *Vl5�����213�%'(�FW^!a'Fn9*,�%�
�-'(� *V.4+�0�!$��'[7,�-'
0�8/����+-�%'F�"+-�%7,7V�%'-:. �e� ���~�e�=W��"84,)*,�-��0��"!$*V� 09� 7_! .4!$�5,a!$*,'(���-'(� *V.	!{� *,8$� 0�� #Lm^!$. W .	!$\$��+-�"*,l5���J0^!a��' 7,�-'
#Lm^!$.�n��(�%'oh .���8$��'%:;S��6#Lm^!$. W	.4!$\/�9+-� *Vl5���P0�!$��' 7V�P'(8/7,+-��8(+ 0��P�-'(� �"�%7,!a� * ,/�-.4�-�5� n�*V�%�	#-8/���5�
�-�Xn9*,�%� #k!$7V#%��7V+$: �i!$��#%8/���"�"�$ham�8/�('i0�� ,$8/7,�9.4� 0�� '"8$7,+%� + 0��aha7V� #Lm^!a.4W�.4!$\/�9+-� *Vl5��� �-'(�T'(�%.�n97,� %
� % *V76'(���"�-'(� *V.4+a: . �%7,!�'(�=�"� !$09��*V�
W^!a� �9��� '(���"�-'(�"*,.4!a� *V8/� 0��%' *,. W���7V'"*V8/��'	�"� !$��';,/�-�"'"�-'�0��-'
.���8/��'U7V8;#%!$�;f]:�V6�%' ���]�-�"' 0��FWY�%�(�"�%' 0213+%���-�"\/*V�F09�P021 !$7V*,\/���-.4�-���UW]�-�5,/�-�5� *,��� �-� ,$�%��*V� .4!$*,'T�9�
'"�58 '"�-��� !$W9W^!$� !a.4�-�5�[W�!$'
h �gf;W�7,*Vl)�9�%�[7,�-'F09*��]+%�"�-��#%�-'[8/n�'"�-� ,$+%�%'-:
)P�J.48$.4�-�5� 0��47_! �(+%0^!a#-� *V8/��09�	#%�e�"�"�	� m��-'"�ahi7,�-'A���~�e� '�*V��0���* � '�W^!$� 7_! . +%#-8/���^!a*,'"'"!$��#-�

0��J#Lm^!$. WJ.4!$\/��+e� *Vl)�9�4m�8$�"'�0���'"8/7V+%��8(+ 0��	'(8/��� !$#e� *-,$�%. �%����+e� ��09*,+%'-:XST1 !$�^!$7 j;'(�	l5��* !�+-�"+
W��"+-'"�%���"+%�&W��"+-#%+%09�%. .4�-�5�6! #%8/���"�"*,n9��+"h 7,! .4*V'"� �-� +:,;*V0��%�9#%�&0���#%�%'FW��(8/n�7.�-.4�-'%:

�=<�� � B ��
LE � ��
�	=? ��� M�� ��� C��AC	��
c@ �
� ����C��=?AB�
��YIAC�
���� ? �
��B

����AC���B����
?AB M���B �
�=?
?A@���B

Craft
) W^!$� � *V�Z0���7_! '"+-7,�%#e� *V8/�

PRT
h�7V�%'[��� #%!$#%* � +%'F0����"�-#%8/�9'(� �(��#-�"*,8/� 0��-'F�"� !$#-�%'[8/���F+-� +&�%' � *-%

.4+-�%'%:�� 8/.4. � ��8$��'Z7 1 !��/8/��'��)�2h^*V7~�-'(�F0�+%7V*,#%!a�d021 !$W�W97,*,l5���-�Z0��%'Z#-�"* �:�%�(�%'[021 !$'"'(8;#-*_!a�"*,8/�	n^!$'"+-'
'"���Z7V�%'Z0�*V'(�L!a��#%�-'F�-��� �"��7V�%'ZWY8/'"* � *,8$� 7,8)#k!$7V�%'d8$� '(���Z7,�-'Z*,. W���7V'"*,8$��' �"� !$��'��/�-�"'"�-'%: V6� � �-7,'Z#-�"* %
�:�%�(�%' n�*_!$*V'"�-� !$*V�%��� 7,�%' �"+-'"��7 �L!a�"'%: VA1 !$�9�"�"�%' #%�"* �:�-�"�%' 021 !$'"'(8;#-*_!a�"*,8/� '"8$�5�d!$#-�"���%7V7,�-.4�-�5� +-�"��0�*V+%'%h
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/103254(l9:�U���6 � 8 j/�-�����-' 0��-' !��(��'(�"�%. �%��� 'U0��
R1 � �%� m^!$�;�Jh�\/!$��#Lm�� �eh/0��

R2 � �%� m^!$�9�Jh 09�"8/* � ���
�-�[0�+ �;*,!a� *V8/�
'(� !$��0^!$�(0 09�

R2 � �%� n^!$' �d�-�	� 8/�9#-� *V8/� 0���7 13*,. W���7V'"*V8/�4�"� !$��'��/�-�"'"� 0��%'Z�"� !$#-�%'%:
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Craft
� �

#%8/. .4� 7,! #-8/. W^!$� !a*,'"8$� 0��-'AWY8/'"* � *V8/��'�7,8)#k!a7,�%'"h
7_!
'"�����H!$#%�40��%' #Lm^!$.�n9�"�%' h .A��8/��'-:�ST13*,�7%
#%�%� � * � ��0�� '(����7_! WY8/'(*V� *V8/� 0��-'�� � !a#%�%'�'(�%� !a*V��W�7V��' �H!$*Vn�7,� l)�9� 7t1 �-�"�(�%����0��9�ih
7,! W��"8$W^!$\�!a�"*,8/�
0����)� !a*,�%���
ne� �(� �"+-0���*V�"�%'-:�ST1 �-�"�(�%���d*V��� �"8)0���* � �FW^!$� 7_!AW��(+%'(�%��#-��0�� #Lm^!$. W .	!a\/��+-�"*,l5���P'"�%�"!$*V�
#%�%WY�%�90^!$���F�%��#-8/�"�&W��"+-'"�-�5�"�$:
V !a��' 7 13�%' � *V.	!a�"*,8/�
0��-'���� #k!a#%*V�"+%' 09�A�"�-#%8/�9'(� �(��#-�"*,8/�~h~��8/�9'�!��/8/��'6#%8/��'(*,0�+-�"+�l5���A7,� � !$�;f

0�� �H!$��'('"�%'T�"� !$#-�%'T�%' � �H!$*,n97,�$: � �-�(� �[!$W9W��"8kf;*,.4!a� *V8/�A�-'(� �(��' � *�W�+%�dW^!a�T7_! W^\$���"� � � � � . 8/��� � !a�5�
7,�%'6.���7V�"*,W�7V*,#-*V� +-'[0�� � � !a#%�%'�W�!$��+��$+%���-.4�-�5�A!$W�� �%'�7,! '"+%7V�%#e� *,8$�

PRT
�-��WY8/����7V�%'�0�* �~+-�"�-�5�"'

!$7,\/8$�"*V�"m�. �%' 09�&�(�%#-8/��'(�"�"��#e� *V8/�2:
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/103254 l9:�U Z 6 � ��7V�"*,W�7V*,#-*V� +Z09�6� �"!$#%�-'Z!$W�� �%'d7,! '"+-7,�-#-� *V8/�
PRT

WY8/��� 7V�%'Z!a7,\/8/�(*V�"m�.4�-'
RS

h
CTF�-�

CosmicTT
:

�c8/���[7,�-'P!a7,\/8/�(*V�"m�.4�-'
CTF

�-�
RS

h^8/� 8/n�'(�%� �$� l5���&7,���98/.�n��(�&0~1 + �/+%�9�%. �%��� 'P#%8/��� �-�^!$���
W�7,��' 0213�����6�"� !$#-� �%' �Z0�� 0��-�;f	8/�"0��(�%'d09� \/� !a��0��%�9�dW�7,�9' �H!$*Vn�7,�Fl5��� 7,�P��8/.�n9�"�60~1 + �/+%�9�%. �%��� '
#%8/��� �-�^!$���Z���9��'"�%�97,�6�"� !$#-�$:$Y � '-1w!a�(� �-��0 0�8/��#Fh�#%� l5����7V�%' #-8/��� �(*,n��9�"*,8/�9' 0�� �H!a��'"'(�%'d� �"!$#%�-'
*,��#-7,���-' 0^!a��' 7V�P#%!$7,#-��7]09�%' � � #k!$#-*V� +-'d'"8$*,�%��� 0�� 7t1 8/�(0��"�[0��6l)�9�%7,l5���-'dWY8/���"#-�%���k:[V6� W97,��'-h)�9���
!$�^!$7 j;'(��*,��0�+-W]�-��0^!$���"�&�"�%��0��"!$*V� h 0�+%. 8/��� �(�%�Fl5�21 h #k!$�9'"�&0�� W9�"8/n�7 �%. �%'[0��&�"�-#%8/��' � �(��#-�"*,8/�2h
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η � �%�
m^!a�9�
h \/!$��#Lm�� �eh^0��

φ � �-� m^!a�9�
h 0��"8/* � � �eh�0��
d0 � �-�
n^!$'
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658 �4#%!$#%* � +=0��=�"�-#%8/�9'(� �(��#-�"*,8/� 0��-' �"� !$#-�%' � CTF �40^!$��'
7V�%'
0�8/���9+%�%'�� �"! � � �%�

� 8/��#-�"*,8/� 09�
φ

0��-'P.A��8/��'Z7V8;#%!$�;f
!a'"'"8)#%*V+%'[�-�FWY8/���Z0�* �~+-�"�-�5�"�%'F#%8/�9W����"�-'P'(��� |d0| :

S��%'6W]8/*V��� '"U/h � �-��l4#%8/�(�"�%'(W]8$��0��%����!a�;f #k!$�"!$#-�"+%�"*V'(�"*,l5���%'60��%'F� � !a#%�%'6W��"8)0���* � �%'P0^!$��'P7,�-'
#%8/7V7,*,'(*,8/�9'%: )
W^� 0213�%' � *,. �%� 7,�-'	� �4#%!$#%* � +-'	0�� �(�%#-8/��'(�"�"��#e� *V8/� 0��-'4� �"!$#%�-' l5��*FW]�-� �/�-�5� ne� �(�
!a�"�"�%��0��9�%'60�!$��'F7,�%'F#%8$7,7,*V'"*V8/��'%h;��� �-��'"�-.�n�7,�&0�� #%8/��W9���"�-'60��&'"+-7,�%#e� *V8/���-'(��!aW�W�7,*Vl5��+�'"���F7,�-'
.���8/��'U7V8;#%!$�;f 6��-�4W97,��'U0��F7_!�'"+-7,�-#-� *V8/�

PRT
�-� '"�9�

XTOB4
h�7,�%'U.��98/��'U7,8)#k!$�)f '"+-7,�%#e� *V8/����+-'

0�8/* �$�%�����$+%�"*�W^�%� |dz| < 30
#%. h |d0| < 30

#-. h |η| < 1
�e�

0.5 < |φ| < 2.5
: � �e�"�"� '"+%7V�%#e� *,8$�

�%'(�P!$W9W]�-7,+�'"+-7,�-#-� *V8/�
LHC

:
S��%' � �4#%!$#%* � +-'40��
�(�%#%8$��'(�"�"��#e� *,8$� 0��-' �"� !$#-�%' !$W�� �%' 7_! '(+%7,�-#-�"*,8/�

LHC
'(8/��� W��"+-'"�%���"+%�%'

'"��� 7,! W^\$���"� � � � � �-� � 8/��#e� *,8$��0�� 7t1 *V.4W9��7,'(*,8/� � �"!$��'��/�%�('"�=0��-' .���8/�9' 7,8)#k!$�)f~:+V !$�9' 7,�-'
0�8/����+-�%'-h97,�-' � �4#%!$#%* � +-'d0��6�(�%#-8/��'(�"�"��#e� *V8/� 0��-'Z!$7,\$8/�"* � m�. �%'

CTF
�e�
CosmicTF

'"8$�5� #%8/.�%
W��"*V'"�%' �%��� �(� � Z �-�FU �&�,; �-� '"8/���Z#-8/. W^!a� *Vn�7,�-' ! �$�%# 7V�%' ��� #k!$#-*V�"+%'d0^!a��' 7V� � 8$�5�"� %��d!$�"7V8�:)Sb�-'
��� #k!$#-*V�"+%'�0��47 1 !$7,\$8/�"* � m�. �

RS
0^!$��'A7,�%' 0�8/���9+%�%'A'"8/��� #-8/.4W9�"*,'(�%' �%��� �(�

�
� �e� �&�,; : 8U7V7,�-'

�"�%' � �-�5�F*V��#%8/. W^!a�"*,n�7V�%'Z!��$�%#&7,�%'Z� � #k!$#-*V� +-'P0�!$��'[7,� � 8$�5�"� %��d!$�"7V8 W]8/�9�F#-�-�P!$7V\/8/�"* � m�. �$:
S��%' ��� #k!a#%*V�"+%' �%'(�"*,. +%�-' '(���&�"8/�9� 7,� '"WY�%#e� �(� �%�

pT
'"8$�5�A�"+-'"��. +%�-'A0^!$�9' 7V� � !$n�7,�%!$� � � \W]8/�9�&7V�%'�� �(8/*,'&!$7V\/8/�(*V� m9.4�-'�0��4�(�%#-8/��'(�"�"��#e� *V8/��0��-'&�"� !$#-�%'-h�WY8/����7,�-' 098/����+-�%'A�e�A7V��� 8/��� � %

