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Massless

TOT

µ GeV3�:BHJP24E6t�5ÄÑv%IJswz5_`4E:<CVI\A�I`½�M26D_iZ�]Ôq�P5_J47=Ô^ G KÓC�QE47P5;UQ7P24E6t½ÎP2A5;UQ7:BIJAÓ½ÎIJ4us¥_JCECVhª8�6Dz�6DA58�6DA\Q¥ÍÎs¥_\C7C7:[Z\69Ï+_`A�8�s¥_JCECVh:BA58�6Dz�6DA58�6#A�Q�Í£sw_\C7C7@B6DCECEÏ%6#Z\IJ@BP�Q7:BIJA�Ä

SUB +NLO
Ïc:BCXsw:[A2:Bs¥_`@êÄ�acM5:BCXA�P5st6D47:<;#_J@[@B]ÑZ\6#47h

:[ÿ56DC%QEM5_mQ�Q7M26;>M2I\:B;#6�IJ½�s¥_JCECV:BZJ6YI\4csw_\C7C7@B6DCEC�6#Z\IJ@BP�h
QE:[I\AÔ=J6D47A26D@BC�:<C�z5P2476D@[]T_�C7;>M56#sw6�;>M2I\:B;#6�Ð�M2:<;>M�M�_JC
A2Iwz2M�]�C7:B;D_`@/;UI\A\QE6#A�QDÄ
Ù'M2:B@[6tÐ%6tCV6D6�QEM2:<C�4E6DC7P2@[Q+8�6DswIJA5CVQ74>_mQE6D8TA�P2sw6#47h

:<;#_J@[@B]S:[AÓ3�:BHJP5476t�2FOQ7M26tP2A5826#4E@[]�:BA2HÑ4E6D_\CVI\AS½ÎIJ4�Q7M2:<C
4E6DC7P2@[Qr:BCr;#@[I�CV6D@[]¿476D@B_`Q7698ÔQEITQ7M26Ñz2476DZ�:[I\P5CIJN5C76#4EZm_mh
QE:[I\A5C�s¥_J8�6�476DH\_`4>8�:BA2Hw3�:BHJP5476�g2ÄcacM56 o ? 4769CVP5@¡QY:<CH\:[Z\6#A�N�]

LO ∼ fQ ⊗ σQ→Q

_`A58�Q7M26¥C7P2N�QE4E_\;�Q7:BIJA
QE6#4Es :<CXH\:[Z\6#ATN�]

SUB ∼ fg ⊗ P̃g→Q ⊗ σQ→Q

Ä G ½Ð�6�6UÃ�z5_JA58�Q7M26X^{ o nXp*6Dq�P5_`Q7:BIJAt½ÎIJ4 fQ

:[AwQEM26Y4E6Uh
H\:[I\A

µ ∼ mQ

Ð%6�ÿ5A58
fQ ∼ fg ⊗ P̃g→Q + O(α2

s)
å

QEM�P�C#F\Ð%6YM�_iZJ6
LO ∼ fg ⊗ P̃g→Q ⊗σQ→Q +O(α2

S)
Ä

ÙÓ6XI\N5CV6D47Z\6cQ7M5_`Q%Ð�M2:B@B6
LO

_`A�8
SUB

:BA58�:BZ�:B8�P�_`@B@[]
8�6Dz�6DA58LI\ALQEM26uCVzO6D;#:¡ÿ�;+C7z2@[:[QVQE:[A5H�=\6#4EA26#@<C#F\Q7M56;#IJsth
N2:BA5_`Q7:BIJA

LO − SUB
:BC�:BA5C76#A5C7:[Q7:BZJ6Q7I¥Ð�M56UQ7M56#4YÐ�6

P5C76+Q7M26us¥_\C7C7:[Z\6�I\4�s¥_JCECV@B6DCEC�=J6#4EA26D@íÄ ^
acM26#4E6U½ÎI\476\FwÐ%6�;#IJA5;#@[P5826�QEM5_mQ�C7IÛ@BIJA2HÛ_JCÓQEM26

C7z2@B:¡Q7Q7:BA2HÔ=J6D47A56#@<C
Pa→b

_`4E6¥sw_`QE;>M2698¾NO6UQ�Ð�6#6#AÆQEM26
^{ o nXpÂ6#Z\IJ@BP�Q7:BIJA¿_`A58ÔQ7M26w8�6Uÿ�A2:¡QE:[I\A�IJ½«Q7M26¥C7P2N�hQE4E_\;�Q7:BIJA�CYÍíK�W���Ï�F�Q7M26+;>M2IJ:<;U6XI`½�_rs¥_\C7C7:[Z\6�IJ4%sw_\C7CVh
@B6DCEC�^{ o nXp�6DZJIJ@BP�QE:[I\A¥=J6#4EA26D@5Ðc_JC%z2P24E6#@B]t_�;>M2IJ:<;U6IJ½�CE;>M26#sw6u_`A58ÑQ7M56uz2M�]�C7:<;#_`@/4E6DC7P2@[QEC�_J476:BA�Zm_J47:<_`A�QDÄ
��³_��³¥ø�`]>A@wö<;
G A _ ;#IJswz2@B6#sw6#A�QE_J47]e_`z2z2@B:<;#_mQE:[I\A�Fw:¡Q*Ðc_JCÆI\N�hC76#4EZJ698¾Q7M�_mQ¥Q7M56TM26D_iZ�]�q�P5_J47=*s¥_\C7C¥;#IJP2@<8�NO6ÔC76UQ

QEI*à#6D47I¾:BA�;U6D4VQ>_`:BA'z2:[69;U69CLI`½QEM26�M5_J4E8ÁCE;#_`QVQ76D47:BA2H
QE6#4EswCrÐ�:¡QEM2IJP�Qt_`A�]Ô@BI\CECuI`½Y_J;D;UP24>_J;#]JÄÑacM5:BCuswI�8�:[h

