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Strong interaction and QCD

» Strong interaction

e Atomic bomb

e 95% mass of visible matter

02+

0.1+

R )

v T decays (N'LO)
@ Lattice QCD (NNLO
a DIS jets (NLO)
Heavy Quarkonia (NLO
e*e jets & shapes (res. NNLO
® 7 pole fit (N*LO)
v pp —> jets (NLO)

= QCD 04(M,) =0.1185+0.0006
10 100 1000
Q (GeV)

» QCD: extremely hard

Asymptotic freedom: perturbative at short distance

Confinement: nonperturbative at long distance
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Confinement and hadronization

‘3. Clay Mathematics Institute

°
> ‘ 0 nfl n e m e n t About  Programs & Awards People The Millennium Prize Problems  Online resources Events News

Home — Millannium Problems — Yang-Mills & The Mass Gap

* 1/7 millennium prize problems in 21st century

* Not yet understood
« Equivalent: why and how produced quarks and Yang-Mills & The Mass Gap
g | u o n S becom e h ad ro n S? Experiment and computer simulations suggest the existence of a "mass

gap” in the solution to the quantumversions of the Yang-Mills

equations. But no proof of this property is known.

» Hadronization

« Light hadrons: factorization — fragmentations
functions, do not know how to compute

 Heavy quarkonium: localized color charge,
perturbative QCD can help, the simplest system

« HQ production: near 50 years after the discovery,

still not understood
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Discovery of the J/: ] particle

» GIM mechanism and charm quark

 To suppress FCNC process, Glashow-lliopoulos—Maiani

mechanism required the existence of a fourth quark

» ] particle discovered at BNL

Inp+Be—oet+e  +X

3.1 GeV, about three times heavier than the proton
With JF¢ = 17~

Samuel Ting and his BNL team.
Nobel Prize in 1976
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Discovery of the J/Y: Y particle

» P particle discovered at SLAC

e Inet + e~ - hadrons, [T~

5000

T

2000 | y
1000
500

NSRS

T T IIITTI’T

200

o (nb)

100 =
50 -

20 r ] Burton Richter following the announcement
of co-winning the 1976 Nobel Prize.
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Heavy quarkonium

> Bound state of QQ pair under strong interaction

J/W ¥ xe;, Y(0S), xp; (nP) -+

Electron

* The simplest system in QCD: two-body problem
+ “Hydrogen atom in QCD”, “an ideal laboratory in QCD”
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Velocity of heavy quarks

» Coulomb potential between color singlet heavy quark pair:
as(1/r)

V(r) = —Cg -

> Virial theorem:
as(1/r)
T

mv? ~V(r) ~

» Uncertainty principle:

1
r~—
mv

» Velocity is determined by quark mass
a,(mv) ~mv?r~v
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Properties

> A non-relativistic QCD system: v* « 1

« Charmonium: m~1.3GeV, v? = 0.3

« Bottomonium: m~4.5GeV, v? ~ 0.1

» Multiple well-separated scales :

e Quark mass: M
« Momentum: Mv M > Mv >» Mv“~Aqcp
2

 Energy: Mv

» Involving both perturbative and nonperturbative physics

» Production is ideal to understand hadronization:
why and how quarks become hadrons?
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Space-time picture for production

» Hadronization followed by production of an off-shell
heavy quark pair

. Coherent soft interaction

§ .\ ,,,,,,,,, T

B
Perturbative Non-perturbative
1 1 1

Ar ~ — —
2m’ mv’ mv?

* Time scale for producing heavy quark pair: ﬁ

. . 1
 Time scale for expansion: —

« Time scale for forming bound state: mlvz
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Approximation

» On-shell pair + hadronization

d6(Q*)
OAB-H+X = Zf aT(0q)n [dr —| Fa@yu-n(PoPg Pu)

Needs justification

Corrections are at higher order in v, may need to consider

Different assumptions/treatments on how the heavy quark pair becomes

a heavy quarkonium: different factorization methods
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Theories for pr ~ m

1.1975 - CSM&CEM

« CSM: IR div., Y’ surplus Einhorn, Ellis (1975), Chang (1980) ...
« CEM: wrong for ratio Fritzsch (1977), Halzen (1977) ...
(Improved-CEM: helpful in some problems) YQM, Vogt, 1609.06042

2. 1 994 - N RQC D Bodwin, Braaten, Lepage, 9407339

« Polarization puzzle; Universality problem; Hierarchy problem;

Negative cross sections; ...

3.2017-SGF i

« Resum kinematic effects in NRQCD

* Under development; May resolve some problems
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Theories for extreme Pt

» High p > m: CO factorization

 Power expansion, double parton fragmentation

 Resum large log In(py/m)

» Low p; < m: kr-dependent factorization (CGC+)

* Color Glass Condensate: resum small-x log In(x), higher twist contributions

 Resum Sudakov log In(p;/m)
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Color evaporation model

> Formula: ..., (1977), Halzen (1977) ...

