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Quarkonium Production

* Heavy quarkonium produced in high-energy collisions can be
good probes of perturbative and nonperturbative QCD.

e Experiments at the LHC continues to provide us cross section

measurements of guarkonia:
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® Ve need to understand the quarkonium production mechanism.
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Nonrelativistic QCD

 NRQCD provides a description of a heavy quarkonium state |Q)
as nonrelativistic Fock state expansion

Q) = 0(1)|QQ) + O(v)|QQg) + O(v?)|QQgg) + - -

12=(.3 for charmonia, Caswell, Lepage, PLB167, 437 (1986)

12~0.1 for bottomonia. Bodwin, Braaten, Lepage, PRD51, 1125 (19953),
PRDS5, 5853 (1997)

e LOin v:the leading Fock state is QQ in a color-singlet state.

e Contributions at higher orders can involve color-octet states.

e NRQCD have been successfully applied to spectroscopy and
decay processes.
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NRQCD Factorization

e Inclusive production cross section of a quarkonium 9

Short-distance cross sections \ Long-?tance matrix elements
_ A Q
0Q+X — E :O-QQ(n)+X<O (n))
n

 Sum is over the color, spin, and orbital angular momentum states
of the Q0.

e Matrix elements have known scalings in v.

e For a S-wave spin-triplet quarkonium,
Leading order in v: SSF] (color singlet)
Relative orders 3, vt: 1S [8], 39 [8], 3P}8] (/=0,1,2)  (color octet)

e Factorization is expected to be valid at large pr.
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NRQCD Factorization

e At large pr, contribution at leading order in v (color singlet

channel) severely underestimates data.

The gap is filled by color-octet production, which is enhanced

by short-distance cross sections. Braaten and Fleming, PRL74, 3327 (1995)
Cho and Leibovich, PRD 53, 150 (1996)

PRD53, 6203 (1996)

3c18] 3|8
S P
1 J 1 S([)S]

e Color-octet production:

3S£1} 3S£1}

* (Color-singlet production:
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Production of J/vy, 4(25), Y

* Production cross section of a 351 quarkonium V=J/, ¥(25), Y

ov+Xx — QQ(35' )<OV( S[ ])> T O-QQ(3S )<OV( S[ ])>
8] V (3 pl8]
+OQQ(1S([)8)< +JEO:12 QQ(3P 2J—|—1)<O ( PO )>

* The color-singlet matrix element <OV(3S£”)> can be obtained from
decay rates, lattice QCD, or potential models.
©V (s = 2 RO)?

* |tis not known how to compute color—octet matrix elements from

first principles, so they are usually extracted from cross section
data : three unknowns for each 351 quarkonium state.

 “NRQCD predictions” depend strongly on matrix element

determinations
6
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Color-octet matrix elements

* Color-octet matrix elements roughly correspond to probabilities
for color-octet ()() to evolve into a quarkonium.

o

AL =0 AL =1 AS =1

e The 35:8 and 3P;8 channels mix under scale variation :

d V (3 ql8] _6(N3_4)Oés V (3 pl8]
Tog (O C8T) = =5 = OV CRY)
so that the sum of 35118l and 3 P8l channels is physically

meaningful. Usually A=m is taken in the MS scheme.
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Production of J/vy, 4(25), Y

e Matrix element determinations from cross section data rely heavily on
the prshapes. This can be understood from expansion in 1/pr (pr >m)

do g do;
a2 = 2 gz @Dien(am (~1/pr")
T 1=g,q,q T Leading-power fragmentation
do A
QQ(n)
T Z 2 & Docny—m (7 €162, 1) (~1/p1°)
n P Next-to-leading-power fragmentation
-I-O(l/pT) J.C.Collins and D.E.Soper, NPB194, 445 (1982)

Z.-B. Kang, J.-W. Qiu, G. Sterman, PRL108, 102002 (2012)
S. Fleming, A. K. Leibovich, T. Mehen, I. Z. Rothstein, PRD86, 094012 (2012)
Y.-Q. Ma, J.-W. Qiu, G. Sterman, H. Zhang, PRL113, 142002 (2014)

* Relative size of LP and NLP determines overall shape in pr.