2 a6b2c ó¬è�d/è bFegf èZh c f èVë e=b è�iiç c éíì ckj îiè�é j ç ckl ì ckm ë m�n ì b2c é�ç£è�o
épiió ìrq c ë�d b2ckjsb d/èriiéêè�îé mut è c ó¬ókiiéíìíç e ì c f è e�l2l ç mv�cktwe ì ckm ëiéQxsyd/è�è tzlNbFe é ck{ è%ì b è l ç m|m�n9e�l2l ó c èVé1ì m�e ó¬ó jge éíèVé e ë9î�î m è�é«ë m ì
çíè�}|i c ç£è e ëUðXépi jpbSe�l2l ç mv�cktwe ì ckm ëié~

ÿ�;#_`Q7:BIJA¾I`½�Q7M56ÑnXv�?+aeCE;>M26Dst6¥H\I�6DCuN�]ÔQEM26LA5_Jsw6
K�:[swz2@B:[ÿ56D8�hknXv�?+a ÍêK�hªnXv�?+aYÏ�_`A58Ñ;#_`AÑN�6CVP5sts¥_`h
47:Bà#698�_\C%½ÎIJ@B@[ImÐYCDÄ
ø�`�><@wöA;<� 32IJ4�M5_J4E8�hkCE;#_mQ7Q76D47:BA2H�z24EI�;U6DCEC76DC/Ð�:[Q7M�:[A�h

;#IJsw:[A5HÓM56D_iZ�]*q�P5_`4E=�C�I\4¥Ð�:¡QEMÁ:[A�Q76D47A�_`@�IJA2h
C7M26#@B@�;#P�QECYIJAÔ_wM269_iZ�]�q�P5_`4E=L@B:[A26\F2QEM26rM269_iZ�]
q�P5_J47=ts¥_JCEC�;#_JALNO6�C76UQ�QEI�àD6#4EIÑÍ

mQ = 0
Ï1½ÎIJ4

QEM26DC76uz2:B6D;U69Cã2�mäªÄ

G ½�Ð%6r;#IJA5C7:B826#4�QEM26�;#_\CV6uIJ½�} o ? ^ G KSM26D_iZ�]Ñq�P5_J47=z247I�8�P�;�Q7:BIJA�FmQ7M2:<C1sw6D_JA5C�Ð%6�;#_JA�C76UQ
mQ = 0

½ÎI\41Q7M26
o ?ÒQE6#4Es¥C�Í QV → Q

Ï�_JC�QEM2:BC�:BA�ZJIJ@BZJ69C�_JA�:BA5;#IJsw:[A5H
M26D_iZ�]�q�P5_J47=�FJ_JA58tÐ%6Y;D_`A¥C76UQ

mQ = 0
½ÎIJ4�Q7M26�K2W��

Q76#4Es¥C�_\CQ7M2:<CrM�_JCr_JA¾IJA�hkCVM56#@B@�;UP�Q�IJA¾_`A¾:BA�Q76#4EA5_J@
M26D_iZ�]¾q�P5_`4E=Æ@[:BA26JÄ�ÜY6#A�;U6JF�Q7M26�IJA2@B]*;UI\A�Q74E:[N2P2Q7:BIJA
Ð�M2:B;>MÇ4769q�P2:[4E6DC.;#_J@B;#P2@B_`Q7:BIJA'Ð�:[Q7M

mQ

476#QE_`:BA2698':BC
Q7M26r} o ? gV → QQ̄

z24EI�;U6DCECDÄ
3�:BHJP24E6w��82:BC7z2@<_i]�C�_r;UI\stz�_`4E:BC7IJAwI`½�_�;#_`@<;UP5@B_`Q7:BIJA

P5CV:BA2H�Q7M26+nXv�?+a'C7;>M26Dsw6XÐ�:[Q7MÑ_J@[@Os¥_JCECV69C�4E6UQE_J:[A56D8
Z�CDÄcQ7M56tK�hknXv�?+aÇCE;>M26Dst6\åO_\CYz24EIJsw:<CV698/F2QEM26DC76uQ�Ð�I
4769CVP2@[QECws¥_`QE;>M�Q7M24EIJP2H\M2IJP2Q�QEM26�½ÎP2@[@X=�:BA26Dsw_`Q7:<;�476#h
HJ:BIJA�Ä
�/³_��³<>A@wö<;S`

χG AÝQEM26 ;#IJA�ZJ6DA�Q7:BIJA5_J@*:[swz2@B6#sw6DA\Q>_mQE:[I\AÝI`½'Q7M56
M26D_iZ�]�q�P5_J47=up�^+35CDFJÐ�6cs�P5CVQ�ÕV4769C7;D_`@B6�Ö�Q7M56���À�I\47=\6#A
x
Zm_`4E:B_JN2@B6r_JC�Ð�6rM5_iZ\6_Lsw_\C7C7:BZJ6uz5_J4VQEIJAS:[ASQEM26uÿ2h

A5_`@�CVQE_`Q76JÄ¥acM26¥I\47:BHJ:BA5_J@�4E6DCE;#_J@[:BA2H�z247I�;#6D8�P24E6t:BC+QEI
sw_J=J6�Q7M26wCVP5N5C�QE:¡QEP�Q7:BIJA

x → x(1 +m2
c/Q

2)
Ð�M2:<;>M

z247ImZ�:<8�6DC¥_Æ=�:BA26#s¥_`Q7:<;Sz�6DA5_`@[Q�]*½ÎI\4Lz24EI�82P5;U:BA2HÆQ7M56
M26D_iZ�]Ñ;>M5_J47s q\P�_`4E=L:[ASQEM26ÿ5A5_J@�CVQE_mQE6¥ã��`äªÄ%n�CcQ7M56
;>M5_`4Es :<Cwz5_`:B4Vhªz24EI�8�P5;U698¾N�]¾Q7M56

g → cc̄
z247I�;#6DCEC#F

Q7M26D476¥_`4E6�_\;�QEP5_`@B@[]SQ�Ð�IS;>M5_`4Es q\P�_`4E=�C+:BAÔQEM26tÿ5A5_`@



� �����
	�������
������	�����	����

2 5 10 20 50 100
0

0.01

0.02

0.03

Q  (GeV)

