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Quarkonium productions

Quarkonium production have been studied by

© Kuang-Ta Chao group
@ Yu Jia group

© B. A. Kniehl group

© Cong-Feng Qiao group
© Jian-Xiong Wang group
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Quarkonium productions

NLO J /v at LHCb, Chao/Wang/Kniehl, 1506.03981

s 7
< F LHCb Vs=7 TeV ~= 7
0.8F =%
E ENLO NRQCD(1 E
0.6 }%NLO NRSCDEZ; \\\\\\ =
0.4 E-BINLO NRQCD(3) \\\ ﬁ
0.2 ffaNLO(S \\\\\mmm\HH\\HHHH\HHHH\HHHHHHHHH{
= \W/WW\W
02f 4 —4 ——
04 T » 3
06F  25<y<40 A
-0.8 =
1E ! ! 3
0 5 10 15
pT(J/\u) [GeV/c]

<

Quarkonium associated production and MPI




Introduction

CO LDMEs, 1212.2037
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Double J /¢ at CMS, 1404.4042
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Double J/¢ at CMS, 1410.8822
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Double J/«, 1410.8822

Energy and quarkonium cuts Tep ”igﬂmmm "::j )]‘n'r;mm o-DPS.prompt /\,/2
LHCb 5 = 7 TeV, P{"* < 10 GeV, 18 +5.3 pb 4173} pb 46738 3153 pb 05-12
2<y, <5[34]
V5 = 196 TeV, P42 > 4 GeV, SPS:70£23fb 53737 fb 17031 b - -
DO
[1741 < 2.0 [12] (+ p cuts in caption) DPS: 59 +23 fb - - 45T b 0.06 - 0.5

CMS Vs =7 TeV, P'f'” > 65— 45GeV | 525+£052pb 03502 pb  1.5'22 pb  0.69707(*00) pb  1.09 - 1.14
depending on |y, ,| € [0,2.2] (see the
caption) [35]

19748(+22) fb N/A

ATLAS 5 =7TeV, P}'* > 5GeV and ly,,,| < - 6431 367 fb o8

2.1 (+ p cuts in the caption) [48]
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Quarkonium production and double parton scattering

Many quarkonium associated production processes seems
to be dominant by Double-Parton Scattering (DPS).

© J/Y+W andJ/i+Z , (ATLAS, arXiv:1401.2831,
1412.6428)
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Quarkonium production and double parton scattering

Many quarkonium associated production processes seems
to be dominant by Double-Parton Scattering (DPS).

Q J/y +W andJ/y +Z , (ATLAS, arXiv:1401.2831,
1412.6428)

© J/y +charm and T + charm (LHCb, arXiv:1205.0975,
1510.05949)
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Quarkonium production and double parton scattering

Many quarkonium associated production processes seems
to be dominant by Double-Parton Scattering (DPS).

© J/Y+W andJ/i+Z , (ATLAS, arXiv:1401.2831,
1412.6428)

© J/y +charm and T + charm (LHCb, arXiv:1205.0975,
1510.05949)

© J/v +J/v (DO, arXiv:1406.2380; CMS, arXiv:1406.0484)
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Quarkonium production and double parton scattering

Many quarkonium associated production processes seems
to be dominant by Double-Parton Scattering (DPS).

© J/Y+W andJ/i+Z , (ATLAS, arXiv:1401.2831,
1412.6428)

© J/y +charm and T + charm (LHCb, arXiv:1205.0975,
1510.05949)

© J/v +J/v (DO, arXiv:1406.2380; CMS, arXiv:1406.0484)
Q T +J/y (DO, arXiv:1511.02428)
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Double parton scattering and Single parton scattering

SPS and DPS

p

I/

Figure: SPS and DPS of pp — J /¢ + T + X.
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Triple parton scattering
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Figure: TPS of pp — cC + cC + cc (PRL118, 122001).
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The cross sections and ¢ (1708.07519)

