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η = − ln tan(θ/2) è
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285c23(+* z ? PC.10omo(W.1SR(E.10t08*9*T6�?70o23(+*^032R?N4323.J6WI\Vg57.J6q2|5N:O23(+*^(+*TMJ.ZP P

s = 0
Q L

M)(+*p,/.1032R?N6+S9*p5N:dSTM15K08*9032\?NVWVW485G?7S8( dca ,W*T6+5728*90-23(+*p03.JIK6+*9,�[c.J6W.J[k?NMt4R?7,/.u?NMo,/.1032R?N6+S9*p5N:=23(+*
234R?7SRz�285E23(+*k5743.JIK.J6 P �/� � Q .J6�23(+* rφ s¤VWMu?N6+*�LAM)(+*x03.JIK6�5N: dca .10bSR(+5K08*T6�* 8fU ?NM~285f23(+*k03.JIK6�5N:
κ �}.Z:~23(+*X5743.JIK.J6;.10d.J6+03.1,W*X5N:~23(+*XST.J48STM1*bmo(W.1SR(_,W*90RST43. Q *90d23(+*>234R?7S8zE.J6�23(+* rφ VWMu?N6+*K�g5723(+*T43mo.108*
.J2=.10=SR(+5K08*T6�57VWVg5K03.J28*>285\.J2SLthj6f23(+* zs VWMu?N6+*b23(+*b234R?7S8zE.10d,W*908ST43. Q *9, Q Bf?\03234R?N.JIK(]2=MJ.J6+*>mo(W.1S8(
.J6]28*T48S9*TVW280^23(+* z sj? P/.10^?N2e23(+*bVg57.J6q2 z0 Ldhj2|(L?70^?r03M157Vg* cot(θ) �Fmo(+*T48*X23(+*>Vg57Mu?N4^?N6WIKM1* θ IK.JAG*90
23(+*eD+.JIK(]2|,/.J48*9ST23.1576fmo.J23(f48*903V}*9ST2o285\23(+*^V}5K08.J23.JAG* z sj? PC.10SL
M)(+*x48*9S9576+03234 U ST23.1576�5N:t23(+*\D+.JIK(]2>234R? � *9ST285743.1*90X.J6�23(+*Y��*T6q234R?NM��G*T2\�n(L?N[ Q *T480c?N6+,�23(+*T.J4-S9574 s
48*903Vg576+,/.J6WIU234R?7SRz�VL?N4R?N[\*T28*T480r?N48*E,W*T28*T43[c.J6+*9, Q B�?;�+2k285_23(+*Y[\*@?70 U 48*9,�(W.J280\.J6�23(+*f���C�tL
M)(+*cVL?N2328*T436�48*9S957IK6W.J23.1576�?NMJIG5743.J23(W[ �+280H23(+*c234R?7SRz_VL?N4R?N[\*T28*T480b.J6U23(+*\234R?N6+03AG*T4808*\VWMu?N6+*c�+48032Q *9S@? U 08*e23(+*^(W.J2o48*90857M U 23.1576f.10omo.J23( O(200µm) 0 U V}*T43.1574|285-23(+* �^48*90857M U 23.1576 Q BY2jmn5\5748,W*T480=5N:
[k?NIK6W.J2 U ,W*�LA�+574^23(+* rφ VWMu?N6+*\?YST.J48S U Mu?N4H234R? � *9ST285743B�.10H?7080 U [\*9,�L3M)(+*-VL?N4R?N[\*T28*T480 θ ?N6+, z0

?N48*H,W*T28*T43[c.J6+*9, Q BE?-03234R?N.JIK(]2tMJ.J6+*e�+2t.J6p23(+* zs VWMu?N6+*�L
hv:l?^48*@?NMLVL?N4323.1STM1*=234R?9AG*TM10�23(W485 U IK(x23(+*|234R?7SRz].J6WI-,W*TA].1S9*90{.J280~D+.JIK(]2�,/.J48*9ST23.1576r.10{,/.10828574328*9,k[k?N.J6WMJBQ Bd[ U MJ23.JVWM1*n0RS@?N2328*T43.J6WI|.J6H23(+*i[k?N28*T43.u?NMC5N:W23(+*~,W*T28*9ST28574SL���(+*T6b*QP/234R?NVg57Mu?N23.J6WId?)234R?7SRzd[\*@?70 U 48*9,
.J6�23(+*X���]� 285k23(+*-���>M 574=0323.JMJM¡: U 4323(+*T4=285k23(+*bVL?N4323.1STM1*90 �FVW485C, U ST23.1576�Vg57.J6q2d.J6+03.1,W*b23(+* Q *@?N[
VW.JVg*k23(W.10-*�
�*9ST2-(L?70>285 Q *k2R?NzG*T6�.J6q285�?7S9S95 U 6q2SL M)(+*k234R?7SRz�*QP/234R?NV}57Mu?N23.1576�485 U 23.J6+* � 
 ��� HIF
(L?N6+,/M1*90n23(+*|,/.10328574323.1576YS957[c.J6WI>: 4857[�[ U MJ23.JVWM1*e08S@?N2328*T43.J6WI+�]*T6+*T43IKBcM15K0R0n?N6+,\.J6W(+57[\57IG*T6+*T.J23.1*90o5N:
23(+*^[k?NIK6+*T23.1SH�L*TM1,�L~� ,W*T2R?N.JM1*9,E,W*908ST43.JVW23.1576;5N: � 
 � � HIF S@?N6 Q *d:`5 U 6+,r:<574o.J6+032R?N6+S9*b.J6 S �Cy U L
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M)(+*^Vg5K03.J23.1576p[\*@?70 U 48*T[\*T6]280=5N:'23(+*>���>M$(W.J280oVW485@AC.1,W*H23(+*H?7S9S U 4R?7STBY6+*9S9*9080�?N43Bx285-48*90857MJAG*H23(+*
4R?N23(+*T4c03[k?NMJMo,/.1032R?N6+S9*90c08*TVL?N4R?N23.J6WI�23(+*xVW485], U ST23.1576 ?N6+,�,W*9S@?@B�AG*T4323.1S9*90c5N:=M1576WI_MJ.JAG*9,�(+*@?9ACB
(L?7,/48576+0SL � 5@m�*TAG*T4@�t23(+*E2jmn5����>M Mu?@BG*T480Y?NM1576+*�?N48*E6+572Y0 U � ST.1*T6q2r285U48*9S9576+08234 U ST2Y?_234R?7SRzRL
M)(+*T48*Q:<5748*b23(+*b.1,W*T6q23.Z�L*9,U���]��234R?7S8z/0d?N48*>*QPC234R?NVg57Mu?N28*9,f285 Q 5723(;Mu?9BG*T480e5N:~23(+*X���>M U 03.J6WIx23(+*
� 
 � � HIF 485 U 23.J6+*�L
M)(+*e?708085CST.u?N23.1576x5N:'���>M�(W.J280�?N6+,p���]� 234R?7S8z/0{.10�,W576+* U 08.J6WI>23(+*|MJ.J6Wz].J6WIX485 U 23.J6+* � 
 ��� � � S �7� U L
hj6�23(W.10x?NMJIG5743.J23(W[ 6+576/s¤AG*T4328*QP��+2328*9,�234R?7S8z/0 P �ZM�� � Q ?N48*pS8(+5K0R*T6 ?70c.J6WV U 2k?N6+,�23(+*pMJ.J6WzC.J6WI
2R?NzG*90xVWMu?7S9*f08*TVL?N4R?N28*TMJB�.J6�23(+* rφ s-?N6+, zs s¤VWMu?N6+*�L M)( U 0p���>M .J[cVW485�AG*9,�234R?7SRz�VL?N4R?N[\*T28*T480
S@?N6 Q *X5 Q 2R?N.J6+*9, U 08.J6WIpV/sv03.1,W*-.J6/:`5743[k?N23.1576�?NM1576+*-mo.J23(+5 U 2 Q *T.J6WIE? 
�*9ST28*9, Q B�V}5K0808. Q M1*>6/sv08.1,W*
.J6+* � ST.1*T6+ST.1*90emo(W.1S8(�S@?N6_5]S9S U 4e, U *>285x?kmn574808*]� � � 4R?N23.15Y?N6+,f(W.J2^?N[ Q .JI U .J23.1*90^576�23(+*b6/sv08.1,W*P SQ:�L�08*9ST23.1576 �?LJy�LJy Q L�hv:^���>M (W.J280\?N48*r:<5 U 6+,�.J6 Q 5723(�23(+*r.J6W6+*T4x?N6+,�5 U 28*T4\Mu?9BG*T480��~23(+*TB�?N48*
MJ.J6WzG*9,U03.J[ U MJ2R?N6+*95 U 03MJBG�¡.HL *�L>23(+*\(W.J2HS957[ Q .J6L?N23.1576�5N:).J6W6+*T4>?N6+,�5 U 28*T4HMu?@BG*T480^.10HSR(+5K08*T6Umo(W.1S8(
[k? P/.J[c.108*90{23(+*=28572R?NM}MJ.J6WzcVW485 Q ? Q .JMJ.J2vB:L�M)(W.10n.10�0 U V}*T43.1574�285>?>08*TVL?N4R?N28*=MJ.J6Wz].J6WI+�C03.J6+S9*d5 Q AC.15 U 03MJB
23(+*^Vg5K03.J23.1576+0t5N:~?NMJM�(W.J280|*T[\*T43IK.J6WIc:`4857[�576+*^VL?N4323.1STM1*>?N48*HS9574348*TMu?N28*9,�L
hj6UVL?N4323.1S U Mu?N4@�'23(+*r���>M .J[cVW485�AG*9, rφ 234R?7S8z�VL?N4R?N[\*T28*T480c?N48*\5 Q 2R?N.J6+*9,�?7S9S95748,/.J6WIf285f23(+*-:`57MZs
M15@mo.J6WIpVW485CS9*9, U 48* D �+574^*@?7S8(����]��6+576_AG*T4328*QPf�+2328*9,�234R?7SRz�?N6+,U?NMJM'V}5K0808. Q M1*XS957[ Q .J6L?N23.1576+0H5N:
V/sv03.1,W*|(W.J280~:`4857[�23(+*|.J6W6+*T4)?N6+,x5 U 28*T4o���>M Mu?9BG*T480@�W?^ST.J48STM1*=234R?7S8zc�+2n.10n?NVWVWMJ.1*9,x[c.J6W.J[c. �9.J6WI-23(+*
:<57MJM15@mo.J6WI χ2 : U 6+ST23.1576 D

χ2 = (~T − ~TDTNV )t V −1
TDTNV

(~T − ~TDTNV ) +
∑

layer i

∑

hits j

d2
ij ~T

σ2(dij ~T )
.

P w%L w Q

M)(+*^�+48082=0 U [ 4 U 6+0d5@AG*T4d23(+*H.J6W6+*T4e?N6+,E23(+*>5 U 28*T4^���>M Mu?9BG*T4^?N6+,E23(+*b0R*9S9576+,f0 U [ 4 U 6+0d5@AG*T4
23(+*T.J4eS9574348*903V}576+,/.J6WIr(W.J280SL ~T = (κ, φ0, dca) ,W*T6+5728*>23(+* rφ 234R?7S8zp�+2=VL?N4R?N[\*T28*T480@� ~TDTNV 23(+*
���]� 234R?7SRz�VL?N4R?N[\*T28*T480k?N6+, VTDTNV

23(+*pS95@AK?N43.u?N6+S9*Y[k?N2343.ZP�L M)(+*Y08*TVL?N4R?N23.1576 Q *T2vmn*9*T6 23(+*
234R?7S8zf?N6+,;23(+*H(W.J2=.J6 rφ .10tIK.JAG*T6 Q B dij ~T ?N6+,;.J280|S9574348*903Vg576+,/.J6WIY*T4348574

Q B σ(dij ~T ) L �C57M U 23.1576+0
mo.J23(E?>[k? PC.J[k?NMg6 U [ Q *T4=5N:O���>M (W.J280t?N48*=VW48*Q:<*T4348*9, Q.U 2)[ U 032)(L?@AG*H?b48*@?70R576L? Q M1* χ2 Lih¤: [\5748*
23(L?N6�576+*\���]��234R?7S8z�S@?N6 Q *-?708085CST.u?N28*9,�285r576+*-574e[\5748*\���>M (W.J280@�}23(+*\���]��234R?7S8z;mo.J23(�23(+*
03[k?NMJM1*9032=*QPC234R?NVg57Mu?N23.1576f*T4348574t.10tSR(+5K08*T6�L
� � � � *-,�.05 *F�	� (+*�3-(I$ 9 (���
 1>��3�*���� 36,�
 1

M)(+*X234R?N6+03AG*T4808*-VW485N�+M1*-5N:n23(+*X.J6]28*T4R?7ST23.1576U48*TIK.1576U?N2 � £ �=�>�F23(+* �$d ` � f���� � ��*QPC28*T6+,W0e5�AG*T4b?
:<*Tm ( U 6+,/48*9,_[c.1ST4857[\*T28*T480^mo.J23(U?x4R?N23(+*T4H032R? Q M1*X[\*@?N6�Vg5K03.J23.1576�:<574^?x08* 8BU *T6+S9*-5N:n4 U 6+0SL'�+574
23(+*f,W*T28*T43[c.J6L?N23.1576$5N:^23(+*f085�S@?NMJM1*9, e�� ��
7d4e��0d
� 23(+*�?9AG*T4R?NIG*�S95]5748,/.J6L?N28*90 xbeam ?N6+, ybeamP�Q 5723(x,W*Q�+6+*9,Y?N2 z = 0

Q 5N: 23(+* ep .J6q28*T4R?7ST23.1576YVg57.J6q2�?70nmn*TMJM�?70n23(+* ��d ` � �:�i_�� f��
αx ?N6+, αy ?N48*

,W*T28*T43[c.J6+*9, Q B�S957MJM1*9ST23.J6WIf.J6/:`5743[k?N23.1576�:`4857[
[k?N6qB�*TAG*T6]280SLOM)(+*-4 U 6UAG*T4328*QP�S95]5748,/.J6L?N28*90X?N48*
5 Q 2R?N.J6+*9, Q B_?xM1*@?7032 sv0 8BU ?N48*90d�+2d[c.J6W.J[c.108.J6WIE23(+*-5@AG*T4R?NMJM~,/.1032R?N6+S9*90H5N:�STM15K08*9032H?NVWVW485G?7S8( U 08.J6WI
576WMJBrmn*TMJMl[\*@?70 U 48*9,p6+576/s¤AG*T4328*QPY�+2328*9,E234R?7S8z/0omo.J23(E(W.JIK(f234R?N6+03AG*T4808*^[\57[\*T6]2 U [sL
M)(+*-032R?N6+,+?N48,�VW485]S9*9, U 48*\?N2 � yH:<574e23(+*b48*9S9576+03234 U ST23.1576�5N:{23(+* � e � � `Ee ��
7d4e��0d
� mo(W.1SR(�.10e?NM10R5
48*Q:<*T4348*9,Y285\?70)23(+* d�
7d ����
7d4e��0d
� .10oS@?NMJM1*9, � 
 ��F���� ?N6+,Y.10o,W*908ST43. Q *9,Y.J6 S �7� U L�Ml5c*T6+0 U 48*H?X(W.JIK(
48*9S9576+03234 U ST23.1576 8fU ?NMJ.J2jBG�W.J2t.10 Q ?708*9,p576f23(+*^08*TM1*9ST23.1576f5N:{���>M .J[cVW485@AG*9,f234R?7S8z/0=?N6+,p[k?NzG*90 U 0R*
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5N:t23(+*Y���>M�.J[cVW485�AG*9,�4 U 6�AG*T4328*QP�?70-?ES9576+03234R?N.J6]2SLWM)(+*x234R?7S8zU08*TM1*9ST23.1576�48* 8fU .J48*90c?NMJMn234R?7S8z/0
285 Q *;S957[cVL?N23. Q M1*_mo.J23(�23(+*;4 U 6 AG*T4328*QP mo.J23(W.J6�2jmn5�032R?N6+,+?N48,$,W*TAC.u?N23.1576+0SL��d5728*K�o23(L?N2r23(+*
234R?7SRzC0 U 0R*9,_Mu?N28*T4H.J6�23(+*-.J[cVL?7ST2HVL?N4R?N[\*T28*T4H[\*@?70 U 48*T[\*T6]2X?N48*-6+572H*QPWSTM U ,W*9,U*QP/VWMJ.1ST.J23MJBf:`4857[
23(+*dVW43.J[k?N43BrAG*T4328*QPk�+2SL'M)(W.10)M1*@?7,W0)285c?X03[k?NMJM Q .u?70).J6r23(+*eS9574348*903Vg576+,/.J6WIk,/.1032343. Q.U 23.1576+0o5N:'23(+*
.J[cVL?7ST2=VL?N4R?N[\*T28*T4|03.JIK6W.Z�LS@?N6+S9*>?70|,/.108S U 0808*9,Y.J6f0R*9ST23.1576;�?L��?L
hj6c23(W.10~?N6L?NMJBC08.10i23(+*)VW43.J[k?N43B>AG*T4328*QP-�+2i.10O48*TVg*@?N28*9, Q ?708*9,c576x���>M�.J[cVW485�AG*9,\6+576/s¤AG*T4328*QP-�+2328*9,
234R?7SRzC0k? :`28*T4c23(+*Y2348*@?N23[\*T6q2x5N:d,+?N2R?�?N6+,�03.J[ U Mu?N23.1576 ?70c,/.108S U 080R*9,�.J6�23(+*r:<57MJM15@mo.J6WI�08*9ST23.1576�L
� U 4323(+*T43[\5748*K�C.J6\S9576]234R?7032{285^23(+*o082R?N6+,+?N48,cVW485]S9*9, U 48*K�]23(+* U 6+S9*T432R?N.J6]2vB\5N:g23(+* Q *@?N[�23.JMJ2i.J6\23(+*
*T4348574|5N:O23(+*^4 U 6EAG*T4328*QPY.10o2R?NzG*T6E.J6]285x?7S9S95 U 6]2|.J6p23(+*H03.J[ U Mu?N23.1576�L�M)(+* Q *@?N[ 03Vg572oV}5K08.J23.1576E.10
IG*T6+*T4R?N28*9,�?7S9S95748,/.J6WIf285Y2vmn5 � ? U 0803.u?N6U,/.1032343. Q.U 23.1576+0Hmo.J23(_�WP/*9,U?@AG*T4R?NIG*cV}5K08.J23.1576+0b?N6+,_mo.J23(
23(+*^mo.1,/23(f2R?NzG*T6p: 4857[a,+?N2R??L
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hj6p�+I U 48*>w%L��\? Q ?N6+, Q.Q 23(+*HS@?NM1S U Mu?N28*9,�*T434857480=576;23(+*H4R?7,/.u?NM¡V}5K03.J23.1576�5N:i23(+*H*TAG*T6q2dAG*T4328*QP;?N48*
03(+5�mo6�L��].J6+S9*t23(+* Q *@?N[�Vg5K03.J23.1576\.10iVW48*9ST.10R*TMJBXzC6+5@mo6 �]23(+*o[k? P/.J[k?NML03. �@*t5N:g23(+*tVW43.J[k?N43B-AG*T4328*QP
*T434857480n.10iIK.JAG*T6 Q B-23(+*|03. �@*t5N:g23(+*|*TMJMJ.JVW23.1S@?NM Q *@?N[ 03V}572SL�M)(+* U VWVg*T4n*9,/IG*|5N:g23(+*|,/.1032343. Q.U 23.1576r5N:
σ(xPV ) S9574348*903V}576+,W0t285-IG5]5C,p?NVWVW4859P/.J[k?N23.1576f285-23(+* Q *@?N[ 08V}572o*QP/28*T6q2t.J6 x 5N: σx = 145µm L
M)(+*H?@AG*T4R?NIG*^48*90857M U 23.1576E(+5�mn*TAG*T4@�+.10)[ U S8( Q *T2328*T4|?N6+,Y[\*@?70 U 48*9,Y285 Q * 〈σ(xData