FFN
ZM-VFN

 

ACOT
S-ACOT

3�:[H\P2476D�5ÄÓv%I\stz�_`4E:BC7IJAÓI`½XCE;>M26#sw69C½ÎIJ4t} o ?"^ G KM26D_iZ�]Ôq�P5_J47=Tz24EI�8�P5;UQ7:BIJAÆ_JC_.½ÎP2A5;�QE:[I\AÆI`½
Q
ÄtÙÓ6

8�:<CVz2@<_i]¾;#_J@B;#P2@B_`Q7:BIJA5C�P5C7:[A5HÔQ7M56SnXv�?+aF«K�hknXv�?+aF
3�:¡Ã�6D8�hª3�@<_iZJIJ4È}XP2s�NO6#4
Íí313�}+Ï�F�_JA58��O6#4EI`hkRÔ_\C7C
P�_`4E:B_JN2@B6á3�@B_iZ\IJ4 }YP5s�NO6#4 Ís��RShsP�31}�Ï C7;>M56#sw6DCDÄ
acM26ÁnXv�?+a _`A58 K�hknXv�?+a 4769CVP2@[QECÓ_`4E6�Z�:B4VQEP5_`@B@B]
:B826#A�Q7:<;#_J@íÄ

C�Q>_mQE6u�'IJA26YÐ�M5:B;>ML:<C%IJN5C76#4EZJ698�:BA¥QEM26�C76#sw:[hê@B6#z�QEIJA2:<;
8�6D;D_i]JF1_`A58ÆI\A26¥Ð�M2:<;>M¾HJI�6DCu82ImÐ�AÆQ7M26LNO6D_JsÅz5:[zO6
Ð�:¡QEM¥Q7M56Yz24EI`Q7I\Aw476DstA�_`A�QECDÄ�acM�P5CDF`QEM26X_Jz2z24EIJz24E:B_`Q76
4769C7;D_`@B:[A5HÔ:BC�A2IJQ

x → x(1 + m2
c/Q

2)
N2P�Q�:BA5CVQ769_J8

x → χ = x(1 + (2mc)
2/Q2)

åOQ7M2:<CX4E6DCE;#_J@[:BA2H¥:<CY:Bsth
z2@B6#sw6#A�Q7698L:BALQEM26+nXv�?+a��

χ
CE;>M26#sw6JF\½ÎIJ4�6UÃ2_Jstz5@[6�ã

f�F2�5F�dDäêÄ�acM56�½£_\;�QEIJ4
(1 + (2mc)

2/Q2)
476Dz24E6DC76#A�QECc_

=�:[A26Ds¥_mQ7:<;�C7P2z2z54769C7C7:[I\A�½£_J;�QEIJ4YÐ�M5:B;>MÔÐ�:B@B@�C7P2z2z24E6DCEC
Q7M26r;>M�_`4EsÉz24EI�;#6DCEC�476D@B_`Q7:BZJ6+Q7ItQ7M56u@[:BHJM�Q76D4Yq�P5_`4E=�C#Ä
�/³���³¥ôTº%E+$�·m¼£»Jù5ú�@�¸�E+��ù�·m¼�7D¸Oµ
Ü�_iZ�:[A2HÒ:BA\QE47I�8�P�;U6D8�Q7M26ÓZm_`4E:[I\P5CÑQ7M26DIJ4E6UQ7:<;#_J@:BCVh

CVP56DCÆÐ�M2:<;>M×6#A�Q76D4¿QEM26�;#_J@B;#P2@<_mQ7:BIJAeI`½�Q7M26ÁM269_iZ�]
q�P5_`4E=Lz24EI�;U6DCECDF�Ð%6u:B@[@BP5CVQ74>_mQE6�QEM26rA�P2sw6#4E:<;#_`@�C7:Bà#6I`½
Q7M269CV6Y;>M5IJ:<;U6DC�½ÎI\4�QEM26Y;#_\CV6�I`½�^ G K�M269_iZ�]rq\P�_`4E=uz247IJh8�P5;UQ7:BIJA�Ä
G A 3�:[H\P2476Áf�Ð�6�82:BC7z2@<_i]ÇQEM26Á;>M5_`4EsüC�QE47P5;UQ7P24E6

½ÎP2A5;UQ7:BIJA
F c

2 (x, µ)
½ÎIJ4Ô_ÒZm_`4E:[6#Q�]�I`½¥CE;>M26#sw6DCS_JA58

IJ4>8�6#4>CDÄ
LO

476Dz24E6DC76#A�QECXQ7M26 O(α0
s) QV → Q

z24EI`h
;U69C7CDÄ

NLO
:BA5;U@BP58�69C�Q7M26 O(α1

s)
z247I�;#6DCECV69C%Í£z247:Bs¥_`47h

:[@B]
gV → QQ̄

Ï�:[A.Q7M56+s¥_\C7C7@[69C7C�_`z5z247IiÃ�:Bs¥_mQ7:BIJA�Ä G AQ7M26�3�:[Ã�6D8�hk3�@B_iZ\IJ47hkK2;>M26#sw6wÍ£313«K2ÏcQEM26rM269_iZ�].q\P�_`4E=
p�^+3�:<CYC76UQYQEI¥à#6D47I�å2M26#A�;U6JFO_mQ O(α1

s)
Q7M2:<CYI\A2@[].476#h

;U6D:[Z\6DC�;UIJA�QE47:BN2P�QE:[I\A5C«½Î4EIJs
gV → QQ̄

Ä�acM26�nXv�?+a
_`A58tK�hknXv�?+a*C7;>M56#sw6DC�_`4E6�Z�:B4VQEP5_`@B@[]:<8�6#A�QE:B;D_`@��ÒQEM26
;UP24EZJ69CY_`4E6u:BA58�:<C�QE:[A2H\P2:<CVM5_JN2@B6u:[ASQEM2:BCXz2@BI`QDÄc3�:[A�_`@B@[]\F

