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Introduction

> N RQC D fa CtO I‘ization Bodwin, Braaten, Lepage, PRD, 1995
do
0 H

(21)32P2 P, = ;dﬁn(PH)wf )
d&,, : production of a heavy quark pair in state n(>>ML.
(O : the hadronization of 0o toH ;
can be ordered in powers of v;
universality.
> A glory history

« Solved IR divergences in P-wave quarkonium decay

« Explained ¢’ surplus

« Explained y.,/x.1 production ratio

» Difficulty
* Polarization puzzle

* Universality problem
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» Difficulty : negative cross sections

O Explain x.; production

* TheratioR, =o,_/0y.,

LO NRQCD: R, = 5/3

doy /oy IRy

NLO CDF Data |

| L I I I |

5 10 15 20 25 30

pr of JJ (GeV)
» The differential cross sections arLas, 1404.7035
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do(xes) =27 + 1)d6 PS) (0% 31y + (27 + 1)da PP}

Positive N Negative
N
> 10—1 L —— Prom pt XC]_ N
R
—~r  TTEE==aTTs i
\ 10 ~~~~~~~~
-, LP+NLO, LHC |y| < 0.75 ~==
s w0t — 368 mmm _3p{) ]
5| & T Prompt
~S % 0 b PT X2 -
X 10—2 e e .
S LP+NLO, LHC |y| < 0.75 =
mx 1073 F —— 3S§8) L —3P2(1) ]
15 20 30
Bodwin et al., 1509.07904
pr (GeV)

e Perturbation unstable
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* Cross sections turn negative at large p;

=YX+ X y=20 +/s=13 TeV

104} |
21l negative
10—6 L o ]
& . ANL-KU-Peking -
1078 -
:S PRD 93, 034041 (2016) ~
=) . NS
S Including resummed A
logarithms in p;/m P ELN
1010 / s"nh\\ —
I hh\\
Qh\\
§§\§\
10-12] PNRQCD Peking ™ |
JHEP 09 (2021) 032
PRD 83,111503 (2011)
| |
10—14 . s s s | . | s s | s s s . |
100 200 500 1000
pr  (GeV)

Hee Sok Chung, talk at The 15th International Workshop on Heavy Quarkonium
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O Why?

do(xer) =(27 + 1)da S0 (51¥)) + (27 + 1)da PP

~3pll . 207 A
da[3PJ[, ]] =do, ® {O X g + TN [(2;2_{_ T log ch) o1 —2)+

. 13l8 ) T
5381 =d6, ® 24m3

110 : wwwwwwwwwwwwwww .I- L L L Z

Hee Sok Chung, talk at The 15th International Workshop on Heavy Quarkonium
« Cross section at very large p; will depend strongly on z — 1 behavior

of FFs 8/23



SPL[]LS] 3 g8

gluon
soft

—

« Soft gluon in P-wave: factorized to S-wave matrix element

* Plus functions: remnants of the infrared subtraction in matching the

*p/* SDCs

« Subtraction scheme: at zero momentum, which contributes the largest

production rate. Over subtracted!
« Solution: soft gluon momentum should be kept during subtraction
process, or resum kinematic effects to all powers in v.

[ Soft gluon factorization: resum a dominant series of power corrections

(kinematic effects) and log corrections Ma, Chao, 1703.08402;

Chen, Ma, 2005.08786.
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Soft gluon factorization(SGF)

> Fa cto I"iZ ation Ma, Chao, 1703.08402;

Chen, Jin, Ma, Meng 2103.15121.

do
(27T)32P1%d3£[ Z/ Ot (Prr /2, m, g ) Frnpn— (2

* dép, - perturbatively calculable hard parts

*  Fin-nt Nonperturbative soft gluon distributions (SGDs)
e 1 =25+1 L[C]