The cross sections of n-particle associated production

Then we can get
SPS SPS
nPs _ (M Ohh'Za; ”Uhh’—>a @
Thh'—ay..an = \ ] nPS ’
( O eif )
O eff
1 n—1
—5s :/dsz”(b) 2)
eff
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oDPS (arXiv:1608.01857)
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oDPS (arXiv:1608.01857)
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PromptJ/¢¥ + T @ DO

Prompt J /4 + T(1S,2S,3S) @ DO (arXiv:1511.02428)

oAt = 274+9471b 3)
AT = YT =T @
eff
O eff
Oef = 2.2+07+09mb (5)
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The distribution of the azimuthal angle between the J /¢ + T
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Color-Singlet contributions of 3 /¢ + T

Color-Singlet contributions

Unlike J /+-pair or T-pair production, neither O(ag) nor O(a2)
contributions survive in Color-Singlet Model (CSM).

The approximated Loop-Induced (LI) contribution

The approximated Loop-Induced (LI) contribution in CSM at
O(ag) was estimated in Ref. (arXiv:1503.00246) with in the
specific limit § > [f| > m? .., where § and t are the
Mandelstam variables.
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Color-Octet contributions of 3 /¢ + T

Color-Octet contributions

The process is a golden observable to probe the so-called
Color-Octet Mechanism (COM) (arXiv:1007.3095)

Color-Octet contributions at /s = 115 GeV

The Color Octet (CO) contribution were predicted for
AFTER@LHC energies /s = 115 GeV (arXiv:1504.06531)
with HELAC-Onia (arXiv:1212.5293, 1507.03435).
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Hadroproduction of T +J /v

SPS contributions were absence

However, the exact calculations of the complete SPS
contributions were absence in the literature.

First complete study of T+ J /v

We present the first complete study of the simultaneous
production of prompt ¢» and T mesons by including all leading
contributions, at order O(a2) or equivalent.
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The frame of Calculation
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The frame of Calculation

Cross sections

Hadron and Parton level cross sections

0‘(h1h2—>C—|—B+X) = Zfa/h1®fb/h2
a,b
®4(ab —» C+B+X).  (6)

Parton level cross section

dé(ab—C+B+X) = > 5(ab — cCny] + bb[nz] + X)

Ng,Nz

(0°(n1))(0F(n2)) (7

4
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The frame of Calculation

Matrix elements

Fock States Of J /¢

3/ = o)leest)) + ow2)ce(®si)gg)
+ ow2)ceCPhg) + ow2)ce(tsPhg) + ...

Ve ~ v¢~01-03
ag 0.2
ag ~ VE~VE (8)
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The frame of Calculation

JPC OfJ/por Tare 1~
QED contributions may be important too.
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The frame of Calculation

Color Singlet

The O(ad) and O(a2) contributions to T + ¢ direct production
in CSM vanish because of P-parity and C-parity conservation.

Color Octet

O(advivl) < O(al) withi +) > 4

O(ada?) < O(al) withi +j >4 )
Feeddown for x
O(adviv)) < O(al) withi +j > 4
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The frame of Calculation

Feynman Diagram of SPS

P
T
T T
DR LI EW
¥ Xe
T Xb
NRQCD FD
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Numerical Result of T + J /4
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Direct SPS cross sections @ DO in fb