3�:BHJP24E6Ôf�Ä'v�_`@<;UP2@<_mQE:[I\A�I`½+^ G K�M269_iZ�]*q�P5_J47=Æz24EI`h82P5;�QE:[I\A.½ÎI\4Y_tZi_J47:B6UQ�]ÑI`½�CE;>M26Dst69C#Ä

QEM26w:[swz2@B6#sw6DA\Q>_mQE:[I\AÔI`½�QEM26
χ
hªz24769C7;#47:Bz�QE:[I\AS½ÎIJ4+Q7M26

K�hªnXv�?+a�CE;>M26Dst6wÍ QEM26unXv�?+a�h
χ
Ð%I\P2@<8L]�:[6D@B8Ñ:B826#A�h

QE:B;D_`@+4769CVP5@¡Q>CEÏLz247ImZ�:<8�6DCÑCVI\st6Ó_J8282:¡QE:[I\A5_`@+CVP2z5z24769C�h
C7:BIJA�:BA�Q7M26�476DHJ:BIJA

µ ∼ mQ

Ä�a�IÔQEM2:<CwIJ4>8�6#49F«IJP24
NO6DCVQ�Q7M26DIJ4E6UQ7:<;#_J@569C�QE:[s¥_mQE6�IJ½/Q7M26�Q74EP26+;U4EI\CEC�C76D;�QE:[I\A
Ð�IJP5@B8¾NO6Ñ6D:¡QEM26#4�Q7M26�nXv�?+a�h

χ
IJ4�69q�P2:[Zm_J@[6DA\QE@[]¾K�h

nXv�?+a�h
χ
Ä

a�IrCV6D6cQ7M26�6#ØO69;�Q�IJ½�QEM26DC76Y8�:[ØO6D476DA\Q�4E6DC7P2@[QEC1:BAwQ7M26
;#IJA�Q76#Ã�Q�I`½2_cHJ@BIJN5_J@iÿ2Q�Ð�6�8�:<CVz2@<_i]YQEM26�4E6DC7P2@[QEC�½ÎI\4/Q7M26
v�acÞcÊ+�JRÝ_`A�8Tv�acÞcÊ+�JÜ+Ê p�^+35C+CV6#QEC�:BAÔa�_`N2@B6¥lJÄ
��IJQ7MwQ7M56Yÿ2Q>C�P5C7:[A5H�_r;UI\A5C7:BCVQ76DA\Q�_Jz2z2@B:B;D_mQE:[I\A¥I`½�Q7M26
nXv�?+aÈ_JA58

MS
C7;>M26Dsw6DC�]�:B6#@<8¾H\I�I�8¾4E6DC7P2@[QECDÄ G A;#IJA�Q74>_JCVQDFO:[½�Ð%6�sw:BC7s¥_mQE;>M�Q7M26wCE;>M26#sw6�P�CV698T:[A�Q7M26

p%^�3ÈÐ�:[Q7M�Q7M5_`Q�:BA'Q7M56Ó;#47I�C7CLC76D;UQ7:BIJAÂ;D_`@<;UP2@<_mQE:[I\A
Ð�6¥IJN�CV6D47Z\6t_T8�4>_`s¥_`Q7:<;�:BA5;#4769_JC76t:BAÓQ7M26

χ2
Zm_`@BP26DC

I\N�QE_J:[A56D8/Ä1acM2:<C14769CVP2@[Q«P2A58�6D4ECE;UI\4769C�Q7M26�:Bswz�I\4VQ>_`A5;#6
IJ½�P�CV:BA2Hwz24EIJzO6#4E@[]Ls¥_`QE;>M2698.;D_`@<;UP2@<_mQE:[I\A5C#Ä
��³_��³<*'$�ù�,�.�/¥º�ù�·2197Lù�¶w¶�"%$?;�$-,2ù2¶#·m¸�µ
G A�QEM26�z5476DZ�:BIJP�CÑ8�:<C7;#P5CECV:BIJA'Ð�6ÔM5_iZ\6Ôz24E:[s¥_`4E:B@[]½ÎI�;#P5CV698ÒIJA'^ G K�z24EI�8�P5;UQ7:BIJAÁI`½+M26D_iZ�]�q�P5_J47=�Ct½ÎIJ4:B@B@[P5CVQ74>_mQE:[Z\6�z5P247zOI\C76DCc_\C�QEM26+½ÎIJ4Esw_J@[:<C7sÈ:BC�6D_\CV:B6#4%Q7I