* Two degrees of freedom in pr shape constrains only two linear

combinations of color-octet matrix elements. Need more constraints

to determine all three matrix elements.
8
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Potential NRQCD

Pineda, Soto, NPB Proc. Suppl. 64, 428 (19988
Brambllla Plneda Soto, Valro NPB566, 275 (2000
Brambllla Plneda Soto Valro Rev. Mod. Phys. 77, 1423 (2005)

* Potential NRQCD effective field theory calculation of the color-
octet matrix elements for strongly coupled quarkonia give

8 1 3|R(0)?
<OV( S[ ])>(A) SN 3 e 810;10([\)
- Universal gluonic
OV (3P 1 S\R(O)Pg / correlators
Brambilla, HSC, Vairo, 18N, 4r "
P o L sRo)?
8
B@'ﬂ'&'"ﬁaﬂgc <OV(1S([) ])> " 6N.m2  4n k(75 0)Boo(A)
PRD1‘()2502'-21)”5°3 \ short-distance coefficient

for spin-flip interaction
 Gluonic correlators are universal and independent of the
heavy quark flavor or radial excitation.

 This reduces the number of nonperturbative unknowns and
enhances the predictive power : three nonperturbative

unknowns determine all 351 quarkonium cross sections
9
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Potential NRQCD

e Definitions of gluonic correlators:

Ei010 = d¥0 eV / dty t1 / dt2 (QBT(0)DL “T(0;t1)gE> (£1) D T (t1:12)g B (£2)
0

t1

Y / at, / 0ty g BV (£)BUY (1)) g B ()06 (05 £, ) B3 (0)|2)
t/

1

Eop = / dt / dt' (Q®1°(0) D (0; 1) g BV (1) g B (') DEE(0; ') D5¢(0)|Q)
0 0

Boo = / di / dt' (Q®°(0) D (0; 1) g B (£) g B (1) DEE(0; )DL (0)[€2)
0 0

* Configurations of Wilson lines and field strength insertions:
t

t/ t2

Brambilla, HSC,
Vairo, Wang,
PRD105, L111503 €

(2622) | £00, Boo 10 | 10:10
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Potential NRQCD

e Universality of the gluonic correlators leads to the prediction for
cross section ratios, independently of the correlators

direct (0) 2 direct (0) 2
o 1{55) ‘R (0)‘ 9r@35) RT(SS)(O)
gdirect \R (0)]? odirect | RO) (0)|? Brambilla, Hsc,
o I/ Yoo s U e e
e Compared to experiment, including feeddown effects: (2022)
TA/B = (BI‘Aw+ ~04)/(Brp_sut+,-0B)
2 | |
Q 0.06_‘
= 0.04##$# 0 - i ¢ii+
5 00 $
O |yl <1.2 o |yl <12
0.02: OMS data : %?5 2 %zﬁ i 5161 ATLAS data . 12<y] <225
o I:I. |Iy\ I<I2.I4 IIIII | O ]
" 10 15 20 25 30 Yo 10 20 30 40 0 e 70
Pr (GGV) Pr (GGV)

* Absolute cross sections require values of gluonic correlators
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Matrix element determinations

e J/i matrix elements (07/*(*s{)), (07Y(PY))/m?, (07 (1 SgY)) (GeV?)
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e 1)(25) matrix elements (0¥ (35 (OYEDEPP)) /m? (0¥ED (155)) (GeV?)
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Matrix element determinations

e Y (3S5) matrix elements (0T (*S™)), (0T (Py™))/m* (0T (*Sg))) (GeV?)