+ A fixed fraction to become v if the invariant mass of cc-pair is below the D-meson threshold

2Mp )
doy(P) _ F, / oy docc(M. P)
43P ) dMd3P

M

Simple and intuitive
One parameter for each quarkonium

No IR div. problem
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CEM - wrong for ratio

> But

 Wrong prediction for ratio of two quarkonia: constant

« Data: kinematics dependent

o
o
©

HERA-B (e channel ), 42GeV, EPJC49, 545
HERA-B (u channel), 42GeV, EPJC49, 545
PHENIX, 200GeV, PRD85, 092004

CDF, 1.8TeV, PRL79, 572

STAR 500GeV, this analysis

u ‘}[IS

STAR preliminary

o
~l
e>[10CO

o
o
o

Bw(ZS)dc'(q;(zz))/BJf do(J/y)
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o
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Improved CEM

» The improved model:

do-”!ff' (P) 2Mp 3 dacg(ﬂ[ P,) 3
' = Fy d”P'dM - Js3(p - 2
d>P Y /M T Y.

/s
2

A[lr Pl )

« Momentum shift due to soft particles emission in hadronizaiton process

« Comparing with traditional CEM:

oM
doy(P) / o doe(M. P)
43P " Jom. dMd3P
0.6 — — 0.6 [rrrrrr e :
: ICEM ; ICEM ]
05F . [s=-02TeV, |y|<0.35 : 0.5 . [s=7TeVv, 2<y45
s 04} PHENIX s 04p LHCD
3 03] 1 3 o3} +
ba bs +_{_+f
© 02' . T 02'
0.1F { { ] 0.1 f*f f+
0oL ... SN N 00b e ]
0 2 4 6 8 O 2 4 6 8 10 12 14
pr (GeV) pr (GeV)
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Problem of CEM

0.1
0.09 = + STAR p+p 200 GeV |y|<0.5 0-10 GeV/ic
- o PHENIXp+p 200 GeV |y|<0.35
—. 0.08F —B8— PHENIXp+p200GeV 12<Jy|<22
- = HERA-B p+A(C,Ti,W) 41.6 GeV (e channel)
o 007 % HERA-Bp+A(C,Ti,W) 41.6 GeV (i channel)
@ = CDF p+p, 18 TeV
T _ 0.06F ICEM p+p 200 GeV |yl<1 Ma & Vogt
@ g.05F
& -
___Da 0.04:— $
w C
o 0.03 *
B—mz -
0.02 %
ey YT Y . .
0.01F STAR Preliminary
0: | IIIIIII|l||l|IIII|IIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5 6 7 8 9 10
P, [GeVic]

« CEM ignores quantum numbers of quarkonia

« |CEM can describe production ratio ¥ (25)/y¥(15), which has similar quantum numbers

- Still hard to describe other ratios, like y.; /Y (15)
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Color-singlet model

> CS M . Einhorn, Ellis (1975), Chang (1980) ...

* Production cross section of a cc-pair with zero relative momentum and same quantum

numbers as that of ), multiplied by wave function at origin

« Simply and intuitive

« Effective no free parameter (potential model)

> Problems

« Theoretically: IR divergence at NLO level for P-wave quarkonium

 Phenomenologically: fine until 1990s
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CSM - )’ puzzle

» CDF: a surprisingly large production rate

R )

| I |
r 3

1=t - Direct ¥ Production  —
% [ O- CNF Preliminary
2. ¥ § Solid: Fragmentation %' |
t 1072 N Dashes: LO ¥ -
= ¥, $ :
B b
~. @ $
) \ I 5
v 10-3 k- \ f L
35 \ \ % 3
i O 1
3 4
a4 & \\\ 1
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e

-
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Fig. 4. Preliminary CDF data for prompt ¢' production (O)
compared with theoretical predictions of the total fragmentation
contribution (solid curves) and the total leading-order contribution
(dashed curves).

Larger than the CSM prediction by a factor of 30,

even though including the fragmentation contribution
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CSM - NLO and NNLO™ calculation

. 102 §_ (71 LHC Vs=14 TeV 3
» Complete NLO calculation il ey
| L = pmpp=y (2my)* + p’ ]
« Larger than LO by orders : R T
« Still much smaller than data b
R T e s T I
Pr [GeV]
* ° [ d [ d
» NNLO™ : Estimate NNLO by tree level diagrams
% 1(1)2 ; Mg Y(15) prbmptaatatgd‘redl _ g 1(1) :w(is: preiim. CDF data at 1‘;6:; ' 1
= 1t £ o g NLO mmmm
« Almost reach the data Ty & 001§ NNLO™
< : © 0001 |
min L oo % 0.0001
* Infrared cutoff s;;"" denpendent + 0001 £ 1005 |
€ 00001 L+t i V..
0 5 10 15 20 25 30 35 40 © 0 5 10 15 20 25 30
P (GeV) P; (GeV)

R )
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CSM - Problem with NNLO*

» Cannot explain experiment data by including NNLO contribution

YQM, Wang, Chao, 1012.1030 Shao, 1809.02369

NNLO*: dominated by double logarithm, which . By using an infrared-save subtraction
will be canceled by loop corrections method, nNLO correction is not that sizable
« Thus NNLO* method overestimates the CSM = —
107 ¥ yl<0.75 ~ 7
. . 100 F 0.75<|y|<1.5(x10"") ~ ]
contribution = doynLo*/donio s 107 | 1.5<ly<2.0(x107) ~
3 R* S 102}
hi= £ 0%}
pT =0. Smb -
R* o 10
£ L 105}
log (pT/smm it =0.5mj 10
- ) ; 107
/ ] 198 — ' '
. . N R*/10g> R /sT™) | gmin oz £l Jenes
-y ] fa=1-— min 05t :
; - =] R*/10g2 (01 /55™) | gmin_ 5m Q g s
J = ' o
R R S o0s ."%M.%\\ S g
pr (GeV) e S — i
1 N 9
9 SRR NS NN
Full NNLO is hard to explain data DR e