@<_i]JI\P�Q�Ð�M56#AÔQEM26#4E6t:BC+IJA5@[]Ô_�CV:BA2H\@[6�M5_J8�4EIJA�:[A¿Q7M26
:BA2:[Q7:<_`@rCVQE_`Q76JÄÈ}X6#ZJ6D4VQEM26#@B6DCECDFYQ7M56ÓCE_`sw6�z547:BA5;U:Bz2@B6DC
QEM5_mQSÐ�6�M5_iZ\6TP5CV698�:BA'Q7M56ÔQ7M56Ó^ G K�;D_JC76�;#_JA�N�6_Jz2z2@B:[698¥QEIrQ7M�_mQ%IJ½/Q7M26+M5_\8�47I\A�hªM5_J8�4EIJAw:BA2:[Q7:<_`@�C�Q>_mQ76
_\C�_`z2z547I\z247:<_mQE6X½ÎI\4cQ7M26ra�6#Zm_`Q74EIJAS_`A58ÑQ7M26 o Ü+v�ÄÜY:<CVQ7IJ4E:<;#_`@B@B]JF�Q7M26uz547698�:B;UQ7:BIJA5C�IJ½�N�hªz24EI�82P5;�QE:[I\A._mQ
M�_J8�4EIJA�hªM5_\8�47I\AÇ;#IJ@B@[:<8�6#4>C�M5_iZJ6ÆNO6#6DA _Á;>M5_J@[@B6#A5HJ6Jå
QEM26T6D_J47@B]¾4E6DC7P2@¡Q>Ct½Î47I\sÝQ7M56Sa�6#Zm_`Q74EIJAÒÐ%6D476S_¿½£_J;�h
QEIJ4tI`½+gTQ7IÓ�Ô@<_`4EHJ6#4�Q7M5_JA¾Q7M56ÑQEM26#I\476#Q7:<;#_`@�z24E6D8�:<;�h
QE:[I\A5CDÄ�} o ?�Êuv�^Á;UI\474E6D;UQ7:BIJA5C�Q7I�Q7M26 o ? gg → QQ̄
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ø�$\¶ ����¸O¼£µ�¶N7 @�;�OS/D�K*�/ @(;=OM/A��J ��J ⊗ � J �K*�/ ⊗ � J
� OZ�Tø l9j�� j5Ä â5l j5Ä â\� g2Ä ��� �2Ä�d`g
*Æ² ����� l\Ä j�g l\Ä j�� l\Ä fJj lJÄ¬gJg

;�ö<;�>Ñõ lDâ�gJf l\Ä j�� l\Ä j\� l\Ä gJ� lJÄ �Jj
a�_`N2@B6wl
a�_`N2@B6�IJ½

χ2
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nXv�?+aÁCE;>M26#sw6JF�_`A58�v�acÞ�Ê+�JRßp�^+3ÆP5C7:[A5HuQ7M26+à#6D47IJhês¥_\C7C�Ís��R�Ï
MS

CE;>M26#sw6\Ä�ÙÓ6XA5I`Q76YQ7M26�:[A5;#4769_JC76D8
χ2
½ÎI\4

sw:[Ã�698ÑCE;>M26#sw69C%P�CV:BA2HÑv�acÞ�Ê+�JR
Ð�:¡QEM�Q7M26r{R nXv�?+a�C7;>M56#sw6JF2_JA58¥QEM26�v�acÞ�Ê+�JÜÊËÐ�:[Q7M.Q7M26���R C7;>M56#sw6JÄ

z24EI�;U69C7C«Ð�6#4E6�½ÎI\47sw:<82_`N2@B6�_JA58¥]�:B6#@<8�6D8¥@<_`4EHJ6Y;#IJ4E4769;�h
QE:[I\A5C�ãJ��F\â2F2lDj�F�lJl`F5l9g9äªÄ G Q�:<C1:BA\QE6#4E6DCVQ7:BA2H�Q7IIJN5C76#4EZJ6QEM5_mQ�:¡½rQEM26ÓM26D_iZ�]Áq\P�_`4E=�p�^+3×:<CLQ>_`=J6DA�:BA\QEI�_\;�h
;#IJP2A�Q�C7I�Q7M5_`Q�Q7M56 o ?�;#IJA�Q74E:[N5P�Q7:BIJAu;UI\A5C7:BCVQEC�I`½�N�IJQ7M
gg → QQ̄

_`A�8
gQ→ gQ

FDQ7M26DAQ7M26�;#IJswz2P�QE6D8} o ?;#IJA�Q74E:[N5P�Q7:BIJA5C�Í£Ð�:¡QEML_`z2z547I\z247:<_mQE6�C7P2N�QE4E_\;�QE:[I\A5CEÏ�_J476
QEM26#4E6#N�]X4E6D82P5;U698uCVP2H\HJ69C�QE:[A2H�:Bswz24EImZJ6D8;#IJA�ZJ6D47H\6#A5;#6
IJ½�Q7M26�z�6D4VQEP24EN5_mQE:[I\AuQ7M26DIJ4E]wã�l9��F�l|�5F�l9f�F2l9��F�lid�F�lD�iäªÄ
|�6U½�Ä�ã/lDâiä�zO6#47½ÎIJ4Es¥C�_wCV]�CVQ76#s¥_`Q7:<;+;#IJswz5_J47:<CVI\ALI`½

QEM26�{RShsP�31}�KL_`A58D��RThpP+3�}+KtP5C7:[A2H�4769CVP2@[QEC�I`½�_`A
P2z�82_`Q76D8Ñ_`A5_J@[]�C7:BC�I`½�M5_\8�47I\A2:<;�N�hªz247I�8�P�;�Q7:BIJA._mQ�QEM26
a�6#Zm_mQE47I\A�Ä�3�:BHJP24E6��.8�:BC7z2@<_i]�C�Q7M56DC76�4E6DC7P2@¡Q>CY½ÎI\4XQEM26
a�6#Zm_mQE47I\A�:BA�QEM26T;U6DA\QE4E_J@�4E_Jz2:<8�:¡Q�]¾4E6#H\:[I\A�_\Ct;#IJsth
z5_J47698ÆÐ�:¡QEM*QEM26Tv�^+3Û82_`QE_�ã1gJj�F%g�lUäêÄ¾acM26�4769CVP5@¡Q
:<C1Q7M�_mQ�QEM26�ÿ5A2:[Q76�s¥_JCEC«6UØ�6D;UQEC�swI�8�6D4E_`Q76#@B]�6DA2M5_JA5;U6
QEM26