�d!$�"7V8�:bS��%'&��� #k!$#-*V�"+%'A09�%'�!a7,\/8/�(*V�"m�.4�-'
CTF

�e�
CosmicTF

'(8/���AW��(8;#Lm9�%'A09� U��&�
; 0^!$��'
7,�%'Z098/����+-�%'F�-�F*,7Yj
! �9� nY8/� !$#%#-8/�"0 �%���"�"��0�8/���9+%�%'F�-� � 8$�5�"� %��d!$�"7V8�:

S��%'Z� � #k!$#-*V� +-'Z0����"�-#%8/�9'(� �(��#-�"*,8/�
0��-'d� �"!$#%�-'P!aW����-'Z7_!A'(+%7,�-#-�"*,8/�
LHC

'"8/���['(��W]+-�"*V�%���(�%'�h
� �,; WY8/����7t1w!a7,\/8/�(*V�"m�.4�

CTF
�-�b'(��WY+%�"*V�%���(�%'bh �

�
; WY8/����7t1w!a7,\/8/�(*V�"m�.4�

CosmicTF
:6V6�T� �-7,7V�%'

��� #k!$#-*V�"+%' � W]8$���60��-'P�"� !$#-�%' *V'"8/7V+%�%':�[WY8/���(� !$*V�%���P0�8/��#jn-� �(�A8/n9'"�%���/+-�%'�0^!$��'P7,�-'6+��$+%���-.4�-��� '
W��"8)0���* � ' W^!$� 7,�%' #%8/7V7,*V'"*,8$��'%:�ST1 !$7,\$8/�"* � m�. �

RS
!A#-�%WY�%��0^!a�5�d�����6� � #k!$#-*V� +P'"*V\/��*�W�#k!a�"* �/�-.4�-���

W�7,��' �H!$*,n�7V� � ≈ �(Z ;<�~0^!$�9'�7,�%'�098/����+-�%'c!$7,8$�"'2l5���U7 13��� #%!$#%* � +T#k!a7,#%�97,+%� h[7t1w!a*,0��X09� � 8/��� � %��d!$�"7V8
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CTF

h
CosmicTF

�e�
RS

�-� � 8$��#-�"*,8/�
0��

pT
0��-'P.A��8/��'[7,8)#k!a�;f
!$'('"8)#%*V+%'%h^0�!$��'[7,�-'F098/����+-�%' � � �"!$*V�dW�7,�-*,� � �e�P0�!$��'[7,� � 8$�5�"� %��d!$�"7V8

� WY8/*,��� *V7,7V+%' �T0^!$�9'F7V��#k!$'[0���7,! '(+%7V�%#-�"*,8/�
LHC

:

�%'(� #%8/. W^!$�"!$n�7V� h #%�%7V7,�-' 0��-'Z!$�9�"�"�-'d!$7V\/8/�"* � m�. �%' � � � �,;<�e: � �%' 0�*��]+%�(�%��#-�%'d�-�5�"�"� 098/����+-�%'d�e�
� 8/��� � %��d!$�(7,8 0�8/* �/�%���
n-�"�"��+-�"��0�*V+%�%'[0^!a��'[0�� � �9� ���(�%'P!$�^!$7 j)'"�%'-:

�=<�� Q � ?AC MLIAB ��� ? � 
�� � �/B�� ��C�
���� ��B
� !a��'�7t1w!$��!$7Vj)'"�=l5��*&!�+-� +�W��(+%'"�-��� +%�ah67,!�#-8/.4W�!a� *Vn�*,7V*V� + �%���"�"��7V�%' � �"!$#%�-'��e��7V�%'
.���8/�9'

7,8)#k!$�;f��e� 7,�-'	� �4#%!$#%* � +-' 0�� �(�%#%8$��'(�"�"��#e� *,8$� 0��%'	�"� !$#-�%' 8$�5�	+-�"+ +-�"��0�*,+-�%' 0�!$��' 7V�%' �)�"!$*,�-'
0�8/����+-�%'-:X�P�9� #%8/. W^!$�"!$*,'(8/�J! +-� + �H!$*V�"�	!��/�-# ���J+-#Lm^!$��� *V7,7,8$��0213+��$+%���-.4�-�5�"'�� 8/��� � %��d!$�(7,8�:
� �-�"�"�d+-�"��0��
hPW]�-�". *,'c0�� . �-�(� �"� �%� + �;*V0��%�9#%�d���A#%�%� �L!$*V����8/.An��"� 0��dW��(8/n�7.�-.4�-'16a*,��� � #k!$#-*V� +
0��P7t1w!a7,\/8/�(*V�"m�.4�

RS
h5.	!a� �a!$*,'(�Z�%'(�"*,.4!a� *V8/� 0��4#Lm^!$. W4.4!$\/��+e� *Vl)�9�P!a�4��* �/�%!$�	0��-' #Lm�!$.�n��(�%'

hA.���8/�9'%h�!a#%#%8$�"0 *,. W^!$���H!$*V� �-�5�"�"� 098/����+-�%'Z�-� � 8/��� � %��d!$�(7,8�: � �%'ZW��(8/n�7.�-.4�-' '(8/���Z�%��#-8/�"���-�
#%8/���('�0213+-�"��0�� �-�4h #%� � * � �(�	7,�-'��"+-'"��7 �L!a�"'�W��(+%'"�-��� +%' 0^!a��'�#%� #Lm�!$W�*V�"�"� '(8/��� W��(+%7,*V.4*V�^!$*V�"�%'-:
8U� W�!$�(�"*,#%�97,*,�-�%h^7V�%'6W�!$� !$. �-�"�"�-'60���7,!	'"*V.���7,!a� *V8/�
�-��7,!40��-'"#%�(*,W9�"*,8/��0�� #Lm^!$. W .4!$\/��+e� *,l5���
0�8/* �$�%���bn-� �(� !a.4+-7,*,8$�"+%'-hk7,�-'b#%�"* �:�-�"�%'c021 !$'"'(8;#-*_!a�"*,8/��0��-'i.��98/��'b7,8)#k!$�)f&!$�;f��"� !$#-�%'i098/* �$�%���One� �(�
W��"+-#%*,'(+%'-:�� !$�9' 7_! '"*V.���7_!{� *,8$�2h�7,�-'6� �4#%!$#%* � +-' .4�-'"���(+%�-' 0�8/* �/�%���pn-� �(��#%8$.4W^!a�"+%�-' !$�)f��)�"!$*,�-'
��� #k!$#-*V�"+%'F#k!$7V#%��7V+%�%' h W^!$�(�"*,�[0��&7 13*,� � 8$�".4!a� *V8/� 0�� \/+%��+-� !a�"�%���F�-�P0��&7_! '"*V.���7_!{� *,8$� � �%!$��� ��h
0�� .	!$�9*.�%�(� h �%' � *,. �%��7V�%'�n�*,!$*,'67,*,+-'�h 7_! '"+-7,�-#-� *V8/�=0��%'�.��98/��'%:bS��-'&�-�"�(�%���('&' j)'(� +-.	!{� *,l5���-'
0�8/* �$�%���F+%\�!a7,�%. �%����ne� �"���-'(� *V.4+-�%'-:
� 7[!=#%�-W]�-��0^!$��� +e� +
WY8/'"'(*,n�7V� 09� 09+��/�-7,8/W9W]�-�4����8/�9�"*,7dWY�%�(.4�e�"� !$���40~1 �-'(� *V.4�-� 7_! l5�^!$7V*V� +

0��%'[0�8/�9��+%�-'P#-8/'". *,l5���-'F�-� �-'(�"*,.4!$���[7,�%'[� �4#%!$#%* � +-'FW�!$�[�"���2:R�F� . 8)0���7,�60����$!a7,*,0�!a� *V8/�	0��-'



� � � . ����� � 
 � � ��� 	 � 0 	�� � 0 	�� ��� 3 	 � � �

)67V\/8/�(*V� m9.4�-'
CTF CosmicTF RS8 � #k!$#-*V� +-'[0^!$��'[7,�-'[0�8/����+-�%' � ;<� � �9:�� ± �9:�� �

�
:
� ± �9:��

��� :  ± �;: l
8 � #k!$#-*V� +-'[0^!$��'[7,� � 8/��� � %��d!$�"7V8 � ;<� � �9:

� ± � �9:�� � �9: � ± �9:�� � �9: � ± �;:��
0�* �~+-�"�%�9#%�%'F!$n9'"8/7V���%'[0�8/�9��+%�-'&% � 8/��� � %��d!$�"7V8 � ;<� % �9:  ± �;:�� % �9:  ± �;: � %��6l9:
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� 8/��� � %��d!$�(7,8FW]8/�9�i7,�-'�09*��]+%�"�-��� 'X!a7,\/8/�(*V�"m�.4�-'b!$W�� �%'i7,!F'(+%7V�%#-�"*,8/�

LHC
0�+%#-�"*V�"� 0�!$��'i7V� �"�ef)� �a:

Sc! 0��-�"��* �%�(�47V*,\/��� #-8/�"�(�%'(W]8/�90 h
7_! 0�*��]+%�(�%��#-� 021 � � #k!$#-*V� + �%���"�"�	098/����+-�%'&�-� � 8/��� � %��d!$�(7,8�:
Sb�-'[�%�"�(�%���('['(�L!{� *,' � *Vl)�9�%'['"8/���F. �%��� *V8/����+-�%'%:

0�8/����+-�%'U! +e� +Z0�+ �/�%7V8/W�WY+Z�-�U! +e� +Z*V�5�"�"8)0���* �i0^!a��'T7,� #%8)0��Z0����a!$7V*,0^!a�"*,8/�&0��-'T0�8/����+-�%'
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W��"*V.	!$*V�"� �-�&7 1 !{f;� 0��%' �(�-�"'�.	!$*V'�!$��'('"*U021 !$'"'(8;#-*,�-��7,�%'��"� !$#-�%'&!$�;f �(�e� '-: )P*,��'(* h]7,�%'��"� !$#-�%'��"� %
#%8/��' � �(��*V�"�%'U'"8/��� !$'('"8)#%*,+-�%' !���� �(�e�U'"*^�-7,7,�-'T'"8/��� #%8/���"�%�5���%' 0^!$��'U��� #��$���[021w!a��\/7,�

∆R < 0.5!$�9� 8$���U0��67t1w!{f;�F0��F#%� �(�e�k: %�8$��� W9�"�%�90��"� �-�	#-8/.4W;� �F7,�%' �%�(�"�-���"' 0����%' !$�;f4�"+-'"8/7V�9� *V8/��'U'"�9� 7,!
W]8/'(*V�"*,8/� 0�� �/�-�(� �gf W��"*V.	!$*V�"�ah9'"�9�P7,! �"� !��(�-#-�"8/*,�(�&09�%'[� � !a#%�%'F�-�P'"�9�F7t1w!�f9�&0��-' �(�e� '%hR8/� �9�"*,7,*V'"�
\/+%��+-� !$7V�%. �%���F7_! '"*V\/��*0#^#k!$�9#%�&0���W^!a� !$. �-�"�"��0213*,. W^!$#-�%h�#$13�%' � % !�% 0�*V�"��7,��W^!a� !$. �-�"�"��0213*,. W^!$#-�
0�* �)*,'(+�W^!$�Z'(8/� �-�"�(�%���

SIP = IP/σ
:

S��%'6W^!$� !a. �e� �"�-'60213*,. W^!$#e�6'(8/����'"*V\/��+-' #%8/. . � 7V�AW��(8;0��9*V�P'"#k!a7_!$*V�"�&�%��� �(� 7_!409*,�"�-#-�"*,8/� 0��
�(�-�
�-� 7,!�09*,�"�-#-�"*,8/� 0�� W^!$�"!$. �e� �(� 021 *V.4W�!$#-�%:ZS��%' � �"!$#%�-' *V'"'"�9�%' 0��=7_! 0�+%'(*,��� +-\/� !{� *,8$� 09�
W^!$�(�"*,#-��7,�-' ! \/� !$�90��A0��9�"+%�A0�� �)*,� 8/��� W��(+ � +-�"�%���"*,�%7V7,�-.4�-�5�P0���\$� !$��09'6W^!$�"!$. �-� �(�%'F0213*,. W^!$#-�
'"*,\$��+%'ZWY8/'"* � * �/�%. �%���%:

B(� � } � �DC �(v }tqeuw� � D @ y�z��  a�g�t}tu v y��w�Tv G{�g� �)�(� D��ez{r�y�z v G{�gs� sZ� �-z�� } u H%y��X�(rH}CD��(v �tu }t�  {�e��y�z��FG��(� u v q1E+D��
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/103254 ��:��
6�([�%W��(+%'"�-���L!a�"*,8/� 0�� W^!$� !a. �e� �"��0~1 *V.4W^!a#-�Z'(*,\/��+a:

%c8/����0��-' �(�-� '67,+%\$�%�"'-h28/� '-1w!a�(� �-��0=0�8/��# ! 8$n�'"�-� �/�-��������0�*V'(�"�"*,n9�9� *V8/� �%� '(*,\/�9*1#^#%!$��#%�A0��
W^!$� !a. �e� �"�40213*,. W^!$#-� '(j). +-�"�"*,l5���	W^!$�A�"!$W�WY8/�(� !�� � ���]�-� ' 09�	�"+-'"8/7V�9� *V8/� ���-��WY8/��� 7,�-' �(�-�"'
b
h^�9��� 09*,'(�"�"*Vn��9� *V8/�
!$' j;. +-�"�"*Vl)�9�A!��/�-# �9��� W97,��'[\/�"!$��0�� � � !a#-� *V8/�
0���� � !a#%�%'P!kj�!$���P0���\/� !a��0