L 22/57



Tyt

Outline

l. Introduction of quarkonium
Il. CSM and CEM

lIl. NRQCD factorization theory
IV. Soft gluon factorization

V. Recent progresses and difficulties

Vi. Summary

23/57



NRQCD: factorization

> FaCtorizatiOn formU|a Bodwin, Braaten, Lepage, 9407339
do
3 p0 4OH A H
(27T) 2Py dSPH/_;Jn(PHNOn)\
Production of a heavy quark pair Hadronization (LDMES)
Expansion in: a Expansion in: v

« n:quantum numbers of the pair: color, spin, orbital angular momentum,

total angular momentum, spectroscopic notation ZS“LBC]

> A glory history

« Solved IR divergences in P-wave quarkonium decay —

- Explained vy’ surplus Thanks to color-
octet mechanism

« Explained y_.,/x.1 production ratio

R )

24/57



Examples of achievements
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CO mechanism

> Nicely explain ¢’ surplus by CO contributions

T T T T T T T T T T T T T T

- BR(Y(2S)—H 1) do(pp—W(2S)+X)/dpr (ab/GeV)]
pT bEhaVIOI‘ at [~ s =1.8 TeV: [n| < 0.6 ]
Ey § Y
LO 10 F total L s 3
E NNz  =Esms colour-octet S;+°P;
K FRa—E colour-octet °S; 7
L -+« LO colour-singlet ]
351[1] pT-8 0 ) B5 o RONNg, T colour-singlet frag. 4
3G [8] -4 g ]
S, Pt I ™ ]
10 E RN 4
1g [8] -6 g 5, Ve T E
SO pT E \'"\"\\\-;\_ :
3p.[8] 6 'y T |
J pT 5 10 15 2
pT(GEV)
104 .
; E 10 2_' LA UL LA L L L B L '_ f f
10° £ PromptJp > - ATLASdata ]
F romp E o]
1 i 1 % ....... CS, LO E
ATLAS Data | O T T CS,NLO ] -
S 1oL ] 5 0 BR%W N T CS+CO, LO 3 K
O I ——— (S+CO, NLO .
£ ] S E 3 —
:%; 1t E o of £l
T 5 =0 S
3 107 3 3 £ 9f ¢ i .
L 3 Z 10 3 ~ R
i : 7 : . i
102 E af S ] 5
- VS =TTev ] g10 § i E
1031 0 < ysyl <0.75 ] é of Vs=7Tev W E
g 810 F y<0.75 e e
10—47HH\HH\HH\HH\HH\HH\HH S T T T S B
0 10 20 30 40 50 60 70 5 10 15 20 25 30 35 40 10 R TR
pr (GeV) pr [GeV] P, (GeV)
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Small Pr region

» CGC+NRQCD : comprehensive description of y(nS) production

Ma, Venugopalan, 1408.4075 Ma, Venugopalan, Zhang, 1503.07772
B o IR E 10 45 i=2,02TeV for LHC pPh CCO+NRQCD
- CGC+NRQCD E T e
<[ VS =02 TeV for RHIC NLO NRQCD B 1~
107 V'S =7 TeV for LHC For ¢/ E 107k © LHCb data for 15320
i 100xLHCb,2<y<4.5 E : s S
4 ;"I"-I-LI_. For J/y | = : DlleHCbﬂ:t:I:::l-'--\:;--:;;]
10 2 i ® ALICEy|<0.9 5 10 : D:HSKLH('hdamfur‘;.D::}T{.li.s
s '_I_'|i_| O ATLAS,|}’|<0-75 N —_— E +  DOLLHCH data for 3.5<y<4.0
S 10° e B V  0.2xLHCb,2<y<4.5 E - s O003RHIC data for L<y<1.2
2 : Re- B 0.1xPHENIX.]y|<0.35 T 2
= s m"“"m r#~ [ 0.IxSTAR|y|<I SIS o
e wp N @ O0LPHENIX 2<iyi<22 5 2 NN
2 S =T NN
g o " I 1 =
s L4 I - < 1 AR \
Q.: L G 2 [ - | .:;10 E
e = O
C HH _ ] <
107! 3 & e E 10
z % :
-2 ] -
1072 "c . . L0
i | m [ B E | T | 1 |
0 5 10 15 20 25 30 10
p1(GeV)
P(nS) in p+p collisions J/W in p+A collisions
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Predictions for y.; production

. 1.0

> Xcj prOdUCtlon. YQM, Wang, Chao, 1002.3987 : '

1] 5] s _

doy,, ~ d6 5, (0 (3PEV)) + (2] + Dd6 3o (0 (317 < ok _

J 1 z 0T |

50 Nt

i ° —_— — E” 0.4 W/

CEM predicts: R, =0, /0, =5/3 Ea i :

) = oaf r=027  LO NLO  CDF Data ]