pT

8�:BCVQ74E:BN2P�Q7:BIJA�:[AÆQEM26L4E6#HJ:BIJA
pT ∼ 2mH

N�]
_JN�I\P�Q�g`jI�ÑFc_JA58ÒQ7M5:BC.6#A2M�_`A5;#6#sw6#A�Q.8�69;U4E6D_\CV69C¥_mQ
@<_`4EHJ6D4

pT

Ä 35IJ4.:[A�Q76D47sw698�:B_`Q76SQEI*@B_J47H\6
pT

Zi_J@[P56DC
Í
pT > mH

ÏtQEM26TQEM2476D6�;#_J@B;#P2@<_mQ7:BIJA�CTÍí{RShsP�31}�K/F
��RThpP+3�}+K�F23131}�Ïcs¥_mQ>;>M�q�P2:[Q76r;#@[I�CV6D@[]\F�_`A58S_`4E6+:[A
H\I�I�8�_`H\476D6#sw6#A�QYÐ�:[Q7MSQ7M56�82_mQ>_2Ä�v%IJA�ZJ6D4EC76#@B]JF�:[½«Ð%6
P5C76�QEM26c3�31}Ò4E6DC7P2@¡Q�Ð�:¡QEMrQEM26%M5:BCVQ7I\47:<;�Zm_`@BP269C�½ÎI\4�QEM26
p�^+3Ò_`A58

αS

Ð�6ÿ5A58�QEM2:BCXz24E6D8�:<;�QE:[I\AT:BC�4EIJP5HJM2@B]._
½£_\;�Q7I\4cI`½«��NO6#@BImÐ�QEM26r82_`QE_2Ä
acM26�6UÃ2;U6D@[@B6#A�Q«_`HJ4E6#6Dsw6#A�Q�NO6UQ�Ð�6#6DAt82_`QE_+_`A58rQ7M26#h

I\47]Ñ½ÎIJ4YQEM2:<CXz24EI�;U69C7C�:<C+_`AT:BstzOIJ47QE_JA�Q�_J;>M2:B6#Z\6#sw6#A�Q
_JA58T4E6#z24E6DC76#A�QECYQ7M26t;UP2@Bsw:[A�_mQ7:BIJA¿I`½�s¥_`A�]S]J69_`4>C�I`½
6#ØOI\4VQwN�]*N�IJQ7MÒQ7M56SQ7M26DIJ4E6UQ7:<;#_J@�_`A58�6UÃ�zO6#4E:[sw6#A�Q>_`@
;#IJsws�P2A5:¡Q�]\Ä

��³¥ø�»2"8$IE+$I7wº%7�$�¹��ª¸5· � úí¸K�1ù2ú�>Ñµ�ù2ú�.979¼H7
acM26ÂnXv�?+a CE;>M26#sw6Ç_JA58×Zm_`4E:B_JA�QEC*Ð�6#4E6'P5C76D8

½ÎI\4.QEM26�v�acÞ�Ê C76#4E:[69C�I`½�H\@[I\N5_`@p�^+3×ÿ2Q>C#Ä � 35IJ4
QEM26¥RÔ|XK�aX~`R�K�acÙ C76#4E:B6DC+I`½�HJ@BIJN5_J@�p%^�3Âÿ2QEC+QEM26

3 � l è j�c  Fjge ó¬ó ð|y�¡8¢�ò%£�d e é<iiéêè�î n�m çA¢�£8¤
¥§¦u¨§¥�y e ëiî©�|o¡8¢�ò%£�o χ d e é�iiéíèVî c ëS¢�£�¤�¥§¦N~ ª e ëiî=¢�£�¤�¥§¦N~ ¦N~

p p
–
 → B+ X

√S = 1.96 TeV
-1 ≤  y ≤ 1

GM-VFN
ZM-VFN
FFN (no FF)
FFN (old Input)

µi=mT, mb=4.5 GeV

pT (GeV)

dσ/dpT (nb/GeV)

1

10

10 2

10 3

2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

3�:BHJP5476Ó�2ÄÈ324EIJsý|�6#½�Ä+ãl9âiäêFXQ7M26¿Q74>_`A�CVZ\6#4>CV6ÔswIJh
st6DA�Q7P2s 82:BCVQ74E:[N5P�Q7:BIJA

dσ/dpT

½ÎI\4
pp̄ → BX

_mQ
√
s « l\Ä â\��a�6QP�Ä`acM26Y4E6DC7P2@[QEC�_J476�C7M2ImÐ�At½ÎIJ41Q7M56�{+6#A�h6#4>_`@�R�_JCEC�Íê{R�ÏwP�_J47:<_`N5@[6�3�@<_iZJI\4X}YP2s�N�6D4tÍHP�31}�Ï

C7;>M26Dsw6¿_`A�8'Q7M56¬�O6D47IÒRÔ_JCEC�Ís��R�ÏDP�_`4E:B_JN2@[6Ó3�@B_`h
ZJIJ4�}YP2s�N�6D4uÍ�P�31}+Ï%CE;>M26Dst6\Ä�n�858�:¡QE:[I\A5_`@B@B]JF�4769CVP5@¡Q>C
_`4E6�C7M2ImÐ�A*½ÎI\4tQ7M26T3�:¡Ã�698�3�@<_iZJIJ4w}YP5s�NO6#4ÔÍ£3131}�Ï
C7;>M26Dsw6rÐ�:¡QEMÔNOI`Q7MT4E6D;#6#A�QXp�^+35CtÍ£82I`QVhk82_\CVM2698S@[:BA26iÏ
_`A58ÔQ7M26wM2:<C�QEIJ4E:B;D_`@�p�^�3�C¥Í£8�IJQVQE6D8¿@[:BA269ÏUÄ�acM26w82_mQ>_
:BCc½Î4EIJsÉQ7M26�v�^+3�;#IJ@B@B_JN�I\4E_`Q7:BIJA�ã5gJj�F�g2l�äêÄ
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3�:[H\P2476ud�Ä1^X:<_`H\4E_Jswsw_`Q7:<;Y;UI\swz5_`4E:BC7IJAwIJ½/a�|Â_`A58LnXv�?+a�Q�]�zO6�CE;>M26#sw6DC�½ÎIJ4%Q7M26+;#_\CV6YIJ½�^ G K/Ä�acM2:<C�8�:B_JHJ4>_`se:BCC7;>M56#s¥_mQE:B;cQEIr6#swz2M�_JC7:[àD6cQ7M26+CV:Bsw:[@<_`4E:¡QE:[69C�_`A�8¥8�:¡Ø�6#4E6#A�;U6DCDÄ1acM26Y@B6D_J82:[A2HJhêI\4E826#4YÍ o ?Ï1z24EI�;U6DCEC1:<C�_ O(α0
s)
N�I�CVI\A