PV )〉 = 50.9µm
.J6f,+?N2R?k?N6+, 〈σ(xMC

PV )〉 = 51.1µm .J6p23(+* ¢ 576q28*>�)?N43M15k03.J[ U Mu?N23.1576�L
M)(+*p?NMJ48*@?7,/B�08[k?NMJM Q *@?N[�03V}572>mo.1,/23(�.J6 y 5N: σy = 25µm S@?N6�(L?N48,/MJB Q *\48*90R57MJAG*9,�?N6+,�?N6
?@AG*T4R?NIG*H48*90857M U 23.1576f5N: 〈σ(yData

PV )〉 = 23.0µm .J6E,+?N2R?c?N6+, 〈σ(yMC
PV )〉 = 23.7µm .J6p23(+* ¢ 576]28*



wq� w%L��?L hj[cVL?7ST2 �'?N4R?N[\*T28*T4 �|*90R57M U 23.1576

�)?N43M15�03.J[ U Mu?N23.1576�.10X?7SR(W.1*TAG*9,�LWM)(+*k2R?N.JM10b285�m�?N48,W0-Mu?N43IG*\AK?NM U *90X5N: σ(yPV ) ?N48*x, U *k285f03(+57432
M U [c.J6+5K03.J2jBX4 U 6+0{.J6cmo(W.1S8(x?N6r?7S9S U 4R?N28*t,W*T28*T43[c.J6L?N23.1576x5N:g23(+*o4 U 6cAG*T4328*QPc.10~,/. � S U MJ2SL 7 *9080~23(L?N6
2% 5N:O23(+*H08*TM1*9ST28*9,E,+?N2R?c*TAG*T6]280t(L?@AG*>?N6E*T4348574t.J6 y mo(W.1S8(E.10tMu?N43IG*T4t23(L?N6 25µm L
� (+*T48*@?70o23(+*^*T4348574|576p23(+*eVW43.J[k?N43BrAG*T4328*QPrVg5K03.J23.1576p.J6 x .10)m�*TMJM [\5],W*TMJM1*9, Q Bx23(+*^08.J[ U Mu?N23.1576 �
?X03[k?NMJM�03(W.Z:`2n285�m�?N48,W0tMu?N43IG*T4t*T434857480).10)5 Q 08*T43AG*9,Y.J6Y23(+*e03.J[ U Mu?N23.1576E5N: σ(yPV ) L'M)(W.10o*�
�*9ST2)S@?N6Q * U 6+,W*T4803285C5], Q BU23(+*k6+576�Vg*T4 :<*9ST2>03.J[ U Mu?N23.1576�5N:t23(+* Q *@?N[ 23.JMJ2X.J6�23(+* ¢ 576]28*Y�)?N43M15.L@M)(+*Q *@?N[ 23.JMJ2oS9576q2343. Q.U 28*90t285b23(+*e*T4348574o576x23(+*=4 U 6YAG*T4328*QPY?N6+,x23( U 0o*T6]28*T480t?NM1085b23(+*eS@?NM1S U Mu?N23.1576p5N:
23(+*t*T4348574�576\23(+*o48*9S9576+03234 U ST28*9,kVW43.J[k?N43BcAG*T4328*QP�Ll�].J6+S9*t.J6 y 23(+*t23.JMJ2{.10~576+*t5748,W*T4n5N:�[k?NIK6W.J2 U ,W*
Mu?N43IG*T4~23(L?N6\.J6 x �K.J280n?7S9S U 4R?N28*|,W*908ST43.JVW23.1576k.J6\23(+*|03.J[ U Mu?N23.1576x(L?70{?e[\5748*oVW48576+5 U 6+S9*9,x*�
g*9ST2{576
23(+*e*T4348574tS@?NM1S U Mu?N23.1576p.J6 y L � 5@mn*TAG*T4@�L, U *=285X23(+*e03[k?NMJM�mo.1,/23(p5N:¡23(+* Q *@?N[�03V}572�.J6 y � σ(yPV )
.10o03[k?NMJM1*T4o23(L?N6 σ(xPV ) ?N6+,Y23(+*e6+576pV}*T4 :<*9ST2t,W*908ST43.JVW23.1576E5N: σ(yPV )

Q Br23(+*^03.J[ U Mu?N23.1576E(L?70t?
6+*TIKMJ.JIK. Q M1*b*�
�*9ST2SL
M)(+*t,/.�
�*T48*T6+S9*t5N:g23(+*o48*9S9576+03234 U ST28*9,\VW43.J[k?N43B-AG*T4328*QPk?N6+,c23(+*)4 U 6\AG*T4328*QPc.10~,/.108VWMu?9BG*9,\.J6-�+I U 48*
w%L��HS Q ?N6+,k, Q Lihj6\23(+* x P

y
Q VW485 � *9ST23.1576k23(+*d,/.1032343. Q.U 23.1576x(L?70�? � ¢ �-5N: 120µm

P
10µm

Q mo(W.1S8(
(L?70o285 Q *^S957[cVL?N48*9,Emo.J23(E23(+* Q *@?N[�03Vg572t03. �@*�L � 5C5C,E?NIK48*9*T[\*T6q2=5N:O23(+*^,+?N2R?\?N6+,p23(+* ¢ 576q28*
�)?N43M15\03.J[ U Mu?N23.1576f.10t5 Q 0R*T43AG*9,�L

� ��� ��. &�5 � 3 � 5 * 58.0(I36(+*;9;(i��
 7��B36,�
 1

M)(+* U 6+,W*T48032R?N6+,/.J6WI;?N6+,�,W*90RST43.JVW23.1576�5N:n23(+*-.J[cVL?7ST2HVL?N4R?N[\*T28*T4b48*90857M U 23.1576�.10^ST4 U ST.u?NMi:<574d23(W.10
?N6L?NMJB/03.10SLO�=6�23(+*x576+*x(L?N6+,U23(+*x48*90857M U 23.1576�(L?70b285 Q *kVW485@AG*T6�03[k?NMJM)*T6+5 U IK(�285;,/.108*T6q2R?N6WIKM1*
234R?7S8z/0)S957[c.J6WIb:`4857[ M1576WI>MJ.JAG*9,x(L?7,/48576+0n: 4857[ 234R?7S8z/0)5N: 23(+* �@*T485>MJ.Z:`*T23.J[\*dS957[ Q .J6L?N285743.u?NM Q ?7SRzqs
IK485 U 6+,�Ll�=6-23(+*n5723(+*T4O(L?N6+,X23(+*),W*908ST43.JVW23.1576c5N:L23(+*�.J[cVL?7ST2'VL?N4R?N[\*T28*T4i48*90R57M U 23.1576X[ U 032 Q *nmn*TMJMU 6+,W*T4803285C5],r.J6E5748,W*T4o285XzG*9*TVp23(+*e03B/0328*T[k?N23.1Se*T4348574t03[k?NMJMHL��+574t?X,/.108S U 0803.1576E5N:¡23(+*^03BC0828*T[k?N23.1S
*T4348574|*T[\*T43IK.J6WIk: 4857[�23(+* U 6+S9*T432R?N.J6]2vBE5N:O23(+*^.J[cVL?7ST2tVL?N4R?N[\*T28*T4=48*90857M U 23.1576;08*9*^0R*9ST23.1576��>LJy�L
�'.JI U 48*^w%L��X.JMJM U 03234R?N28*90|23(+*eA7?N43.15 U 0t0R5 U 48S9*90omo(W.1S8(_?7,W, U Vp285-23(+*^28572R?NM .J[cVL?7ST2tVL?N4R?N[\*T28*T4t48*903s
57M U 23.1576�L��L574k234R?7S8z/0\mo.J23( (W.J280c.J6 Q 5723( Mu?9BG*T480x5N:d23(+*;���>M 23(+* �����Ve ����f � � 48*90857M U 23.1576�, U *E285U 6+S9*T432R?N.J6q23.1*90)576x23(+*t.J6q28*T436L?NM�?NMJ.JIK6W[\*T6q2)5N:�23(+*d���>M�mo.J23(x48*903Vg*9ST2{285^23(+*=5723(+*T4n,W*T28*9ST28574nS957[-s
Vg576+*T6q280n.10~[\*@?70 U 48*9,k285 Q * 33µm LO£ 
g*9ST280{:`4857[ � �%_��:� � _Vd�f � ` � �0d4e ����� mo.J23(k23(+* Q *@?N[�VW.JVg*=?N6+,
23(+*e�+48032oMu?@BG*T4=5N:O23(+*b���>M ?N48*H032348576WIKMJB pt ,W*TVg*T6+,W*T6q2e?N6+,ES9576q2343. Q.U 28* Q B ≈ 90µm/pt[ GeV] L
� U 4323(+*T4)S9576q2343. Q.U 23.1576+0o?N48*=?NMJMF,W*TV}*T6+,W*T6]2�576x23(+*t48*Q:<*T48*T6+S9*tVg57.J6q2{285Hmo(W.1S8(r23(+*t.J[cVL?7ST2{VL?N4R?N[-s
*T28*T4^.10^[\*@?70 U 48*9,�L � (+*T6 U 03.J6WIp23(+*-4 U 6�AG*T4328*QP P � ��Q ?70^48*Q:<*T48*T6+S9*c23(+*-.J[cVL?7ST2HVL?N4R?N[\*T28*T4>.10
,W*T6+5728*9,Y?70 dcaRV Ll�=23(+*T43mo.108*K�Cmo(+*T6k23(+*t.J[cVL?7ST2nVL?N4R?N[\*T28*T4).10~[\*@?70 U 48*9,kmo.J23(k48*903Vg*9ST2{285b23(+*
48*@?NM¤�]48*9S9576+03234 U ST28*9,kVW43.J[k?N43B\*TAG*T6]2nAG*T4328*QP P � ��Q �q.J2{.10{S@?NMJM1*9, dcaPV 574�03.J[cVWMJB δ Li�oS9S95748,/.J6WIKMJBG�
23(+*eVW43.J[k?N43BYAG*T4328*QPp48*90857M U 23.1576 �W23(+* Q *@?N[�03Vg572o?N6+, U 6+S9*T432R?N.J6q23.1*90d576p23(+*e4 U 6EAG*T4328*QPp?N6+,E23(+*Q *@?N[ 23.JMJ2tS@?N6fS9576q2343. Q.U 28*b285c23(+*^28572R?NM .J[cVL?7ST2|VL?N4R?N[\*T28*T4|48*90857M U 23.1576�L
Y ��
$W7[ � � 
�� I:? �
� ���
� ?9AC.J6WI�.1,W*T6q23.Z�L*9,�23(+*Y,/.�
�*T48*T6q2k085 U 48S9*90cS9576]2343. Q.U 23.J6WI�285�23(+*Y.J[cVL?7ST2cVL?N4R?N[\*T28*T4\48*90857M U 23.1576 �
23(+*908*d[ U 082 Q *e,/.108S U 080R*9,Y.J6r[\5748*^,W*T2R?N.JMHL{hv6p5748,W*T4o285XVW48*908*T43AG*H?X(W.JIK(p032R?N23.10323.1S90t,+?N2R?-0�?N[cVWM1*K�
.J6�23(+*Y�+6L?NM|0R*TM1*9ST23.1576�234R?7S8z/0k,W5@mo6 285�?�234R?N6+03AG*T4808*Y[\57[\*T6]2 U [ 5N: 500MeV ?N48*f?N6L?NMJB/08*9,�L
hj6�23(+*rM15�m pt 48*TIK.1576�23(+*x.J[cVL?7ST2\5N:d[ U MJ23.JVWM1*E0RS@?N2328*T43.J6WIU*�
g*9ST280-.10-Mu?N43IG*E?N6+,�[ U 082 Q *rmn*TMJM
S9576q234857MJM1*9,�L��+574k?�48*@?708576L? Q M1*E,W*908ST43.JVW23.1576�5N:=23(+*p,+?N2R? Q B�23(+*p03.J[ U Mu?N23.1576�?7, � U 0323[\*T6q280r?N48*
6+*9S9*9080R?N43B:L
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intrinsic ≈ 33 µm

multiple
scattering

≈
90 µm

pt

beam x: 145 µm

spot y: 25 µm

run vertex 4 − 20 µm

primary x: 51 µm

vertex y: 23 µm

�
	a�G
.��� ��� ��� � 2�/c&)@���-0�'2 #%�D&6(O*�,c-0/1&
#��"80�D* �c< 24*E5E-089��� � -0�D*E5c<.-9* -0/1&
�D@)�c�E2C- �c��80��@k&4-9&68 89& < *E!�� -0�D*E53-��":�&65
, 80*�@ � � � �XH.� /1&�5 �1@ �G&680< �'5m-9/1& -�� �1!'&�24*E8980&6< �G*E5c��-0*k-9/1&,+ � ��� ��������� �1��-�� -0�":%�'51;)�1/c�E< &EH

M)(+*Y,W*908ST43.JVW23.1576�5N:|23(+*r234R?7S8z�48*90857M U 23.1576�S@?N6 Q *x.J6qAG*90323.JIq?N28*9, Q BUM15C57z].J6WIU?N2X23(+*p���C�{s����>M
234R?7SRz\MJ.J6Wz].J6WI>VW485 Q ? Q .JMJ.J2vBG� Plink �qmo(W.1S8(r.10�?^,/.J48*9ST2�[\*@?70 U 48*d5N:�23(+*=?7S9S U 4R?7STBk5N: 23(+*=S95@AK?N43.u?N6+S9*
[k?N2343.ZPE5N:O23(+*^234R?7S8zYVL?N4R?N[\*T28*T480SL~hj2o.10t,W*Q�+6+*9,�?70

Plink

(

χ2, N
)

=
1√

2NΓ(N/2)

∫

∞

χ2

e−
1
2
tt−

1
2
N−1dt .

P w%L�� Q

Plink 48*QDL*9ST280�23(+*|VW485 Q ? Q .JMJ.J2jBr5N:'?>0 U S9S9*90803: U MF[k?N28S8(W.J6WI\5N:l23(+*^���>M (W.J280o?N6+,r23(+*^���]� 234R?7S8z/0SL
�]2343.1ST23MJB�03Vg*@?Nz].J6WI+� Plink .10e23(+*cVW485 Q ? Q .JMJ.J2vBU5N:)(L?9AC.J6WI�?rMu?N43IG*T4 χ2 AK?NM U *\?70b?7S8(W.1*TAG*9, Q B_23(+*
[c.J6W.J[c.10R?N23.1576 ?NMJIG5743.J23(W[ ?N6+, .10 Q ?708*9, 576�23(+* χ2 ,/.1082343. Q.U 23.1576 :<57MJM15@mo.J6WI�* 8fU ?N23.1576�w%L w�?N6+,
23(+*k?@A7?N.JMu? Q M1*\6 U [ Q *T4>,W*TIK48*9*90b5N:n:`48*9*9,W57[E� N ��mo(W.1S8(�?N48*-23(+*-MJ.J6WzG*9,����>M (W.J280^.J6�23(W.10HS@?70R*�L
M)(+*YVW485 Q ? Q .JMJ.J2jB�,/.1082343. Q.U 23.1576 03(+5 U M1, Q *kDF?N2 Q *T2vm�*9*T6��_?N6+, yr.Z:=23(+*pS95@AK?N43.u?N6+S9*p[k?N2343.ZP�.10
?7S9S U 4R?N28*TMJBE,W*908ST43. Q *9,�L
£OP/28*T6+03.JAG*-.J6]AG*90323.JIq?N23.1576+0H,W*T[\576+03234R?N23.J6WI;?kIG5C5], U 6+,W*T48032R?N6+,/.J6WIE5N:�23(+*>234R?7SRzfMJ.J6WzC.J6WIYVW485 Q ? sQ .JMJ.J2jB�? : 28*T4-?7, � U 0823.J6WIf23(+*rS95@AK?N43.u?N6+S9*90X5N:o23(+*p���>M�234R?7SRzUVL?N4R?N[\*T28*T480X(L?9AG* Q *9*T6�V}*T4 :<5743[\*9,
.J6 S �7� U L �L574=234R?7SRzC0|mo.J23( pt > 2.5GeV S9574348*9ST23.1576;:<?7ST2857480d5N: frφ = 1.35 .J6;23(+* rφ s¤VWMu?N6+*>?N6+,
frz = 1.0 .J6x23(+* rz s¤VWMu?N6+*|(L?@AG* Q *9*T6x,W*T28*T43[c.J6+*9,k:<574{23(+*t.J6]2343.J6+03.1S=VL?N432n5N: 23(+*|S95�A7?N43.u?N6+S9*90\L~hv6
?7,W,/.J23.1576_.J6�23(+* ¢ 576q28*\�)?N43M15x08.J[ U Mu?N23.1576_23(+*b.J6]2343.J6+03.1SX234R?7S8zE48*90R57M U 23.1576;m)?70d08[\*@?N48*9, Q BE23(+*
0R?N[\*^:<?7ST2857480o285x?7, � U 032o23(+*e234R?7SRzY48*90857M U 23.1576f285-23(L?N2|5N:O23(+*H,+?N2R??L
M)(+*HS9576]2343. Q.U 23.1576E:`4857[�[ U MJ23.JVWM1*H0RS@?N2328*T43.J6WI\m�?70t082 U ,/.1*9,E08*TVL?N4R?N28*TMJB Q BY08*TM1*9ST23.J6WIk*TAG*T6q280|mo.J23(
?U48*TMu? P/*9, S U 2r576�23(+*f234R?N6+08AG*T4808*f[\57[\*T6]2 U [ P

pt > 0.3GeV
Q L�hv2xm�?70k:`5 U 6+,�23(L?N2r.J6 23(+*

03.J[ U Mu?N23.1576$23(+*�?N[\5 U 6]2Y5N:X,W*@?7, [k?N28*T43.u?NMd.10 U 6+,W*T48*90323.J[k?N28*9, IK.JA].J6WI�43.108*E285�?N6 ?7,W,/.J23.1576L?NM
08S@?NMJ.J6WIk:<?7ST28574@� fMS = 1.22 L�M)(W.10o:¤?7ST28574=S9574348*903Vg576+,W0|*�
�*9ST23.JAG*TMJBp285k? Q *@?N[ VW.JVg*K�W23(W.1SRzG*T4 Q B
22% L
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��&4, *�80& A�!D&),i-�F ��5c����,i-0&)8 24*�8080&62C-0�D*E5
A 80�';�/7-�F4H<� /1&]#E&)89-9��2)��! �1�E< /c&6�O!D�'51&R�D5G� �'26��-0&6<=-9/c&�2�� - � � �1!D�'&6�O�'5O-0/1&m-98���2�: <9&)!'&624-9�'*�5�H �%&)&m-0&��%-�, *�8
� &)-0�"�'!�<)H