LO NRQCD at high py: R, =5/3 : —— . ‘

('}A('} i | i I i i | I L i i | i i i I 1 I 1 I i i L
5 10 15 20 25 30
» Agree with later data ATLAS. 14047035 pr of I (GeV)

< 2 ' ,- = < E | : E
?‘g - ATLAS Prompt |y"| <0.75 g % - ATLAS Prompt y'*|<0.75 3
E. 1 = Vs =‘7hTeV J Ldt=45fb" X, Isotropic Decay E :ié 1 ;_ Vs =‘7-'I:eV J Ldt=45f" oo Isotropic Decay _;
o - - ] - ; - ) ;
2 107s 3 X 10 E
= = 7 50 = ]
S g2l - S 107 -
@ - e @ = -
10° = 4 bata - 102 —4- Data G .
= - -- k; Factorisation ] E - - - k; Factorisation T E
10% ;_ = NLONRQCD - 10 ;_ —— NLO NRQCD _;
= LO CSM E F --- LOCsM - =
10 20 30 10 20 30
P> [GeV] P> [GeV]

R )
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Difficulties of NRQCD
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Hierarchy and universality problems

» Fit /] /Yy yield data at Tevatron with p; > 7 GeV

Due to p;* and p;° behaviors, constrain two combinations

o Mo =0 ('s{7)) +3.9(0(3PY)) /mZ ~ (7.4 £ 1.9)x 1072GeV?
« My =(0(3s1)) - 0560 (3P)) /m2 ~ (0.05 +0.02) x 1072 GeV?

» Two orders difference: hierarchy problem
« Velocity scaling rule of NRQCD

(s8N ~ 0 (3P ~ (0 (3P)) /m?
« Thus natural expectation: M, ~ M,

» Upper bound from Belle total cross section
M, < 0.02GeV3
No universality of NRQCD LDMEs!
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» LO NRQCD

 Dominated by 35[18], LO NRQCD predicts transversely polarized iy (nS), contradicts with CDF data

Polarization puzzle at LO

CDF, 0704.0638

08 El g : 5 l I I E lE 1 L l T Ll T l L L) l T ‘l L) l ' l T L L L
06 | @ E 08¢ (b) =
E 3 0.6 - 3
04 E e CDFData - 04E §: ChRDax 3
02F NRQCD 3 " E NHQED: v X
= o0Fs k,-factorization 02¢ I s
W ee ] = ok :
02F - 028 | I =
ead 3 = 04EF ! =
] B~
_1 El | | I P BT lE ._1 E 1 P | PUREPESN RSN S S U RU T— lE
5 10 15 25 30 B 10 20 25 30

pr (GeV/c) pr (GeVic)

FIG. 4 (color online). Prompt polarizations as functions of py: (a) J/¢ and (b) #(2S). The band (line) is the prediction from NRQCD
[4] (the k-factorization model [9]).
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Polarization puzzle at NLO

>]/1/J transverse canceled (results in hierarchy) in 3S and 3P

08:_ helicity fra .
06 i polarizatio _,,/

bat .-}—4 P ——== NLO s
0.2 I&;‘.w' ..... NLO -"plfl

NLO 53
NLO '

- -
-
.
.
-

—0.4 . s N1.O Total
-~ 4
—0.6 L - s CDFRunl 3
~ ]
—0.8 s, « CDFRunTl -
\. 4
] R O R R S RS PR SN BRI i
5 10 15 20 25 30

pr (GeV)

Chao,YQM,Shao,Wang, Zhang,1201.2675

1.0

Bodwin, Chung, Kim, Lee, 1403.3612

Tevatron (a) |

' f
i m o

t CDF data, RUN I
| b CDF data, RUN II

B LPNLO, Jy| < 0.6 ‘

5 T 10 ‘I 15 ‘ ‘ 20

pr (GeV)

;H QU U
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b ] ——lyl<06
——06<lyl<12

05 _aslﬁ]

.2 — — 1

7 ..68,3%CL ——nnm oo I T T DI 198

] T — - 5
- . 95.5% CL LR, Tt

230l

4 4 [ %8

99.7% CL
R T A S S A A S B S B S e e
10 20 30 40 50 10 20 30 40 50
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Faccioli,Knunz,Lourenco, Seixas,Wohri,1403.3970

» P (25): cancelation weak, hard to understand data
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» Heavy quark spin symmetry (HQSS)

Using the |/ LDMEs extracted by various
groups, NLO NRQCD predictions greatly
overshoot the LHCb data

R )

do/dp;(pp—n +X) [nb/GeV]

1) production: spin symmetry broken?

E s=7TeV _
[ LDMESs: Butenschon et al.
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Possible solutions: large cancelation between S-wave and P-wave (results in hierarchy)

33/57



Negative differential cross sections

> Cross sections become negative at exceptionally high p;

do(xer) =27 + 1 (2 CR) (O (358
e rxeo) = 3 [1}1 2
X[T( Hd&ﬁpﬁ”]} (Ox=0 (3P 7)) /m
X0 —dé-[35'£8}] .