C7;D_mQ7Q76#4E:BA2Ht½Î47I\s _wM269_iZ�].q\P�_`4E=OF�6\Ä H�Ä
γQ → Q

å�Q7M56�} o ? O(α1
S)
;UI\474E6D;UQ7:BIJA�_`4E:BC76DC�½Î4EIJs

γg → QQ̄
F�_JA58.Q7M26

}X} o ? O(α2
S)
;UI\474E6D;UQ7:BIJA�_`4E:BC76DC%½Î4EIJs

γg → QQ̄g
Ä

acM2IJ4EA26#hª|�I\N�6D4VQ>CYÍ£a�|�Ï�CE;>M26#sw6�Ðc_JC«P5C76D8�Ä1n�C«QEM26DC76
Q�Ð%ILC76UQ>CYIJ½�p�^+35C+_`4E6Ð�:B826#@B].P5C76D8S:[QX:<C�I`½«:BA�Q76#4E6DCVQ
Q7IÔ;#IJswz5_`4E6�_JA58Ó;UIJA�QE4E_\C�Q+Q7M269CV6¥_Jz2z24EI\_J;>M56DCDÄ�3�:[HJh
P24E6�d�82:BC7z2@<_i]�C�_w8�:<_`H\4E_Jswsw_`Q7:<;�;#IJswz5_J47:<CVI\AÑIJ½�QEM26
a�|Ýã�gJg�FXgJ�iä_JA58'nXv�?+a Q�]�z�6�CE;>M26Dst69C#ÄÛÙ'M5:[@B6
Q7M269CV6�C7;>M26Dsw6DCcs¥_i]._Jz2z�69_`4Yq�P2:[Q76�82:¡Ø�6#4E6#A�QX_mQXÿ54ECVQ
HJ@<_`A5;#6JF%Q7M26D]Ò82:¡Ø�6#4LN�]�M2:[H\M26#47hªIJ4>8�6#4�Q76D47s¥C¥Ð�M2:<;>M
Ð�:[@B@�NO6�4E6D82P5;U698�_JCtÐ�6.:BA5;#4769_JC76LQ7M56�I\4E826#4tI`½XI\P24
z�6D4VQEP24EN5_mQE:[I\AÑQEM26#I\47]\Ä
G A�z�6D4VQEP247N�_mQ7:BIJAQEM26#I\47]\FiÐ%6�;#IJswz2P�QE6�IJP54�IJN�CV6D47Z�h_`N2@B6DCuQ7I�_�ÿ2Ã�698¿I\4E826#4

N
:[A
αS

å«M26#A5;#6JF�Ð%6wQE47P2A2h
;#_`Q76LQEM26ÑzO6#47Q7P547N5_`Q7:BIJA*6#Ã�z5_`A5C7:BIJA¾_mQ O(αN

S )
F�_JA58

Ð%6SM5_iZ\6ÑA26DHJ@B6D;UQ76D8*Q76D47s¥CwI`½�IJ4>8�6#4 O(αN+1

S )
Ä G AN24E:[6#½�FiQ7M26�8�:¡Ø�6#4E6#A�;U6�NO6UQ�Ð�6#6DAQ7M269CV6�Q�Ð%IX_Jz2z24EI\_\;>M26DC

_`swIJP5A\Q>CYQEI�_\828�:BA2H.82:¡Ø�6#4E6#A�Q O(αN+1

S )
M5:[H\M26#4+IJ47h

8�6#4�QE6#4EswCDÄ«acM�P5C#F�QEM26DC76YQ�Ð�I�_Jz2z24EI\_J;>M56DC�Ð�:B@B@�_JHJ4E6#6
IJA�Q7M26w;UI\A\QE47:BN2P�QE:[I\A5C�P2zÔQEI O(αN

S )
ÄuÙÓ6�Ð�:B@[@1A2ImÐ

476DZ�:[6DÐ¿QEM26�swI`QE:[Zm_`Q7:BIJAr_`A�8u;UIJA�CV69q\P56#A5;#6DC/IJ½�_\828�:BA2H
Q7M26r82:¡Ø�6#4E:[A5H¥M2:[H\M26#4�I\4E826#4�Q76D47s¥CDÄ

��³£²O³¥õ$�ù2¹�¼£µ%®�`Uöw·m¹%$\·�¯Võ�ö6°
(α0

S)G ½cÐ%6¥Ð�IJ4E=Ô_mQ o 6D_J82:[A2HJh�?�4>8�6D4±�Í o ?Ï α0
S

F�Ð�M26DA
QEM26+M26D_iZ�]wq\P�_`4E=tp%^�3Æ:<Cc_`A�Õ7_J;UQ7:BZJ6�ÖYz5_J4VQEIJAÔÍÎQ�]�z5:¡h
;D_`@B@[]

µ > mH)
Q7M26 o ?Á;UI\A\QE47:BN2P�QE:[I\A�:<C γ+Q→ Q

Ä
ÜXImÐ%6DZJ6D4DF.Ð�M26#AÈQEM26ÂM56D_iZ�] q�P5_J47=ep�^+3 :BC³²r´�µ
_JA*ÕV_\;�Q7:BZJ6UÖ�z5_J4VQEIJA Í Q�]�z2:<;#_J@[@B]