W^!$� !a. �e� �"�-' 0213*,. W^!$#e� WY8/'(*V� * � :)Sb�-'dm^!$09�"8/��' #Lm^!$�". +%' W]8/� �$!a�5�dW]8/'('"+-0��%�Z��� \$� !$��04� �%. W�'d09�
�;*V�$:)�P�9� !$' j;. +-�"�"*V�6�%' �d+-\�!$7,�-.4�-���d!a�(� �-��0����PW]8/�9� 7,�-' �"� !$#-�%' *,'"'(���%' 0�� �(�e�

c
h).4!$*V' 0�!$��'d���9�

W��"8/WY8/� � *,8$� .48/*V��0��(�$:
Sb! #^\/�9�"� � ��� �"�-W��"+-'"�%���"� 7V�%'d0�*V'(�"�"*,n9�9� *V8/��' �-�
W^!$� !a. �e� �"�6021 *V.4W�!$#-��� � W]8/�9�d0�*��]+%�(�%��� �-'

' !��/�-���"' 0�� �(�e� '-:;Sb!�' !��/�-��� 09�%' �(�-� ' �%' � 09+-� �-�". *,��+-� !&7t1w!$*V0��Z0��F7 13*,� � 8$�".4!a� *V8/�A0��4\/+%�9+%� !{� �%�9�
'"��* �$!a�5� 7_!�. +-�"m�8;09� 0�*V�"� 
 !a7,\/8/�(*V�"m�.4*Vl5��� � � � � " :dSb�-' �(�-�"' �"�%#-8/��' � �"�9*V� '	'"8/��� !$'('"8)#%*,+-'
!$�;f
W^!$�(�"8/��' #^�^!a�;f !$W�� �%'F7_!�W�m�!$'"�&0��&� !$0�*,!a� *V8/� 0���W^!a�(� 8$� � # � :^'"�-#-�"*,8/� �/: �,�e: �)�%��7V'F7V�%'[W^!$� � 8/�9'
\/+%��+-�"+-' 0^!$��' �9� #��/�9�

∆R =
√

(ηjet − ηparton)2 + (φjet − φparton)2 < 0.3
!$�;� 8/���40��

7 1 !{f;�40�� �(�-��'(8/����#-8/��'"*V0�+%�(+%'-:�)6*V��'"*th�'"* ���J\/7V��8/� W��"8)0���* �A���9�	W^!$*V�"� 0��	l5�^!a�)(
% !$���"*,l5�^!$�?(Yh
#%�%'Z09�%�"�9*,�%�('d'"8$�5�[�;� *,7V*,'(+%' 7,8/�('d0�� 7t1w!$'('"8)#%*,!a� *V8/�	�e�Z��8/� 7V�6\/7V��8/� *V��*V�"*_!$7t:5Sb� �(�-�Z�-'(�[#%8$��'"*V0�+%�(+
#%8/. .4�
��� �(�e�	09�

b
'"*F��� l5�^!$�)(

b
\/+-��+%�(+ �%' � � �(8/� �$+�0^!$�9' 7,� #��/�9�$h '(*,��8$��7 1 !$7V\/8/�"* � m�. �

�"�%#Lm9�%�"#Lm9� '-1 *V72�ef;*,' � �����
l5�^!$�?(
c
0^!$�9'Z#%��.'&-.4�6#��/���a: �;*�!$�9#%��� l5�^!$�)(

c
8/�

b
�~1 �-'(�[� �(8/� �/+ah

7_!�' !��$�%���F0�� �(�-�F#%8/�(�"�-'"WY8/��0 ! 7,! ' !��/�-���P09� W^!a�(� 8$� !kj/!$���67t1 +-���%�(\/*,� 7,! W�7,��'Z+-7,� �/+%�a:
Sb! � � !$#e� *,8$��0�� �"� !$#-�%'c!��/�-# 0��U\/�"!$��0�'bW^!$�"!$. �-� �(�%'b0213*,. W^!$#e��W]8$'"*V�"* � h-*,'"'(��'c0�� �(�-� '

b
�-'(��n�*,�-�

W�7,��'P*,. W]8$�(�L!a�5�"� l5��� 0�!$��'�7,� #k!$'60��%' �"� !$#-�%' *V'"'"�9�%'�0�� �(�e� '�7V+%\/�-�"'%:<@ � 8/n�'(�%� �$� #%�%WY�%�90^!$���
����� �H!$*,n�7V� !$' j;. +-�"�"*V� 0�!$��'&7_!
0�*,' � �"*Vn��9�"*,8/� 0��-' �(�e� '&7,+-\/�%�('%:�� �%#-* �-'(� 0 ���-'"'(�%��� *V�%7,7V�%. �%��� !
7_!�W��(+%'(�%��#-� 09� W^!$�(�"*,#-��7,�-'�7,+-\
�%�(�%' ! \/�"!$��0J�"�%. W�' 0�� �)*,� � 7,�-'�W^!$� � *,#-��7,�-'

K0
s

�-�
Λ
� �-� 09�

#%8/� �/�-�"'(*,8/��'40�� W�m�8$�"8/�2: � �%'4W^!$�(�"*,#-��7,�-' '"8/��� !aW�W]�-7,+-�%' W^!$�(�"*,#-��7,�-'
V0

: %i!a�47,!='(��*V�"�$hU��8/�9'
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/103254 ��: ��6 �6*V'(�"�"*,n9�9� *V8/�A�-� '(*,\/�9*1#^#%!$��#%� 0�� W^!$�"!$. �e� �(� 0213*,. W^!$#e� � � WY8/���X09*��]+%�"�-��� �%'T'"!��/�%�9�"'
0�� �(�-� '[WY8/���Z0��-'[+��/+-���%. �%���"'

QCD 80 < p̂T < 120 � �! #"a#a:

�9� *V7,*,'(�%�(8/��'6�9��*,l5���-.4�-�5�&7,! '"*,\$��*1#^#%!$��#-� 0�� W�!$� !$. �-�"�"� 0213*,. W^!$#e� � �Ah�#-�%7V7,� % #%*�*,��0��9*,' !a�5��09�
.4�-*,7,7V�%���(�%' W]�-� � 8/�(.	!$�9#%�%'F!$�)f !$7,\$8/�"* � m�. �%' 021 *V0��%���"*1#^#%!a� *V8/� 0��%' �(�e� '

b
:

) #^� 09� . *,�9*,. *,'"�-�A7t1 *V� �^���-��#%� 0��-' �H!a��'"'(�%' � � !a#%�%' �e�409�%' � � !a#%�%' .4!$7d�(�%#%8$��'(�"�"��* � �%' '"�9�
7,�%'ZWY�%��� 8/�".4!$��#-�%'Z0��-'F!$7,\/8$�"*V�"m�. �%' 0~1 +e� *,l5���e�L!$\$�$h^0��-'P#-8/��W����(�%'[0���l5�^!$7V*V� +-'Z'"8/���F+%\/!$7,�-.4�-�5�
!$W�W�7V*,l5��+%�-')��
&� " : %�8/���F#Lm^!$l5����� �"!$#%��8$� 0��-.	!a��0��<6

�/:Z��� ��8$.�n��"�40��	#-8/��W�'A�"�%#-8/��' � �"�9*V� ' 0^!$��'A7,� 0�+-�"�%#-�"�%���5! W�* f;�%7V' 09�J� � ! �(�%#-�"8/\/�"!$W�m��4�
≥ 2

h
�;:Z������8/.An��"�X�"8$�L!$7a0��T#%8$��W�'b�"�-#%8/��' � �(��*V�"'�0^!$��'b7,��� � ! �(�%#-�"8/\/�"!$W�m�� � W�*,' � �%'�09�T'"*,7V*,#-*,��.	� W�* f;�%7V' �

≥ 8
h

�9:Z�����&*,. W���7V'"*V8/�4�"� !$��'��/�-�"'"�
pT > 1 � �! "a#$h

��:Z���
χ2 ��8$�".4!$7,*V'"+ 0���7t1w!��(�9'(� �-.4�-���[0���7_!�� �"!$#%��� � h

� :Z��� W^!$�"!$. �e� �(��021 *V.4W�!$#-�Z�"� !$��'��/�-�"'"�
< 0.2

#-. h
�9:Z�����&7,8$��\/���-���Z0���0�+%'(*,��� +-\/� !{� *,8$�

< 5
#%. h

 ;:Z�����&0�*V'(�L!a��#%�2! 7 1 !{f;��0�� �(�-�
< 0.07

#-. :
� �-'P#-8/��W����(�%'F8/���[+-�"+A!$W9W�7,*Vl)�9+%�%'ZWY8/���Z7,! #^\/���(� � ��� :
S��%'T#-8/��W��9�"�%'��/h&�;h �P�-� ��'"�-� �$�%��� W��"*V��#%*VW^!$7,�-.4�-���F! �"� �(�-�"�%�X7V�%' �H!$�9'"'"�-'T� � !a#%�%'T�e�T7,�-'i� �"!$#%�-'

.	!$7^�(�%#-8/��'(�"�"��* � �-'%:;Sb�F�L!$�)f 0�� �H!$�9'"'"�-' � �"!$#%�-' �-'(�Z!a*,��'(*Y�(+%0��9*V� 021 �9� �H!$#-�"�%�������&�%� �)*,�"8$�2:)Sb�-'
� � !a#%�%' *,'('"���-'�0��	7,! 0�+-'"*V�5�"+%\/�"!a� *V8/��09�	W^!$� � *V#%��7V�%'

K0
s

h
Λ

�-��09�	#%8$� �$�%�('"*,8$� 0��	W�m98$� 8/��8/���
021w!a'"'"��' �H!a*,n�7V�%'Z*,. W���7V'"*V8/��' �"� !$��'��/�-�"'"�-'%:]Sb! #-8/��W����(� � WY�%�(.4�e�P098/��#�0��&�"� �(�e� �-�F�9��� \$� !$��09�
W^!$�(�"*,� 0�� #%�-'��"� !$#-�%'-h2#%8/. . ��7 13*,7V7,��' � �"�&7_! #^\/���(� � � � l)�9*XW��"+-'"�-�5�"�47V�%���60�*,' � �"*Vn��9�"*,8/� �%�

pT
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 � " :2Sb�-' �a!$�"*,!$n�7V�%'6�;� *,7V*,'(+%�%'PW]8$��� 7,�-' #%8$��W����(�%' � h �4�-�  	WY�%�". �-�(� �-�5� 0�� �"� �(�-� �-��7,�-'6� �"!$#%�-'
��� W��"8 �/�-�^!$��� W^!$'&0�� 7_! 0�+%'(*,��� +-\/� !{� *,8$��09� m�!$0��"8$��' nY�k!a�;f=.4!$*,' 09� �"8/�9�&!$�9�"�"� W��(8;#-�%'"'(��'
W��"8)0���*V' !$���P0��%'6�"� !$#-�%'�!��$�%#�0��A\/� !$�90��A'(*,\/��*0#^#k!a��#%�&� �%7V7,�&l5����7,�-' �H!a��'"'(�%' � �"!$#%�-'%h]7,�%'F� �"!$#%�-'
.	!$7~�"�%#-8/��' � �"�9*V� �-'%hR7,�-'PW�!$�(�"*,#%�97,�%'

V0

8$� 7V�%'[*,��� �-� !$#e� *V8/��'[�5��#%7V+k!$*V�"�%'[0^!a��'P7V��0�+-�"�%#-�"�%���-: � �-'
W��"8)#%�-'"'"�9'P'(�%�"8$�5�F0�*V'"#-�9� +-'P0^!a��'[7_!�'"�-#-�"*,8/�	��: ��: �):

/103254 �9:���6��6*,' � �"*Vn��9�"*,8/��'60��%'�*,. W���7V'"*V8/��'P�"� !$�9' �/�-�"'(�%'&0��%'�� �"!$#%�-'&�(�%#-8/��'(�"�"��* � �-'&*V'"'(���%'�0�� 7,!
0�+%'(*,��� +-\/� !a�"*,8/� 0��dW^!a�(� *V#%��7V�%'

K0
s � �%� m�!$�9�F!P\�!$��#Lm�� �eh

Λ � �-��m^!$�9�F!60��"8$*V� � �c�e�X0��d#-8/� �/�-�"'"*V8/�
0���W�m�8$�"8/� � �%� n^!$':� W]8$���Z7_! W��(�%. *.�%�(�6� �"!$#%��0���W�7V��'Zm^!$�;�

pT � �%� �"8/��\$��� �-�F7,!�'"�%#-8/��0�� � �-�\/�"*V' �e:

���������������
	���
�����������	���	������
��	 �

ST1 !$7,\/8$�"*V�"m�. �d0��F#%8/. W9�L!a\/�P09�F�"� !$#-�%' �%'(� '"*V.4W�7V�Z�-� �"8/n9��'(�"�$:�� 7Y�-'(� � 8/�9� W^!a�(� *V#%��7V*.�-�"�%. �%���
*,��� +-�"�%'(' !$��� #k!a� *V79�(�%'(�"�6!a'"'"��'PWY�%��� 8/�".4!$���T7V8/�"'(l)�9�F7V�Z0�+-�"�%#e� �%�9� �-'(� .	!a7^!$7,*V\/��++��
 � " : � !a��'U���
W��"�-.4*V�%�[� �%. W�'-h27 1 !$7,\$8/�"* � m�. ��8/�"098/������7V�%'F� � !a#%�%'��-� '"*V\/��*1#�#k!$��#-�%' 09� W^!$� !a. �e� �"� 0213*,. W^!$#-�
0��P.4!$��* �%�(�F09+%#%�(8/*,'(' !$���"�$:;�P� �(�e� �a!A!a7,8/�(' &e� �(�P*V0��%��� *0#^+F#%8/. .4� �(�e�

b
'-1 *V7Y#-8/��� *V�%���Z!$�4.48$*,��'