O O e A

101

%‘ . —
10 + o
Q %)
O ™
= <Q
S o
S 10°- =
- a
(] o
= G
[~
= ©

10731 -=- Xo

10-17 L

500 1000 1500 2000 2500 3000
pr (GeV)
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102 |-

o(y+p-J/w+X) [nb]

Negative total cross sections

Inclusive .J/y-photoproduction (CSM):

Y+p — cc [BS?]] +X, LO: v(q)+g(p1) — cc [3S£1]}+g.

Inclusive 7.-hadroproduction (CSM):

p+p — cc [15,51]] + X, LO: g(p1)+9(p2) — cc [1.5',31]]

| <0{'5,!¥]>=1.82 GeV? + 15% y{25) feeddoan LO+NLO,
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do/d|Ay| (nb)

R )

1

-

1
1
1

Double J /Y production

» Cannot explain data

3 orders of discrepancy between data and single-parton scattering

1 order discrepancy still exist after including double-parton scattering

What is missing?
10 : ,
. V5 =7 TeV and [yi<2.2
: —F— for CMS Collaboration f
0-! — ¥ ]
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Sun, Han, Chao, 1404.4042

dor/d|Ay] (nb)

10

107!
1072
1073
10~

1073

da/dMy,, (nb/GeV)

LO SPS+smearing
i NLO" SPS

~DPS (][] DPS+NLO" SPS

= wcty SPS

00 LOSPS__ — ycay SPS 1 1
i NLO® SPS =iy S E
DPS - ST max ] o~ 10_1
[ DPS+NLO® SPS —— 158,158 may o :u>J
—_— ] O 1073
SRR T 45 10-3F
WS 1 10
; -4
E | 73&“ 10 g
- 1= 107
. 15 10°°F
-------- =] E 7 TeVeLHC
b 7 TeVe@LHC 1077F CMS Accep.
CMS Accep. P oFit2
Fit 2 . 10—80 2.0
1 2 3 4
|Ay| between ¢ (a)
10%

W a0 60
Py (GeV) (b)

Q

-Onia

L L
HELAC

f m]m DPS+NILO" SPS rompt Jiy+Jhy production at Vs=8 Te\-ILHC
1 : 4 NLO'SPS (53
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Lansberg, Shao, 1410.8822
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Beyond NLO

> Very big high order correction!

* Higher orders fail to describe data

« Strange: breaking down of perturbation theory? Or other mechanism?

Feng, Jia, Sang, 1505.02665 Feng, Jia, Mo, Pan, Sang, Zhang, 2207.14259
2.0 [T . S S B B B B B B S B B S
i 14 N 7]
- * 1 12} ]
15¢ NNLO, uy = m y+v —-ne i —~
- o=z ] - LO
= 10r ’
5 oI NLO
L'L-. +~‘u B _- m
k<] £ S N R -~ NNLO
w = 6 ]
S N*LO
= 4r .
2r e N s EXp
.D L= i |r‘ Ia'-ll TR TN TR NN [T T SN SN T [ S T S i L i 1
1.0 15 20 25 3.0 35 4.0
ir (GeV)
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Status around 2015

» Phenomenological: difficulties
« NLO NRQCD theory has difficulty to describe global data: universality problem, polarization

puzzle, hierarchy problem, negative cross section, large perturbative corrections...

» Theoretical: rigorousness of NRQCD Nayak, Qiu, Sterman, 0509021

Bodwin, Chung, Ee, Kim, Lee, 1910.05497
- Based on EFT of QCD; Factorization has been tested to NNLO  #"@n9; Meng, YQM, Chao, 2011.04905

Rigorous QCD analysis of inclusive annihilation and production of heavy quarkonium Citations per year

Geoffrey T. Bodwin (Argonne), Eric Braaten (Fermilab), G.Peter Lepage (Cornell U, LNS) 120
Jul, 1994

100
126 pages .

Published in: Phys.Rev.D 51 (1995) 1125-1171, Phys.RevD 55 (1997) 5853 {erratum)
e-Print: hep-ph/2407339 [hep-ph]

DOL 10.1103/PhysRevD.55.5853, 10.1103/PhysRevD.51.1125 40
Report number: ANL-HEP-PR-94-24, FERMILAB-PUB-94-073-T, NUHEP-TH-94-5

Wiew in: ADS Abstract Service, OSTI Information Bridge Server, KEK scanned document

&0
20

]

A paf & links [ cite [ claim @ reference search  2) 2732 citations
» What is missing?
« Remember: summation over all possible n in NRQCD formula

* One possibility: corrections at high powers in v (relativistic corrections)!
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Relativistic corrections in NRQCD

» Relativistic (power) corrections -
» Equations of motion of NRQCD EFT: |Po— >~ +°'-)¢f= 0

* NRQCD factorization: use EOM to remove V,, leaving operators like:

(Warning: here D replaced by V7, needs proper gluon fields to make them gauge invariant)

1 P Trpa T ~ia
X, x o, X, x oY Corrections in type 3 widely studied, for
Type 0: Different colors, spins charmonium production in pp collision,
about 30%-50% corrections

)
XTgE")
Type 1: Intrinsic gluons (E, B fields) Sa%igamngﬁ;; 0904 4095
- CO-channel:
vazw Xu, Li, Liu, Zhang,1203.0207

S-D mixing-channel:
He, Kniehl, 1507.03882

Type 2: Orbital angular momentum

S LPin p;, all order in v:
X \% '7[’ Li, Chen, Huang, YQM, 1909.03554
Type 3: Relative momentum
' However, more relativistic-
\V& (XTw) )

correction terms may be needed!