�o?708*9,Y576p23(+*^S9576+STM U 03.1576+0oIK.JAG*T6p.J6 S �7� U 23(+*e48*9S9576+03234 U ST28*9,E,+?N2R?-0�?N[cVWM1*H?N6+,E?NMJM ¢ 576q28*b�)?N43M15
0R?N[cVWM1*90 U 0R*9,�.J6�23(W.10k?N6L?NMJB/03.10c(L?9AG* Q *9*T6�2348*@?N28*9,�mo.J23( 23(+*f? Q 5�AG*E,/.108S U 080R*9,�08S@?NM1*r:<?7ST2857480\L� 5@mn*TAG*T4@�e.J6 5748,W*T4p6+572Y285�5@AG*T48*90823.J[k?N28*�23(+*_.J6/D U *T6+S9*�5N:>23(+*_[ U MJ23.JVWM1*U08S@?N2328*T43.J6WI�VL?N432@�e?
48*9, U S9*9,x:<?7ST28574o5N: fMS = 1.09 .10)S8(+5K08*T6 �/mo(W.JM1*dzG*9*TVW.J6WI-23(+*=:<?7ST2857480 frφ = 1.35 ?N6+, frz = 1.0
:<574'23(+*).J6]2343.J6+03.1SoVL?N432SL�M)(+*).J6W.J23.u?NM+S8(+57.1S9*|5N:g?d03[k?NMJM1*T4O:¤?7ST28574 fMS = 1.09 ?NMJM15�mt0~285dAK?N43Bb23(+* pt

234R?7S8zpS U 2o.J6pMu?N28*T4t032R?NIG*90|5N:¡23(+*H?N6L?NMJB/03.10 Q.U 2o[k?NzG*90|?>: U 4323(+*T4 pt 234R?7S8zY,W*TVg*T6+,W*T6q2=S9574348*9ST23.1576
6+*9S9*9080R?N43B�.J6�5748,W*T4X285;,W*90RST43. Q *x23(+*kMJ.J6WzC.J6WI_VW485 Q ? Q .JMJ.J2vB�:`574X23(+*k234R?7SRz�0R?N[cVWM1*90 U 08*9,�.J6�23(W.10
?N6L?NMJB/03.10SL
hj6_�+I U 48*\w%L��r23(+*x���C�{s����>M�MJ.J6Wz�VW485 Q ? Q .JMJ.J2vB�:<574^234R?7S8z/0Hmo.J23( pt > 0.5GeV

P ?70H.J6�23(+*-�+6L?NM
234R?7S8zr08*TM1*9ST23.1576 Q .10)03(+5@mo6�L��=6r23(+*dM1*Q:`2o03.1,W*d23(+*d,+?N2R?X,/.1032343. Q.U 23.1576E5N: PLink .10�S957[cVL?N48*9,Emo.J23(
23(+*H03.J[ U Mu?N23.1576 � Q 5723(fmo.J23(+5 U 2|: U 4323(+*T4=S9574348*9ST23.1576+0SL�M)(+* ¢ 576q28*X�)?N43M15x,/.1032343. Q.U 23.1576f.10tDF?N2o:<574
AK?NM U *90t5N: PLink > 0.1 mo(W.JM1*H23(+*^,+?N2R?-,/.1032343. Q.U 23.1576f.10)6+572SL�M)(W.10t.J6+,/.1S@?N28*90o23(L?N2t23(+*e48*@?NM�234R?7S8z
48*90857M U 23.1576x.J6\23(+*t,+?N2R?^.10{0323.JMJM+mn57480R*t23(L?N6x,W*90RST43. Q *9,c.J6k23(+*tS95@AK?N43.u?N6+S9*|[k?N2343.ZP\5N:�23(+*t,+?N2R?>?N6+,
?70H?7080 U [\*9,_.J6�23(+*k03.J[ U Mu?N23.1576�LOM)(+*T48*Q:<5748*K�¡?x: U 4323(+*T4 pt ,W*TV}*T6+,W*T6]2bS9574348*9ST23.1576�.10H?NVWVWMJ.1*9,U285
23(+*^.J6W.J23.u?NM χ2

0 5N:'23(+*H,+?N2R?/�W:`57MJM15�mo.J6WI

χ2
cor = χ2

0 + χ2
0 · exp(f0 + f1 · pt) .

P w%L�� Q

�+574o23(+*eVL?N4R?N[\*T28*T480 f0 ?N6+, f1 A7?NM U *90o5N:¡s �?L��G�-?N6+,rs �?L w]�>(L?9AG* Q *9*T6Y:<5 U 6+,��/48*903V}*9ST23.JAG*TMJB:L�M)(+*
,/.1032343. Q.U 23.1576p5N: PLink ?7S9S95748,/.J6WIc285b23(+*=[\5C,/.Z�L*9, χ2

cor .10n,/.108VWMu?9BG*9,r.J6k�+I U 48*dw%L�� Q.Q L'M)(+*e,+?N2R?
,/.1032343. Q.U 23.1576;.10|?NMJ[\5K032)DF?N2o:<574 PLink > 0.1 ?N6+,Y.10o6+5�m m�*TMJM [\5],W*TMJM1*9, Q BY23(+*^03.J[ U Mu?N23.1576�L
Y ��
$W7[ 
 � ��� � � ���
	 W � ��� W��

�o?708*9,U576U23(+*xS9574348*9ST28*9,����]�{s����>M MJ.J6Wz_VW485 Q ? Q .JMJ.J2vBU23(+*k234R?7S8z��+6+,/.J6WI;* � ST.1*T6+STB�S@?N6 Q *\.J6/s
AG*90323.JIq?N28*9,�L �+574o23(W.10tV U 43Vg5K08*e234R?7S8z/0tmo.J23(�?N2oM1*@?7032|�k���>M (W.J280|?N6+, PLink > 0.1 ?N48*^08*TM1*9ST28*9,�L
M)(+*c���>M�* � ST.1*T6+STBG�g,W*Q�+6+*9,_?70=23(+*b4R?N23.15x5N:~23(+*>6 U [ Q *T4^5N:~234R?7SRzC0|: U MZ�+MJMJ.J6WIY23(+*908*-���>M�S U 280
5@AG*T4=23(+*^6 U [ Q *T4d5N:n���]� 234R?7S8z/0@�L.10t03(+5@mo6;.J6p�+I U 48*Hw%L��k?70): U 6+ST23.1576+0=5N:i23(+*^234R?7S8zp234R?N6+03AG*T480R*
[\57[\*T6q2 U [ ?N6+,fV}57Mu?N4^?N6WIKM1*�LzM)(+*>28572R?NM~���>M 234R?7SRzp�+6+,/.J6WIr* � ST.1*T6+STBf.J6+STM U ,W*90=23(+*c���>M�(W.J2
* � ST.1*T6+STBG�+23(+*X���]�{s����>M�MJ.J6WzC.J6WI\* � ST.1*T6+STBf?N6+,YM15K0808*90t, U *H285-.J6L?7ST23.JAG*X���>M 48*TIK.1576+0SL
M)(+*|* � ST.1*T6+STBk.10{08*9*T6x285 Q *|6+*@?N43MJB-DF?N2 Q.U 2�03M15@moMJBc43.103.J6WI>mo.J23(k.J6+ST48*@?703.J6WI ptrack

t ?N6+,r?N[\5 U 6q280
285 ≈ 63% 576U?9AG*T4R?NIG*-.J6�,+?N2R??LnM)(+*-,W*Q:<? U MJ2 ¢ 576q28*\�)?N43M15p* � ST.1*T6+STB;.10H? Q .J2e(W.JIK(+*T4 P ,W572328*9,



w%L��?L hj[cVL?7ST2 �O?N4R?N[\*T28*T4 �=*90857M U 23.1576 w Y

 / GeVtrack
t

p
1 2 3 4

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

 / GeVtrack
t

p
1 2 3 4

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

Data
Pythia

Pythia cor.

 1% error± 

 / GeVtrack
t

p
1 2 3 4

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

 / GeVtrack
t

p
1 2 3 4

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

Data
Pythia

Pythia cor.

 1% error± 

 / GeVtrack
t

p
1 2 3 4

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

 / degtrackθ
50 100 150

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

 / degtrackθ
50 100 150

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

 / degtrackθ
50 100 150

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

 / degtrackθ
50 100 150

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

 / degtrackθ
50 100 150

C
ST

 e
ff

ic
ie

nc
y 

0.6

0.65

0.7

�EF ��F

�
	a�G
.��� �.� ��� ����� -98���2�: �c5c� �'51; &�� 24�'&)5c2)> , *�83-080�E2�: <�(
� -0/^��-=!D& ��< -
�

��� � /1� -�< ��5c� PLink > 0.1�E<�, �c5c2C-0�D*E5c< *",
ptrack

t

A��7F��"5c�
θtrack

A���FCH � /1& ��*�57-9& � �"80!'* &�� 2)�D&65c24>]��<�< /c*�(
5 < &.�c�"8���-0&)!'>m, *�8�-9/1&
� &),�� �1!D- Aa�1��<9/1&6�R!'�'51& F
��5c�m@k*%�1� �c& �\Ai, �1!'! !D�'51& F
#�&)8�<9�D*E5�H � /1&3&68980*�8 �G�"5c�R24*E8980&6< ��*�5c�1< -0* ��80&)@��"�'51�'51;
�15G24&)89-0���D57-?> *�, ±1%

H

MJ.J6+* Q mo(W.1SR(f.10=, U *^285c23(+*H0323.JMJM�6+572|V}*T4 :<*9ST2|,W*908ST43.JVW23.1576�5N:'23(+*>���C�{s����>M�MJ.J6WzYVW485 Q ? Q .JMJ.J2vB P SQ:�L
�+I U 48*^w%L�� Q L
hj6c5748,W*T4i285dS9574348*9ST2O:<574O23(W.10i03[k?NMJMW,/.10R?NIK48*9*T[\*T6q2@�q.J6-23(+*o03.J[ U Mu?N23.1576c23(+*)234R?7SRzH�+6+,/.J6WIH* � ST.1*T6+STB
.10O,W5@mo6WIK4R?7,W*9, Q B ≈ 3% mo.J23(\?|08[k?NMJM pt ,W*TV}*T6+,W*T6+S9*�L�M)(+*�.J[cVW485@AG*9, ¢ 576q28*|�)?N43M15e03.J[ U Mu?N23.1576
.10=03(+5@mo6_?70=?-: U MJM MJ.J6+*�L�M)(+* 1% *T4348574 Q ?N6+,E48*QDL*9ST280|23(+*H48*T[k?N.J6W.J6WI U 6+S9*T432R?N.J6q2jB;576E23(+*-���>M
234R?7SRz_�+6+,/.J6WI;* � ST.1*T6+STB:L�M)(+*x?NIK48*9*T[\*T6]2 Q *T2vm�*9*T6�,+?N2R?E?N6+,�03.J[ U Mu?N23.1576�.10^IG5C5],��'23(W.10b(+57M1,W0
?NM1085c:`574o23(+*^* � ST.1*T6+STBf?70|?>: U 6+ST23.1576f5N: θtrack �+,/.103VWMu?@BG*9,p.J6p�+I U 48*^w%L�� Q.Q L
�	� ��
$W
� =�
���
 ��� � � � � ��

� I:? �
� � �
� ?9AC.J6WIE,/.108S U 0808*9,_23(+*-234R?7SRz;48*90R57M U 23.1576 � 23(+* Q *@?N[ 03V}572H?N6+,_23(+*-VW43.J[k?N43B�AG*T4328*QP�48*90R57M U 23.1576 �
23(+*^.J[cVL?7ST2|VL?N4R?N[\*T28*T4|48*90857M U 23.1576�S@?N6p6+5@m Q *e.J6qAG*90823.JIq?N28*9,E.J6E,W*T2R?N.JMHL
�'.J48032@��.J6 5748,W*T4x285U08*TVL?N4R?N28*fS9576]2343. Q.U 23.1576+0x: 4857[ 23(+*EVW43.J[k?N43B�AG*T4328*QP��+2@�n23(+*E4 U 6 AG*T4328*QP .10U 08*9,�?70b48*Q:<*T48*T6+S9*x.J6�23(+*x.J[cVL?7ST2>VL?N4R?N[\*T28*T4-,W*Q�+6W.J23.1576�L �+574X234R?7S8z/0>mo.J23(�?N2>M1*@?7032b2jmn5U���>M
(W.J280k?N6+,�?�[c.J6W.J[ U [ 234R?N6+03AG*T4808*Y[\57[\*T6]2 U [ 5N: pt > 0.5GeV 23(+* � ? U 0R03.u?N6�mo.1,/23( 5N:=23(+*
dcaRV ,/.1082343. Q.U 23.1576�?70e?-: U 6+ST23.1576_5N:O23(+*>234R?7S8z�? �9.J[ U 23(L?NM~?N6WIKM1* φ .10=03(+5@mo6�.J6;�+I U 48*bw%L Y ? Q L
�d*TIKM1*9ST23.J6WIc23(+*=*T4348574o576Y23(+*=4 U 6rAG*T4328*QP��C23(+*dmo.1,/23(Y5N: dcaRV ,W*TVg*T6+,W0o576x23(+* Q *@?N[ 08V}572�03. �@*
?N6+,f23(+*^234R?7S8zY48*90857M U 23.1576�L�M)(+* φ ,W*TVg*T6+,W*T6+S9*b5N:i23(+* dcaRV 48*90857M U 23.1576;.10t*QP/V}*9ST28*9,p285c:`57MJM15�m
?X: U 6+ST23.1576f5N:O23(+*d:`5743[

σ2
dcaRV

(φ) = σ2
Tk + σ2

x sin2(φ) + σ2
y cos2(φ) ,

P w%L�� Q
mo(+*T48* σTk ?7S9S95 U 6q280n:<574{23(+*o234R?7SRz\48*90857M U 23.1576Y?N6+, σx ?N6+, σy 48*QDL*9ST2{23(+*|234R?N6+03AG*T4808*|08. �@*|5N:�23(+*Q *@?N[�03Vg572SL
M)(+*iVL?N4R?N[\*T28*T480'5N:W23(+* Q *@?N[ 03Vg572 03. �@*i(L?9AG* Q *9*T6b.J6+,W*TV}*T6+,W*T6]23MJB^[\*@?70 U 48*9,H285 Q * σx = 145µm
?N6+, σy = 25µm

S �7� U L�M)(+*908*)VL?N4R?N[\*T28*T480�?N48*t?NM1085 U 08*9,-.J6c23(+*o03.J[ U Mu?N23.1576x?N6+,-.J6c23(+*��+2 P�Q Mu?7S8z
MJ.J6+* Q :<57MJM15@mo.J6WI\* 8BU ?N23.1576pw%L��?L �)5723(pIK.JAG*e?>IG5C5],Y,W*908ST43.JVW23.1576E5N:'23(+* φ ,W*TVg*T6+,W*T6+S9*H08*9*T6Y.J6Y23(+*
,+?N2R??L
hj6 �+I U 48*;w%L Y
Q.Q 23(+*f08. �@*�?N6+,�03234 U ST2 U 48*_5N:H23(+* dcaRV 48*90R57M U 23.1576�.10x.J6qAG*90323.JIq?N28*9, .J6 [\5748*
,W*T2R?N.JMHLNM)(+*c: U MJM~,W57280b?N6+,U23(+*-: U MJM~S U 43AG*x?N48*-23(+*\0R?N[\*\?70^.J6��+I U 48*\w%L Y ? Q 48*TVW48*908*T6q23.J6WI;23(+*� d `7f��%e d�b .J[cVL?7ST2iVL?N4R?N[\*T28*T4O48*90857M U 23.1576\5N:L23(+*�,+?N2R?/�K.HL *�L¡23(+* � ? U 0803.u?N6Xmo.1,/23(c5N:L23(+*{[\*@?70 U 48*9,



�
� w%L��?L hj[cVL?7ST2 �'?N4R?N[\*T28*T4 �|*90R57M U 23.1576

° / φ
-100 0 100

 / 
cm

R
V

dc
a

σ

0

0.005

0.01

0.015

0.02

Data
Pythia

° / φ
-100 0 100

 / 
cm

R
V

dc
a

σ

0

0.005

0.01

0.015

0.02

DCAσ
TKσ ⊕ BSσ

BSσAssumed 

TKσAssumed 

�7F �GF

�
	���
.� � ��������� � �c<0<9�'��5�(
�'�%-0/ *�,$-9/1&
dcaRV

� ��<?-089��� � -0�D*E5M��< ��, �15G2C-9�'*�5 *",$-9/c&�-080�E2�:=� �'80&62C-0�D*E5 �"80* �15G�
-9/c& �G& �"@RH � 5c24! �c<9�D#E&R-98���2�: <k(
� -0/T��- !'&6�E<?- -?( * ����� /1�D-0< ��5c�

pt > 0.5 GeV
�"80&]< /1*�(
5 , *E8 �1��-��

�"5G� < �'@ �c!'�"-9�'*�5�H�� /c&M2��c89#E&6< 2)*�8089& <#��*�5G�1<�-9* � �1- ∼ σ2
x sin2(φ) + σ2

y cos2(φ)
(
� -0/\-9/c& �c��80��@=&)-9&680<

σx = 145 µm
��5c�

σy = 25 µm
H �K5]-0/1& 80�';�/7-�<9�'�1& -0/1&=2)*�57-980��� � -9�'*�5G<
, 80*�@ -9/c& ��&6��@ <#��*"-