N
�"� !$#-�%' !��/�%#F�����F'"*V\/��*0#^#k!$�9#%�F0��4W�!$� !$. �-�"�"�[0213*,. W^!$#e�UW�7,��' \/�"!$��0��[l5�213�����6#-8/��W��9�"�F'"�%�9*,7 :
Sb! #�\/���"� � � � �"�%W9�"+%'(�%��� � 7V�%' 0�*,' � �(*,n��9�"*,8/�9' 0��%' �a*.�-.4�
�-� �$* �%. �
�"� !$#-�%'	! j/!$��� 7V�%' W�7,�9'

\/� !$�90��%'�'(*,\/�9*1#^#%!$��#%�-'�0�� W^!a� !$. �-�"�"�	0~1 *V.4W^!a#-�khc#%� l5��* #%8/�(�"�-'"WY8/��0�!$�;f�0�*,' � �(*,n��9�"*,8/�9' 0��-'
0�*,'(#%�"*V.4*V�^!$��� ' 0��%'P!$7V\/8/�"* � m�. �%' 0���#%8/. W9� !$\/��0���� �"!$#%�

N = 2
�e�
N = 3

�"�%'(W]�-#-�"* �/�-.4�-���k:



� � ��� ��� � � � ��� ��	 � � � � �
	�� ��� � �
� ��� ������	 � 4 	 � � �
	�� 
 ����� 2 	 � 
 � � �

 of the 2nd tracksσIP/
0 5 10 15 20

-510

-410

-310

-210

-110

<120GeVpt80<

udsg jets

b jets

c jets

 of the 3rd tracksσIP/
0 5 10 15 20

-510

-410

-310

-210

-110

/103254 ��: ��6 �P*,'(�"�"*Vn��9� *V8/� ��8/�".4!$7V*,'"+4!	7t1 �9��*V�"+ 0��A7_!4'(*,\/�9*1#^#%!$��#%� 0�� W^!a� !$. �-�"�"�A0~1 *V.4W^!a#-� � �
W]8/�9�Z7,�%' �{*.�%. �%' � ! \�!$��#Lm�� �[�e���$*.�-.4� � ! 0��"8/* � � � � � !a#%�%'-:

ST13��� #k!$#-*V�"+
εq

0213+-�"*,l5���e� �%�F��� �(�-�F0���'"! �$�%���
q

#%8$.4. � +-� !$���F��� �(�e�
b
�%' �F0�+$#^�9*,��W^!$�#6

εq =

��8/.�n9�"��0�� �(�-�"'[0���' !��/�-���
q

+e� *Vl)�9�-� +-'[#%8/. .4� �(�e� '
b�98/.�n��(���"8$�L!a720�� �(�-�"'F09�&'"!��/�%�9�

q
. � �9:����

SU13��� #%!$#%* � + 0213*,09�%��� *0#^#k!a�"*,8/��0��%' �(�e� '
b

�%' � ��8$� +-�
εb

�-� 7V�%'�� �4#%!$#%* � +-' 021 *V0��%���"*1#^#%!a� *V8/��0��-'
�(�-� '

uds
h
c

8/� 09� \/7,�98/��'A'(8/���
εuds

h
εc

�-�
εg

�(�%'"WY�%#e� * �/�%. �%���%:USU13��� #%!$#%* � + 0��-' �(�-�"'�7,+-\/�%�('
� uds+ g

� '"�-� ! ��8$� +-�
εl

:
S��%' #%8/���(n]�-'Z0�� WY�%��� 8/�".4!$��#-� � εl �-� εc �-� � 8/��#-�"*,8/�40��

εb
� '(8/���Z�"�-W��"+-'"�-�5�"+%�-'P'(���d7_!4#^\/���(�

� � � W]8/�9�Z7,�%'F!$7V\/8/�(*V� m9.4�-' 0���#%8$.4W9� !$\/��0����"� !$#-�%'
N = 2

�-�
N = 3

:
8T� #-8/.4W�!$� !$��� #%�%' !$7,\$8/�"* � m�. �%'-h�8/� WY�%�9� �"�%.4!$�(l)�9�%� l5���P7,�F#k!$'

N = 2
WY�%�(.4�e�d02138/n9�"�%��*V�

0�� . �%*V7,7V�%���(�%' WY�%� � 8$�".4!$��#%�-'4WY8/��� 7,�-'4\$� !$��09�%'	� � #k!$#-*V� +-'	0213+-�"*,l5���e�L!$\/� 0�� �(�-�
εb

h *V7['"�%�"!
!$W�WY�%7,+&!$7V\/8/�(*V� m9.4�

TCHE �
0^!$��'P7_! '"��* � �$:YS��A#%!$'

N = 3
WY�%�(.4�e�602138/n9�"�%��*V�P09�A. �%*,7V7,�-���"�-'

W]�-� � 8/�(.	!$�9#%�%' WY8/��� 7,�-' �H!a*,n�7V�%' ��� #%!$#%* � +%' 0213*,0��-��� *1#�#k!a�"*,8/��0��-' �(�-�"'47V+%\/�-�"'-hT*,7Z'"�-� ! !$W�WY�%7,+
!$7,\/8$�"*V�"m�. �

TCHP
� :USb� #k!a'

N = 1
�213�%' �	W�!$'4�;� *,7V*,'(+ #k!$� *,7 ��� WY�%�(.4�e� W^!$' ����� n]8$�����

�"� �(�-#-�"*,8/�
0��-' �(�e� '[��8/�
b
:

�����������������
�
� 	 � � � 
 � �	� � � ��� �
		��	�� � S��-'Z���]�-� '[0���0�+-' !$7V*,\/�9�%. �%���Z0�� � �"!��(�%#e� 8/\$� !$W�m9�

�-��0�� 0�+-#k!$7V*,n��"!a� *V8/� '"�9�&7V�%'�!$7V\/8/�(*V� m9.4�-'60�� #%8$.4W9� !$\/��09� �"� !$#-�%'�'"8$�5�&0�*V'"#-�9� +-' *V#%* :~ST1 ���~�e�
0��67,! 0�+-#k!$7V*,n��"!a� *V8/� �(8/���6W9�"*,�9#%*,W�!$7,�-.4�-�5� '"�9� 7_!&0�+-�"�%�(.4*V�^!a� *V8/� 0��67t1w!{f;�P0�� �(�-�%h9#-�6l5��*~WY�%�;�
! �$8/*,��09�%'&#%8/��'(+%l5���-��#%�-'�'"����7V� #k!$7V#%��7T0���W^!$�"!$. �-� �(� 0213*,. W^!$#-�%: � �e�A���~�e� �(�%' � � #%�%WY�%�90^!$���
��+%\/7V*,\/�%!$n�7V�6#%8$.4W^!a�"+�!$� 0�+%'"!$7,*V\/���-.4�-�5�d0�� �"� !��(�-#-�"8/\/� !aW�m��$:

� �;� �-v JPp]qey�z%}tuwz����bu � G��	�[v uw� zav �

"�;� �-v JPp]qey�z%}tuwz����bu � G��Ry�� u }
�
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/103254 ��: ��6 �6*V'(� �(*,n��;� *,8$��'���8/�(.	!$7V*,'(+%�%'2! 7 13����* � + 0��47_! '"*V\/��*1#�#k!$��#-� 0���W^!a� !$. �-�"�"� 0213*,. W^!$#-�
0��%' �(�e� ' 7,+%\$�%�"' W]8$���A7V�%'��{*.�%. � � !�\�!a��#Lm����&�-� �a*.�%. � � ! 09�"8/* � ����� �"!$#%�-'��-�AW]8/�9�A0�* �~+-�"�%���"'
'"#%+-�^!$�(*,8/'[0���0�+-' !$7V*,\/���-.4�-���Z�-�F0���0�+-#k!$7V*,n��"!a� *V8/� � QCD 80 < p̂T < 120 � �! #"a# �e:
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/103254 �9:  76 �P*,'(�"�"*Vn��9� *V8/��'T��8$�".4!$7,*V'"+%�-'F! �F09�P7,! '"*,\$��*1#^#%!$��#-�F09�4W^!a� !$. �-�"�"�Z0213*,. W^!$#e�U0��%' �(�-�"'
b
hbWY8/����7,�-' �{*.�%. � � !
\�!$�9#Lm������-� �$*.�-.4� � ! 0��(8/*V�"���6� �"!$#%�-' �e�AWY8/����0�* �~+-�"�-�5�"'A'(#%+%��!$�"*V8/' 09�

0�+%'"!$7,*V\/���%. �%���Z�e�F0���0�+%#%!$7,*Vn�� !a�"*,8/� � QCD 80 < p̂T < 120 � �! "a#��g:
�6�-' +��$+%���-.4�-�5�"' ! �$�%# ��� 09+%' !a7,*,\$���%. �%�����e� �����	0�+%#%!$7,*Vn�� !a�"*,8/� !$� � *1#�#%*,�-7,'&0�� 0�+e� �%#e� �-���

8/���A+e� +	\$+%��+-�"+%'A0��	.4!$��* �%�"� ! �%'(�"*,. �%�&7,�-'AWY�%� � 8$�".4!$��#%�-' 09�J0�+-�"�%#e� �%�9� !$��09+%.4!$�"�"!$\/� 0��
S�� �6: � !$��'P7,�&'"#%+-�^!$�(*,8 � �

pb−1 hR7V�&�"� !��(�-#-� 8$\/� !$W9m�� �-'(�6'"��W�WY8/'(+ !$7,*V\/��+2! 7 1 !$*,0���0�� .���8/�9'
#%8/'(.4*Vl)�9�%'F�-�P0��A0�8$����+%�-' W��(8 �$�%�^!a�5�60��%'PW��"�-.4* �%�(�%'F#%8/7V7,*,'(*,8/�9'%:�� 7b'%1 !$\/* �FW��"*V��#%*VW^!$7,�-.4�-���P09�
m^!$0��(8/��'�*,'(8/7,+-'%h�0213+��$+%���-.4�-�5�"' 
 n9*_!$*V' .4*V��*,.A��.�� � �e�A09�4.��98/��'�*,'('"��'&0�� 7_! 0�+%'(*,��� +-\/� !{� *,8$�
0��Z�"+-'"8/�^!a��#%�-' 0��[n^!$'('"�-' .4!$'"'(�%'

J/Ψ
�e�

Υ
: � !$��'U7,�Z'(#%+-�^!$�"*V8 ���&�

pb−1 h/0��-' .��98/��'T0��[m^!$�;�
pT

W��(8 �/�%��!$��� 0�� 7_!
0�+%'(*,��� +-\/� !a�"*,8/��0��4n]8/'(8/��'
Z

8/�
W

'(�%�"8$�5�A�9� *V7,*V'"+%'-:bS��%'&'"#%+-�^!$�(*,8/' 0��
0�+%'"!$7,*V\/���%. �%���Z�e�F0���0�+%#%!$7,*Vn�� !a�"*,8/�	'"8/���F0�+-� !$*,7V7,+-'d0^!$��'[7,! �(+ � +-�"�%�9#%� ��
 � " :S��%'b���~�e� 'c0��U0�+%'"!$7,*V\/���%. �%���b'(���b7,�%'c!$7V\/8/�(*V� m9.4�-'~0213*,0��-��� *1#�#k!a�"*,8/��0��-' �(�e� '

b
8/���b+e� + +-� �90�*,+-'

��
 � " !��$�%#�0��-'d0�8/���9+%�%'ZW9�"8)0���*V�"�%' ! �$�%#
CMSSW 	 1 	 3 	 1

:�� 7~'(�%� ! W��"+-'"�%���"+&0�!$��' #-�-�(� ��'"�-# %
� *,8$�A����� n���� �/�Z#%8$.4W^!a� !$*V'"8/� �%��� �(�Z7,�%'�'"#-+%�^!$�(*,8/' ���

pb−1 h ���&� pb−1 �-�i7,� #%!$'T0213��� 0�+e� �%#e� �-���
W^!$� �H!a*V�c!��/�-# 0��-'i0�8/�9��+%�-'

CMSSW 	 1 	 6 	 12
�e�iWY8/���b7t1w!$7V\/8/�(*V� m9.4��0�� #-8/.4W;�L!$\/�U0��U� �"!$#%�-'%:

S��%' #^\/���(�%' � � � �e� � ��� �"�-W��"+-'"�%���"�%����7,�-'P09*,'(�"�"*Vn��9� *V8/��'Z0��-'60��-�;f;*.�-.4�&�-�F� �(8/*,'(*.�%. � � �"!$#%�-'
W]8/�9�27,�-' �(�-� 'b0��T'"!��/�%�9�"'

udsg
h
c
�-�
b
0�!$��'�0��-'c+ �/+-���%. �%��� '

QCD
!��/�-#

80 < p̂T < 120 � �! "a#
0^!$��' 7,�F#k!$' 0��%'d'(#%+-�^!$�"*V8/'

10 pb−1 �-�
100 pb−1 �e� 0~1 ��� 09+-� �-#-�"�%���dW�!$� �H!$* �k: %c8/��� 7V�P'(#%+-�^!$�"*V8