* Py :momentum of quarkonium

My : mass of quarkonium

« z = P /P*: the longitudinal momentum fraction with P denoting

the total momentum of the intermediate QQ pair
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»Soft gluon distributions (SGDs)
[0 Operator definition

« Expectation values of bilocal operators in QCD vacuum

db™ _ipth—/s i - _
F[nn']%H(ZaMﬂquauf) — P}{'_/_e Pt/ <O‘[\Ijlcnq[]T(O)[a’}—IaH][\Ijlcn’m](b )‘O>Su

27
with
alyog =Y > |H + X)(H + X|
X JH
K, (rb) = — My My + Pr r, M _ Pr clel
ﬂfH + 2m QJ\fH 2]\1’]_]
Spin project operators: I, = Z (L, L-;S,S:|J, J.)I'T T'ss.

L:-: :-Sz
Color project operators:

o

cll —

1 _
cl® = 2t o (rp
VN a'(r0) 12/23



0 Gauge link Nayak, Qiu, Sterman, 0509021

O (rb”) = Pexp {—igs foo dél - A(rb™ 4+ &1)
0
O Evaluated in sSmal/ region

« Subscript “S”: evaluate the matrix element in the region where off-

shellness of all particles is much smaller than heavy quark mass

» FFs in SGF Dyp(z. o)

dx »
— Z/_DfeQan (ZsMpy/x, mao, K1o- Ha)

* Ds_y:single parton FFs

*  Dog(x)-n: double parton X Fryiog (X, My.mg, py), (2a)
FFs D[ )|=H Z C C MO)
. 2=2z/x dx . A
- Z/ Dioo)—00pm)(2: - &'s M /x, mg, po, i)

X F[nn’]%H(xﬁMH’mQ’MA)’ (2b)
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[ Short distance hard parts at LO

ilof 8
NI—1) M,

~L0.(0)

(2o My, po, pp) = (

A L0.(0)
D ogpsy & Mu-Ho-tn)

B 80{% N% —4
-~ M32N.(N2—1

) [(l—z)ln[l—z}—zhréz . (9b)

2

A L0.(0)
g—Q0[P,']
B 32a2 21
" M3N,9 [36Z(

(Z; MHa MO? MA)

837 — 162z + 727> + 40z° + 87%)

+ g (5-3z)In(1 - z)] , (9¢)

 The P-wave short distance hard parts do not include

terms proportional to plus distributions
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Phenomenological studies

> Collinear factorization
[0 Heavy quarkonium production at large py

doaip_pix(p) = Zfi/A (x1.up)fj/p(X2, i) {ZD]‘AH(Z’MF) ® db;y s ix(P/z. pir)
-

L,J

+ ) Dioo(e)—n(z:¢. ¢ 1r) ® 46y i 0o x (P(1 £ 0)/22. P(1 £ L) /22, pp) }

] ] Kang, Ma, Qiu, Sterman, 1401.0923
[ Factorization of FFs

« SGF
« NRQCD factorization
0 Nonperturbative model for SGDs

 NHT(Myb/A)(1 — x)b= xMub/A=b-1

o) T(Mub/A - b)[(b)

« NFH:the normalization, N"[n] ~ (0" (n))
- A: the average radiated momentum in the hadronization process

* b: related to the second moment of model function 16/23



> Production of x

0 NRQCD factorization
« The fitted cross sections compared with ATLAS data

y*/d.of =0.53/8 NRQCD
0.100 . 3g® 3 0.100 F

— s . ] _ F
I T N k

3 Total 5 I
= 0010k - < 0010k
S F = E
3] ~ 13} ~
3§ S| 8
ho] ©

X X

o

0.001 @ 0.001 g

1074

1074

pr (GeV)

 Define the ratio

Yo (3 [8]
) = 251 )
(0% (3P 2
* The cross sections
- aels (0% (3PED)) ds[*P}]
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dof2PY/dof 2 s