‘ Type 4: Total momentum
T
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Soft gluon emission

» Soft gluon emission in color-bleaching process

* Py is different from P, P = P,,[1 + 0(1)]
« NRQCD expand P around P,

» Bad convergence of NRQCD expansion

- Cross section approximately o P~* = Py *[1 + 0(1)]™*

j : deos? =042=1—-41+ 0 4073 +
1 2(1+A+2Acosf)t T 312
=1-12+12—1.08+0.91—0.73 + - With A ~ v* ~ 0.3

« Solution: soft gluon momentum should be kept but not expanded, which means

to resum relativistic corrections (due to kinematic effects) to all powers in v!
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Over subtraction

> Eg. x¢ production: /@ + =0 (r)asseo () TG 00 e

3 [1!8] :
P, 3 S[S] 03
1 _ 02 ‘{P[III '%P[H
gluon EN - =
soft =
= 00
— E Y] SAN N
B == _ITII
© o o-02f =T TT T —————
03— % T T e 0 :
0 10 20 30 40 50
prof xg(GeV)  p = (}ZTtggg

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

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

Over subtracted! P-wave negative!
« Big cancellation between S-wave and P-wave! Perturbation unstable

« Solution: soft gluon momentum should be kept during subtraction process, or resum

kinematic effects to all powers in v.
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Threshold region

» At threshold region

« Large logarithms appear: can be resummed by introducing shape functions

« Soft gluon momentum: has leading contribution for quarkonium momentum

distribution, cannot be ignored

» Combination of logs and powers resummation needed

+ Keep soft gluon momentum unexpanded is the first step.
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Comments

» Relativistic corrections with fixed power in v

« Bad convergence, too many terms are needed
* Involves too many LDMEs, very hard to fix them
« Solution: resum all LDMEs to obtain a function!

(Like resum twist-2 local operators to obtain PDFs)

> What do we need to resum?

. Type 0 (X', xTo'y, x T, xTo'T%) ): finite number, can be studied exclusively
« Type 1-2 insertion ( xTgE%*) , XTVW ): usually not enhanced, less important
 Type 3 and 4 insertion ()(*?2,’5 , Vi (xTy)) : kinematic effects, enhanced if the observable has a

steep distribution. E.g., prdistribution in pp collision, momentum distribution in endpoint region.
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Soft gluon factorization

> Different way to use EoM in NRQCD EFT

« NRQCD factorization: use EOM to remove ¥,

« SGF: remove relative derivatives 7/, 72, leaving only total derivatives

> Factorization formula P = P, + Py: momentum of Q0
d d4

 H . perturbatively calculable hard parts
* F,_y:nonperturbative soft gluon distributions (SGDs)

« Comparing with NRQCD factorization: a series of relativistic corrections resummed
* Relation: CO->TMD, NRQCD->SGF
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Preliminary: universality in SGF

> Applicationto ete™ - J/y( 3P}8], 1558]) + X

R

Partonic differential cross sections
T j e | e

1/0.°xdds/dz
N
1/0,°xddpldz

L 1 Il 1 L L L Il L L L L Il L L L L Il L L L L L L I L i | E L Il 1 L L L Il 1 L L L Il L L L L 1 L L L L Il L L L T |
0.6 0.7 0.8 0.9 1.0 0.6 0.7 0.8 0.9 1.0

Figure 4. The differential cross sections in SGF and NRQCD factorization approaches.

Smaller partonic cross section, larger LDMEs allowed
NRQCD —2 3
8 (0913 ) Mg, < (2440.7) x 1072 GeV?,
MiE = (O (5g) + k0 MNLO+NLL (5.8 4 1.8) x 1072 GeV?,
/ MSSF <« (7.242.2) x 1072 GeV?.
LDMEs in e*e™ can be consistent with that extracted in pp

pp: Mo = (0 ('s")y +3.9(0 (3PY")) /mZ ~ (7.4 + 1.9)x 102GeV?
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Fragmentation functions in SGF

Chen, Jin, YQM, Meng, 2103.15121

> Gluon FFs g —» QQ ( 35[18]) + X

1
de -
Dy 1 (z, Mpu,mq, Mp) =/ %D[SS](éa Mpy/z,mq, My, Mpy)
A: average momentum emitted Tl o Mty e
s .

X F[SS]—)H(xv MHamQ’ MH)

0025 —————71 71—

: : S - S
! — KA 0.08 - I
i Eo| weees A=0.5Gev RN | R0.05G i
/S %, 1 ¥ — 4 i === A=0.Uokev :
0.010] == HLO ;s % . 000E | R-06Gev 7 } — !
I mmme NLO(O) f ‘ | raee K - wogl | = A=005Gev(pert)
— —1o J : 1 0015 _ ; [ —— NRQCD
...... LO(0) 3 ? ] -=.= A=0.05Gev . H

0005 0010

0.005

OOOO,/‘. mmmmm > 1 |
_ 0z 04 “o6 08 10
Figure 7. Left figure: Comparison of the gluon FF obtained in different approximations. Rig z
figure: A dependence of gluon FF at NLO.
' dzz"DX (2, M
2z (z, Mg, mq, 1)
X 0 g—H
R (n) — RNRQCD -, ¢