10 pb−1 h�7,! � �"!$#-�"*,8/� 09�%'[� � !a#%�%'F!kj�!a�5�P0���\/�"!$��0��-'F'(*,\/�9*1#^#%!$��#%�-'[�%'(�[�"���%'F7_!a�"\/�-.4�-�5�d�"+%09��*V�"�
� l5���%�9�%'X0�� 0�*,' � �(*,n��9�"*,8/�&W�7V��'i#-8/���(�"�%':�cW��(*,��#-*,W^!$7V�%. �%���cW]8$���i7V�%' �(�-� '

b
�e�
c
h{7,�%'cWY�%� � 8$�".4!$��#%�-'

'"8/���F0�8/��#�\/�"!$��0��-.4�-���[0�*,. *,�5��+-�%'Z0^!$�9'F#-� #%!$'%:

�"v q-�t� �(r! $qez�D��ez%}=BED �(r��(%)�(z�� sd�(z-} r
QCD

uwz{v � y{rtu�� r
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 �

Sb!�#�\/���"� � � � �(�%W��(+%'(�%��� � 7V�%'&#%8/���(n]�-'A0��4W]�-� � 8/�(.	!a��#%� W]8$��� 7V�%' !$7,\$8/�"* � m�. �%' � ��� 8��e�
� ��� %�:bS��-' WY�%��� 8/�".4!$��#-�%'�8/n�'(�%���/+%�-'AWY8/����7,�A'"#%+-�^!$�(*,8

100 pb−1 '"8$�5�&'(*,. *,7_!a*,�"�-'6!a�;f=WY�%�&%
� 8/�".4!$��#-�%'d0213���
0�+e� �%#e� �-���ZW^!$���H!$*V�%:�%c8/���Z7,�6'"#%+-�^!$�(*,8

10 pb−1 � 7V�%'dWY�%��� 8/�".4!$��#-�%'Z!{�"� �-��0����-'
'"8/��� � ���-' 7,!$�"\/�-.4�-���U�"+%09��*V�"�%' #%!$�U7,�-' �-�"�"�-���"' '"��� 7,�FW^!$�"!$. �-� �(�[021 *V.4W�!$#-�U'(8/���dW�7V��' \$� !$��09�%'%:%�8/���T�9� � !$�;f 09�Z.	!$� �$!a*,'"� *,0��-�5�"*1#^#%!a� *V8/� 0��-' �(�e� 'T7V+%\/�-�"'T0�� ��; h/7t1 � �4#%!$#%* � +Z0213*,09�%��� *0#^#k!a�"*,8/�
0��%' �(�-�"'

b
0�*,. *,�5���60���W�7,��'[0�� � � ; �%�
�a!$7,�-���[!$n�'(8/7,�9�$:

b-jet efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

lig
h

t 
je

ts
 e

ff
.

-410

-310

-210

-110

1

perfect detector

100pb-1 scenario

10pb-1 scenario 

b-jet efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

lig
h

t 
je

ts
 e

ff
.

-410

-310

-210

-110

1

perfect detector

100pb-1 scenario

10pb-1 scenario 

/103254 ��:�
76 � 8/���(n]�-' 0�� WY�%��� 8/�".4!$��#-� 0��%' !a7,\/8/�(*V�"m�.4�-' 09� #%8/. W9� !$\/� 0�� �"� !$#-�%' � ��� 8 � �-�m^!$�9� �Z�e� � ��� % � �%��n^!$' �ZWY8/���[7,�-' �(�e� 'F7,+%\$�%�"'FWY8/���[0�*��]+%�(�%��� 'P'"#-+%�^!$�(*,8/'F0��&0�+%'"!$7,*V\/���-.4�-�5�
0��
0�+%#%!$7,*Vn�� !a�"*,8/�~:XS��%' 0�*��]+%�(�%��#-�%' W]8$��� 7,�-' �(�e� '

c
'"8/��� ��+-\/7,*V\/�k!$n97,�%' �e� ��8/���"�%W9�"+%'(�%��� +-�%'

� QCD 80 < p̂T < 120 � �! "a#��g:
S��%'F!$7V\/8/�(*V� m9.4�-' 0���#-8/. W9�L!$\$� 0���� �"!$#%�-'Z�21 �;� *,7V*,'(�%���Zl5����7 13*,� � 8/�".4!a� *V8/� 0��%' �A8/� ��� �"!$#%�-'

! �$�%#�7,�-' W97,��'
\/�"!$��0��-' '(*,\/��*0#^#k!a��#%�-' �-� W�!$� !$. �-�"�"�=0213*,. W^!$#e�
#%8/��� �-�5���%' 0^!$��'
��� �(�-�k:5� 7
�%'(�	0�8/��# �%� W��(*,��#-*,WY� WY8/'('"*,n97,� 021 8$n9� �-��*,� 0���. �%*V7,7V�%���(�%' W]�-� � 8/�(.	!a��#%�-'	�%��#%8/.�n9*,�^!$���47,�-'
*,� � 8/�(.	!{� *,8$��' 09�&7t1 �-��'"�-.�n�7V�&09�%'Z� �"!$#%�-'P!a'"'"8)#%*V+%�-'6!$� �(�e�k:

������������� �
� ��� ����
���	 �
��
�� �	��

��
 � ��	

Sb!
.4+e� m�8)0�� W��"8$n^!$n�*V7,*,' � � ��
 ��" #%!$7,#-��7,� 7,! W��"8/n�!$n�*,7V*V�"+�0��%'�� �"!$#%�-' 09� W9�"8 �/�-��*,�&0�� �$�%� � �ef
W��"*V.	!$*V�"�a:9S��%'[W��(8/n^!$n9*,7,* � +-'d0���� 8/�;� �%'[7V�%'Z� �"!$#%�-'P!a'"'"8)#%*V+%�-' ! ��� �(�-�F'"8$�5�F#-8/.�n�*V��+%�-'F09�&.4!�%
��*.�-�"� !�#k!$7V#%��7V�%�T7_!�W��(8/n^!$n9*,7,* � + W^!$� �(�-� 0��[W��(8 �$�%��*V�U0�� �$�%�(�"�ef W��(*,.4!$*,�(�$: �;*^#%�e�"� �FW��(8/n^!$n�*V7,* � +
�%'(� �H!$*Vn�7,�ah97V� �(�-�[#%8$��'"*V0�+%�(+ ! W�7V��'Z0���#Lm^!$��#-� 0~1 &e� �"����� �(�-�F0���l5�^!$�?(

b
:

Sb! W��"8/n�!$n�*,7V*V�"+60��-'P� �"!$#%�-'[�%'(�P#k!a7,#%�97,+%�4! 7 1 !$*V0���0��%'F0�*V'(� �(*,n��;� *,8$��'Z�%�
SIP < 0

:^S��%'FW^!$� !�%
. �e� �"�-'i0213*,. W^!$#e�X��+-\�!a�"* � 'iW9�"8 �)*,�%�9���%���T.4!��(8/�(*V�L!a*,�"�-.4�-����09� �/�%� � �gf W��(*,.4!$*,�(� �e�T'"8$�5�X�9� *V7,*,'(+%'
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W]8/�9� 0�+e� �-�". *,���-�A0��-' > ��"$�!� � ��"����	
��	
!"��!� � * �	
 �� ���
� ��� ��� � *e:iST1 ! �a!$��� !$\/�	W9�"*,�9#%*,W�!$7U0��	#-�-�"�"�
.4+e� m�8)0����%' �F021 �;� *,7V*,'(�%� �"8/�9� �-'[7,�%'d�"� !$#-�%'F#%8/���"�%�5���%'P0^!$��'[��� �(�-�%:

S��%' '"*,\$��*1#^#%!$��#-�%'d0��-'dW^!$�"!$. �-� �(�%' 021 *V.4W�!$#-� ��+%\/!a� * �b'"8/���d098/��# �9�"*,7V*,'"+-�%' W]8/�9� 0�+e� �%�(.4*V���%�
0��%' � 8/��#e� *V8/��'T0��[�"+-'"8/7V�9� *V8/�

R
:,8T7,7V�%'TWY�%�(.4�e�"� �-��� 09�Z#k!$7V#%��7V�%�T7,! W��"8/n�!$n�*,7V*V�"+ '"*V\/��+-�

Ptr(SIP )021 �9���&�"� !$#-� 09� W��(8 �/�%�9*,�F0�� �$�%� � �ef�W��(*,.4!$*,�(�$h9'"!$#Lm^!$���Pl5�21 �-7,7V� WY8/'"' �%0��&����� '"*V\/��*1#�#k!$��#-��0��
W^!$� !a. �e� �"�6021 *V.4W�!$#-�

SIP
6

Ptr(SIP ) = sign(SIP )

∫ ∞

|SIP |

R(x)dx. � ��: �
�
8&%

sign(SIP )
�-'(�F7,��'(*,\/�9��0�� W�!$� !$. �-�"�"��0213*,. W^!$#e�k:

Sb!	W^!a�(� *V�A#-�%��� �"!$7,� 0��%' � 8$��#-�"*,8/��'P0����(+%'"8$7,�9�"*,8/� �%'(� n�*,�-� 0�+%#-�"* � �AW�!$� �����A\�!$��'('"*,�-������09�
.48 j/�-����� �5��7V7,�a:9S��%'Zl5���-���%'Z�98/�7% \/!$��'"*V�%���9�%'d'(8/���[�"�%7,!a� * �/�-.4�-�5� 0�* �4#-*,7V�%'E! .48)0�+%7V*,'(�%�%h5W��(*,�7%
#%*,W�!$7,�-.4�-�5� !�#%!$��'"� 0��
7 13�%�(�"�-��� '"��� 7,� W�!$� !$. �-�"�"�
0213*,. W^!$#e� l5��*[W]�-�9� &-� �(� .4!$7d#%!$7,#-��7,+-�$:
�61 �-'(� WY8/���(l5��8/*[7,� #k!$7V#%��7[0��

P (SIP )
�%' � �"+%!$7,*V'"+ !�7t1w!a*,0��
0213*,��� +-\/� !{� *,8$��' �)�9.4+-�"*,l5���-'	0��-'

m�*,' � 8/\/�"!$. .4�-'d0��&'"*,\$��*1#^#%!$��#-�%'F��+%\�!{� * �$�%'-: � �-'Pm�*V'(�"8/\/� !a.4. �%'Z'(8/��� 0�+e� �%�(.4*V��+%' ! 7 1 !$*,0���09�
0�8/����+-�%'��(+%�%7V7,�-'%:�Sb! '(� !a� *V'(�"*,l5���A�"���%'�*V.4WY8/� �L!$��� � ��+%#-�%'(' !$*V�"� ! #%�e�"� � . +-�"m�8)0���0�� �;�"!$*V�2&e� �(�
8/n9� �-�5����!$'('"� '��"!$W�*V0��%. �%��� !$W����-'d7,�P0�+%n9�9�Z0�� 7,! W��(*,'(�60�� 098/����+-�%'%: � �-�(� ��!$W�W9�"8)#Lm��6WY�%�(.4�e�
0��6���6W^!$'d�9�"*,7V*,'"�-�U0�� � 8/��#e� *V8/�	021 !��(��' � �-.4�-�5�dW]8/�9� 0�+e� �%�(.4*V���%� 7 1 !$7,7V���"�[0��-'d0�*V'(� �(*,n��;� *,8$��' �-�
'"*,\$��*1#^#%!$��#-����+%\�!{� * �$� 09� W^!a� !$. �-�"�"��0213*,. W^!$#e�[�-�P021 8$n9� �-��*,�Z0��&. �%*,7V7,�-���"�-'d0��%'(#%�(*,W9�"*,8/��'[0��-'
� 8/��#-�"*,8/�9'Z0����"+%'(8/7,�;� *,8$�

R
:

Sb! 09*,'(�"�"*Vn��9� *V8/� �%� '(*,\/��*0#^#k!a��#%�F��+%\/!a� * �/�609� W^!$�"!$. �e� �(�P0213*,. W^!$#e� W]�-�9�d+-\�!$7,�-.4�-��� �a!$�(*,�%�
0�� .	!a��*.�-�"� *,. WY8/�(� !$��� �	�-� � 8$��#-�"*,8/� 0��
7t1 *V.4W��97,'"*V8/�

p
hX0��
7_! W9'"�%�90�8$% �"!$W�*V0�*V�"+ |η| hi09�

χ2��8/�".4!$7V*,'"+�0�� 7t1w! �(��'(�"�%. �%����09� 7,!��"� !$#-� 8/� �%�9#%8/�(��0�� ��8/.�n��(� 09� #-8/��W�'�!$'"'(8;#-*,+%' 0^!$�9'
7 13�%��'(�%.�n�7V�P09�	� �"!��(�%#e� 8/\/�"!$W�m��68/�	0^!a��'d7,�F0�+e� �%#e� �-��� ! W�* f;�%7,' ����*Vl)�9�%. �%���k:	) #^� 09�6W��(�%��0��(�
�%�A#-8/. W9� � #%�-'i���]�-�"'%h{0�*��]+%�(�%��� �-'i#%!a� +-\/8/�"*V�%'b0�� � � !a#%�%'c'"8$�5�i0�+$#���*,�-'�0�� .	!a��*.�-�"� !P!a��\/. �%��� �-�
7,�XWY8/� �$8/*,��0�*V'"#-�"*,. *,��!$���20��U7 1 !$7V\/8/�"* � m�. �$: %c8/���b#Lm^!$l5��� #k!a�"+%\/8$�"*,�T09�X� � !a#%�%'-h�����m�*,' � 8/\/�"!$. .4�
�%�
SIP