| iz $(28)
+233% +233%
T(15) 3.58;3%%;% +4.4% 2434;3%;& +4.4%
DR |T(25) 17813%4;2 +4.4% 1‘1716:;}:;;%%2 +4.4%
T(39)| 13675500 £ 4.4% | 089472050 £ 4.4%
+264% +264%
T(1S) 5642158427% +4.7% 36.8152}_4%;6 +4.7%
LI |T(25) 28.07534%/;0 +4.7% 18.47;842(;}(‘ +4.7%
T(3S)| 214720008 £4.7% | 14.072000 £ 4.7%
+75.4% +75.4%
T(15) 1581%_3% +4.6% 1041%_% +4.6%
EW [1(28)| 7.9071655 +4.6% | 51811010 & 4.6%
T(39)| 6.047724% £ 4.6% | 3.96775 1 £ 4.6%
+162% 7 +162%
T(15) 716.61%;‘);0 +4.8% 710'9l?§'297% +4.8%
INTER | T(2S) —8.291?‘22[275/0 +4.8% —5.43;%%/% +4.8%
T(35)|—6.341 1525 & 4.8%|—4.15T 5% £ 4.8%
+138% +138%
Y(18)| 4097855 +4.4% | 174G & 4.4%
COM |T(25) 135fé$30§% +4.4% 57.6:})??1;2 +4.4%
. E +137% +138%
T(3S)| 1971187% 1 4.4% | 8417138% £ 4.4%
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SPS cross sections @ DO & LHCb

CSM COM

Experiment
DR LI EW INTER Set T Set IT Set IIT Set IV

. o= 90 1a+233% c +264% +75.5% +162% A+135% +160% +143% +144%
DO: 27 £ 42.2%|0.0146 70 10.229 7770 10.065 1 dor | —0.068 7 750 12.967 0 | 1417070 | 1.807 5570, |0-418 750 e,
+135% 2 099+262% | aq g+238% |01 9+243% |og 1+243% | ¢ =m+243%

171 6550 | =3-2377560 [38-87 73,0 |21-2 75,69 | 28-1 7350 | 6-57 7509,

5| 9 +391%
LHCb | 0.255+301%

TABLE III: Cross sections o (pp(p) — J/4Y) x Br(J/tp — p* 7 )Br(Y — ptp~) (in units of fb) of prompt J/1) and
T(15,25,3S) simultancous production at the Tevatron in the DO fiducial region [10] and at /s = 13 TeV LHC in
the LHCb acceptance 2 <y, v < 4.5, where we have also included feeddown contributions from higher-excited

quarkonia decay.
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dphi @ DO

prompt J/y+Y(1S,2S,3S) production at 1.96 TeV Tevatron
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dphi @ LHCB

prompt JAy+Y(1S,2S,3S) production at 13 TeV LHC
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T +J/4 + ¢ and TPS

Numerical Result of T +J /vy + ¢

Quarkonium associated production and MPI



T +J/4 + ¢ and TPS

Numerical Result for T +J /¢ + ¢

SPS cross section of T, J/¢, ¢ at LHCb

© Inclusive cross sections of T, J /v, ¢ at /s = 13 TeV at
LHCb is 0.2,15,600 ub for pt(¢) > 2 GeV.
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T+J/¢ + ¢ and TPS

Numerical Result for T +J /¢ + ¢

SPS cross section of T, J/¢, ¢ at LHCb

© Inclusive cross sections of T, J /v, ¢ at /s = 13 TeV at
LHCb is 0.2,15,600 ub for pt(¢) > 2 GeV.
© With the NLO(LO) LDMES, ¢SPS[T + J /4] ~ 8(24) pb,

then oSPS[T + J /4] ~ \/o[T]o[I /4] x a and
as ~ 0.16(0.23) (1605.03061).
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T+J/¢ + ¢ and TPS

Numerical Result for T +J /¢ + ¢

SPS cross section of T, J/¢, ¢ at LHCb

© Inclusive cross sections of T, J /v, ¢ at /s = 13 TeV at
LHCb is 0.2,15,600 ub for pt(¢) > 2 GeV.

© With the NLO(LO) LDMES, ¢SPS[T + J /4] ~ 8(24) pb,

then oSPS[T + J /4] ~ \/o[T]o[I /4] x a and
as ~ 0.16(0.23) (1605.03061).

© SPST +3/¢+ ¢: O(a), very small.
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T+J/¢ + ¢ and TPS

Numerical Result for T +J /¢ + ¢

SPS cross section of T, J/¢, ¢ at LHCb

© Inclusive cross sections of T, J /v, ¢ at /s = 13 TeV at
LHCb is 0.2,15,600 ub for pt(¢) > 2 GeV.