0.0 ———

To achieve a positive cross section, it is necessary to have
da[SP[l]]
Téﬂ > =r(Xeo)-
d6 S|
Left: comparison between the ratios and —r(y.()
Right: the p; distributions when the LDMEs take the central values

L —_— Xt === —=Xc1

| —— X2 e X

1500 2000 2500 3000 = 100 T 500 1000

pr (GeV) pr (GeV)

The ratios fall below the lower bound of —r(y.,) at very large p;

500 1000
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do'13PM1/do' 3SR

0 SGF

* The cross sections

do(xer) =(27 + 1)do’ S —5

with

r,()(c())

N PRy

C

Neo sy
NPy it

. d6'PPV] /a6’ s is sensitive to the parameters A

+ FixA| 3% = 0.4Gev and vary A | *P["'| = 0.36,0.32, 0.28, 0.24Gev

0.2 = 0.24Gev 3Pu]
—— 0.28Gev 0
0.1 - 0-32Gev

1 == 0.36Gev

3P£1]

3P£1]

500 1000 1500 2000 2500 3000

500 1000 1500 2000 2500 3000
pr(Gev)

500 1000 1500 2000 2500 3000
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do
By 2T 1) (nb/Gev)
dpr

. A constraint relation is suggested: APP}'] > 0.7APS) ]

+ WesetA| 35| = 0.4Gev and &| *P/"!| = 0.3Gev

* The fitted cross sections compared with ATLAS data
----------------------------- 1+ "1 " T "~ "~ " "1 " "7 T 1
0100 7?/d.of=0.63/8 SGF [ SGF
. :‘\\ ———. 358 0.100 :E ——_. 3gB
Sl e, 3pl1] 3 3 E N _3pil
N (O] t ~
N —F— Total 8 e Total
0.010 N < 0010t SS
F R - ~ —e—ATLAS 3| 3 — g —e— ATLAS
T ,T\: ) \E % \\\\
~‘.~\\\ o r N ?\ "
. ~ X v L -~ '
0.001 RN 3 9D 0001F N
10_4 """"""""""""""" .'..'.-I' 10—4 ............ ~.|‘~..' ...............
15 20 25 30 3% 40 15 20 25 30 35 40
pr (GeV) pr (GeV)
[ ]

The fit to experimental data is as good as that in NRQCD factorization
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do'1*PMda 3 s

- Left: comparison between the ratios and —'(x.)

: """""""""""""""""""""" : 10- T
03fr  sGF P ] EC
3pl1]
02F — P h N
[ ] 1079 F
T —r'(Xco) o)
- £ C
0.0 5 10-9F
__________________________________ g .
T AR L ] \:E E
------------- 1 S C
AT
-0.2 F
_03F k F X
N T S
500 1000 1500 2000 2500 3000 50 100 500 1000
pr (GeV) pr (GeV)

* There is a wide range of r'(y.) in which the ratios is larger than

o TI(XCO)

 The negative cross section problem is resolved in SGF
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Summary

We studied the hadroproduction of x; using the SGF and NRQCD
factorization;

We confirm that the NRQCD predictions for . production rates at the LHC
turn negative at sufficiently large p; ;

Our results show that the fit to experimental data in SGF is as good as that in
NRQCD factorization;

Our results show that the negative cross section problem in NRQCD can be resolved
in SGF;

It will be very useful to apply SGF to study the polarizations of (ns) production at
LHC in the future.

Thank you!

23/23



	幻灯片编号 1
	Outline
	Outline
	 Introduction
	幻灯片编号 5
	幻灯片编号 6
	幻灯片编号 7
	幻灯片编号 8
	幻灯片编号 9
	Outline
	 Soft gluon factorization(SGF)
	Soft gluon distributions (SGDs)
	幻灯片编号 13
	幻灯片编号 14
	Outline
	 Phenomenological studies
	幻灯片编号 17
	幻灯片编号 18
	幻灯片编号 19
	幻灯片编号 20
	幻灯片编号 21
	Outline
	Summary