�-'(� W��"8)0���* � !�W^!$�(�"*,�X09�%' 0�8/����+-�%' W]8$���T0��%' �a!$7,�-���"'T09�
SIP < 0

: %i!$�U#%8$��'(�"�"��#e� *,8$� 7,!
0�*,' � �"*Vn��9�"*,8/� �%� W��(8/n^!$n�*V7,* � +&0��%' �"� !$#-�%'�0���W�!$� !$. �-�"�"��0~1 *V.4W^!a#-� �9+%\�!a�"* �U�-'(������* � 8/�". +%. �%���
0�*,' � �"*Vn���+-���%��� �(�#% ���-� �9:

Sb!�W��"8$n^!$n�*V7,*V�"+d0213��� �(�-�U#%8$�5�"�%�^!a�5�
N

� �"!$#%�-' 09�FW9�"8 �/�-��*,�U0��	�/�-�(� �gf W��"*V.	!a*,�"� �%' � #%!$7,#-��7,+-�
W^!$��7_! #%8$.�n�*,��!$*,'(8/�=0��%'&W��"8$n^!$n�*V7,*V�"+%'�0��-'

N
�"� !$#-�%'&'"��* �$!a�5�&���9�40�*V'(�"�"*,n9�9� *V8/�=0�� %c8/*,'('"8/�~:

8U7V7,� �-'(�F0�+ #^��*,��W^!a�)��
 �;h 
, )h 
 
 " 6

Pjet = Π

N−1
∑

j=0

(− ln Π)j

j!
,

! �$�%#

Π =

N
∏

i=1

P̃tr(i). � ��:��
�



� � � � ��	�� ����� �
� ��� ��� �
	 � 4 	 � � �
	 � 
 ����� 2 	 � 
 �

8&%
P̃tr

�%' ��09+$#^��*V�U#%8/. .4�i7_!ZW��"8$n^!$n�*V7,*V�"+i0213�����T�"� !$#-� WY8/'(*V� * �/� � ! j/!$���c�����U'"*V\/��*1#�#k!$��#-�
SIP

� �
�F8/� #-8/. .4� 7_!4W9�"8/n^!an�*,7V*V� +��(�%0�+ #^��*,�AW^!$�

P̃tr = Ptr/2
W]8/�9�

SIP > 0
�-�
P̃tr = 1 + Ptr/2W]8/�9�

SIP < 0
: � �-�"�"�	0��-�"��* �%�(� �"� !$��'�� 8/�".4!a�"*,8/� WY�%�(.4�e� 09�4W��(�%��09�"�	�-��#-8/.4W;� � � 8/�;� �%'&7,�-'

� � !a#%�%' � WY8/'"* � * �$�%'P�-����+-\�!a�"* �/�-' �g:�S��%'6�"� !$#-�%'�0��
SIP
� �48/����!$*,�9'"*b� �%�90^!$��#-�5! !$��\/. �%��� �-�67,!

W��"8/n�!$n�*,7V*V�"+�W^!$� �(�-�&�L!a��0�*,'�l5���47,�%'��"� !$#-�%'A09�
SIP

� � 8/���&�"�%��0�!$��#%� ! 7,!
09*,. *,�5���%�-:C%i!$��7,!
'"��* � �$h97_! W��"8$n^!$n�*V7,*V�"+6�(�%0�+ #^��*,��'(�%� ! �9�"*,7,*V'"+-�$:

S��%'[0�* �~+-�"�-�5�"�%'[#k!{� +%\$8/�"*V�%'d0����"� !$#-�%'[�9� *V7,*V'"+%�-'dWY8/���d0�+ #^��*V�Z7,�%'Zm9*,'(�"8/\/�"!$.4. �%' 0���#k!$7V*,n��"!�%
� *,8$� '"8/���F7,�-'F'(��* �a!$���"�%')6
$ ������#k!a�"+%\/8$�"*,��WY8/���Z7V�%'d�"� !$#-�%'P! j/!$���F���

χ2 ��8/�(.	!$7V*,'(+
>
�): � � #%!a� +-\/8/�(*,� ���g:%�8/���[7V�%'d� �"!$#%�-'F! j/!$���6�9�

χ2 ��8/�".4!$7V*,'"+
<
�;: � 6

$ � #k!a�"+%\/8/�(*,�-' W]8$���67V�%'6�"� !$#-�%'�!kj�!$�������9� W�'"�-��0�8$% � !$W�*V0�*V�"+ |η| #%8/. W��"*V'"� 0^!$��'�7V�%' *V�5�"�%�'%
�$!a7,7,�-' � � � �9:�
 " h
� �9:�
 � �$: � " �e� � �/: � � �): ��" hY!$��. 8/*V��'�� #-8/��W�'P0^!$��'P7,��0�+-�"�%#e� �%�9� ! W9* f;�%7V'P�e�
������*,. W���7V'"*,8$�

p < 8 � �! #"a# � #%!a� +-\/8/�(*,�%' �)h �9h^�-� � �"�-'"WY�%#e� * �$�%. �%��� �gh
$ ��#k!a�"+%\/8$�"*,�&WY8/���67V�%'F� � !a#%�%' ! j/!$�����ef9!$#e� �-.4�-�5� � #%8/��W9' 0^!$��'67,�&0�+-�"�%#-�"�%���2!4W�* f;�%7V'6�e�

������*,. W���7V'"*,8$�
p < 8 � �! #"a# � #%!a� +-\/8/�(*,� � �$ �6#k!a�"+%\/8$�"*,�-'XWY8/���i7V�%'c� � !a#%�%'U!kj/!$���U��� |η| #%8/. W��"*V'i0^!a��'X7,�-'X*,���"�%� �a!$7V7,�-' � � � �;:�
 " h�� �9:�
 � �$: � "�-� ���$: � � �;: ��" hb!$��. 8/*V��' �
#%8/��W9' 0^!a��' 7V� 0�+-�"�%#-�"�%��� ! W�* f;�%7V'��-� ����� *,. W���7,'(*,8/�

p > 8
� �! "a# � #%!a� +-\/8/�"*V�%'��9h� ��e� 
 �(�%'"WY�%#e� * �/�%. �%��� �eh

$ ��#k!a�"+%\/8$�"*,�&WY8/���67V�%'F� � !a#%�%' ! j/!$�����ef9!$#e� �-.4�-�5� � #%8/��W9' 0^!$��'67,�&0�+-�"�%#-�"�%���2!4W�* f;�%7V'6�e�
������*,. W���7V'"*,8$�

p > 8 � �! #"a# � #%!a� +-\/8/�(*,� �,�g:
S�� 0�+-#%8/�9W^!$\/� �-� |η| #%8/�(�"�%'(W]8$��0�!$� #k!a'�8&%J7,! � �"!��(�%#e� 8/*V�"�4021 �9��� W^!$� � *V#%��7V�4#Lm^!a�"\/+-� 0��

\/� !$�90��P*V.4W9��7,'(*,8/���"� !��/�-�"'"�P7_!�W^!$� � *,�[#-�%��� �"!$7,�F0��4�"� !��(�-#-�"8/\/� !aW�m�� � � � �9:�
 " h57,!&�(+%\/*V8/�409�F�"� !$�7%
'"*V�"*,8/���%��� �(��7,!JW^!$� � *,��#%�%���"� !$7V� �-�
7,�-' n]8$��#Lm�8/��' � �9:�
 � �/: � " 8$� �9��*,l5���-.4�-�5�
7V�%' nY8/��#Lm�8$��'
���/: � � �;: ��" � # � :�#^\/�9�"� � � � �g: � �%'[*V�5�"�%���$!a7,7,�-' �-� |η| '"8/���[n^!a'"+%'['(���Z7_!A\$+%8/. +-�"�"*,�60��
0�+-�"�%#-�"�%���-:
Sb��09+%#%8$��W^!$\/���-�

χ2 ��8/�(.	!a7,*,'(+P�-'(�Fl5�^!$��0�! 7,�9*~W�7V��'d0�+-7,*,#%!a�k:7� 72#%8$�"�"�-'"WY8/��0�! ������#-8/��W����(�
�"�%7,!a� * �/�-.4�-�5��!$�"n�* � �"!$*,�(� � χ2 ��8/�(.	!$7V*,'(+

<
�): � �6l5��*T'(+%7V�%#-�"*,8/�9��� �%� �)*,�(8/�  
,;K0����"� !$#-�%'&�"� %

#%8/��' � �(��*V�"�%'[�-�F. 8/*,��' 0�� �9:���; 0�� �H!$��'('"�-'F�"� !$#-�%' � # � : #^\/���(� � � � �e:
S��&0�+%#-8/��W^!$\$� �-����8/.An��"�&0��&#%8/��W9'P�(�%#%8$��'(�"�"��* � 'F0^!$��'F7,��0�+e� �%#e� �-���"! W�* f;�-7,'F#%8/�(�"�%'(W]8$��0

!$� #k!a'd8&% 7V�%' �"� !$#-�%'d'(8/���dW��(8;09��*V�"�%' .4!��(8/�(*V� !$*,�(�%. �%��� 0^!$��' 7_! W�!$�(�"*,�6#-�%��� �"!$7,�P0�� 0�+e� �%#e� �-���
� Npixel = 3

��8/� 0�!$��'T7,�-'XnY8/��#Lm�8/�9' � Npixel ≥ 3
�g:/S��%'T#%!a� +-\/8/�"*V�%'T!��$�%#

Npixel = 2
WY�%�(.4�e�"�"�%���

0��	#-8/.4WY�%�9'"�%� 7,�-' *V����� #k!a#%*V�"+%' +��/�-��� ���-7,7,�-'�0��J09+-� �-#-�"�%��� ! W�* f;�-7,'%: �i*V�^!$7V�%. �%���kh�7V�40�+-#%8/��%
W^!$\/� �%� *,. W���7,'(*,8/�~h2n�*,�-��l5���4� !$*V'"8/����!$n�7,�ah2�"�-'(�"� !$�"n9*V� �"!$*,�(�$:�Sb!
0�+$#���*V�"*,8/��0��%' 0�*��]+%�(�%��� �-'
#k!a�"+%\/8/�(*,�-'��"�-'(� � �98/� 8/W9�"*,. *,'"+-�$hc�%��W^!$� � *V#%��7V*,�%�&WY8/����7V�%'�0�+-#%8/�9W^!$\/�-' �-��*,. W���7,'(*,8/���-� �-�
χ2 ��8$�".4!$7,*V'"+$: 8T7,7,�A'"� � �%�"!
WY8/����7V�%'�0�8$����+%�-' �(+%�-7,7,�-'2! 7 1 !$*,0��A0��%'�8/�9�"*,7V' W��"+-'"�-�5�"+%' 0^!$��'�7,!
'"�%#e� *V8/� ��:��$:��/: �;:��/:
%c8/���U� �%' � �-� 7,!�. +-�"m�8)0��$h�7V�%'U#k!$7V*,n��"!a� *V8/��'X8$�5� +e� +FW��"8)0���* � �%' !�7 1 !$*,09�Z0�� �$h � . *,7,7V*,8/� 0213+��/+ %

���%. �%��� '
QCD

�����	� 0 � � 80 < p̂T < 120 � �! "a#��g:]Sb!'#�\/���"� � � � � 0�� 0��"8/* � �&�"�-W��"+-'"�%���"� 7_!
0�*,' � �"*Vn��9�"*,8/� 0�� W��"8$n^!$n�*V7,*V�"+ WY8/����7V�%'6�"� !$#-�%'���+-\�!a�"* �/�-'��-��WY8/���6�"8/�9�"�%'�7,�-' ' !��/�-���"'&0�� �(�e� '%:



� � ��� ��� � � � ��� ��	 � � � � �
	�� ��� � �
� ��� ������	 � 4 	 � � �
	�� 
 ����� 2 	 � 
 � � �

/103254 ��:���6 8 � #%!$#%* � + 0�� '"+-7,�%#e� *V8/� 0��-'4� �"!$#%�-' �%� � 8$��#-�"*,8/� 0����L!a�;f 0�� �H!$��'('"�-'	� �"!$#%�-' '"+ %
7,�%#e� *V8/����+-�%'FW]8/�9�P0�* �~+-�"�-�5�"�%'P#%8/��W9���"� �%�

χ2 ��8$�".4!$7,*V'"+$: �6�%' �(�e� 'F0213*,. W���7,'(*,8/�9'[�"� !$�9' �/�-�"'(�%'
#%8/. W��"*V'"�-'Z�%��� �(�

120
�-�

170 � �! "a#�W��"8 �$�%�^!$���P0213+��/+-���%. �%���"'
QCD

'"8$�5�F�9�"*,7V*,'"+-'#� � � " :
� 8/.4. � #-�%'X�"� !$#-�%'U'"8/���U�9�"*,7V*,'"+-�%'�W]8/�9�X.4�-'"���(�%�T7V�%' � 8/�9#-� *V8/��'X09�Z�"+%'(8/7,�;� *,8$�

R
7_! W��(8/n^!$n9*,7,* � +

0��%'d�"� !$#-�%'F!kj�!$���[���
W^!$�"!$. �-� �(� 0213*,. W^!$#e�Z��+%\/!a� * �b�%'(�F���9* � 8/�(.4+-.4�-�5� 0�*,' � �(*,n���+-� �%���"�"� %����e�
�9hXW^!$� #-8/��' � �"�9#-� *V8/�2:US��
\/� !aW�m�*,l5��� 09� 09�"8/* � � 0��
7_! #^\$���"� � � � � �"�-W��"+-'"�%���"��7,�-' 0�*,' � �"*Vn��7%
� *,8$��'Z��8/�(.	!$7V*,'(+%�%' 0���W��"8/n�!$n�*,7V*V�"+60��-'F�"� !$#-�%'[W]8$���[7,�%' �(�e� '

udsg
h
c
�-�
b
: @ � 8$n�'"�-� �/� l5����7_!