© With the NLO(LO) LDMES, ¢SPS[T + J /4] ~ 8(24) pb,

then oSPS[T + J /4] ~ \/o[T]o[I /4] x a and
as ~ 0.16(0.23) (1605.03061).

© SPS T +3/¢ + ¢: O(a?), very small.
@ DPS T +J/4 + ¢ about 3 x oSPS[T + J /4] "D[,ﬂ 1.4 pb
for pr(¢) > 2 GeV and o5FS ~ 10 mb.
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T+J/¢ + ¢ and TPS

Numerical Result for T +J /¢ + ¢

SPS cross section of T, J/¢, ¢ at LHCb

© Inclusive cross sections of T, J /v, ¢ at /s = 13 TeV at
LHCb is 0.2,15,600 ub for pt(¢) > 2 GeV.

© With the NLO(LO) LDMES, ¢SPS[T + J /4] ~ 8(24) pb,

then oSPS[T + J /4] ~ \/o[T]o[I /4] x a and
as ~ 0.16(0.23) (1605.03061).

© SPS T +3/¢ + ¢: O(a?), very small.

@ DPS T +J/4 + ¢ about 3 x oSPS[T + J /4] "D[,;’i 1.4 pb
for pr(¢) > 2 GeV and o5FS ~ 10 mb.

Q TPST+3/y+ ¢ aboutw ~ 28 pb for
pr(¢) > 2 GeV and o F° ~ 8 mb.
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T+J/¢ + ¢ and TPS

Search for TPSin T +J /¢ + ¢ at LHCb

Estimate the number of events

© Br[T(J/y) — utpu~] = 0.024(0.06) and
Br[¢ — K+*K~] = 0.5.
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T+J/¢ + ¢ and TPS

Search for TPSin T +J /¢ + ¢ at LHCb

Estimate the number of events

Q Br[T(J/v) — ptu~] = 0.024(0.06) and
Br[¢p -+ KTK~] =0.5.

© Integrated luminosity of LHCb is about 4 fo~! at
Vs =13 TeV.
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T+J/¢ + ¢ and TPS

Search for TPSin T +J /¢ + ¢ at LHCb

Estimate the number of events

Q Br[T(J/v) — ptu~] = 0.024(0.06) and
Br[¢p -+ KTK~] =0.5.

© Integrated luminosity of LHCb is about 4 fo~! at
Vs =13 TeV.

© Number of events for T(utp™) + 3 /v(utp~) + d(KTK™)
with pt(¢) > 2 GeV is about 80.
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T+J/¢ + ¢ and TPS

Search for TPSin T +J /¢ + ¢ at LHCb

Q Br[T(J/¢) — ptu~] = 0.024(0.06) and
Br[¢ — K+*K~] = 0.5.

© Integrated luminosity of LHCb is about 4 fo~! at
Vs =13 TeV.

© Number of events for T(utp™) + 3 /v(utp~) + d(KTK™)
with pt(¢) > 2 GeV is about 80.

© We can introduce cut to suppress SPS and DPS
contributions.
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T+J/¢ + ¢ and TPS

Numerical Result for T + J /¢ + ¢ at CMS/Atlas

SPS cross section of T, J/v, ¢ at CMS/Atlas

© Inclusive cross sections of T, J/1, ¢ at /s = 13 TeV at
CMS/Atlas, it 0.4, 30, 1200 ub for pr(¢) > 2 GeV.
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T+J/¢ + ¢ and TPS

Numerical Result for T + J /¢ + ¢ at CMS/Atlas

SPS cross section of T, J/v, ¢ at CMS/Atlas

© Inclusive cross sections of T, J/1, ¢ at /s = 13 TeV at
CMS/Atlas, it 0.4, 30, 1200 ub for pr(¢) > 2 GeV.