[ dz2mDy (2, My, mg, 1)’
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Fragmentation functions in SGF

Chen, YQM, Meng, 2304.04552
> Gluon FFs g - QQ ( 3P][1]) + X

* In NRQCD: plus-function result in negative results

. 4 1 r he P;(z
=P TN, | 27 +1 2 \4m} (1—2), 2J+1

In SGF: plus-functions are factorized into nonperturbative functions, can be positive

HLO.(0) 3202 2 [ 1

— - _ 2 3 Ay, D B
s QaPR = 25N, 9 2o #(837 — 1622 + 7227 4 4027 + 827) + 5 (5 - 32) In(1 z)]

R )
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R )

Resolve negative cross section at high pr

> X production

« x%/d.o.f =0.63/8, as good as NRQCD

daf*P)ida > S

No substantial cancellations

Cross sections are positive at high p;

0'3;"I SGF - | - I__._ 3IF'£;1] | '
02| — A

__ A
o1 g )
SN =
I '
oz ]
-0.3 ]

! Ll L I | T | T R R ! | I
500 1000 1500 2000 2500 3000
pr(GeV)

Chen, YQM, Meng, 2304.04552

]
& SGF
0.100 :L f_ _ 35
L = !
= SN
3 NS e *pi
= R Total
= 0010} RN
Sl . E s —e— ATLAS
—
% % o ‘\. S~
2 I NN
X Tl O
o 0001F e T~e 1
10—4 \\\\\\\\\\\\\\\\\\\\\\\\\ i} -\ ) 1Y
15 20 25 30 35 40
pr (GeV)
L I L B
r SGF
0.100 ¢ _ 35
NS
> [ 'S —SPE]
= .
0] PR
a FE Total
£ oot0f SN ]
3l . i —F —e— ATLAS 3
Re _g- "s\ ]
o) ~
© I i\ 1 T
X -~
O 0.001% S 1
0 S S U U RS
15 20 25 30 35 40
pr (GeV)

See also resummation within NRQCD framework

Chung, 2303.17240
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Resolve negative total cross section

« Resum large log In(S/m?) using high energy factorization Lansberg, Nefedov, Ozcelik, 2112.06789

. See also: YQM, Venugopalan, 1408.4075
1.~hadroproduction,

0 . T T maaa — T —
> = N /3; - CT1BNLO, NLO+HEF, M=3 GeV E
F }nE vs. subtractive matching, 1
T T T T T T T T T o SB' ]—State E
1 . )
Laae Ll \L-’E:EBEEL GeV, gg : 107 |- channels: ga-+ag-+om+qit-+qa -+ 68, &
pLoan® Eoﬁ I 1
Calld E
_ soand - F - - E
= W B N
= _ ot =T = E
2 o E = LD, ppm Spt. var., /= J
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] . I LO+NLO+HEF InEW match., ppa Spt. war., e
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S Lo ——
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QUARKONIUM PRODUCTION IN PNRQCD HEE SOK CHUNG

S-WAVE MATRIX ELEMENTS IN PNRQCD

» V=J/1, (25), X (nS). Colorsinglet: (0V(3sit)) = 3|R4( )I®
m
Ovix = &QQ(33[11)<0V( 8[1])>+ 06(S )<OV( S[S])>
+0, (13[1< Z qP[a (2J + 1)(0OY (3PP

» Coloroctet: . . =01

':“‘m - B 1 B
@QL‘
QQ* P

Qa(! 5[

b Three correlators £1y.10, £y, Boo to rule all S-wave production 53/62




QUARKONIUM PRODUCTION IN PNRQCD HEE SOK CHUNG

CR0SS SECTION RATIOS

» Universality of the gluonic correlators leads to predictions
for cross section ratios, independently of the correlators

direct R(O) 0 2 O.direct R(G) 0 2
Typ25) _ | ¢(23)( ) ?;_(38) — | 5338)( )| Brambilla, HSC,
direct (0) 9 gdirect 9 _ Vairo, Wan
O30y |RJ/¢(O)‘ T(25) |RT(25)(0)| an?zsdé_;}rf'éos .
. . . \'e
» Compared to experiment, including feeddown effe 1, can be iMere
"aA/B = (BIFA—:*.LL'H'.L_ JA)/(BI'B%;.L'*M— JB) Sm'\\af o CEW,
I ! 1.4F
| s PNRQCD | E Bl PNRQCD
{'.I.EIBI‘ — 1.2;
= gq? 1L.of
E o E {'IE:
E 0.04 | | E 0.6
_ o |y <12 ] 0.4 f
0.021 CMS data § 17 < Iﬂ <16 t ATLAS data 1'”; - yor
CMSJHEP02(2012)011 13 ;- 24 “’l ATLASPRDS7,052004(2013) " 'C <1< 2%
000 1{11‘52(}25‘%0 {ma” I1I{:L ..2}}...3.&. Il4l|[}"5lnl Iﬁln”::n
54/62
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QUARKONIUM PRODUCTION IN PNRQCD HEE SOK CHUNG

DETERMINATIONS OF GLUONIC CORRELATORS

» The fits constrain £ip.10 and &y to be positive, and By is small.