. IHEP » Pekmg » TUM
Large prLHC Lata - Large p1LHC data
m(glfeeddowhs 0.03} 1 0.03; 0.03} 1
] | | | x PNRQCD;
! » o < Large prLHC data
0‘02; 0.02; 1 0,02; 0.02; |

0.01r . 0.01r 1 0.01F ] 0.01F ]
L 1 r =.= q L =.= 4 r -1 1

O.OOV A 0.00;F 0,007 I+ A O.OOV h
—0.01; N —0.01; _0,01; i _0.01} 1 -
—0.02; 1 —0.02; . _0‘02; i _0‘02;
oo oo o ‘°'(§}ambilla, HASC,
Gong, Wan, Wang, Zhang, Han, Ma, Meng, Shao, Zhang, Chao, Vairo, Wang,
PRL112, 032001 (2014) PRD94, 014028 (2016 PRD1(()2562L21)11503
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J/1v Matrix elements from
Large pr Hadroproduction

e Same signs for (07/*@sBly (07 (EPP) /m?

e Poor control over (7% (sl

\ Peking IHEP ANL/KU/Peking TUM
(GeV ) Large pr 1
Tevatron data ‘ ' ‘ ' L
| | T | E | | | pNRQCD,
| | i ' Large pr| Large pr | 'Large pr|
| | ‘ 'Tevatron,| Tevatron, | LHC data
' E [ 1 'LHC data | HC data | ' ‘
0.00————0.00————— 0.00 = 0.00 x 0.00
3 ] I
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Y(2S) Matrix elements from
Large pr Hadroproduction

e Same signs for (0¥®93sP)y (0¥Z9 B pLly /m?

e Poor control over (0*®5) (158l

4 oo Pekin; ANL/KU/Peking ~ TUM
(GeV™) Large T
0.03 Tevatrjo'(‘)‘03* ata A 0 03; " A pNRQCD!
' o ' A | 'Large pr;
| | , - | LHC data
0'O2f . o.ozj N o.oszarge pT 0'02j
j ] 1] ‘Tevatron, ; ]
| oot ; o[FHC data ;
S T | | | | E
o.ooi—-l-—: o.oo:i——l—: 0.00: E i 0.00,
R N o o
_O'Olf 1 —0.01j 1 _O'Olf . _0.01}F
—0.03> | —o.o3> | —0.03> | _0_03> .
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Matrix elements from
Large pr Hadroproduction

* (Good description of cross section at large pr.

== —~ =
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72

2 o

S 0

= 1074~ E

=] B .

x& L R N <SS 10

& 105 VS=7TeVandlyl<l2 "2 Spoe “

B - for ATLAS Collaboration - }

= I - 10 1 | - 1 | | |
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Global Fit

(©7/%(3sBlyy, (07PN ym?, (0¥ (1Sg)) (GeV?)
e J/v global fit mainly from low-pr

data, gives negative (07/Y(*P;*)) /m? Hamburg —  Hambuyrg
' 1 ; Y (295) Global fit
o (25) global fit only comes from | | stno pr out] oy 57 Gei
_ _ 010§ /¢/ Global fit Sl B A
hadroproduction, results without | | : |
prt cut gives negative | | !
0.05} . i | W |
e (2S5) with pr>7 GeV similar to | - - | e
large pr hadroproduction based ] |
results, (09 (")) /m* is now . SECIN S
positive. Quality of fit also L= % %
: : > | I \. |
improves with pr cut. e e A
\\5? ] , |
‘ZJ‘) -0.03 -0.03

18 -0.05
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Global Fit

* Description of hadroproduction improves with pr cut, but
uncertainties increase at large pr

LHCD +(2S) data, 2.5<y<3 LHCb ¢(2S) data , 2.5<y<3
%100.5 %‘1000;
o | == Q 100k
£ 10| |
| O '
% b RS
© O ;
0.1 0.1¢
5 10 15 20 5 10 15 20
pr (GeV) p1 (GeV)
Hamburg_] Hamburg
(Global fit, no pr cut) (Global fit, pr>7GeV)

2207.09346 2207.09346
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Quarkonium Polarization

 The polarization of the quarkonium can discriminate between
different octet channels. This can be measured through the
polar angular distribution of the dilepton decay ~ 1+ \g cos20

 The polarization measured at the LHC show near-zero g
(helicity frame)