@ SPS and DPS are very small.
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T+J/¢ + ¢ and TPS

Numerical Result for T + J /¢ + ¢ at CMS/Atlas

SPS cross section of T, J/v, ¢ at CMS/Atlas

© Inclusive cross sections of T, J/1, ¢ at /s = 13 TeV at
CMS/Atlas, it 0.4, 30, 1200 ub for pr(¢) > 2 GeV.

@ SPS and DPS are very small.

© TPS T +J/4 + ¢: about W ~ 200 pb for

pr(¢) > 2 GeV and olFS ~ 8 mb.
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T+J/¢ + ¢ and TPS

Numerical Result for T + J /¢ + ¢ at CMS/Atlas

SPS cross section of T, J/v, ¢ at CMS/Atlas

© Inclusive cross sections of T, J/1, ¢ at /s = 13 TeV at
CMS/Atlas, it 0.4, 30, 1200 ub for pr(¢) > 2 GeV.

@ SPS and DPS are very small.

© TPS T +J/4 + ¢: about W ~ 200 pb for
pr(¢) > 2 GeV and olFS ~ 8 mb.

© Integrated luminosity of CMS/Atlas is about 40 fb~?! at
Vs =13 TeV.
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T+J/¢ + ¢ and TPS

Numerical Result for T + J /¢ + ¢ at CMS/Atlas

SPS cross section of T, J/v, ¢ at CMS/Atlas

© Inclusive cross sections of T, J/1, ¢ at /s = 13 TeV at
CMS/Atlas, it 0.4, 30, 1200 ub for pr(¢) > 2 GeV.

@ SPS and DPS are very small.

© TPS T +J/4 + ¢: about W ~ 200 pb for
pr(¢) > 2 GeV and olFS ~ 8 mb.

© Integrated luminosity of CMS/Atlas is about 40 fb~?! at
Vs =13 TeV.

@ Number of events for T(utp~™) + 3 /v(utp™) + d(KTK™)
with pr(¢) > 2 GeV is about 6000.
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T+J/¢ + ¢ and TPS

Numerical Result for T + J /¢ + ¢ at CMS/Atlas

SPS cross section of T, J/v, ¢ at CMS/Atlas

© Inclusive cross sections of T, J/1, ¢ at /s = 13 TeV at
CMS/Atlas, it 0.4, 30, 1200 ub for pr(¢) > 2 GeV.

@ SPS and DPS are very small.

© TPS T +J/4 + ¢: about W ~ 200 pb for
pr(¢) > 2 GeV and olFS ~ 8 mb.

© Integrated luminosity of CMS/Atlas is about 40 fb~?! at
Vs =13 TeV.

@ Number of events for T(utp~™) + 3 /v(utp™) + d(KTK™)
with pr(¢) > 2 GeV is about 6000.

© We can introduce cut to suppress SPS and DPS
contributions.
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Summary

Summary

We have performed the first complete analysis of simultaneous

production of prompt ¢» and T mesons including all leading
SPS contributions.

Our work shows that it is in fact most probably dominated by
DPS contributions for DO data.

Finally, we show that T + J /¢ + ¢ at LHC is dominated by TPS.
It may be studied by experimenters.
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Summary

Multi parton scattering

The inclusive cross section to produce n hard particles in
hadronic colliders is a convolution of generalized n-parton
distribution functions (PDF) and elementary partonic cross
sections summed over all involved partons,
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The n-parton distribution function (1708.07519)

It encodes all the 3D structure information of the hadron.

© Assumption 1: the n-PDF are factored in terms of
longitudinal and transverse components,

M = D" (xa, .., % QF, -, QR)F(ba)...f(bn) (1)

@ We can get hadron-hadron overlap function
T(b) = [f(by)f(by —b)d2bs, where 1 = [ T(b)d?b.

© Assumption 2: the longitudinal components reduce to the
product of independent single PDF

DI (Xy, .., Xn: Q2, .., Q2) = Di%(xy; Q2) - - -DI"(xn; QZ) (12)
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