0�*,' � �"*Vn��9�"*,8/� WY8/����7V�%' �(�-�"'
b

�-'(�&� � �%' � 8/�(�"�%. �%���&W�*,l5��+-� ! �9: �613�%' ��+-\�!$7,�-.4�-����7,� #k!a' 0�� 7,!
0�*,' � �"*Vn��9�"*,8/� WY8/��� 7,�-' �(�e� '

c
.4!$*V'T0^!$��' �����F.48/*V��0��(�F. �%'(���"�a: � !$��' 7,�[#k!$' 0��%' �(�-�"'

udsg
h/8/�

8/n�'"�-� �$�An�*V�%���9���A0�*V'(�"�"*,n9�9� *V8/�
����* � 8$�". +%. �%���[0�*,' � �(*,n���+-� �-��� �"�)%��&�-� �/hR�ef;#%�-W9� +�!$�9� 8$���P09�
�9:�Sb! 0�*,' � �(*,n��9�"*,8/�40��%'[W��(8/n^!$n9*,7,* � +-' 0��-'d� � !a#%�%'[0���'(*,\/�9*1#^#%!$��#%���9+%\�!a�"* �$� W]8$���Z7,�-' �(�-� '

udsg0�*,. *,�5��� WY8/���[7V�%'[W��"8$n^!$n�*V7,*V�"+%'dW9�"8)#Lm��%'F0��
0−

: � �&#%8/. WY8/�(�"�%. �%���[�%' �60 � ! 7 13�9� *V7,*,'"!a� *V8/�	09�
� 8/�9�"�%'T7V�%'T' !��$�%���(' 0�� �(�e� 'TWY8/���T7V�d#k!$7V#%��790��%' � 8/�9#-� *V8/��'T0��Z�(+%'(8/7,�9�"*,8/� � l5��*^#%8$�5�"*,�-�����%��� 0�8/�9#
�����&#%8/��� �(*,n��;� *,8$� 09�%' �(�e� '

b
�-�
c
�e:YS�� W�*V#�W]8/�9�P7V�%'[W��"8$n^!$n�*V7,*V�"+%'ZW��(8;#Lm9�%'609�

0+ �%' � 0 � ! 7,!
W��"+-'"�%�9#%�F0��[W^!$�(�"*,#-��7,�-'F!�\/� !$�90��[0����"+-�[0�� �;*V�Z0^!$��'U7V�%' �(�-�"'U0��[' !��/�-���"' 7,+-\
�%�(�%'T� �-7,7,�-'Xl5���[7,�-'
K0
s

h�7,�-'
Λ

!$*V��'"*�l5���P7,�-' #-8/� �/�-�"'"*V8/��' 0��PW9m�8$� 8$�2: �6�%' !$7V\/8/�"* � m�. �%'i0��P�(+ �(�-#-� *V8/� 0��PW�!$�(�"*,#%�97,�%'
V 0 �-�F0��-'Z#%8/� �/�-�"'(*,8/� 0���W�m�8$�"8/��'Z�gf9*V'(�"�%���F0^!$��'����	� .	!a*,' �9�&'(8/���[W^!$'Z�-��#%8/�(���9� *V7,*,'(+6W^!a�
7,�%'[!a7,\/8/�(*V�"m�.4�-' 0213*,09�%��� *0#^#k!a�"*,8/� 09�%' �(�-� '

b
:

Sb! #^\/�9�"� � � � � �"�-W��"+-'"�-�5�"� 7_! W��(8/n^!$n�*V7,* � +�W^!$� �(�e��0���W��(8 �/�%�9*,��0�� �/�-�(�"�ef=W��(*,.4!$*,�(��W]8/�9�
7,�%'�0�* �~+-�"�-�5�"�%'&' !��/�-���"'

udsg
h
c

�e�
b
:8%c8/���&7,�%' �(�e� '

b
�-�
c
hc7,! 0�*,' � �"*Vn��9�"*,8/� �-'(� W�*,l5��+-� ! �9:

Sc!&0�*,' � �(*,n��9�"*,8/� 0��PW��"8/n�!$n�*,7V*V�"+FWY8/��� 7,�-' �(�e� 'd7V+%\/�-�"' �-'(� l)��!$��� !A�%7V7,�[�"�-7_!a�"* �$�%. �%���d���9* � 8/�(.4�
�%��� �(� � �e� �$:



� � � � ��	�� ����� �
� ��� ��� �
	 � 4 	 � � �
	 � 
 ����� 2 	 � 
 �

Probability of tracks
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 -0

0

2000

4000

6000

8000

10000

12000

14000

Probability of tracks
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

a.
u

.

-210

-110

 b jets

 c jets

u,d,s and gluon jets

/103254 ��:�����6 %T�"8/n^!an�*,7V*V� +
0��-'	� �"!$#%�-' 0�� '(*,\/�9*1#^#%!$��#%� ��+%\/!a� * �/� � !�\�!$�9#Lm����4WY8/��� � 8/�;� �%'47,�-'
' !��/�-���"'�0�� �(�e� '��-��W9�"8/n^!an�*,7V*V� +�0��-'�� � !a#%�%'�09� '"*,\$��*1#^#%!$��#-�%' WY8/'"* � * �/���e����+%\�!{� * �$� � ! 09�"8/* � ���
W]8/�9� 7V�%' ' !��/�-���"'	0�� �(�e� '

udsg
h
c

�e�
b � 0�8/����+-�%' � � � � ���	��0 �

CMSSW 	 1 	 5 � 2
!��$�%#

80 < p̂T < 120 � �! "a#��g:

Probability of jets
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

a.
u

.

-310

-210

-110

1  b jets

 c jets

u,d,s and gluon jets

/103254 ��:�� �
6 %T�"8/n�!$n�*,7V*V�"+ W^!a� �(�-�
WY8/��� 7V�%' ' !��$�%���('
udsg

h
c

�-�
b � 0�8/���9+%�%' ��� � � ���	��0 �

CMSSW 	 1 	 5 � 2
!��/�-#

80 < p̂T < 120 � �! #"a# �e:



� � ��� ��� � � � ��� ��	 � � � � �
	�� ��� � �
� ��� ������	 � 4 	 � � �
	�� 
 ����� 2 	 � 
 � � �

b efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

n
o

n
-b

 e
ff

ic
ie

n
cy

-410

-310

-210

-110

1

Jet Proba,udsg jets

Jet Proba, c jets

/103254 ��:�� �76�� 8$���"nY�%'Z0��6W]�-� � 8/�(.	!$�9#%�609��7 1 !$7,\/8$�"*V�"m�. �Z0�� W��(8/n^!$n�*V7,* � +FW^!$� �(�e�ZWY8/���d0��-'Z0�8/�7%
��+%�-'���� ��� ���	��0 � � CMSSW 	 2 	 1 	 12

�d! �$�%#
80 < p̂T < 120 � �! #"a#a:

S��%' #%8/���(n]�-'Z0�� WY�%��� 8/�".4!$��#-�60�� 7t1w!a7,\/8/�(*V�"m�.4�Z09� W��"8$n^!$n�*V7,*V�"+[W^!$� �(�e�Z'"8$�5�dW��"+-'"�%���"+%�%'F'"�9�
7_! #^\/���(� � � � � WY8/���	09�%' + �/+%�9�%. �%��� ' ��� � � 80 < p̂T < 120 � �! "a#�� W��(8;0��9*V� '	!��/�%#�7_!
�/�%�('"*V8/�

CMSSW 	 2 	 1 	 12
0�� #%8)0���0��

CMS
:

������������� ����� 
 ��� ��� ��	 3 � � � �
� ��� � � �
	 � �
� � � 2 ��� ��� ��� � � !$��'P7,��#k!a'P0213��� 09+-� �-#-�"�%���PW^!$�&%
�H!$*V�%h9*,7]'%1 !��
�%�(�Al5����7,�-'[#k!$7V*,n��"!a� *V8/��' '(8/���FW��"8)#Lm��%'[0���7t1 8/W;� *,.A��. : � �%7,! �%'(�F#-�%�(� !$*,�9�%. �%���F0 �! 7,! '"���(�%'(�"*,.4!a� *V8/� 0���7_! l5�^!$7V*V�"+ 0�� �"� !��(�-#-�"8/\/� !aW�m���0^!$��'[7,! '(*,.��97_!a�"*,8/�2: %�8$���[7,�%'[0�8$����+%�-'
�"+%�-7,7V�%'%hi7,�%' ���~�e� ' 0�� �(�%#-8/��'(�"�"��#e� *V8/� � #%8/. . � 7,� 0�+-' !$7V*,\/���-.4�-���khT7_! W��(+%'(�%��#-��0��
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� j)W]� 0���7 1 !��(��'(�"�%. �%��� \�!$��'('"*V�%� 09�%' 0�*,' � �"*Vn��9�"*,8/��' �-� '(*,\/��*0#^#k!a��#%�='"�9�
7 13*,��� �-� �a!$7,7V�U0��Z'"*V\/��*1#�#k!$��#-�#� % � � � " �-� � 8/��#-�"*,8/�A0��Z7 13*,. W���7V'"*,8$�&09�%'T� �"!$#%�-'%h/WY8/����7,�%'i#k!a�"+%\/8/�(*,�-'
� � ! \�!$��#Lm�� �d�-� � � ! 0��"8/* � � �e:
�-�
fneg(−4)

�%� � 8/��#e� *V8/� 0���7 13*,. W���7V'"*V8/�409�%'Z� �"!$#%�-'%:^S��%' � �"!$#-�"*,8/��'
fneg(X)
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/103254 �9:�� � 6 �^� !$#e� *V8/� 0���� �"!$#%�-'F! j/!$���[������'"*V\/��*0#^#k!$�9#%��0��
W^!$�"!$. �-� �(� 0213*,. W^!$#e�Z*,� � +-�"*V�%���(� !
X

W]8$���
X =

% �;h�% �9h]�e�+% �	�%� � 8/��#e� *V8/��0��
χ2 ��8/�(.	!a7,*,'(+�0��%'6�"� !$#-�%'-h2W]8$���67V�%'6#%!a� +-\/8/�(*,�%' �

� ! \�!$��#Lm9���d�-� � � ! 0��(8/*V�"���e:
� �e�"� �F. +-� m98;0��[�-'(� '"*V.4W�7V�Z�-� WY�%�". �-� 02138/n�'(�%���/�%� 7 13+��$8/7,�9�"*,8/� 09�%' 0�*,' � �"*Vn��9�"*,8/��'i�%�	'(*,\/�9*1#�%

#k!$��#-�$h5�%7V7,�[���F�"�-��0 #%�-W]�-��0^!$��� W^!$' #%8/. W9� �F0��-' #%8$�"�"+-7_!a�"*,8/�9'T�%��� �(�67,�-' �a!$�(*_!$n97,�%'-:
� 7R�%' �d0�8/�9#
��+%#-�%'"'"!$*,�(�[021 *V��� �"8)0���*V�"�Z0��-'U\/� !$W9m�*,l5���-' ! ��0�*,. �%�9'"*,8$��'i� �-7,'Ul5���

σG � χ2 h p �X�-�
fneg(X) � χ2 h p �W]8/�9�X0�*��]+%�(�%��� 'T*V��� �%���a!$7,7V�%'i09� |η| :$Sc! #�\/���"� � � � � �(�%W��(+%'(�%��� �F7,�d�98/.�n��(�Z0��d� �"!$#%�-'T�-�U7_! � � !$# %

� *,8$�
fneg(2)

�%� � 8/�9#-� *V8/��09�A7 13*,. W���7V'"*V8/� 0��%'P� � !a#%�%'6�-� 09�A7,�-���
χ2 ��8$�".4!$7,*V'"+�WY8/��� 
 �&� �&�(�

+��/+-���%. �%���"'
QCD � 80 < p̂t < 120 GeV/c

�e: �6��� �-7,'Zm�*V'(�"8/\/� !a.4. �%'d'(8/���F�9� *V7,*,'(+%'dWY8/���Z+e� �7%
0�*,�-�P7V�%' 0�+-W]�-��0^!$�9#%�%'��-�

p
�e�
χ2 hY.4!$*,'FW]�-� �/�-����+%\�!$7V�%. �%���"&e� �(���9� *V7,*V'"+%'FWY8/���6+e� ��09*,�%�P7,�-'
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/103254 �9:����76 �^� !$#e� *V8/� 0���� �"!$#%�-'F! j/!$���F������'"*V\/��*0#^#k!$�9#%��0��
W^!$�"!$. �-� �(��0213*,. W^!$#-� *,� � +-�"*V�%���(�2!
X