LHCb EPJC (2013) 73:2631 LHCb EPJC (2014) 74:2872

T 1

== L | T T I |||||||||
< L ] : e 20<y<25 ] CMS PRL110, 081802
[ LHCb (s=7TeV ] . i
02 | . - LHCb Vs=7TeV —=-25<y<3.0 -
C ] i .. 30<y<35
- 1 05F o [ AL itat et decesaetanieen oons LIMMLAAS It asietes Masernss A0S LiNSasMasinsasatesedeset oasndnges
0 1 | N [ Helicity frame ——35<y<40 - 1t y(1s) + v(2s) } Y(3S) ]
u L] ] . ——40<y<45 | g 1 i
i ] Il[ 1. i L ) 0.5 *++ ; | ++ ! *
02 i 1< ofF ',_:%: : -1 A g 5 ... B (% % W O ] } ............................
L T 4 = T } f’i '1 ] o 0 +
oal - 20<y<25 h i I | { : 0.5}
: -+ 3.0<y<3.5 ] -0.5 _— 1 __ -1 -.CMS‘ pP \‘!§=7.TeV. L.=4.9 ‘fb'1 T HX frlame,l 1 <I0.6 T
-0.6 - —— 35<y<40 -] . l ] 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
- = 40<y<4S5 1 i ] i p, [GeV] p, [GeV] p, [GeV]
Y 3 S B T L i
08 5 10 1 gt
p,(1y) [GeVic] 5 10 15
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Quarkonium Polarization

o Dn‘ferent color-octet channels Iead to different polarlzatlons

P - A

AL =20 AL =1 AS =1

. Q@(3Sﬂ81) can produce a quarkonium by soft gluon emission :
mostly transverse, small longitudinal contribution

* QQ(3P18) also evolves into a quarkonium by soft gluon

emission, but short-distance coefficient is negative : mostly
negatively transverse, small positive longitudinal contribution

e QQ(1S8) is isotropic, unpolarized.

21
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Quarkonium Polarization

o Dn‘ferent color-octet channels Iead to different polarlzatlons

P - A

AL =0 AL =1 AS =1
Large positive transverse, Large negative transverse, unpolarized
small positive longitudinal small positive longitudinal

 Jo get near-zero \g, we need either
- 15018 dominates, while sum of 358l and 3 P8l is small
- 351181 + 3 P48l dominates despite large cancellations, small 1.5[8!

e For cancellations to happen in 3518 + 3P8], the matrix elements
must have same signs.
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J /1 Polarization

 Hadroproduction-based determinations generally lead to good
descriptions of polarization. Global fit does not.

Peking ANL/KU/ TUM
. JHEP 1505 (2015) 103 Pek|ng PRD93, 034041 (2016) (pNRQCD) PRD105, L111503 (2022)
0 [ ;10 === -
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0.0 ..Tr.*}*.{"}&_‘_ ! + 1 : 0.0: %?% é '} Ii[] % % (\
=== NLO NRQCD I qlf o ﬂ 1]
05. - CMSData 1ol * CMS data, [y] < 0.6 1 _ost . ® /(25) CMS data, Jy| < 0.6
: VS =7TeV I : @3 CMS data, 0.6 < \y\ <12 : L0.J /¢ CMS data, |y| < 0.6 O(25) CMS data, 0.6 < |y| < 1.2 |
: 0.6<lyspl<1.2 ] - B LP+NLO, ‘y‘ < 1.2 : [C1J/% CMS data, 0.6 < |y| < 1.2 M(2S) CMS data, 1.2 < |y| < 1.5 |
L0020 30 40 s0 60 70-10 T e 0 s w0 s
pr (GeV) pr (GeV)
. ppNs=7TeV Pr (GeV)
1‘5? HX frame W(-l S)
£ [ Hamburg
o] (Global fit)
ll) .u_: __________ -_._q+_.i;.___§__ ______________________________ . ..................
-0.5—3
-1
' —&— CMS, L = 4.9 fb”, total uncert. 68.3% CL CMS, PLB727, 381 (2013)
_1_5: — NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027 and private comm. Butenschoen and Kniehl, PRL1 08, 172002 (201 2)
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2.5) Polarization

 Hadroproduction-based determinations generally lead to good
descriptions of polarization. Global fit without pr cut does not.