µ < mH)
Q7M26 o ?;#IJA�Q74E:BN2P�Q7:BIJAÇZm_`A2:<CVM56DCDÄá32I\4.QEM26¾nXv�?+a-CE;>M26#sw6JF

A5IÔM2:BHJM26D4rIJ4>8�6#4QE6#4Es¥Cr_`4E6L_J82826D8¿Q7ITQEM2:<Cr4E6DC7P2@¡Q>C#Ä
ÜX6#A5;#6Ò½ÎIJ4¾C7;D_`@B6DC

µ < mH

FtQ7M26 o ? _`A5C7Ð�6#4Ó:BC
àD6#4EI¿_JA58*Ð�6Ñ6#Ã�zO6D;UQt@<_`4EHJ6.;UIJ4E4E6D;�QE:[I\A5CuQEI�QEM2:<C�4E6Uh
C7P2@[Q%_mQ�} o ?�Ä�32IJ41QEM26Xa�|'CE;>M26#sw6\FJ_z�I\4VQE:[I\AwI`½�Q7M26
γg → QQ̄

;#IJA�Q74E:BN2P�Q7:BIJA�:<C�_J828�698/å�½ÎI\4
µ < mH

Q7M26
½ÎP5@[@

γg → QQ̄
QE6#4Es :<CX:BA5;#@[P5826D8/F�_`A58�½ÎI\4

µ > mHQEM26
γg → QQ̄

QE6#4Es ½Î47I\à#6#A�_mQ
µ = Q = mH

Q7I
_iZ\IJ:<8¿_JA�]�8�:�¶¥;#P2@[Q�]�Ð�:[Q7MÆ@B_J47H\6w@[I\H\_`4E:[Q7M2s¥C+I`½�Q7M26
½ÎI\47s

ln(mH/µ)
Ä

v%IJA�CV69q\P56#A�Q7@B]JF�:BA*QEM26
µ < mH

476DHJ:BIJA¾QEM26Sa�|
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CE;>M26#sw6+]�:[6D@B82Cc_�ÿ5A2:[Q76 o ?Ë4769CVP5@¡Q�Ð�M2:B@[6+QEM26unXv�?+aCE;>M26#sw6�]�:B6#@<82C�à#6D47I�Ä�Ù'M5:[@B6N�IJQ7M.CE;>M26Dst69C�½ÎI\47s¥_J@[@B]
_JHJ4E6#6�_`Q O(α0

S)
F�;U@B6D_J47@B]�Q7M26 O(α1

S)
QE6#4EswC;D_`A�NO6

:Bswz�I\4VQ>_`A�QDF�z5_J4VQE:B;#P2@<_`4E@[]¥:BA�Q7M26
µ < mH

4E6#HJ:BIJA�Ä
��³_��³tô'$)º/¶|`7¶D¸K`Eõ�$�ù2¹�¼íµ8®K`�ö¥·m¹8$�·�¯�ôTõcöD°

(α1
S)G ½2Ð%6�Ð%I\47=+_mQ�} o ? (α1

S)
F9½ÎIJ4�Q7M26�@BImÐ

µ
4E6#H\:[I\AuÐ%6

A2ImÐÇ:[A�;U@BP58�6
γg → QQ̄

_\CcÐ%6D@[@�_JCcQEM26
γ +Q→ Qz24EI�;U69C7CDÄ » G ½�Ð�6u_`H�_`:BAÑ@BI�I\=¥:[A�QEM26u476DHJ:BIJA µ < mH

F
Ð�6�ÿ�A58�Q7M5_`Q1Ð�M5:[@B6cQ7M26�nXv�?+a�C7;>M26Dsw6%]�:B6#@<8�6D8�à#6D47I
_`Q o ?�F�:[QYA2ImÐ�I\N�QE_J:[A�C�_�ÿ5A2:[Q764E6DC7P2@[Q�_`Qc} o ?�Ä235IJ4QEM26Xa�|�CE;>M26#sw6\F\:BAL_J8282:¡QE:[I\A¥Q7IuQEM26�_JN�ImZ\6cQ76D47s¥CDF�_
zOIJ47Q7:BIJATIJ½«Q7M26

γg → gQQ̄
;#IJA�Q74E:[N5P�Q7:BIJAT:<C�_\828�698/å

_JH\_`:BA�F�½ÎI\4
µ > mH

QEM26
γg → gQQ̄

Q76D47s":BC�½Î47I\à#6#A
_`Q
µ = Q = mH

QEI�_iZ\IJ:<8¥_`A�]t82:�¶L;UP5@¡Q�]wÐ�:[Q7MÑ@<_`4EHJ6
@BIJH�_`4E:¡QEM2s¥C#Ä
nXCTNO6U½ÎI\476\FrNOI`Q7M QEM26�a�| CE;>M26#sw6*_`A�8ÛnXv�?+a

CE;>M26#sw6«½ÎI\47s¥_J@[@B]�_JHJ4E6#6�_`Q O(α1
S)
FmN2P�Q�QEM26#]Ð�:B@[@�8�:[½ h

½Î6D4«N�]rQ7M26�C76#z5_J4E_`Q76c}X} o ? O(α2
S)
Q76#4Es¥C�Q7M5_`Q«M5_iZJ6

NO6#6DA�:BA5;#@[P5826D8/Ä G AT;UI\A\QE4E_\C�Q�QEIwQ7M26 o ? ;#_JC76uÐ�M26D476QEM26YnXv�?+a�CE;>M26Dst6�]�:B6#@<8�6D8tàD6#4EI�½ÎI\4
µ < mH

F\N�IJQ7M
CE;>M26#sw69C�HJ:BZJ61ÿ5A2:[Q76%4769CVP5@¡Q>C/:[Ar_J@[@J=�:BA26Dsw_`Q7:<;«4E6#HJ:BIJA�C#å
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