σBS

�"5G�
-9/c& -98���2�:%�D5c; 80&6<9*�! � -9�'*�5

σTK

��89& <9/1*�(
5m<9&��G�"8���-9&6!D>EH

dcaRV ,/.1032343. Q.U 23.1576�L'M)(+* `7f4f � � d�b S9576q2343. Q.U 23.1576xS957[c.J6WIH: 4857[ 23(+*o234R?7SRz>48*90R57M U 23.1576 � σTK �]?N6+,
:`4857[�23(+* Q *@?N[�03V}572@� σBS �{S@?N6 Q *Y08*TVL?N4R?N28*9, Q B�*QPCVWM157.J23.J6WI�23(+*T.J4\,/.�
�*T48*T6q2 φ ,W*TV}*T6+,W*T6+S9*�L
M)(+*f?7080 U [\*9,�234R?7S8z�48*90857M U 23.1576 σTK .10 � `E_ � �%_a` �0d�b : 4857[�23(+*;?7080 U [\*9,�S9576q2343. Q.U 23.1576+0r5N:e23(+*
.J6q2343.J6+08.1S=234R?7SRz\48*90857M U 23.1576rVWM U 0�[ U MJ23.JVWM1*e08S@?N2328*T43.J6WIc*�
g*9ST280nVWM U 0�234R?7S8zC.J6WIb�+2)*T434857480 U 03.J6WI>*T4348574
VW4857VL?NIq?N23.1576�L ¢ ?NzC.J6WI U 08*Y5N:=23(+*Y0 U S8( *QP/234R?7ST28*9,�AK?NM U *90c5N: σTK �i23(+*p?7080 U [\*9, Q *@?N[ 03Vg572
S9576q2343. Q.U 23.1576 σBS S@?N6\23(+*T6 Q *oS@?NM1S U Mu?N28*9,k: 4857[�23(+*t,/.�
g*T48*T6+S9*=5N:}23(+*=?7080 U [\*9,��G.HL *�LiS@?NM1S U Mu?N28*9,
σdcaRV

AK?NM U *90|?N6+, σTK L
� (+*T48*@?70H23(+*\S9576]2343. Q.U 23.1576�S957[c.J6WIE: 4857[ 23(+*k234R?7S8z/0H.10HS9576+082R?N6q2X?N2 ≈ 90µm �l23(+*k*QP/28*T6+03.1576
5N:O23(+* Q *@?N[a03V}572=S@?N6 Q *e48*@?7,E: 4857[�23(+*>,W572328*9,pMJ.J6+*�L{�d0t*QP/V}*9ST28*9,��+:`574 φ = ±90◦ *90808*T6]23.u?NMJMJB
23(+*>Mu?N43IG*X,/.J[\*T6+08.1576_5N:n23(+* Q *@?N[ *TMJMJ.JV+08*X.J6 x ,/.J48*9ST23.1576_.10e08*9*T6 �}48*90 U MJ23.J6WIY.J6_?k48*90857M U 23.1576�5N:
≈ 145µm �Kmo(+*T48*@?70{285@m�?N48,W0 φ = 0◦

P
φ = 180◦

Q 23(+*o48*90857M U 23.1576\48*@?7SR(+*90 ≈ 30µm �GS9574348*903Vg576+,Cs
.J6WI\285-23(+* Q *@?N[ *QP/28*T6+03.1576E.J6 y L
�o,W,/.J6WI U V σTK ?N6+, σBS

8BU ?7,/4R?N23.1S@?NMJMJBp48*90 U MJ280|.J6;23(+*b,/.1032343. Q.U 23.1576;mo(W.1S8(�.10|48*TVW48*90R*T6q28*9, Q B
23(+*p: U MJM Q 59PW*90SLlM)(+*E48*T[k?N.J6W.J6WI�,/.�
g*T48*T6+S9*f285U23(+*p[\*@?70 U 48*9, .J[cVL?7ST2xVL?N4R?N[\*T28*T4x48*90857M U 23.1576
.10Y, U *�285�[c.10R03.J6WI�S9576q2343. Q.U 23.1576+0f5N:>[ U MJ23.JVWM1*�08S@?N2328*T43.J6WI *�
�*9ST280Ymo(W.1S8($mn5 U M1,$.J6+ST48*@?70R*_23(+*
234R?7S8z S9576]2343. Q.U 23.1576 .J6+,W*TV}*T6+,W*T6]2r5N: φ L M)(W.10rS957.J6+ST.1,W*90kmo.J23( 23(+*f5 Q 08*T43AK?N23.1576 [k?7,W*;.J6 23(+*
VW48*TAC.15 U 0bVL?N4R?NIK4R?NVW(+0>23(L?N2b23(+*k48*@?NM{234R?7S8z�48*90R57M U 23.1576�.J6�23(+*k,+?N2R?p.10Hm�574808*\23(L?N6�?7080 U [\*9,�.J6
23(+*T.J4|S95�A7?N43.u?N6+S9*b[k?N2343.ZP�L
hj6�0 U [c[k?N43BG� U 03.J6WI�23(+*x4 U 6�AG*T4328*QP�?70-?N6 ?N6+SR(+574-:`574-23(+*x.J[cVL?7ST2cVL?N4R?N[\*T28*T4c[\*@?70 U 48*T[\*T6q2
48*90 U MJ280k:`574x234R?7S8z/0rmo.J23($?U234R?N6+03AG*T4808*;[\57[\*T6q2 U [�Mu?N43IG*T4x23(L?N6 500MeV .J6 ?U48*90857M U 23.1576 5N:
≈ 100 − 180µm �+,W*TVg*T6+,/.J6WIk576E23(+*e234R?7SRzY,/.J48*9ST23.1576;.J6 φ L
M)(+*o48*90857M U 23.1576rS@?N6 Q *o.J[cVW485@AG*9, Q B-48*TVWMu?7ST.J6WIb23(+*t4 U 6\AG*T4328*QPcmo.J23(k23(+*oVW43.J[k?N43B\*TAG*T6]2{AG*T4328*QP�L
hj6��+I U 48*rw%LJy �;23(+* φ sv,W*TVg*T6+,W*T6+S9*p5N:|23(+*r.J[cVL?7ST2XVL?N4R?N[\*T28*T4c48*90R57M U 23.1576�mo.J23(�48*903Vg*9ST2X285;23(+*
VW43.J[k?N43BYAG*T4328*QP σdcaPV

.10t03(+5�mo6�L
M)(+*H,/.1032343. Q.U 23.1576;.10t,W57[c.J6L?N28*9, Q BY23(+* P DF?N2 Q S9576q2343. Q.U 23.1576_5N:i23(+*e234R?7S8zp48*90857M U 23.1576 P SQ: LO�+I U 48*
w%L Y�Q.QCQ 0 U S8(U23(L?N2>23(+* φ sv,W*TV}*T6+,W*T6+S9*x5N:)23(+*\AG*T4328*QPU48*90857M U 23.1576�.10H0R*9*T6U285 Q *\0 U VWVW48*90808*9,�Lr�
[\*@?N6E.J[cVL?7ST2tVL?N4R?N[\*T28*T4=48*90857M U 23.1576;5N: ≈ 115µm .10t5 Q 08*T43AG*9,E.J6 Q 5723( �+,+?N2R?k?N6+,E03.J[ U Mu?N23.1576�L
hj6�S9576+STM U 03.1576 �g23(+*>48*9S9576+03234 U ST23.1576U5N:~23(+*X4 U 6�AG*T4328*QP_?N6+,;23(+*bVW43.J[k?N43B;AG*T4328*QP�?70dmn*TMJM~?70d23(+*



w%L��?L � �l� �|*9S9576+03234 U ST23.1576 �/y

° / φ
-100 0 100

 / 
cm

P
V

dc
a

σ

0

0.005

0.01

0.015

0.02

Data
Pythia

�
	a�G
.��� �.� � ��� � � �c<0< ���"5 (
�'�%-0/ *�,c-0/1&
dcaPV

�1�'< -980� � � -9�'*�5k��< ��, �15c2C-0�D*E5k*",c-0/1& -98���2�:�� �'89& 2C-0�D*E5=��89* �15c�
-0/1&)�189�'@��"80>M#E&)89-9& � H � 5c2)!��G< �'#�& -98���2�: <�(
�D-9/ ��- !D& ��< -K-?( * ��� � /1�D-0< �"5c�

pt > 0.5 GeV
�"80& <9/1*�(
5], *E8

�1�"-0�k�"5G�m<9�'@ �1!���-0�D*E5�H

234R?7SRz�48*90857M U 23.1576 ?N48*rmn*TMJM U 6+,W*T4cS9576q234857MHLKM)(+* Q *9032>.J[cVL?7ST2-VL?N4R?N[\*T28*T4-48*90857M U 23.1576 ?7SR(W.1*TAG*9,
mo.J23(;234R?7S8z/0|,W5@mo6;285 500MeV .10|? Q 5 U 2 115µm L���57[cVL?N43.J6WIk23(W.10|285k?-2jB]VW.1S@?NM δtrue A7?NM U *H5N:
148µm ?N6+, 62µm :<574 Q *@? U 2jB�?N6+,�SR(L?N43[ (L?7,/48576�,W*9S@?9B/0b48*908V}*9ST23.JAG*TMJB P SQ:�Lx0R*9ST23.1576�w%LJy Q �O?
IG5C5], U 6+,W*T48032R?N6+,/.J6WIf5N:n23(+* δ s¤48*90857M U 23.1576U.10eSTM1*@?N43MJB�?kzG*TBf.1080 U *>5N:{23(W.10^?N6L?NMJB/03.10SL^hj6_?7,W,/.J23.1576
: U 4323(+*T4�,/.10RST43.J[c.J6L?N2857480n[c.JIK(]2 Q *o6+*9*9,W*9,x.J6Y5748,W*T4{285X08*TVL?N4R?N28* Q *@? U 2vBG�CS8(L?N43[ ?N6+,kMJ.JIK(q2 8fU ?N43z
*TAG*T6]280 Q ?708*9,E576fMJ.Z:`*T23.J[\*H*�
�*9ST280SL
�d0t,/.108S U 080R*9,Y.J6fS8(L?NVW28*T4=�c23(W.10|?7,W,/.J23.1576L?NM¡,/.108ST43.J[c.J6L?N28574=.10o23(+*^234R?7SRzr[ U MJ23.JVWMJ.1ST.J2vB:L

� ��� ���U� 9;(���
 1X� 3�*���� 36,�
81

hj6;23(W.10d08*9ST23.1576�23(+*b48*9S9576+08234 U ST23.1576U5N:~23(+* g `cb1e ���5� ��� �.`E_ f�� ` �0d P � �l� Q mo.JMJM Q *b5 U 23MJ.J6+*9,�LZM)(+*� ��� F6H�H
	 ?NMJIG5743.J23(W[ S �7� U m�?70 U 0R*9,;.J6_23(W.10H?N6L?NMJB/03.10e285r48*9S9576+03234 U ST2^23(+*X(L?7,/48576W.1Sc*T6+*T43IKB�5N:
23(+*H*TAG*T6]280SLK�=6WMJBE? Q 43.1*Q:~,W*908ST43.JVW23.1576f5N:O23(+*b?NMJIG5743.J23(W[�.10tIK.JAG*T6E(+*T48*�L
M)(+* Q ?703.1S=.1,W*@? Q *T(W.J6+,x23(+* � ����F�HIH�	 ?NMJIG5743.J23(W[�.10n285 U 08*e?>S957[ Q .J6+*9,Y.J6/:<5743[k?N23.1576Y: 4857[ 23(+*
234R?7SRzb[\*@?70 U 48*T[\*T6]2{?N6+,>23(+*)S@?NM15743.J[\*T28*T4@�G,W*TVg*T6+,/.J6WIH576X23(+* U 6+S9*T432R?N.J6]2vB-5N:L23(+*�[\*@?70 U 48*T[\*T6q280
.J6E23(+*e48*908V}*9ST23.JAG*H,W*TAC.1S9*90SL

Y ��
$W7[ 
 � �
� I:? 
 � � � 
 � I � W
�
� ���

M)(+*o?NMJIG5743.J23(W[ 032R?N43280 Q Bb0R*TM1*9ST23.J6WIdIG5C5C, 8BU ?NMJ.J2vBH234R?7SRzC0i?70O,W*Q�+6+*9, Q BH23(+*�(+*@?@A]B^DF?@AG5 U 4OIK485 U V�L
M)(+*908*-234R?7SRzC0���[\*@?70 U 48*9,�mo.J23(�23(+*-S9*T6q234R?NM)?N6+,;:`5743m)?N48,�234R?7S8zC.J6WIf,W*T28*9ST2857480@�l?N48*cSTMu?70R03.Z�L*9,_.J6
23(W48*9*;S@?N28*TIG5743.1*90@�t��*T6q234R?NM¤�|��57[ Q .J6+*9,$?N6+, �+5743m)?N48, ?N6+,�?N48*ES@?NMJM1*9,�� d�d�� d)f�� �Ve6` ��� f L �+574
,W*T2R?N.JM10=576E23(+*^03Vg*9ST.Z�LS@?N23.1576;08*9* S �7� U L
�)?NM15743.J[\*T2343.1StSTM U 0828*T480{?N48*�[k?7,W*o5 U 2~5N: 7 �=4{?N6+,]�]VL?G�)?NMFSTM U 0328*T480i576WMJB:L�M)(+*)[k?N.J6X48* 8BU .J48*T[\*T6q2
mo(+*T6p08*TM1*9ST23.J6WI-23(+*dSTM U 0328*T480�.10n285X0 U VWVW48*9080�23(+*=6+57.108*eS957[c.J6WIX: 4857[ 23(+*=*TM1*9ST2348576W.1S90o574�6+576 d$���
VW(]BC03.1S90=*TAG*T6q280SL
�=6qBY.1,W*T6q23.Z�L*9,;*TM1*9ST2348576+0=?N6+,p[ U 576+0tmo(W.1SR(�?N48*e6+572t.10857Mu?N28*9,;?N48*HS9576+03.1,W*T48*9,f?70 Q *T.J6WI\VL?N432|5N:
23(+* � �l� Q.U 2t23(+*T.J4=?7080R5]ST.u?N28*9,Y234R?7SRzC0d?N6+,ESTM U 0328*T480|?N48*^48*T[\5�AG*9,p:`4857[�23(+*^.J6WV U 2tMJ.1032SL



�K� w%L��>L �q*T2|�|MJIG5743.J23(W[

Y L � 
�I>� � ��� ��L �

M)(+* � ��� F6H�H
	 ?NMJIG5743.J23(W[a.10 Q ?708*9,;576E23(+*HS957[ Q .J6L?N23.1576_5N:i23(+*H08*TM1*9ST28*9,p234R?7SRzC0e?N6+,ESTM U 0328*T480\L
M)(+*-234R?7S8z�?N6+,�STM U 0328*T4^.J6/:<5743[k?N23.1576U.10e[k?N28S8(+*9,�?9AG57.1,/.J6WIf,W5 U.Q M1*cS95 U 6]23.J6WI;5N:)*T6+*T43IK.1*90SLeM)(+*
,W*9ST.103.1576Emo(+*T23(+*T4=285-2R?NzG*^23(+*^234R?7SRzY574o23(+*bSTM U 0328*T4t.J6/:<5743[k?N23.1576E285\S9576+03234 U ST2t23(+* � �l�r5 Q�� *9ST2
.10 Q ?708*9,�576�?ES957[cVL?N43.10R576�576�23(+*T.J4X48*TMu?N23.JAG*k48*90857M U 23.1576+0\L � U *x285fVg5K0803. Q M1*xS9576q2343. Q.U 23.1576+0c5N:
6+* U 234R?NM VL?N4323.1STM1*90|23(+*^*QPW?7ST2oVW48*9ST.103.1576;5N:'23(+*^S@?NM15743.J[\*T28*T4=.10 U 6Wz]6+5�mo6�L�M)(+*T48*Q:<5748*^23(+*b?9AG*T4R?NIG*
48*TMu?N23.JAG*H*T4348574|*QP/Vg*9ST28*9,Y:`574o23(+*bS@?NM15743.J[\*T28*T4|[\*@?70 U 48*T[\*T6]2|.10tS@?NM1S U Mu?N28*9,�?70

(σE

E

)expected

LAr
=

σexpected
E LAr

Etrack
=

50%√
Etrack

.
P w%L�� Q

M)(+*^234R?7SRzr[\*@?70 U 48*T[\*T6q2|.10|S9576+03.1,W*T48*9,;?70 Q *T.J6WI\0 U Vg*T43.1574t.Z:
(σE

E

)

track
<
(σE

E

)expected

LAr
.