Pekin ANL/KU/ TUM
e g PRD105, L111503 (2022)
JHEP 1505 (2015) 103 Peking PRD93, 034041 (2016) (PNRQCD)
R T T ey ee————————————————————— L0y
08/ ¥(25) polarisation E pNRQCD direct J/¢ yyy <12
0.6 ; [ ,
0.4 | o ' ! @ % ﬁ i
02— ‘ _ | LHC (/5 = 7 TeV) | é. %
04—+ t I } E Ao 00 _ t 1.2 00 $ % % !} '{F‘ 1 % )
021 a4 NLO NROCD ] ; B LP+NLO, LHC [y <1.2 | : qlfi i ﬂ
—0.4 § . . ol< i ¢ CMS data, |y| < 0.6 ] j |
=0.6- : ll)é(ill)if’s, 2% % ] 09 [ T CMS data, 0.6 < ly| < 1.2 -0.5§ ©1(25) CMS data, [y] < 0.6 7
-08F E/I?/IS=D7 TeV 3 : & CMS data, 1.2 < ‘y‘ <15 : :OJ/’L/J CMS data, |y| < 0.6 O (25) CMS data, 0.6 < |y| < 1.2 |
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Y Polarization

 Hadroproduction-based determinations generally lead to good

Peking

PRD94 014028 (201 6)

S NLO Direct
E Helicity Frame — ____. - NLO y4,;(3P)
VS =7TeV,06<|y|<1.2  mmm== NLO Total
- . CMS Data 1
Eoo Loy | ETII e b b b e =
10 15 20 25 30 35 40 45 50

pr (GeV)
IHEP PRL112, 032001 (2014)

___JealV =
. - "My
- vi<(O.b AANAC M At - |
- / | S + A\ r.'v" :—,\J E/’ "\J t '\/‘J -
W | | | | T L O - TR - 1
10 15 20 25 30 35 40 45

.descriptions of polarization.

or (GeV)

25

TUM
(pNRQCD) PRD105, L111503 (2022)

pNRQCD dlrect T \y| < 1 2

1T

0.0

1.0

+ 1
ﬁT O T(25) CMS data, |y| < 0.6
_0.5) 0O T(25)
I ® T(3S) CMS data, |y| < 0.6
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Y Polarization and evolution

e Y is generally more transverse than v at similar values of pr/m.
This happens because the relative size of 35,18l compared to
3P 8l Is larger for bottomonium than charmonium.

* The evolution equation :
1 3|R(0)]?
2N.m? 4m

E10.10(A) v Eply = L 3ROF .

18N,  4nx
d c 20 N2 -4
dlog A 1010 = T N,
For 35:88] to be larger at A=m; than at A=m,, 3P,8| needs to be
positive.

e Hence pNRQCD strongly constrains 3P/8l to be positive.
To counter the large negative 3 P,i8] contribution, large positive
contribution should come from the 35;l8l channel, leading to

3518l4+3 P8l dominance.

OV (8™ =

&00

20
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Other observables

e Polarization alone do not constrain color-octet matrix elements
strongly, because near-zero \¢ can be obtained from both

3518]+3 P8l dominance and 158/ dominance scenarios.

 Hadroproduction-based analyses are usually between the two
scenarios.

e pNRQCD analysis using universality of gluonic correlators leads
to large positive 3P,8], which favors 351843 P8l dominance and

small 1508 for all 351 quarkonia.

* Global fit analysis shows that low-pr observables do not lead to
polarization results consistent with measurements.

 Other large-pr observables may be able to give additional
constraints.
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n. Production

e By using heavy-quark spin symmetry, J/¢ matrix elements lead
to n. matrix elements

N 1 A 8
OnetX = o005 (O™ (1S51) +6 05, (O™ (PST))

6 0g5) (O™ ("S67)) + (O (*P)

QQ( sy %0q0 P
e Significant contributions come from 1501l and 35;l8] channels.