WY8/���
X =

% �;h�% �9h^�-� % � �%� � 8/��#-�"*,8/�
0��&7 13*,. W���7V'"*V8/� 0��-'P� �"!$#%�-'%hRWY8/���F7,�%'[#%!a� +-\/8/�"*V�%' � � !\�!$��#Lm�� �d�-� � � ! 0��"8$*V� � �e:
0�*��]+%�(�%��� �-'F#-8/�"�(+%7,!a� *V8/��' �"�%7,7V�%'Zl5���

p
�-� |η| ! χ2 #9f;+�8/�

χ2 �-� |η| ! p #9f;+$:
������������� � �

�
� 	 � � � 
 � �	� � � � � ��		��	�� � SU1 !$7V\/8/�"* � m�. �T�-�i'"�-'X#k!$7V*,n��"!a� *V8/��'�0�+-W]�-��0��-�5�X+%\�!�%

7,�%. �%���[0��-'P���~�e� 'F0��&0�+%'"!$7,*V\/���%. �%���[0�� 0�+-�"�%#e� �%�9�%:]Sb� #^\$���"� � � � � �"�-W��"+-'"�%���"�A7,�-'[#%8/���(n]�-'
0�� WY�%� � 8$�".4!$��#%�PW]8$��� 7V�%'d'(#%+%��!$�"*V8/' ���

pb−1 h � �&� pb−1 �e�Z0^!$�9'd7,�P#k!$'Z0213��� 0�+e� �-#-� �-���Z*,09+k!$7
W]8/�9� 0��%' +��$+%���-.4�-��� ' W��"8)0���* � ' !��/�-# 7,! �/�%�('"*V8/�

CMSSW 	 1 	 6 	 12
09� #-8;0�� 09�

CMS
:

� !$��'Z#Lm^!al)�9�&#%!$'%h97 1 !$7,\/8$�"*V�"m�. �P!�+e� +��(�%#k!a7,*,n9�"+�!��/�-#�0��%'Z0�8$����+%�-'[#%8/�(�"�%'(W]8$��0^!$���F!$�
'"#-+%�^!�%
�"*,8 #-8/��'"*V0�+%�(+ �e�6�-���9�"*,7V*,' !a�5�[7V��.'&-.4����8$.�n��"�&0213+��$+%���-.4�-�5�"'

QCD
:]S��-'PWY�%��� 8/�".4!$��#-�%'F0��

7 1 !$7,\/8$�"*V�"m�. �&WY8/����7V��'"#-+%�^!a�"*,8 ���(�
pb−1 �-��WY8/��� ����0�+e� �%#e� �-����W^!$� �H!a*V��'(8/����#%8/. W^!$�"!$n�7,�-'%:

Sb�-'AWY�%��� 8/�".4!$��#-�%'AWY8/��� ���
pb−1 '"8$�5� � 8/�(�"�%. �%���A09*,. *,�5��+%�-'%: %�8/�9�A����� !$�;f 0��4.	!$� �$!a*,'"�

*,0��-�5�"*1#^#%!a� *V8/�
0��%' �(�-�"'
udsg

0~1 �-� �)*V�"8/� ��; h^7t1 � � #k!$#-*V� +&0213*,0��-��� *1#�#k!a�"*,8/�
0��-' �(�-�"'
b

W^!a'"'"� 0��
� �,; WY8/���Z�9� 0�+e� �-#-� �-���FW^!$� �H!a*V� ! � � ; W]8/�9�Z7,��'"#-+%�^!a�"*,8 ���

pb−1 :
� 8/. . � 7,! �(�%#%!$7,*Vn�� !a�"*,8/�=0�� 7 1 !$7V\/8/�"* � m�. ��WY8/����7,� '"#-+%�^!a�"*,8 ���

pb−1 ���4#Lm^!$��\$�	W^!$'&'"�-'
W]�-� � 8/�(.	!$�9#%�%'�0�� .4!$��* �%�(� '(*,\/��*0#^#k!{� * �$�$h�7,�-'in^!a*,'"'(�%'X09�%'XWY�%��� 8/�".4!$��#-�%'i8$n�'"�-� �/+-�%'U��� '"8/���TW^!a'
0 ���%' ! 09�%'XW��(8/n�7 �%. �%'X0�� 0�+$#^�9*V� *V8/��0��Z#%!a� +-\/8/�(*,�%'i.	!$*V'�W97,�9� �$�T!$�)f ���]�-�"'X0��Z0�+-' !$7V*,\/�9�%. �%���k:%c8/��� #-8/��#%7V���"�ah]�9� �%��'(�%.�n�7V�A0213m�*V'(� 8$\/� !$. . �%'F0�� �a!$7,*V0^!a�"*,8/�
�-�60�� �$+%�"*0#^#k!{� *,8$��0��-'�#k!$7V* %
n�� !a�"*,8/�9' ! +-�"+ 0�+$#���* : �;�%��7V� ����� W^!a�(� *V�A0��-'�m�*,' � 8/\/�"!$. .4�-'P0�� �a!$7V*,0^!{� *,8$��! +e� + W��(+%'"�-��� +%�ah
W^!$��'"8$��#%*U0�� #%7,!$�(�"+$: � 7U!
+%\�!a7,�%. �%����+e� + �H!$*V���9���4#-8/. W^!$� !a*,'"8$� �%��� �(�47V�%'�0�*��]+%�(�%��� '&'"#-+%�^!�%
�"*,8$' 021 !$7,*V\/���%. �%���%: � 7X�21 j�! #%�%WY�%�90^!$���AW�!$'���� \$� !$��0=*V�5�"+%�?&-�4!
8/W9� *V.4*V'"�-�67,�-'�#k!$7V*,n��"!a� *V8/��'
W]8/�9�T#%�%' +%#Lm�!$��� *,7V7,8/�9' � 8/��� � %��d!$�(7,8�: �P�%'U� �%' � ' 8/��� #%�%WY�%�90^!$��� +e� + �H!$*V�"'T�-� #%8$��0���*V'"�%���%h)WY8/���
εudsg

0~1 �-� �)*V�"8/� ��; h !��9����!$. +%7,*V8/� !{� *,8$� 09�%'Z��� #%!$#%* � +%'Z0~1 *V0��%��� *0#^#k!{� 8/�
εb

0213�%� �)*,�(8/� �,; �-�
�"�%09+$#^��*V'"'"!$���67V� 0�+%#-8/��W^!a\/� �-�

χ2 :
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/103254 ��:��� 76I%c8/��� 7,�-'�� �"!$#%�-' ! �$�%#
0 < |η| < 0.8

�e� !$� . 8/*,��' � #%8/��W9' 0�!$��' 7,�	0�+-�"�%#-�"�%���! W�* f;�%7V'%h]7,����8$.�n��"�A0���� �"!$#%�-' � �%�=m^!a�9� �6�e��7_! � �"!$#-�"*,8/�
fneg(−2) � �%�=n^!$':�6�%� � 8/��#e� *V8/� 0��

7 13*,. W���7,'(*,8/�&0��-' �"� !$#-�%'U�-�U0��[7V�%���
χ2 ��8/�".4!$7V*,'"+ W]8$���T0��%'U+ �/+%�9�%. �%��� '

QCD � 80 < p̂t < 120
� �! "a#��g:
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/103254 ��:�� 
�6 � 8/�9�"nY�%'�0�� WY�%��� 8/�".4!$��#-� � εudsg �%� � 8/��#e� *V8/� 0��
εb
�PWY8/���67 1 !$7,\/8$�"*V�"m�. �&09� W��"8$%

n^!$n�*V7,*V�"+dW^!$� �(�-� W]8$���U0�*��]+%�(�%��� ' '"#%+-�^!$�(*,8/' 0��P09+%' !a7,*,\$���%. �%��� 0��4�"� !��(�-#-� 8$\/� !$W9m�� 650�+e� �%#e� �-���
W^!$� �H!a*V�kh ���&�

pb−1 �-� ���
pb−1 W]8$���[0��%'[+��$+%���-.4�-��� '

QCD
! �$�%#

80 < p̂t < 120 � �! #"{#$:

�
	��
	�� � �! ; � � /&�4����� 5,�! $
* �4�1�! )$,�.����� �����
���3 )5 79� 5,���&�4��� ;?$ �4�����
S��%'	!$�9�"�"�%'	!$7,\$8/�"* � m�. �%'�0~1 *V0��%��� *0#^#k!{� *,8$� 0��-' �(�e� '

b
'(�%�(8/��� n��(*.���$�%. �%���4W��"+-'"�%���"+%' 0^!$�9'

#%�-�(� � '(�%#e� *,8$� 6�7V�%'A!$7,\/8$�"*V�"m�. �%'��9�"*,7,*V' !$���&7_! �"�-#%8/��' � �(��#-�"*,8/�J09�%' �$�%�(�"�efJ'"�%#-8/��0^!a*,�"�-'��-�A7,�-'
!$7,\/8$�"*V�"m�. �%' �;� *,7V*,'"!$���d7,�-'[7,�%W;� 8/��'Z0�!$��'[7,�-' �(�e� '-:

S��%'c!$7V\/8/�(*V� m9.4�-'~0��  U�-�(� �gf �;�-#%8/��0�!$*,�(�%'b�-�b0��  U�-�(�"�ef �;�-#%8/�90^!$*,�(�%'�� 8/.�n9*,��+-' ��
 � " �9� *V7,*V'"�%���7,�%' � � !a#%�%'�!$'"'(8;#-*,+%�-'5! ��� �(�-� WY8/���A�"�%#-8/��' � �"�9*,�"�	0��%' #%!$��0�*V0^!a� ' �/�%� � �gf�'"�-#%8/��0�!$*,�(�%'%: ��8/�;�
021w!an]8/�(02h � � � ��� � � �	� ��
 	 ����
 	 � � 	���� 	�� ���c��� � ��	 � # � :�'"�-#-�"*,8/���;:��;:��;:��
� �;� *,7V*,'(�67_!�09*,'(� !$��#-�
�%��� �(� 7,� �$�%� � �ef W��"*V.	!a*,�"�F�-�d7,���$�%� � �ef '"�-#%8/��0�!$*,�(��#%8/. .4�F0�*V'"#%�(*,. *,�^!a�5�%: � �-�F!$7V\/8/�"* � m�. �[�%' �
'"*,. W�7V� �-� �"8/n��9'(� �47,8/�('"l5��� 7,� 0�+-�"�%#e� �%�9�A�%' ��0�+-' !$7V*,\/�9+ ��
 � " :cST1 � �4#%!$#%* � + 0��	�(�%#-8/��'(�"�"��#e� *V8/�
0��%' �/�-�(�"�ef '(�%#%8$��0^!$*V�"�%'
�213+-� !$��� l)�9��0~1 �-� �)*V�"8/� � � ; 0^!$��'
7V�%' + �/+%�9�%. �%��� '

QCD � 80 <
p̂T < 120 � �����a#��gh9#-�-�Z!a7,\/8/�(*V�"m�.4�[���PW]�-�9� &e� �"�P�9� *V7,*V'"+FW]8/�9� 7,�-' \/�"!$��0��-'��a!$7,�-���"' 0��

εb
:�S��-'

W]�-� � 8/�(.	!$�9#%�%'Z09�&7t1w!a7,\/8/�(*V�"m�.4�F0����U�%� � �ef �;�%#-8/��0^!$*V�"��'"8$�5�FW��(+%'(�%��� +-�%' '(���[7_! #^\/�9�"� � � � � :
� � � ��� � � �	� ��
 	�����
 	 � � 	���� 	�� �����
� � ��	�� � 
! � �#" �;� *,7V*,'(��l5�^!$���3!
7V��*X7V�%'��/�-�(� �gf�'"� %

#%8/��0�!$*,�(�%'F�"�%#-8/��' � �"�9*V� '-hR'%13*,7�j �%� !;hY�-� !$'('"8)#%*,!a� *V8/��!��$�%#A0~1w!$�;� �"�-'��a!$�(*_!$n�7V�%'[0�*V'"#%�(*,. *,�^!a�5�"�%'!47 1 !$*V0���021 �9��� �"�%#Lm���*Vl5����0�� � !$W�WY8/� �60�� �)� !$*V'"�%.An�7_!$�9#%�$: �;*c!$�9#%��� �$�%� � �ef�'"�-#%8/�90^!$*,�(�A�213�%' �
�"�%#-8/��' � �"�9*V�kh^7,! �$!a�"*_!an�7,� 09*,'"#-�"*V.4*V�^!$��� � �-'(�P0�+$#���*,�&W^!$�Z021 !$�9�"�"�-'Pl5�^!$���"*V� +-'%: � !$�9'P#-�-�"�"� . + %
� m�8)0��$h � 0�*�$~+-�"�-�5�"�%'[#k!{� +%\$8/�"*V�%'Z0����/�-�(�"�ef '"�-#%8/��0�!$*,�(�%'['"8/���F0�+ #^��*,�-' 6

�/:�% 

�
�'&'(�
! !��
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 !
medium

JF) �+���	� 
 !��R� � � ����� � ��� � � �1)�� ��� � � � )2� � ��� � � � 
 � �=��� � �	��� � !<�	� εfake �
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W

εs
.
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 � � � �����	,
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 ! QCD �	� � !��
�9��) � J ) ��� ����� ��) � � � �B��� )2� � � ����
 ���S!��
� � � !�DQ��! � � � �E��� � � ! �9/ ���+� � DQ! � � � � � �*� ��,
������� � �  � -�- !*2 - #�# � # 4+% � ) 465��"2�!(#
4��	�B������� � ���B� ) � � �	� � � �*+�� �	� )1� �	��� �M)1� ��� ����
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N1 = N l −N2 −N3.
r l8,:9 5 s

N2 = Nm −N3

r l8,:9 � s
N3 = N t.

r l8,ED�� s
4 %0�	����� � � ��� � ��� � � � �	�I��! !��
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� ��� ��� ! �
� !�� � � � � � �9��� � � 
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