P w%L Y1Q
� *T6+*T4R?NMJMJB�23(+*X234R?7S8zG*T4H[\*@?70 U 48*T[\*T6]2H.10 Q *T2328*T4 U V�285p�K� � * � :<574^S9*T6q234R?NM~234R?7SRzC0 P 20◦ < θ <
160◦

Q L�h¤:e* 8fU ?N23.1576�w%L Y .10\234 U *K�~23(+*Y234R?7S8z�.J6/:<5743[k?N23.1576 .10cVW48*Q:<*T4348*9, ?N6+, ?N6 � �l��5 Q�� *9ST2k.10
ST48*@?N28*9, Q ?70R*9,U576�23(+*c234R?7S8z�[\*@?70 U 48*T[\*T6q2SLrhv6U5748,W*T4>285E?9AG57.1,�,W5 U.Q M1*xS95 U 6q23.J6WI�5N:)*T6+*T43IK.1*90@�
*TM1*9ST234857[k?NIK6+*T23.1S P (L?7,/48576W.1S Q *T6+*T43IKBc.J6rSTM U 0328*T480~mo.J23(W.J6p?^STBCMJ.J6+,W*T4n5N:¡�K�7ST[ P �
�7ST[ Q ?N485 U 6+,x23(+*
*QP/234R?NV}57Mu?N28*9,�234R?7SRz�.10\48*T[\5@AG*9, U 6]23.JMt23(+*E,/.108S@?N48,W*9,�*T6+*T43IKB�.10\?NVWVW4859P/.J[k?N28*TMJB * 8BU ?NMo285_23(+*
234R?7S8z�*T6+*T43IKB P ,W*T2R?N.JM10^.J6 S �7� UXQ L �'5K0803. Q M1*-D U ST2 U ?N23.1576+0>5N: Q 5723(�[\*@?70 U 48*T[\*T6q280X?N48*-2R?NzG*T6U.J6q285
?7S9S95 U 6q2|.J6p23(W.10oVW485]S9*9, U 48*�L �¡5728*T6]23.u?NMJMJBp48*T[k?N.J6W.J6WIkSTM U 0328*T4|*T6+*T43IKBr.10o, U *e285-6+* U 234R?NM VL?N4323.1STM1*90
574 Q *TM1576WIG0t285\?N6+5723(+*T4|234R?7SRzp*QPC234R?NVg57Mu?N28*9,p.J6E23(+*^0R?N[\*H48*TIK.1576f5N:'23(+*bS@?NM15743.J[\*T28*T4SL
hv:C* 8BU ?N23.1576Hw%L Y .10g:¤?NM108*~?N6+,^.Z: Etrack .10�mo.J23(W.J6 2σ 5N: Ecylinder

P mo.J23( σEcylinder
= 0.5

√

Ecylinder
Q �

23(+*c234R?7SRz�?N6+,U23(+*cS@?NM15743.J[\*T2343.1Sx*T6+*T43IKB�[\*@?70 U 48*T[\*T6q280-?N48*\S9576+03.1,W*T48*9,�285 Q *cS9576+08.10328*T6q2-?N6+,
23(+*HS@?NM15743.J[\*T2343.1Sb[\*@?70 U 48*T[\*T6q2=.10 U 08*9,p285cST48*@?N28*^23(+* � �l�r5 Q�� *9ST2SL
hv:/23(+*n234R?7S8z>*T6+*T43IKBH.10 Q *TM15@m�23(+*{[\*@?70 U 48*9,-STM U 0328*T4'*T6+*T43IKB P Etrack < Ecylinder−1.96σEcylinder

Q �
23(+*�234R?7S8zX[\*@?70 U 48*T[\*T6q2i.10 U 0R*9,-?N6+,X23(+*)S@?NM15743.J[\*T2343.1So*T6+*T43IKBX.10'0 U.Q 234R?7ST28*9,-.J6X23(+*)0R?N[\*�m)?9BX?70
,W*908ST43. Q *9, Q *Q:<5748*�mo(+*T6-23(+*)234R?7S8zXVW48*9ST.103.1576c.10 Q *T2328*T4i23(L?N6-23(+*o*QP/V}*9ST28*9,-S@?NM15743.J[\*T28*T4~VW48*9ST.103.1576�L
�=23(+*T43mo.108*K�L.Z: Etrack > Ecylinder + 1.96σEcylinder

�/23(+*HSTM U 0828*T4=*T6+*T43IKBp,W*Q�+6+*90t23(+* � �l�Y5 Q�� *9ST2
?N6+,p23(+*e234R?7SRzr[\*@?70 U 48*T[\*T6q2d.10t0 U VWVW48*90808*9,�L
�=6+S9*{?NMJMG234R?7SRzC0 (L?9AG* Q *9*T6^2348*@?N28*9,�� � �l�e5 Q�� *9ST280l?N48*~ST48*@?N28*9,e:<574�23(+*i48*T[k?N.J6W.J6WIdSTM U 0328*T480SL=M)(+*90R*
VL?N4323.1STM1*90-S9574348*903Vg576+,U285E6+* U 234R?NM�(L?7,/48576+0>mo.J23(�6+5�?708085CST.u?N28*9,U234R?7S8zU574>285fSR(L?N43IG*9,�VL?N4323.1STM1*90
mo.J23(;? Q ?7,/MJBY[\*@?70 U 48*9,p234R?7SRzRL
� ��� �4(I3 � 78 	
 *-, 3�� .

M)(+* Q *9032|m�?9B;285c: U MJMJBf?N6L?NMJB �@* γ V;.J6q28*T4R?7ST23.1576+0emn5 U M1, Q *H285k[\*@?70 U 48*b23(+*H�+6L?NM'082R?N28* 8BU ?N43zC0
?N6+,cIKM U 576+0SL � 5@m�*TAG*T4@�], U *o285H23(+*):<?7ST2i23(L?N2{23(+*oVL?N4328576+0{S@?N4343B-S957M15 U 4{23(+*TBX[ U 032nS957[ Q .J6+*=285H?
IK485 U VE5N:'S957M15 U 43M1*90R0o(L?7,/48576+0@�/mo(W.1S8(�?N48*=23(+*e[\*@?70 U 4R? Q M1*e�+6L?NM 032R?N28*dVL?N4323.1STM1*90t5N:¡23(+*e48*@?7ST23.1576�L
M)(W.10cIK485 U V�(L?70\?�2jB]VW.1S@?NMo.J6]2343.J6+03.1Sp234R?N6+03AG*T4808*Y[\57[\*T6]2 U [ 5N:d23(+*Y(L?7,/48576W.10R?N23.1576 08S@?NM1*K�{.HL *�L
08*TAG*T4R?NM � * � L � (+*T6p23(+*=IK485 U Vp(L?70o?>234R?N6+03AG*T4808*e[\57[\*T6]2 U [ 48*TMu?N23.JAG*e285X23(+* Q *@?N[ ? P/.10n[ U S8(
IK48*@?N28*T4t23(L?N6E23(W.10=08S@?NM1*K�+?cS957MJMJ.J[k?N28*9,Y:<5743[k?N23.1576;5N:O(L?7,/48576+0@�+S@?NMJM1*9,;? � *T2@�W48*90 U MJ280SL
�=6+*b5N:O23(+*H[\5K082t.J[cV}57432R?N6]2=48* 8BU .J48*T[\*T6q280e5N:{? � *T2=?NMJIG5743.J23(W[�.10|23(L?N2|.J2|08(+5 U M1,E[c.J6W.J[c.108*b23(+*
*�
�*9ST2\5N:=23(+*YM1576WIU,/.1032R?N6+S9*Y(L?7,/48576W.10R?N23.1576�L�hj2-2 U 436+*9,�5 U 2c23(L?N2c23(+*Y.J6+STM U 03.JAG* kt ?NMJIG5743.J23(W[



w%L��>L �q*T2|�|MJIG5743.J23(W[ �K�

.10 Q *9032\0 U .J28*9, (+*T48*�L�M)(+* kt ?NMJIG5743.J23(W[ (L?70\5723(+*T4x?7,/AK?N6q2R?NIG*90xMJ.JzG*Y23(+*Y:<?7ST2c23(L?N2k23(+*ES9576+*
?NMJIG5743.J23(W[aVW485 Q M1*T[�mo.J23(E5@AG*T43Mu?NVWVW.J6WI � *T280t,/.10R?NVWVg*@?N480 P SQ: L{*�L I%L S �K� UXQ L
�=6+5723(+*T4>?703Vg*9ST2^5N:�IK48*@?N2^.J[cVg57432R?N6+S9*c.10e23(L?N2H23(+* � *T2H?NMJIG5743.J23(W[ 03(+5 U M1, Q *cS957MJMJ.J6+*@?N4>?N6+,_.J6/s
:`4R?N48*9,Y0R? :`*�L�M)(+*d48*@?708576r.10�2vmn5N:<57M1,�L~hj6xVg*T432 U 4 Q ?N23.JAG* ?^� �-�],/.JAG*T43IG*T6+ST.1*90|5]S9S U 4�mo(+*T6+*TAG*T4o2vm�5
[k?70808M1*9080-VL?N4328576+0k?N48*YVL?N4R?NMJM1*TM P S957MJMJ.J6+*@?N4 Q 574-576+*Y[k?70R03M1*9080-VL?N4328576 (L?70k?;AK?N6W.103(W.J6WIKMJB�03[k?NMJMP .J6/:`4R?N48*9, Q *T6+*T43IKB:L ��5723($,/.JAG*T43IG*T6+ST.1*90p?N48*fS@?N6+S9*TMJM1*9, .J6 23(+*f28572R?NMdST485K0R0k08*9ST23.1576 Q B�AC.J432 U ?NM
S9576]2343. Q.U 23.1576+0SL � 5�mn*TAG*T4@�}:<574|23(W.10eS@?N6+S9*TMJMu?N23.1576�285\2R?NzG*XVWMu?7S9*-?NM1085x.J6f23(+* � *T2eS@?NM1S U Mu?N23.1576 �g23(+*
2348*@?N23[\*T6]2b5N:{2vm�5YVL?N4R?NMJM1*TMOVL?N4323.1STM1*90e[ U 032 Q *b.1,W*T6]23.1S@?NMi285r23(+*b2348*@?N23[\*T6]2b5N:�?x03.J6WIKM1*XVL?N4323.1STM1*
mo.J23(r23(+*T.J4oS957[ Q .J6+*9,r[\57[\*T6q2 U [sL �].J[c.JMu?N43MJBG�/23(+* � *T2{[ U 032n6+572 Q *d? 
�*9ST28*9, Q B\23(+*e?7,W,/.J23.1576Y5N:
?c0R5N: 2)VL?N4323.1STM1*�L
�=6-23(+*)5723(+*T4O(L?N6+,��N: 4857[ 23(+*)*QPCVg*T43.J[\*T6q2R?NMWVg57.J6q2i5N:LAC.1*TmH�723(+* � *T2i?NMJIG5743.J23(W[ [ U 082'6+572i,W*TVg*T6+,
576\23(+*t48*90857M U 23.1576x5N:g23(+*t,W*T28*9ST28574@�C*�L IHmo(+*T6\2vm�5HVL?N4R?NMJM1*TMFVL?N4323.1STM1*90{IG5e.J6]285H23(+*t0R?N[\*|S@?NM15743.J[\*Qs
28*T4|S9*TMJM¤�L574t576f*�L I%Li2343.JIKIG*T4t48*903Vg576+08*emo(+*T6;?7,W,/.J23.1576L?NM¡M15@m *T6+*T43IKBYVL?N4323.1STM1*90d?N48*H*T[c.J2328*9,�L
hj6 23(+*pVW48*908*T6]2r?N6L?NMJB/03.10 � *T280k?N48*f?NMJm)?9B/0x,W*Q�+6+*9, U 03.J6WIU23(+*p.J6+STM U 08.JAG* kt

� *T2k?NMJIG5743.J23(W[ S � � U
mo(W.1SR(U(L?70 Q *9S957[\*c082R?N6+,+?N48,_.J6 � *T2H?N6L?NMJBC0R*90H?N2 � £ �=�
L�M)(+*-.J6+STM U 03.JAG* kt

� *T2H?NMJIG5743.J23(W[ .10^?
STM U 0328*T43.J6WI�?NMJIG5743.J23(W[ mo(W.1S8(�032R?N43280 Q B;�+6+,/.J6WIEVL?N.J480H5N:)VL?N4323.1STM1*90^6+*@?N4 Q B_.J6�VW(L?708*Qsv08VL?7S9*k?N6+,
[\*T43IK.J6WI-23(+*T[ 2857IG*T23(+*T4)285H:<5743[ 6+*Tm$V+08* U ,W5Ns¤VL?N4323.1STM1*90\L�M)(W.10�VW485]S9*9, U 48*eS9576q23.J6 U *90o.J28*T4R?N23.JAG*TMJBU 6]23.JM}23(+*=*TAG*T6q2)S9576+03.103280�5N:¡?e:<*Tm m�*TMJM}08*TVL?N4R?N28*9,rV+08* U ,W5Ns¤VL?N4323.1STM1*90��]mo(W.1SR(E?N48*t23(+*d5 U 23V U 2 � *T280SL
hj6c23(+*oVW48*908*T6]2n?N6L?NMJBC08.10i23(+*|?NMJIG5743.J23(W[�.10n?NVWVWMJ.1*9,c.J6c23(+*oMu? Q 574R?N285743B>:`4R?N[\* U 03.J6WIb? pt mn*T.JIK(q28*9,
48*9S957[ Q .J6L?N23.1576$0RS8(+*T[\*Emo.J23(�,/.1032R?N6+S9*EVL?N4R?N[\*T28*T4 ���Xyp.J6 23(+* ηφ s¤VWMu?N6+*:L � [\5748*E,W*T2R?N.JM1*9,
,W*908ST43.JVW23.1576�5N:'23(+*e.J28*T4R?N23.JAG*bVW485]S9*9, U 48*^:`57MJM15�mt0 D

• �L574|*@?7S8(�5 Q�� *9ST2 i ?-08*TVL?N4R?N23.1576f285-23(+* Q *@?N[a? P/.10).10t,W*Q�+6+*9,
di = p2

t,i

P w%LJy � Q

?N6+,Y:`574t*@?7SR(fVL?N.J4|5N:i5 Q�� *9ST280|?-08*TVL?N4R?N23.1576f285c*@?7SR(;5723(+*T4t.10|,W*Q�+6+*9,f?70
di,j = [c.J6 (p2

t,i, p
2
t,j)R

2
i,j/R ,

P w%LJyKy Q

mo(+*T48* Ri,j .10o23(+*H,/.1032R?N6+S9*b5N:'2jmn5\5 Q�� *9ST280t.J6p23(+* η s φ VWMu?N6+*

Ri,j =
√

(ηi − ηj)2 + (φi − φj)2
P w%LJy@� Q

?N6+,���.10o23(+*b,/.1032R?N6+S9*^VL?N4R?N[\*T28*T4SL
• M)(+*b03[k?NMJM1*9032|,/.1032R?N6+S9*b5N:i?-03.J6WIKM1*b5 Q�� *9ST2 di 574tVL?N.J4 di,j .10tMu? Q *TM1*9, dmin L
• hv: dmin .10|?-03.J6WIKM1*HVL?N4323.1STM1*H,/.1032R?N6+S9*K�W48*T[\5�AG*b5 Q�� *9ST2 i ?N6+,f?7,W,p.J2o285c23(+*HMJ.1032t5N: � *T280SL
• hv: dmin .10|?XVL?N.J4|,/.1032R?N6+S9*H23(+*T6p23(+*^2vm�5k5 Q�� *9ST280 i ?N6+, j ?N48*H[\*T43IG*9,p285\?X6+*Tm 5 Q�� *9ST2 k
mo.J23( D

pt,k = pt,i + pt,j

ηk = (pt,iηi + pt,jηj)/pt,k

φk = (pt,iφi + pt,jφj)/pt,k .
P w%LJy@� Q



�Nw w%L��?L � Q 08*T43A7? Q M1*90

partons hadrons
tracks,
clusters

jets jets jets

jet
algorithm

jet
algorithm

jet
algorithm

hadronisation detector

detector
correction

hadronisation
correction

�
	���
.� � ����� ��� �12�/1&)@���-0�'2��1�'��;�8��"@ *�,.-0/1& �c�"89-9*E5
�
/c�E� 89*E5m��5c�R� &4-0&624-9*�8�!D&6#�&)!"�?&)-0<6H � -l& ��2�/R� ��� &)80&)57-
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-9/c&��?&)- �c5c�1�D51;k�"!';�*E89�D-9/c@Z2)��5 ��&�� �4�1!'�D& ��(
/1��2�/ �'< �c<9&6�k-0* 2)*�@)�c�"80&�� &)-9& 2C-9& � �1�"-0�3(
�D-9/ �c�"89-9*E5
!'&)#�&6!�2)��!'2 �1!'�"-9�'*�5c<6H

M)(W.10¡VW485]S9*9, U 48*n.10¡S9576]23.J6 U *9, U 6q23.JM/23(+*{MJ.1032¡5N:L5 Q�� *9ST280l.10¡*T[cVW2vB:L'M)(+*{48*90 U MJ23.J6WI � *T280¡?N48*n[k?70803M1*90R0
?N6+,E5748,W*T48*9,f?70RS9*T6+,/.J6WIKMJBr.J6 pt L
hj6;�+I U 48*\w%LJyKy-23(+*>AK?N43.15 U 0^M1*TAG*TM10H5N:�23(+*\?N6L?NMJBC08.10^S8(L?N.J6�?N48*-.JMJM U 03234R?N28*9,�L-hj6_23(W.10b?N6L?NMJBC08.10e23(+*
0R?N[\* � *T2O?NMJIG5743.J23(W[ .10~?NVWVWMJ.1*9,X285d23(+* b$d �0d � � �"e � g `cb1e ��� ?N6+, � `Ee�� ��� M1*TAG*TM10SLOhv6X23(+* ¢ 576]28*o�)?N43M15
03.J[ U Mu?N23.1576+0 � *T280)S@?N6 Q *=48*9S9576+03234 U ST28*9,Y576Y23(+*|VL?N4328576YM1*TAG*TM U 03.J6WI-23(+*=VL?N4328576+0)VW485], U S9*9,x:`4857[
23(+*~(L?N48,>08S@?N2328*T43.J6WI|VW485CS9*9080'? : 28*T4¡23(+*iVL?N4328576X08(+5@mn*T4SLl�].J[c.JMu?N43MJBG�7576+*{S@?N6>4 U 6b23(+* � *T2'?NMJIG5743.J23(W[
576�(L?7,/48576�M1*TAG*TM U 03.J6WI;23(+*x,W*9S@?9BG*9,�(L?7,/48576+0-5N:t23(+* ¢ 576q28*p�)?N43M15;*TAG*T6]280SL �=6�23(+*x,W*T28*9ST28574
M1*TAG*TM � *T280e?N48*H:<5 U 6+, Q ?708*9,f576�23(+*H�+6L?NMO032R?N28*>VL?N4323.1STM1*90d.J6 Q 5723( �},+?N2R?r?N6+,;23(+*H48*9S9576+03234 U ST28*9,¢ 576q28*>�)?N43M15\08.J[ U Mu?N23.1576�L
hj6-5748,W*T4{285^S957[cVL?N48*t*QPCVg*T43.J[\*T6q2R?NMF,+?N2R?^?N6+,c23(+*95743BG� Q 5723(c6+*9*9,c285 Q *�IK.JAG*T6k?N2i23(+*o0R?N[\*)M1*TAG*TMHL? 0 U ?NMJMJB_23(+*c(L?7,/48576�M1*TAG*TMn.10HS8(+5K0R*T6�LAM)( U 0@�¡23(+*k,+?N2R?;?N48*\S9574348*9ST28*9,U:<574b,W*T28*9ST28574XVW4857V}*T4323.1*90
0 U SR(f?70t?7S9S9*TVW2R?N6+S9*b?N6+,p* � ST.1*T6+STB:L4�d*QPC2 s¤285Ns¤M1*@?7,/.J6WIx5748,W*T4tS@?NM1S U Mu?N23.1576+0=?N48*^576WMJBr?@A7?N.JMu? Q M1*b576
VL?N4328576\M1*TAG*TMHL'M)(+*t*�
�*9ST280~5N:g23(+*tS9574348*9ST23.1576k285e23(+*t(L?7,/48576kM1*TAG*TMF?N48*o,/.108S U 0R08*9,c.J6\08*9ST23.1576x�?L��?L w�L
� ��� ���X�6(+*6< 5�� 7/(i�

M)(+*>[\*@?70 U 48*T[\*T6q2H5N:n,/. � *T2e*TAG*T6q280eIK.JAG*90d23(+*bVg5K0803. Q .JMJ.J2jBE285x28*9032d0R*TAG*T4R?NM 8BU ?N6q23.J23.1*90emo(W.1SR(U?N48*
48*TMu?N28*9,r285b23(+*=(+*@?9ACB 8BU ?N43zcVW485], U ST23.1576Y[\*9SR(L?N6W.103[sL�M)(+*=:`57MJM15�mo.J6WIcS9576+03.1,W*T4R?N23.1576+0t?N48* Q ?70R*9,
576E23(+*b?70R0 U [cVW23.1576f23(L?N2=23(+*^2vm�5\(W.JIK(+*9032=234R?N6+03AG*T4808*^[\57[\*T6]2 U [ � *T280=?NVWVW485@PC.J[k?N28*>23(+*^zC.J6+*Qs
[k?N23.1S90e5N:{23(+*X5 U 23IG57.J6WIr(+*@?@A]B 8fU ?N43zEVL?N.J4d.J6_S@?708*>5N:~23(+* Q 5K08576;IKM U 576�: U 03.1576fVW485CS9*9080e574e576+*
(+*@?9ACB 8fU ?N43zp?N6+,f?N6+5723(+*T4tVL?N4328576 �+.HL *�L{?XMJ.JIK(q2 8fU ?N43zY574=?XIKM U 576E.J6p48*90857MJAG*9,EVW485]S9*9080R*90SL
� 6L?N2 U 4R?NM'SR(+57.1S9*>5N:~5 Q 08*T43AK? Q M1*90=285 Q *bS9576+03.1,W*T48*9,f.J6;,/. � *T2|VW(+572857VW485C, U ST23.1576�VW(]BC08.1S90d?N48*b23(+*� *T2X234R?N6+08AG*T4808*p[\57[\*T6q2 U [ pt �~23(+* � *T2-V+08* U ,W5Ns¤4R?NVW.1,/.J2vB η ?N6+, 23(+*E? �9.J[ U 23(L?NM=?N6WIKM1*90 φ L�hv6
5748,W*T4^285E?9AG57.1,�,/.JAG*T43IG*T6+ST.1*90b.J6�23(+*-6+*QPC2 s¤285Ns¤M1*@?7,/.J6WI;5748,W*T4HS@?NM1S U Mu?N23.1576+0>?NMJM~5 Q 08*T43AK? Q M1*90e[ U 032Q *-.J6/: 4R? s¤48*9,�0R? :`* S � Y U L �].J6+S9*c23(+* � *T280b?N48*\5748,W*T48*9,�?7S9S95748,/.J6WIf285E,W*9ST48*@?703.J6WI pt � 23(+*-V+08* U ,W5Ns
4R?NVW.1,/.J23.1*90{5N:}23(+*oM1*@?7,/.J6WIb574~08*9S9576+, � *T2{?N48* Q 5723(c6+572i.J6/: 4R? s¤48*9,\0�? :`*)5 Q 08*T43AK? Q M1*90 S �
� U L � 5�mn*TAG*T4@�
23(+*^[\*@?N6EV+0R* U ,W5Ns¤4R?NVW.1,/.J2vB

η̄ =
1

2
(ηjet1 + ηjet2) ,

P w%LJyTw Q

.10r.J6/: 4R? s¤48*9, 0�? :`*_?N6+, 23( U 0pS9576qAG*T43IG*90E.J6�23(+*�Vg*T432 U 4 Q ?N23.JAG*�S@?NM1S U Mu?N23.1576+0p285�6+*QPC2 s¤285Ns¤M1*@?7,/.J6WI
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-080��5c<9#�&)8�<9&M@k*�@k&65E- �1@

kt 6= 0
*�, -9/1&3�'5c2)*�@k�D5c;,�c�"89-9*E5c<
�'5R-9/1&3/G�"8��m<02)�"- -0&)80�D51;]A�!D&),i-�F
*E8l;�! �1*E5m8����1�'�"-9�'*�5\A 80�D;E/7-�F 2)��5R!D& ���m-9*

�=51*E5 �G��2�: � -0* � �c��2�:=-0* ��*�!'*�;�>�*�,�-0/1&�* � -0;�*E�D51;)�c��8 -0*�5c<6H � /1& �1��2C- �c89& ��< -0��:�&)5M, 80*�@ � �
�
�VH

5748,W*T4SLnM)(+*-0R?N[\*>.10d234 U *>:`574e23(+*c? Q 0857M U 28*XA7?NM U *X5N:{23(+*-,/.�
�*T48*T6+S9*-.J6;V+08* U ,W5Ns¤4R?NVW.1,/.J2jB�5N:{23(+*
2jmn5 � *T280�� |ηjet1 − ηjet2 | �g?N6+,;23(+*X? Q 0857M U 28*>AK?NM U *>5N:~23(+*X,/.�
g*T48*T6+S9*>.J6�? �9.J[ U 23(L?NM{?N6WIKM1*X5N:~23(+*
2jmn5 � *T280

(∆φ)jj =

{

|φjet1 − φjet2 | for |φjet1 − φjet2 | < 180◦

360◦ − |φjet1 − φjet2 | for |φjet1 − φjet2 | > 180◦ .

P w%LJy@� Q

M)(+*�08S@?N2328*T43.J6WI ?N6WIKM1* θ∗ 5N:b23(+* � *T280x.J6 23(+*T.J4rS9*T6]2348*Qsv5N: s¤[k?7080p08BC0328*T[ .10Y?7S9S9*90803. Q M1*;A].u?�23(+*
[\*@?70 U 48*T[\*T6]2d5N: |ηjet1 − ηjet2 | D

cos(θ∗) = | tanh((ηjet1 − ηjet2)/2)| . P w%LJy@� Q

M)(+*\?N6WIKM1* θ∗ .10^08*T6+03.J23.JAG*-285r23(+*c,/BC6L?N[c.1S90^5N:n23(+* � *T2eVW485C, U ST23.1576 � .HL *�Lb285Y23(+*>6L?N2 U 48*c5N:�23(+*
VW4857VL?NIq?N28574b5N:�23(+*X.J6qAG57MJAG*9,�[k?N2343.ZP_*TM1*T[\*T6q2SL3M)(+*c5 Q 08*T43A7? Q M1*X.10^*QP/V}*9ST28*9,�285Y03(+5�m�,/.�
g*T48*T6]2
,/.1032343. Q.U 23.1576+0n:<574n,/.J48*9ST2o?N6+,\48*90857MJAG*9,r*TAG*T6q280\Lihv6r,/.J48*9ST2�*TAG*T6]280n23(+* 8fU ?N43z P 08VW.J6;y � � Q VW4857VL?NIq? s
28574nB].1*TM1,W0�? (1−| cos θ∗|)−1 Q *T(L?@A].15 U 4nmo(W.JM1*t.J6x48*90857MJAG*9,k*TAG*T6]280{VW485CS9*90808*90{mo.J23(r?eIKM U 576 P 03VW.J6
y Q VW4857VL?NIq?N28574eS9576]2343. Q.U 28*K�}B].1*TM1,/.J6WIp?\032348576WIG*T4=43.108*HMJ.JzG* (1− | cos θ∗|)−2 Lohv2=(L?70 Q *9*T6;03(+5�mo6
.J6�?p48*9S9*T6]23MJB�V U.Q MJ.103(+*9,�?N6L?NMJBC08.10X5N:|SR(L?N43[\*9,�,/. � *T2-*TAG*T6q280 S Y U 23(L?N2>23(+*x,+?N2R?;?N48*rS9576+03.10328*T6]2
mo.J23(U23(+* Q *T(L?@A].15 U 4b*QP/Vg*9ST28*9,_: 4857[�?rIKM U 576UVW4857VL?NIq?N28574@�'.HL *�Lc.J2^.10H, U *c285ESR(L?N43[ *QPWST.J2R?N23.1576
VW485CS9*90808*90SL
� U 280).J6 � *T2�234R?N6+03AG*T4808*d[\57[\*T6]2 U [�?N6+,xV+0R* U ,W5Ns¤4R?NVW.1,/.J2vBrM1*@?7,x285-?>,/.10328574323.1576E5N: 23(+*e*QPCVg*9ST28*9,
cos θ∗ ,/.1032343. Q.U 23.1576�L��d.�
�*T48*T6q23.u?NMlST485K080|08*9ST23.1576+0t[\*@?70 U 48*9,;?70|?>: U 6+ST23.1576;5N: cos(θ∗) ?N48*e23(+*T48*Qs
:<5748*)*TA7?NM U ?N28*9,cmo.J23(\?7,W,/.J23.1576L?NM+48*9082343.1ST23.1576+0~576-23(+*).J6qAK?N43.u?N6q2{,/. � *T2O[k?7080 Mjj ?N6+,c576-23(+*)[\*@?N6
V+08* U ,W5Ns¤4R?NVW.1,/.J2jB η̄ ?70|*QPCVWMu?N.J6+*9,p.J6�?NVWV}*T6+,/.ZP;�tL
��B-[\*@?70 U 43.J6WI (∆φ)jj 23(+*|? �9.J[ U 23(L?NMgS9574348*TMu?N23.1576r5N:�23(+*o2jmn5>(L?N48,\VL?N4328576+0{.10~.J6qAG*90823.JIq?N28*9,�L~�)2
M1*@?7,/.J6WI-5748,W*T4n23(+*d,/.J48*9ST2�VW(+5728576xIKM U 576rVW485]S9*90R0{M1*@?7,W0n285HVW485C, U ST23.1576p5N:g23(+*=(+*@?9ACB 8BU ?N43zcVL?N.J480Q ?7SRzqs¤285Ns Q ?7SRzk.J6k23(+*T.J4�S9*T6q2348*Qsv5N: s¤[k?7080o03B/0328*T[E�G.HL *�L'mo.J23( (∆φ)jj = 180◦ L'M)(W.10{48*T[k?N.J6+0n234 U *|.J6
23(+*>Mu? Q 574R?N285743Bf: 4R?N[\*K�g03.J6+S9*b23(+*-5 Q 08*T43A7? Q M1* (∆φ)jj .10=.J6qAK?N43.u?N6q2 U 6+,W*T4H?\M1576WIK.J2 U ,/.J6L?NM Q 5C5K032
?NM1576WI\23(+* � � ? PC.10SL
�][k?NMJM1*T4=A7?NM U *90=5N: (∆φ)jj ?N48*>, U *^285\(W.JIK(+*T4d5748,W*T4tVW485CS9*90808*90|0 U S8(�?70tIKM U 576f4R?7,/.u?N23.1576_574|, U *
285E?x6+576 �@*T485Y.J6W.J23.u?NMi234R?N6+03AG*T4808*-[\57[\*T6]2 U [ 5N:�23(+*-.J6+S957[c.J6WIEVL?N4328576+0SL ��5723(U08.J2 U ?N23.1576+0b?N48*
.JMJM U 03234R?N28*9,f.J6Y�+I U 48*^w%LJy@�.L



�K� w%L��?L � Q 08*T43A7? Q M1*90

M)(+*Y5 Q 08*T43AK? Q M1* xobs
γ 48*TVW48*90R*T6q280c23(+*k: 4R?7ST23.1576�5N:|23(+*rVW(+5728576�[\57[\*T6q2 U [ *T6]28*T43.J6WI�23(+*r(L?N48,

.J6q28*T4R?7ST23.1576�L �+574t23(+*e48*9S9576+08234 U ST23.1576;5N: xobs
γ 23(+*^,W*Q�+6W.J23.1576

xobs
γ =

∑

h∈ ����� 1(E − pz) +
∑

h∈ ����� 2(E − pz)
∑

h(E − pz)

P w%LJy�� Q

.10 U 08*9,��omo(+*T48* Q 5723( 0 U [\0x.J6 23(+*;6 U [\*T4R?N28574p4 U 6 5�AG*T4Y23(+*fVL?N4323.1STM1*90E?7080R5]ST.u?N28*9,�mo.J23($23(+*
2vm�5 � *T280@�~48*908V}*9ST23.JAG*TMJBG�o?N6+,�23(+*E0 U [�.J6�23(+*f,W*T6+57[c.J6L?N28574k4 U 6+0k5�AG*T4x?NMJMt,W*T28*9ST28*9, (L?7,/48576W.1S
�+6L?NM~032R?N28*XVL?N4323.1STM1*90SL��+574 2 → 2 VW485]S9*90R08*90dmo.J23(�[k?70803M1*9080eVL?N4328576+0 xobs

γ .10^* 8BU ?NMO285Y23(+*-234 U *
[\57[\*T6q2 U [a:`4R?7ST23.1576 xγ

P * 8 Ln�?LJy � Q L �|*TMu?N23.1576Ew%LJy��cS@?N6f*@?703.JMJB Q *^,W*T43.JAG*9,E: 4857[a* 8fU ?N23.1576_�?LJy �
:<574^M1*@?7,/.J6WIf5748,W*T4HVW485CS9*90808*90 P SQ:�Lc*�L I%L S w�� UXQ L � .J23(U23(+*\? Q 5�AG*\,W*Q�+6W.J23.1576 xobs

γ .10^48*9032343.1ST28*9,U285
23(+*>4R?N6WIG* 0 < xobs

γ < 1 L �+574^,/.J48*9ST2dVW(+5728576�IKM U 576_VW485CS9*90808*90 xobs
γ ∼ 1 ��?70=23(+*b(L?7,/48576W.1SX�+6L?NM

032R?N28*pS9576+03.108280c576WMJB�5N:=23(+*Y2jmn5�(L?N48, � *T280\?N6+,�23(+*YVW485728576 48*T[c6L?N6q2kmo(W.1S8(�.10X:<5748S9*9,�285_23(+*
AG*T43BY:<5743m�?N48,�48*TIK.1576_?N6+,;S9576q2343. Q.U 28*90^576WMJBpMJ.J2323M1*>285 ∑h(E − pz) L � 5�mn*TAG*T4@��, U *>285\4R?7,/.u?N28*9,
VL?N4328576+0^?N6+,_0 U.Q 08* 8BU *T6q2d(L?7,/48576W.10R?N23.1576�VW485]S9*90R08*90|23(+*>Vg*@?Nz;?N2Xy>.10d03[\*@?N48*9,�285kM15�mn*T4eA7?NM U *90
5N: xobs

γ Lihj6p48*90857MJAG*9,YVW(+5728576EVW485CS9*90808*90 xobs
γ S@?N6 Q *e03[k?NMJM , U *e285\23(+*eVW48*908*T6+S9*^5N:'23(+*eVW(+5728576

48*T[c6L?N6q2n.J6\23(+*o(L?7,/48576W.1St�+6L?NMF032R?N28*�L+�+574~6+*QP/2 s¤285Ns¤M1*@?7,/.J6WI-5748,W*T4~VW485]S9*90R08*90 xobs
γ .10{?NM1085H08[k?NMJM1*T4

23(L?N6 U 6W.J2vBG�W03.J6+S9*d23(+*^?7,W,/.J23.1576L?NM�(L?N48,Y5 U 23IG57.J6WIcVL?N4328576YVW485], U S9*90t?>23(W.J48, � *T2SLihj6rIG*T6+*T4R?NM¤�/23(+*
5 Q 08*T43AK? Q M1* xobs

γ .10t08*T6+03.J23.JAG*^285-23(+*H48*90857MJAG*9,pVW(+5728576f03234 U ST2 U 48*X?N6+,Y(W.JIK(+*T4=5748,W*T4tVW485CS9*90808*90\L
hj6c23(W.10~?N6L?NMJBC03.10{,/.�
g*T48*T6]23.u?NMFS8(L?N43[ ?N6+, Q *@? U 2jB-ST485K0R0i08*9ST23.1576\[\*@?70 U 48*T[\*T6]280{mo.JMJM Q *)VW48*908*T6q28*9,
?70¡?o: U 6+ST23.1576X5N:W23(+*~234R?N6+03AG*T4808*{[\57[\*T6q2 U [ 5N:W23(+*~M1*@?7,/.J6WI � *T2 pjet1

t ��23(+*{[\*@?N6bV+08* U ,W5Ns¤4R?NVW.1,/.J2jB
η̄ 5N:~23(+*>2vmn5 � *T280@�F23(+*X? Q 0857M U 28*-,/.�
�*T48*T6+S9*-5N:~23(+*X? �9.J[ U 23(L?NM{?N6WIKM1*90 (∆φ)jj 5N: Q 5723( � *T280@�F23(+*
AK?N43.u? Q M1* cos θ∗ ?N6+,p23(+*HA7?N43.u? Q M1* xobs

γ L�� U 4323(+*T43[\5748*K�F,/.�
�*T48*T6q23.u?NM'ST485K080t08*9ST23.1576+0|mo.JMJM Q *eIK.JAG*T6
:<574~Mu?N43IG*tAK?NM U *90{5N: xobs

γ > 0.85 mo(+*T48*|,/.J48*9ST2{VW485C, U ST23.1576kVW485CS9*90808*90�?N48*t*QP/V}*9ST28*9,c285>,W57[c.J6L?N28*�L
M)(+*c.J6]AG*90323.JIq?N23.1576�5N:o,/.�
g*T48*T6]23.u?NMnST485K080>08*9ST23.1576+0^.J6U23(+*-48*TIK.1576�5N:)08[k?NMJM xobs

γ .10H6+572^V}5K0808. Q M1*�L
M)(+*Y48*@?708576�.10-2jmn5N:<57M1,�L �=6�23(+*p576+*Y(L?N6+,�23(+*p,+?N2R?_0�?N[cVWM1*Y.10c032R?N23.10323.1S@?NMJMJB�MJ.J[c.J28*9,�.J6�23(+*
48*TIK.1576p5N:l03[k?NMJM xobs