(color singlet contribution is not suppressed)

Heavy-quark spin symmetry relations:

(s = 5 x O Cs) (O™ (*81)) = (07 (*sg)

O (15h) = 5 x (07 (s (" ("PY)) =3 x (07 (OB

e This can be used to constrain (07(3s;™)) = (07/* (155}
 The production rate has been measured by LHCb

LHCb, EPJC75 (2015) 7, 311
o8 EPJC80 (2020) 3, 191
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n. Production

e Additional constralnts from 7. production to
J/w matrix elements <0J/¢(3S[8])> (Ot BPEYY /m2 (0P (AS)) (Gev?)
Chongqing

104

10°

E 107 s NLO Prompt
= e LHCb Data
= Tael TSl
N’ 10 -
B~ .
S Ll
E .
=

pr (GeV) pr (GeV)

Han, Ma, Meng, Shao, Chao,
PRL114, 092005 (2015)

do/dp,(nb/GeV)
do/dp,(nb/GeV)

6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
P, (GeV) p, (GeV)

Chongqing  Zhang, Sun, Sang, Li,
PRL114, 092006 (2015) 29

Peking

0.10F

0.05F

0.00

' and ncd

i1

-0.05
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0.10F

J/Y

0.05F

0.00
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J/v+ W/ Z Production

e Associated production can also help discriminate matrix

elements : ATLAS measured J/v¥+ W and J/v+ Z production
ATLAS, EPJC75 (2015) 229, JHEP 01 (2020) 095, JHEP 04 (2014) 172

Hamburg (Global fit) HEP (158 dominance) ANL/KU/Pekin TUM (pNRQCD)

(15018 dominance)
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J/1 Production at EIC

e The ep —J/vy+ X cross section can also discriminate different

matrix element determinations, and is expected to be
measurable at the EIC.

IHEP
('So[8] dominance)

= | < 4

Vs = 1414 GeV

Short-distance coefficients from
Qiu, Wang, Xing, Chin. Phys. Lett. 38 (2021) 041201
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J/1) matrix elements

e J/v matrix elements (0¥ (3si®)) (07Y(ER))/m* (07 (*557))

. : Peki h '

e Determinations with eking Chongging _TUM _
35118]+3 P18l dominance can | | | |

describe cross sections, | oo [ oo |

larizati d ' ‘ ' ‘ 'PNRQCD,;

pO ariza |ons, 776 an J/i and n.data J/v¢ and 7. data - Large pr |

associated production | | | | LHC data
Cross sections. 4 4

e pNRQCD implies similar | | | | |
results for all other 35 ' | | | '

- 1 1 E E | ] 1 [ )

quarkonium states.

i

0.00 0.00

e (Caveat : inconsistent with
low-pr observables, large | | | | | |
cancellations can be bad =

for perturbative stability PRL114, 092005 PRLT14 092006 PRD10S, 111503
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Y matrix elements

e Y (35) matrix elements (0T (*S™)) (0T (Ry™))/m* (0T (*S57)) (GeV?)
Pekin

e Y matrix element

determinations are still
limited to cross section
data.

e pNRQCD implies
351843 P8l dominance
also for Y states.

Cancellation less
severe than
charmonium case due
to running of (0¥ (3s:™))

0.04

0.02F

0.01f

0.00

IHEP

I
0.03

-0.01r
-0.021

-0.03

PRL112, 032001

ELarge pr
- HC data |

E][

(2014)
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0.04

0.02f

0.01f

0.00

-0.01r

-0.021

-0.03

| Large p

0.03f

0.04

7 LH

0.03f

0.02f

0.01r

0.00

7 -0.01f

71 —-0.02

-0.03

iC data

x |

PRD94, 014028 (2016)

0.01f

0.00

-0.01r

-0.021

-0.03

TUM

e prLHC data

PRD105, L111503

(2022)
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Summary and outlook

e NRQCD description of J/, 1(25), Y production depends heavily on
determination of three matrix elements corresponding to 35181, 3 Pisl, 15018l

e pNRQCD gives universality relations that reduce the number of
iIndependent matrix elements through universality of gluonic correlators.

* Polarization is still useful for testing matrix elements, but cannot strongly
distinguish 351181+3 P8l dominance and 158l dominance.

* This degeneracy can be lifted from
- pPNRQCD theory supports 35:8+3 P8l dominance for all 351 quarkonia

- J/+¢ and 7. data also support 35:8+3 P8l dominance for .J/1.

* On the other hand, large pr determinations are in conflict with low-pr
observables. 351814+3 P8l dominance also prone to radiative corrections.

e J/yY+ W/Z measurements and future experiments such as the EIC can
provide useful tests of the quarkonium production mechanism.
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Y matrix elements

e Y(25) matrix elements (0T (*St™)) (OY(R™))/m* (0T ('Sy)) (GeV?)

IHEP determination
has poor description of
P-wave feeddowns

PNRQCD implies
35:1181+3 P18 dominance
also for Y states.
Cancellation less
severe than

charmonium case due
to running of (0¥ (3s?))

0.08

o

o

0.02r

o

.00

Confinement XV

IHEP

0.08

.04r

-0.02

Large pr |
_HC data |

.06

0.02

0.00

1

PRL112, 032001

(2014)
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0.04F

-0.02F
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————— i 0.00

1 0.061

1 0.04r

. Large prLHC datag |

+—0.02

PRD94, 014028 (2016)
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0.08

TUM

0.06

Lar¢

0.04

0.02

0.00

-0.02

pNRQCD,
ye pr LHC data

'

PRD105, L111503

(2022)
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Y matrix elements

e Y(15) matrix elements (07 (*St™)) (OY(R™))/m* (0T (*Sy)) (GeV?)

IHEP determination
has poor description of
P-wave feeddowns

PNRQCD implies
35181+3 P8l dominance.

Caveat : strongly
coupled formalism
may not be applicable
for Y (1.5).

Confinement XV Hee Sok Chung

IHEP Peking TUM
-Large pr; » ] A <
LHC data  Large p7LHC data E | , |
‘ ' ‘ ' ‘ PNRQCD,
E ‘ ' ] » 1 Large pr LHC data
A 2 A , A
0.00 I - 0.00———— i 0.00 2 5 0.00 "
PRL112, 032001 PRD105, L111503
(2014) PRD94, 014028 (2016) (2622)
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ST indet

e J/14 momentum distribution in jet have been measured

by LHCb and CMS. LHCb, PRL118, 192001 (2017)
CMS, PLB 825 (2021) 136842

pp 302 pb" (5.02 TeV

O.3"'|'ll|llu|

o S s A
E Data (syst) DPS LHCb 123 - CMS
i s =13 TeV | > °[ Prompt Jiy
- — LONRQCD SPS Prompt - = © P, >65GeV
O 2 | _ 4-_ 30 < pT!J_et <40 GeV
' ey - <2
: . —=— Prompt data
E - 3l Prompt PYTHIAS
_ E - r i Nonprompt PYTHIAS8
0.1 e . S
— -
= : 1:_ - .
Or_"l": N P wlafull CETTY PV RS :—I—I_— B
O 02 04 06 08 1 LT N N R R N B
0. 04 05 06 07 08 09 1
Z(J/ l//) z

e 7z = fraction of J/v transverse momentum in jet

e Measured distributions fallas z — 1.
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ST indet

* The distribution has been studied in SCET (Fragmenting Jet
Functions, FJF) and in gluon fragmentation improved PYTHIA
(GFIP).  Bain, Dai, Leibovich, Makris, Mehen, PRL119, 032002 (2017)

Matrlx elements from Iarge pr hadroproductlon Global fit
0.30

0.25F

0.20 ;‘\\

0.15F

0.10F

0.05F

0.00"

e Data agrees better with theory when 3518l and 3 P81 matrix
elements have same signs.
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ST indet

e At LO in as, the distribution is determined by the gluon
fragmentation function. Fragmentation functions for
3518l and 3 p!®l channels diverge as z — 1.

FFs evolved from l,l=2 me to ﬂ=20 GeV PS Hence Contrlbutlons
. I ] , 8 8

| from 3S£ l'and 3P} .
channels must cancel
to have decreasing
distribution as z — 1.

Gluon fragmentation
function (GeV-3)
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Global Fit
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Low-pr observables

 Color-octet matrix elements extracted from hadroproduction
data at large pr lead to overestimation of photoproduction and

Electromagnetic production data. Butenschoen and Kniehl,
MPLA28, 1350027 (2013)
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