γ Ll�=6Y23(+*d5723(+*T4�(L?N6+,x(L?N48,rIKM U 576 � *T280)?N48*=*QP/Vg*9ST28*9,x285>VWMu?9Br?N6r.J[cVg57432R?N6q2
4857M1*\.J6�23(L?N2b48*TIK.1576�5N:)VW(L?708*x03VL?7S9*�L �].J6+S9*kIKM U 576 � *T280HS@?N4343B�6+5pMJ.Z:<*T23.J[\*\.J6/:<5743[k?N23.1576�23(+*\�+2U 08*9,Y285\,/.10823.J6WI U .103(EMJ.JIK(q2@�FS8(L?N43[a?N6+, Q *@? U 2jBY*TAG*T6]280|,W5C*90o6+572|S9576]AG*T43IG* P SQ:�Li08*9ST23.1576;�?L�� Q L
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hj6f23(W.10=S8(L?NVW28*T4e23(+*H.J6+STM U 03.JAG*bVW(+572857VW485], U ST23.1576�,/. � *T2=0R?N[cVWM1*>.10tVW48*90R*T6q28*9,;mo(W.1S8(�.10|23(+* Q ?703.10
:<574t23(+*^[\*@?70 U 48*T[\*T6]2=5N:O23(+*HS8(L?N43[ ?N6+, Q *@? U 2vBpST485K080|0R*9ST23.1576+0SL�M)(+*HSR(L?NVW28*T4=032R?N43280|mo.J23(E23(+*
,W*908ST43.JVW23.1576�5N:¡23(+*H0R*TM1*9ST23.1576fST43.J28*T43.u?\?N6+,ES9576]23.J6 U *90=mo.J23(;?-,+?N2R?-285 ¢ 576q28*>�)?N43M15\S957[cVL?N43.10R576
.J6+STM U ,/.J6WIp23(+*X,/.108S U 0803.1576�5N:n0R57[\*X?703Vg*9ST280d48*TMu?N28*9,�285k23(+*X2857VW.1S-5N: � *T2d03234 U ST2 U 48*�L^�)2d23(+*-*T6+,
23(+*t,+?N2R? U 6/:`57M1,/.J6WI>[\*9S8(L?N6W.103[ .10i.J6q23485C, U S9*9,Y?N6+,c23(+*t,W*Q�+6W.J23.1576Y5N:}23(+*tST485K0R0{08*9ST23.1576\.10~IK.JAG*T6�L
� ��� � * (i��(27=(�� 36,�
81

M)(+*t,+?N2R?e0�?N[cVWM1*t5N:F23(W.10{?N6L?NMJB/03.10im)?70~S957MJM1*9ST28*9,cmo.J23(\23(+* � yo,W*T28*9ST28574~.J6c23(+*oBG*@?N480|y Y�Y�Y sj�
�
�
�/�
mo(+*T6YVW485728576+0t5N: Y �
� � * � *T6+*T43IKBkm�*T48*^S957MJMJ.1,W*9,rmo.J23(pV}5K03.J2348576+0)5N:'�G�>L�� � * � *T6+*T43IKBG�/BC.1*TM1,/.J6WI
?cS9*T6]2348*Qsv5N: s¤[k?70R0|*T6+*T43IKBp5N: ≈ �/y Y � * � L
� ?N43.15 U 0e032R?NIG*90=5N:{S U 280|(L?@AG* Q *9*T6 U 08*9,f285\48*9, U S9*b23(+*>*T6+5743[\5 U 0=6 U [ Q *T4^5N:~*TAG*T6q280d285x?\48*@? s
08576L? Q M1*�03. �@*9,�0R?N[cVWM1*f5N:bS@?N6+,/.1,+?N28*�*TAG*T6q280SL hv6$?_�+48032k0828*TV �5� �Gb ?N6+, � d�b ��� � 4 U 6+0km�*T48*
08*TM1*9ST28*9,�LAM)(W.10b[\*@?N6+0b23(L?N2X576WMJBU,+?N2R?p2R?NzC.J6WIEVg*T43.15],W0bmo.J23(�23(+*\[k?N.J6�,W*T28*9ST28574XS957[cVg576+*T6q280
57Vg*T4R?N23.1576L?NM�?N6+,_mo.J23(�082R? Q M1*c4 U 6W6W.J6WIfS9576+,/.J23.1576+0>mn*T48*czG*TVW2^:<574^mo(W.1S8(�23(+*-.J6q28*TIK4R?N28*9,�M U [c.Zs
6+5K03.J2jB\m�?70)[\*@?70 U 48*9,�Lihv6p?b0R*9S9576+,x0328*TVr.J2�m�?70�48* 8fU .J48*9,r23(L?N2n:`574)*@?7S8(p*TAG*T6]2�23(+*=(W.JIK(rAG57MJ2R?NIG*
5N:d23(+*k:<57MJM15@mo.J6WIU0 U.Q ,W*T28*9ST2857480-.J[cVg57432R?N6q2-:<574-23(W.10-[\*@?70 U 48*T[\*T6q2cm�*T48*E?N2X6+57[c.J6L?NMt0R*T2323.J6WIG0 D
��� e	��
 � `
�
`E_�������������������������
��������������! ���� � � � ����� �#" L]hj6Y?b6+*QP/2�0328*TVYS9*T432R?N.J6Y4 U 6Y4R?N6WIG*90
(L?@AG* Q *9*T6�*QP/STM U ,W*9,U: 4857[
23(+*r?N6L?NMJBC08.10SLNM)(+*908*k?N48*\23(+*c4 U 6+0Hmo(+*T48*k23(+*x��$]� (L?7,�? Q 4857zG*T6
mo.J48*r?N6+,U23(+*k0R5NsvS@?NMJM1*9,�� 03(W.Z:`28*9,UAG*T4328*QP�4 U 6+0 � ¥X?N2>23(+*k*T6+,U5N:t23(+*k,+?N2R?p2R?NzC.J6WIfVg*T43.15],�.J6�23(+*
BG*@?N4=�
�
�
�?L% 6$23(+* Q ?703.10Y5N:b23(+*�? Q 5�AG*_S9576+,/.J23.1576+0p2857IG*T23(+*T4Ymo.J23( 23(+*�2343.JIKIG*T4Y48* 8BU .J48*T[\*T6q280E,/.108S U 0R08*9,
.J6�08*9ST23.1576 �?L w+�i23(+*r28572R?NM).J6q28*TIK4R?N28*9,�M U [c.J6+5K03.J2jB�5N:=23(+*Y?N6L?NMJB/08*9,�*TAG*T6q2c0R?N[cVWM1*p?N[\5 U 6]280c285
56.8 pb−1 L
� �"! � � 
 3�
 & *�
 ��� ��3-,�
 1 # < (2183�� (27=(�� 36,�
81

hj6�23(W.10\08*9ST23.1576�23(+*p[k?N.J6 S U 280��{mo(W.1SR(�?NM1085�,W*Q�+6+*p23(+*E?7S9S9*90808. Q M1*YVW(L?708*E03VL?7S9*p5N:d23(+*p[\*@? s
0 U 48*T[\*T6]2@�imo.JMJM Q *x,/.108S U 0808*9,�L'&C57[\*Y5N:|23(+*r08*TM1*9ST23.1576�S U 280X?N48*r[\5723.JAK?N28*9, Q B��!&>M ,W*T28*9ST28574
?7S9S9*TVW2R?N6+S9*b48* 8fU .J48*T[\*T6]280@�+mo(W.1SR(�?N48*^6+*9*9,W*9,p285-Vg*T4 :<5743[ 23(+*^MJ.Z:<*T23.J[\*b?N6L?NMJBC08.10SL
¦)( ���+* & � ©-, � ()& � <�(/. ¨�/l§�( � (/. ¨�/�8 ��� ( � & ��� -0.N¨�� ��� / §�( � ¨���& � � $%$%� © � ¨�#t§0& & ��� ¨��"! � ¨7§ $ � ¨ & � (v§"�'& � ��¨ + � � ¨ &3®
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� � �?L��?L � ?7,/48576W.1S �'.J6L?NM�&]2R?N28*>�)?NMJ. Q 4R?N23.1576

�d576���� � Q ?7S8zCIK485 U 6+,X.10 48* � *9ST28*9,H285|?)Mu?N43IG*n*QPC28*T6]2 Q B^48*�� U .J43.J6WI=23(+*~VW43.J[k?N43B^AG*T4328*QPH5N:W23(+*{*TAG*T6q2
285 Q *-48*9S9576+03234 U ST28*9,�mo.J23(W.J6�?YS9*T432R?N.J6U4R?N6WIG*k5N:�23(+* �cVg5K03.J23.1576U5N:)23(+*-6+57[c.J6L?NM~AG*T4328*QP�LOM)(W.10
S9576+,/.J23.1576f*QPWSTM U ,W*90o*TAG*T6q280tS957[c.J6WI\: 4857[�S957MJMJ.103.1576+0t5N:¡23(+*^0R?N28*TMJMJ.J28* Q.U 6+S8(+*90omo.J23(p23(+*e6+57[c.J6L?NMQ.U 6+S8(+*90\L�� U *�285=23(+*nMJ.J[c.J28*9,\�!&>M�?7S9S9*TVW2R?N6+S9*K�K23(+* z sv,/.1032R?N6+S9*)5N:L23(+*nAG*T4328*QPb:`4857[�23(+*�6+57[c.J6L?NM
.J6q28*T4R?7ST23.1576�Vg57.J6q2@�W23(+* z s � *T4328*QP��+.10o48*9082343.1ST28*9,Y: U 4323(+*T4|285-23(+*^4R?N6WIG* |zVertex| < 20 cm L
���
	���
������
�������
����������	
hj6Y5748,W*T4o285c0R*TM1*9ST2�VW(+572857VW485C, U ST23.1576;*TAG*T6]280@�W.J2).10)6+*9S9*9080R?N43Bx285\?N6q23.Zs¤2R?NIk*TM1*9ST2348576+0t.J6p23(+*=[k?N.J6
S@?NM15743.J[\*T28*T480SL�M)(+*p08S@?N2328*T48*9, *TM1*9ST2348576�.10c0R*@?N48S8(+*9,�:<574 Q B�*TM1*9ST2348576��+6+,W*T480c.J6�23(+*�� �=4k?N6+,
&]VL?G�)?NMOS@?NM15743.J[\*T28*T480SL! L574=23(+*X085NsvS@?NMJM1*9, U 6q2R?NIKIG*9,_VW(+572857VW485C, U ST23.1576_*TAG*T6]280 U 6+,W*T4e082 U ,/Bp23(+*
VW(+5728576EAC.J432 U ?NMJ.J2vBp.10o48*9082343.1ST28*9, Q Br23(+* &]VL?G�)?NM¡?7S9S9*TVW2R?N6+S9*>285 Q2 < 1GeV2 L
M)(+*ezC.J6+*T[k?N23.1SeA7?N43.u? Q M1*90)[ U 032 Q *dS@?NM1S U Mu?N28*9, U 03.J6WI-23(+*e(L?7,/48576+0o03.J6+S9*e23(+*e08S@?N2328*T48*9,p*TM1*9ST2348576
.10o6+572=[\*@?70 U 48*9,�L�M)(+*b.J6+*TMu?70323.1ST.J2vB yJB �+S@?NM1S U Mu?N28*9,;mo.J23(E23(+* $q?7S�� U *T2 s
"�M1576+,W*TM¡[\*T23(+5C,$# �/y %¡.10
48*9032343.1ST28*9,_285Y23(+*-4R?N6WIG* 0.15 < yJB < 0.8 LeM)(+* U VWVg*T4HS U 2^48*T[\5@AG*90 Q ?7SRz]IK485 U 6+,�: 4857[ ,W*9*TV
.J6+*TMu?70323.1So08S@?N2328*T43.J6WI'& �eh &)( *TAG*T6]280@�Gmo(W.1SR(c[c.JIK(q2 Q *)0323.JMJM].J6-23(+*o0R?N[cVWM1* Q *9S@? U 08*)5N:F.J6+*+*kST.1*T6+ST.1*90
5N:b23(+*_*TM1*9ST2348576$�+6+,W*T4$&`SQ: L�?NM10R5�08*9ST23.1576��?L��,(DL �eh & Q ?7SRz]IK485 U 6+, *TAG*T6]280E?N48*_S8(L?N4R?7ST28*T43.108*9,Q B AK?NM U *90E5N: E − Pz 5N:>2vBCVW.1S@?NMJMJB$2vmo.1S9*�23(+* Q *@?N[ *T6+*T43IKBG�e.HL *�L��K�?L��.-e*
/3L &].J6+S9* yJB =
(E−Pz)/(2Ee) 0 U SR(X*TAG*T6]280~?N48*n:`5 U 6+,-?N2O(W.JIK(>.J6+*TMu?70323.1ST.J23.1*90 yJB L�M)(+*�M15@m�*T4~S U 2¡48*103*9ST280O*TAG*T6q280
.J6f23(+*>*QPC2348*T[\*H:`5743m)?N48,f48*TIK.1576�5N:i23(+*b,W*T28*9ST28574@�F23( U 0d*T6+0 U 43.J6WIY?\S957[cVWM1*T28*b48*9S9576+03234 U ST23.1576_5N:
23(+*e�+6L?NMl082R?N28*�L
23�)��43�������������5	
M)(+*_,W*Q�+6W.J23.1576�5N:H23(+*�(L?7,/48576W.1S��+6L?NMd032R?N28*�?N6+, 23(+*'0 *T2r48*9S9576+03234 U ST23.1576 mn*T48*�,/.10RS U 0808*9,�.J6
08*9ST23.1576+0bw%L��p?N6+,�w%L��?L � U *c285p2343.JIKIG*T4bS9576+,/.J23.1576+06&`SQ: Lk08*9ST23.1576��?L w7(d23(+*803*T2H08*TM1*9ST23.1576�ST43.J28*T43.u?
48*�� U .J48*e? pt 5N:¡23(+*d(W.JIK(+*9032o234R?N6+08AG*T4808*d[\57[\*T6q2 U [903*T2o5N: pjet1

t > 11GeV �W?N6+,r23(+*e234R?N6+03AG*T4808*
[\57[\*T6q2 U [ 5N:¡23(+*b08*9S9576+,p(W.JIK(+*9032t234R?N6+08AG*T4808*^[\57[\*T6q2 U [:0 *T2o285 Q * pjet2

t > 8GeV L
M)(+*\6+*9*9,�:`574>?N6�?703BC[c[\*T2343.1SkS U 2b576�23(+*c234R?N6+03AG*T4808*k[\57[\*T6q2 U [�5N:�23(+*k2vm�5fM1*@?7,/.J6WI'0 *T280b.10
[\5723.JAK?N28*9, Q BE23(+*95743B;?N43I U [\*T6]280�# � Y %EL|hj6f23(W.10dm�?@Bf48*TIK.1576+0e5N:~VW(L?708*X03VL?7S9*-? 
g*9ST28*9, Q BpMu?N43IG*U 6+S9*T432R?N.J6q23.1*90=.J6E23(+* �;� % S@?NM1S U Mu?N23.1576_?N48*b?9AG57.1,W*9,�L
&].J6+S9*�mn*TMJM/[\*@?70 U 48*9,\�!&>M�234R?7S8z/0<&`SQ: L¡08*9ST23.1576-w%L���(�VWMu?@BX?=03.JIK6W.Z�LS@?N6q2O4857M1*n:`574'23(+*n[\*@?70 U 48*T[\*T6q2
5N:�S8(L?N43[ ?N6+, Q *@? U 2jB80 *T280@�q576WMJB=03*T280~.J6c23(+*tS9*T6]234R?NMF48*TIK.1576x5N:}23(+*=,W*T28*9ST28574n?N48*tS9576+03.1,W*T48*9,�L> +574Q 5723(?0 *T280d23(+*-V+08* U ,W5Ns¤4R?NVW.1,/.J2jB�.10e23( U 0e48*9032343.1ST28*9,�285r23(+*-4R?N6WIG* −0.9 < η < 1.3 LeM)(+* U VWV}*T4
S U 2~S957.J6+ST.1,W*90{*QP+?7ST23MJBbmo.J23(k23(+*|�!&>M ?7S9S9*TVW2R?N6+S9*omo(+*T48*@?70~23(+*)M15�mn*T4{S U 2i.10iSR(+5K08*T6x? Q .J2i23.JIK(q28*T4
285c*QPWSTM U ,W*^48*T[k?N.J6W.J6WI Q ?7SRz]IK485 U 6+,E: 4857[�,W*9*TVf.J6+*TMu?70323.1SH08S@?N2328*T43.J6WIk*TAG*T6]280SL
�8@�A �CB �ED�
<FHG�� �IGJFHB<K��;L�BML�N �.B<KJG �ODPBML�G�
=F

M)(+*b?NMJIG5743.J23(W[ 285c48*9S9576+03234 U ST2=23(+*^(L?7,/48576W.1SH�+6L?NM¡032R?N28*^m�?70d?NMJ48*@?7,/BE03Vg*9ST.Z�L*9,p.J6f08*9ST23.1576;w%L��?L
�=6r?7,W,/.J23.1576L?NM�0 *T2)S@?NMJ. Q 4R?N23.1576Y.10�?NVWVWMJ.1*9,r285>23(+*|.J6+,/.JAC.1, U ?NM70 *T280n285H: U 4323(+*T4�.J[cVW485@AG*d23(+*|48*9S9576/s
03234 U ST23.1576U5N:)23(+*;0 *T2Q� U ?N6q23.J23.1*90SLeM)(+*-VW43.J6+ST.JVWM1*\5N:�23(W.10HS@?NMJ. Q 4R?N23.1576 �¡?YST485K0R0 svS8(+*9SRz�Vg*T4 :<5743[\*9,
mo.J23(�? �dh &r6+* U 234R?NM'S U 4348*T6q2e,/. 0 *T2|0�?N[cVWM1*>?N6+,p23(+*>S9576+08*�� U *T6+S9*90t:`574|23(+*b03B/0328*T[k?N23.1SH*T4348574d576
23(+*^(L?7,/48576W.1SH*T6+*T43IKBp08S@?NM1*K�+mo.JMJM Q *H,/.10RS U 0808*9,Y.J6p23(W.10|0R*9ST23.1576�L
&].J6+S9*-23(+*c234R?7SRzC0b?N48*\?NMJ48*@?7,/B_S@?NMJ. Q 4R?N28*9,�23(+*k?N.J[ 5N:�23(+*cS@?NMJ. Q 4R?N23.1576�VW485CS9*9, U 48*-.10^285pS8(L?N6WIG*
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���� � ���@� ��� ('*,+.-/(0�21)+.(43�#�* 3$6>���5+ �2� */12�)+.-.���9+ � � */( ��# � � */( ��#2( A � �$#�� � 683�- + �2� *.�  =2% � ��(4+ � � � ���9+.% ��3$# �
* � % � �9+ � �G+.-.����� �&#	�E�	�M+ ��� */12�)+/-B�$� + � � * (��$# � �E* (��$#2( A ���&#�� � 683$-7+ �2� *.�  =2% � ��(4+ � +��M3 3$-  3�- � * � % � � + � �
+/-B�$���)*�C �<#2%�� +/-B�$���)* ��(4+ � �&#G(  =	�$�9+7=	�&-B�  "� + � - |δ| < 0.1 �  �&- � � 3�#�* ('� � - � � C ���2� ��� = � � +.��+.(43�#G68-/3  
+ ���  "!�� # $�� � 3$# + ��	 �$-/%03 * (  1�%0�&+/(03$#G(0*�(0#�� %41�� � �E(0# + �2� A ��12- ��� * � 3 ��(4# �:+ �2� � 3�# +/-.(4�212+/(03$#�*M68-.3  + �2�� �&-.(43�1�* ��1	�&- � �	� � 3�12-.*:��6@+ � - �&=2=�% � (0#�� + �2� */���&% � 6����9+.3$-B* Pb = 1.98

�
Pc = 1.45 �&#�� Pl = 1.44 ��*

3$�2+.�&(0# � � 68-.3  + �2� A + C

�J�'�8E'�B� $<���'�r!"$%;<-�)��#� �K1'*,�5*<�5*,;<-�)��^37�.64�"�j� !Q*,)��8C�*%!#� $%( �

Pb = 1.98± 0.22

Pc = 1.45± 0.14 & �1 %$�(
Pl = 1.44± 0.05

CW$%( ��

������H *,�'1h�=*%�j*
χ2/n.d.f.

$,C U $1 .U +tU��1 �J�'�^� � ; � �#(�$,Cu1��#37( �"�"�d$,C�CO( �"�"1�$%; & n.d.f. ( $,C
���'�?E'�r*,( �?���'�<� � ; � �#(�$,C � �.�'�r$,C0���'�D� �A� ��(5*%!#� �"1 S1

*,�'1
S2

19������(�� �A� ����$%�'� P -�) � �K$%�'� & � $%�5*,)� � ; � �#(H$,C=�#64�#�@� � ( P ;<�.� � ������( �"�HCW$%(����'�0CO( �"�z-=*,(5*,;I�#� �#( �w$,C'���'�0E'� & Pl P Pc
*,�'1

Pb (  YA$%�'������� �#�X�
( �"� � ).� �B�=*Q64� � �"�#�MCO$ � �'1b/B�'�#�b6%*,(�>t�.��3<���'�^� � ; � �#(d$,C � �.�'�B�.�b���'��E'�  �J�'�M� �A� ��(5*%!#� �"1 S1

*,�'1
S2

19��� ��(�� �A� ����$%�'�D*,( �M���'$Q/B�i� $%34�#���'�#(</B�.���l���'�oE'�?( �"� � ).�?�.�qE'3 � ( �
�1 T  �J�'��19��� ��(�� �A� ����$%�'�K*,( �]1�$%;<�.�=*,� �"1 � >�! �=*,(�; �8� *,(�`g�#64�#�X� � P /B�.���&*,�L�.�'!#( �Q*%���.��3kC
(5*%!#����$%�
$,C � �Q* � ��> �3� *,(�`g�#64�#�@� �8� $Q/J*,( 1��^)+*,(�34�#(86%*,) � �"�8$,C0���.37���FE=!Q*,�'!"�  �J�'�?!"$%�@��(�� �A� ����$%�ZC
( $%; ).�.37�X�
�8� *,(�`t�B���j� �"�#�h� $ � �^��;D*,).)  
( @ � ! �OK L�G���� #�� B ,�L �$B DPB # N3L�N D ! N3L	� 3 �
�J�'�I( �"� � ).� �r$ � �5*,�.�'�"1q/B�.���[���'�

χ2 mWE'�K� $b���'�o� �A� ��(5*%!#� �"1 S1
*,�'1

S2
19������(�� �A� ����$%�'�<*,( �I!#( $7� �

! �'�"!5`4�"1 � ���.��3[*,� *,).� �#(��=*,���.64�g;I�#���'$@1l� $Z�5�#-=*,(5*,� �h���'� �3� *,(�` � *"64$ � ( �  �J�'�h; � ).���Fm��.;<-=*%!#�
-=*,(5*,;I�#� �#( & � � & ( ;I�#���'$t1L���K*,)�� $ � *%� �"1&$%�&���'� � �5�]$,CA���'�?���.37���FE=!Q*,�'!"�<19������(�� �A� ����$%�'�K$,CA���'�
� �#)��"!#� �"1h��(5*%!5`t�

Si
*,�'1h/A*%�d�#;<-�)�$Q>4�"1 � >M���'� 
 ��
 & n !"$%).)+* � $%(5*,����$%� # � � %> ���B/A*%�j*%1�$%-�� �"1g� $

n]U *,�'1ME'( ���B�.�X64�"� ���.3X*,� �"1b�.� # � � %> �J�'� �8� *,�X���.��>

P (Si) =
1√
2π

∫

∞

χ2
i

e−t2dt , & �1 V7(
/B�.���

χ2
i = S2

i P !Q*,� � ���.�X� �#(�-�( �#� �"1L*%�J���'�8-�( $ � * � �.).�.��>M���=*,�j*]��(5*%! `M$%(��.37�.�=*,� �"�j*,�B���'��-�(��.;D*,(�>
64�#(�� �yx  � $%( �A-�( �"!#��� �#).> P P (Si)

���u���'�J-�( $ � * � �.).�.��><$,C=�=*Q6@�.��3r*d)+*,(�34�#(H���.37���FE=!Q*,�'!"�J67*,) � � Si
���=*,�



�1 V� ��;� ).���Fm���;<-=*%!#� &�*,(5*,;I�#� �#( � �#���'$@1 � �

) 
i

P(S
0 0.5 1

E
nt

ri
es

 

210

310

410

510

) 
i

P(S
0 0.5 1

E
nt

ri
es

 

210

310

410

510

 
MIP

-log P
0 20 40 60 80 100

E
nt

ri
es

 

1

10

210

310

410

510  Data
 b
 c
 uds
 Pythia

 
MIP

-log P
0 20 40 60 80 100

E
nt

ri
es

 

1

10

210

310

410

510

 
MIP

-log P
0 20 40 60 80 100

E
nt

ri
es

 

1

10

210

310

410

510  Data
 b
 c
 uds
 Pythia

 
MIP

-log P
0 20 40 60 80 100

E
nt

ri
es

 

1

10

210

310

410

510

� � �	�


���
	����� �>� �>��� ('* +/-.(4�212+/(03$#�*"3$6 � � + �2� +/-B�$��� =�-/3����&�2(0%0( + � P (Si)
�$#�� �	�:+ �2� # � ���&+/( �$� %43 ���$-/(4+ �2 3&6

+ �2�  12%4+/(!(  =����9+ =��$-.�  "� + � - =2-/3����&��(4%0( + � − log(PMIP ) 683$- ��3&+ � � � +.*�C��<#2%�� +/-B�$���)* ��(4+ � �&# (  =��$� +
=��$-.�  "� + � - |δ| < 0.1 �  �&- � 1�* � � C ����� ��� = � �9+B��+.(43�# 68-.3  + �2�� !�� # $�� � 3$# + � 	 �$-/%03G*/(  12%'��+.(43�# ('*
(0#�� %01�� � � (4# + �2� A ��12- ��� * � 3 ��(0#��E+ ��� � 3$# +.-/(0�21)+.(43�#�* 68-.3  + �2� � �&-.(03$1�* � 1��$- � �	� � 3�12-.* �&6@+ � -:�&=2=2%�� (4# �
+ �2� */���&% � 6��$�9+.3$-B*��$*�3$�2+.�&(0# � � 68-.3  + �2� A +�+.3�+ �2� */12�)+.-.���9+ � � */(��$#2( A � �$#�� � �)('* +/-.(4�212+/(03$#�*�C

���'�];I�Q*%� � ( �"1Z$%�'�  O $%(K* - * � � ���+*,�Z19������(�� �A� ����$%�2$,C0���'�?���.37���FE=!Q*,�'!"�"� P ���'�]��(5*%! `L-�( $ � * � �.).�.��>19������(�� �A� ����$%�&���'$ � )�1 � � � *,� � �#��/0�"�#� � *,�'1 U P ;I�Q*,���.��3o���=*,�j���'�^��(5*%!5`t��*,( �r!"$%;<-=*,��� � )���/B�.���
���'�M-�(��.;D*,(�>q64�#(�� �yx  ���i!"$%�X��(5*%� � P ��(5*%! `9�</B�.���l)+*,(�34�h���.37���FE=!Q*,�'!"�"�D*%!"! � ; � )+*,� �g*,�?64�#(�>[)�$ /
67*,) � �"�:$,C

P (Si)  
 ; � ).���c�.;<-=*%!#�j-=*,(5*,;I�#� �#(j-�( $ � * � �.).�.��> PMIP
���J���'�#�g!"$%�'����( � !#� �"1 � >h!"$%; � �.���.��3o���'�8-�( $ � * m

� �.).�.�����"�d$,Cu���'�
N

� �#)��"!#� �"1�Y & � ��(5*%!5`t�:/B�.�����.���Q*%! � 0 �#� -

PMIP = Π

N−1
∑

j=0

(− lnΠ)j/j! , & �1 T (
/B�'�#( �

j
( � �'�j$ 64�#(d*,).)c� �#)��"!#� �"1LY & �\��(5*%!5`t��*,�'1

Π =

N
∏

i=1

P (Si) . & �1 ���(
�J�'��!"$%�'����( � !#����$%�b$,C

PMIP
*%� � � ;I�"�A���'�

N
��(5*%! `D-�( $ � * � �.).�.�����"� P (Si)

� $ � �j�.�'1��#-G�#�'1��#�@�j*,�'1
P (Si)

���c�5�#�c� $ � ���.��>8CW$%(N��(5*%! `9�c/B�.���K�'�#3X*,���.64�0���.37���FE=!Q*,�'!"�  �J�'�w�'�Q*"6t> �3� *,(�` 0 �#�c! �=*,(5*%!#� �#(���������!
$,C=�=*Q6@�.��3K*j)+*,(�34�z��(5*%!5`r; � ).���.-�).��!#�.��><*,�'1�-�( $t1 � !#�.��3^$%�?*Q64�#(5*,34�A;I$%( �0��(5*%!5`t�u/B�.���?)+*,(�34�0�.;<-=*%!#�
-=*,(5*,;I�#� �#(����.37���FE=!Q*,�'!"�K���=*,�b).�.37�@� �8� *,(�` 0 �#� �B���:!"$%; � �.�'�"1b�.�b���'�867*,(��+* � )�� PMIP  �J�'�]19������(�� �A� ����$%�'�8$,CH���'�K��(5*%!5`b-�( $ � * � �.).�.��> P (Si)

*,�'1b���'���'�#3X*,���.64��)�$%3X*,(��.����; − log(PMIP )$,C^���'� � � & -�( $ � * � �.).�.��>lCW$%( � $%��� 0 �#� �I���D���'$ /B� �.�iE'3 � ( � �1 ��� � �'�#�S-G�#(fCW$%(�;<�.��3 *
χ2 mWE'�$,CA���'�rCO(5*%!#����$%�'�^$,C

b P c
*,�'1L).�.37�X� �8� *,(�`9�d� $k���'�];I�Q*%� � ( �"1 − log(PMIP )

19������(�� �A� ����$%�2$,C0���'�
1'*,�5* � � �.��3K���'� � $%�X� �dYJ*,(�)�$��yxt-e�"!#�5*,����$%�'�wCW$%(w���'�:���=*,-e�"�H$,CN�Q*%! �o$,Ce���'�"� � �8� *,(�` � *"64$ � ( � P ���'�( �"� � ).� ��*,( �wCW$ � �'1K� $�*,37( �"�H/A�#).)@/B�.���]���'� & S1 P S2 ( m�;I�#���'$t1  ��$j�.).) � ����(5*,� �z������� P ���'� � $%�X� �BYJ*,(�)�$
!"$%�@��(�� �A� ����$%�'�d�.�ME'3 � ( � �1 �� *,( �K� !Q*,)��"1 � >k���'�^CW*%!#� $%( �:$ � �5*,�.�'�"1 � ���.��3<���'� & S1 P S2 ( m�;I�#���'$t1  �J�'�

χ2 mWE'�k� $[���'� − log(PMIP )
19������(�� �A� ����$%�\37�.64�"�k� !Q*,)��gCW*%!#� $%( �

Pb = 2.25 ± 0.38 P Pc =
1.69 ± 0.21

*,�'1
Pl = 1.31 ± 0.07

CO$%( ��

�����8H *,�'1\�=*%�b*
χ2/n.d.f.

$,C � $1 %$ + $ �1 �J� � ����'�h���5*,����� ����!Q*,):-�( �"!#������$%�S$,C8���'�M; � ).���Fm��.;<-=*%!#�D-=*,(5*,;I�#� �#(D;I�#���'$@1i���?/A$%( � � � >l*gC�*%!#� $%(
1.5!"$%;<-=*,( �"1g� $<���'� & S1 P S2 ( m�;I�#���'$t1  



� � �1 T  & �"!"$%�'1'*,(�> / �#(�� �yx��j�"!"$%�'����( � !#����$%�

�J�'�A�.;<-G$%(��5*,�@�z19(5*"/ � *%!5`<$,C=���'�A; � ).���Fm��.;<-=*%!#�z-=*,(5*,;I�#� �#(w;I�#���'$t1?�'$Q/A�#64�#(H���u���=*,�w�.��( �#).���"�w$%�
���'�8�.;<-=*%!#�:-=*,(5*,;I�#� �#(:( �"�5$%) � ����$%�g1��"� !#(��.-�����$%� � >o���'� � $%�X� ��YJ*,(�)�$<� �.; � )+*,����$%�  
 �B19��� ! � � �5�"1�.�b� �"!#����$%� �  .U ���'�8�.;<-=*%!#�j-=*,(5*,;I�#� �#(:( �"� $%) � ����$%�b���:$%�'�^$,C����'�^1�$%;<�.�=*,���.��3o� >t��� �#;D*,����!^�#(�( $%( �  ���z/A*%�ACW$ � �'1o���=*,�0������� � �'!"�#(��5*,�.�X��>o���J*KCW*%!#� $%( U0 T m � )+*,(�34�#(zCW$%(0���'� � � &�m�;I�#���'$t1k���=*,�DCW$%(A���'�
& S1 P S2 ( m�;I�#���'$t1 P /B�'�#( �8���'�8( �"� $%) � ����$%�g1��#-e�#�'1��#�'!"�^���J���.37��).>k( �"1 � !"�"1 � >k���'�^� �A� ��(5*%!#����$%�b$,C
���'�^�'�#3X*,���.64�K� ��1��  

( @�� 08N2,"3<F��OB<D���� N D�L�N	��
 N2, 3<F 
)L�D � , L�G43<F

 C � (����'�#(:! �'�"!5`M���J-G�#(fCW$%(�;I�"1 � ���.��3I*,�h�.�'1��#-G�#�'1��#�@�:;I�#���'$t1M� $<� �#-=*,(5*,� �8���'� �3� *,(�` � *"64$ � ( �
� *%� �"1R$%�\���'���yx9-�).��!#�.�M( �"!"$%�'����( � !#����$%� $,C�1��"!Q*"> 64�#(�����!"�"�M�.� ���'�L��(5*,�'��64�#( �5��-�)+*,�'�  ��� �������
*,-�-�( $4*%! � P �#64�#�X� �?/B�.���S*,�?)��Q*%���]��/A$Z� �#)��"!#� �"1 Y
� � ��(5*%! `9�?�.�l*�37�.64�#� 0 �#�<*,( � � � �"1i*,�'1 ���'�
-�(��.;D*,(�>o*,�'1k� �"!"$%�'1'*,(�>D64�#(�� �yxM*,( �:E'��� �"1k���.; � ).�5*,�'�"$ � � ).>  �J�'�8� �#)��"!#� �"1MY
� � ��(5*%! `9�B*,( � � �5�"1CW$%( � $%���o64�#(�����!"�"�J/B�'�#( �Q*%�B*r( �#)+* x9�"1k��(5*%!5`D� �#)��"!#����$%� P !"$%(�( �"��-e$%�'19�.��3?� $r���'�8���5*,�'1'*,( 1o-�(��.;D*,(�>
64�#(�� �yxME'� $�� ������� # � $ % P ���j*,-�-�).���"1MCW$%(B���'�^( �yE'�j$,C����'�^-�(��.;D*,(�>M64�#(�� �yx  �J�'�8;I�#���'$t1M/A*%�JE'( ���J-�( �"� �#�@� �"1g*,� n]U �.� # T % *,�'1b*�;I$%( �K1��#�5*,�.)��"1h1��"� !#(��.-�����$%��!Q*,� � �dCW$ � �'1�  3  �.� # �9U %> wn �#( � P $%��).>k���'�^;D*,�.��*%��-e�"!#� �:$,C��������j*,-�-�( $4*%! �&*,( �K$ � ��).�.�'�"1  ��� � *,).).> P /B�'�#�M��(�>t�.��3�� $rE'�A��/0$?$%(A;I$%( ��64�#(�����!"�"�A� �.; � ).�5*,�'�"$ � ��).> P ���'��-�( $ � )��#; $,Cc���'�d!"$%(�( �"!#�
*%� ���.37��;I�#�@�]$,C:��(5*%!5`t��� $b64�#(�����!"�"�?*,(���� �"�  �J�'� � *%����!D��1��Q*b$,C:�������?*,-�-�( $4*%! � ��� P ���=*,�r���'�#( �o���
�'$k1��yE'���.� �r;D*,-�-��.��3h$,CH��(5*%! `9��� $D64�#(�����!"�"�81�$%�'� P �A� �8�Q*%! �L��(5*%! `b���8*%� ���.37�'�"1&*I/A�#�.37�X�8�.�L���'�
(5*,��34� � � $ U CW$%(z�Q*%!5�I64�#(�� �yxI!Q*,�'19��1'*,� �  �J�����z� $,CO�z*%� ���.37��;I�#�@�H��� � *%� �"1I$%�<���'�:��(5*%! `?� $^64�#(�� �yx
19�����5*,�'!"�r*,�'1hCO$%).)�$ /:�:���'�8/0�#�.37�@�jC � �'!#����$%�g$,C # � � %

wij(T ) =
e−

−S2
ij

2T

∑

j′ e
−

−S2
ij′

2T + e−
−µ2

2T

, & �1 � (
/B�.���g���'��� � ; ( � �����.��3M$Q64�#(^*,).)v64�#(�����!"�"�

j′  �J�'�
Sij

*,( �K���'�r�.;<-=*%!#�d-=*,(5*,;I�#� �#(8���.37���FE=!Q*,�'!"�"�
$,C:��(5*%! `

i
/B�.��� ( �"��-e�"!#�r� $�64�#(�� �yx

j  �J�'�o��;D*,).)��#(]���'�k19�����5*,�'!"�o$,C:���'�o��(5*%! `[� $g���'�o64�#(�� �yx
!Q*,�'19��1'*,� � P ���'�<)+*,(�34�#(r���'�I/0�#�.37�X�  �J�'�<-=*,(5*,;I�#� �#(
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