(O (351) (GeV?) | (O7P(1SY)) (GeV?) | (07 (BPyY)) /m? (GeV?) | pr
(1.40 +£0.42) x 1072 | (—0.63 +3.22) x 10~* (2.59 + 0.83) x 102 2m

» These also determine 1(2S5) and Y matrix elements.

» S-wave production is dominated by the 358 + 3
Large cancellation occur between 358l and 3P /8'channels.

0.100 T
e — ||’.)|
R 1] Sl
X e
D010 F =
—_ i — E
= 000f =
3 o A s
= =
= 0.001F = 000E
B B
= =
e U
E B
10 #
[na) o
= Direct «(25) - . .
. . 10 —— Direct T(35)
10 3glE 4 3 pld ) 3
e AR APy . S 3 gl8] | aplE
: . S 40P i
- -i ‘._1 . T
10T A A . ) i . 10-6 L . . L A i
10 21 30 10 50 6070 10 20 A 10 50 6 70 55/62
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Summary

» Current difficulties: polarization puzzle, hierarchy problem,
universality problem, negative cross sections, / /y-pair
puzzle, high-order puzzle,...

« Some may be solved in soft gluon factorization

« Others very hard to understand

» Quarkonium production mechanism: a very important topic

« But an extremely hard problem
* New theoretical ideas needed
 New data needed: confirm previous data; test the energy emitted during hadronization;

test the spin symmetry between J/y and n; ...
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Double parton fragmentation function

» Next to leading power (NLP) contribution is important

* LP contribution of 3S leads to transversely polarized J/y at high p;, contradicts with data

« At NLO, the LP contributions almost canceled between 35[1 and 3P] 8l

 LP contribution of 15([)8] is dominant only for P, > 50 GeV

* LP contribution of3S[11] is negligible compared with experimental data

p; behavior | p; behavior
at LO at NLO

3G, [1]
S v pre(Le) o
15,18 v3 p;(NLP) py*
3P, 8] v4 p° o

To do power expansion first and also to resum large logarithms of pz/m?
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Double parton fragmentation function

» LP+NLP factorization formalism

dO’A+B—»H+X(P)

=~ Zda'A+B—>f+X(Pf = p/z) ® DH/f(Z, mQ)
f

* Z d& 41 p0600+x(P(1 £ {)/2z,
[00(K)]

p(1 £ )/22) ® Dy o1z & &' me),

« Operator definition of double parton FF (example)

(2)?

Kang, Qiu, Sterman, 1109.1520
Kang, YQM, Qiu, Sterman, 1401.0923

1+ /7 1 -7
+ o+ + -

1+ ¢ 11—
I+ — ot I+ — ot
Po =P T, Po =P =5

*  Dyjpogacy-double parton FF

* Kk represents the pair's color and spin

Ay~ . (pTdypTtdy; . .
D todasn@ & (N = f %e—z@ /2y [ P AV P Ay Lip*20(1-0)y; p=ilp* /2(1=y;
X

4 vy
X m«” ;(0) ap*

* NRQCD factorization of FFs

di0a(0)]-[00(c)] @re available up to 0(ay)

Ma, Qiu, Zhang, 1501.04556
T

> (1) i )DIH(pHXKH(p )X, (v~ + y7

+
Y Vs
)22

ap* () tb i (y7)10),

- de_’[QQ(C)](Z’ mo, MKO@Q(C)]%

D froown(z & &' mo, p),
= > dioow—roown(@ & ¢ mo, pOf 5 ),
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Double parton fragmentation function

» Application to high-P quarkonium production
Comparison with NLO NRQCD calculations

R )

NRQCD
NLO

/do

_pQCD
da o

Channel |%s11 3g1 [ 36181 3gl8) | agls) g sl psplsl spls)
Power | LP NLP| LP NLP| LP NLP| LP NLP
PDFs - LO|LO LO|NLO LO |[NLO LO

FFs - al ol & o ol | a? al
SDCs a |l a? o ol a2 e Al
257
= 3¢ll] 3 ¢l8] 1 ¢I8] 3 pl8l -
2.0 S S So Py

1.5%

101

05"

The choices for LP+NLP factorization calculations

Ratio of |/y production rate from LP+NLP
factorization over that of NLO NRQCD calculation

LP+NLP factorization calculation naturally reproduces

all NLO NRQCD factorization results for high-P;
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Global fit by Butenschoen and Kniehl
» NLO NRQCD V.S. RHIC, Tevatro, LHC data

Butenschoen, Kniehl, 1105.0820

' + PHENIX data J 107 +  CDF data: Run 14 102 + CDF data: Run 2 ATLAS data
ok e G, LO ] e cs,LO ] e 08, LO s CS, LO
R, = Em== cs,NO ] T MEe === = CS, NLO 10 g==== CS, NLO 1 = En. 0 Em== CS, NLO
----- C5+CO,LO ] -- C8+CO, Lo 2 ----- C5+CO, LO -- C8+CO, Lo
——— CS+C0, NLO 1 ——— CS+CO, NLO 1 L ~ ——— CS§+CO, NLO ——— CS+CO, NLO

doldp (pp—Jiyp+X) % B{liy—ee) [nb/GeV]
dedp{pp—ip+X) < Blyw—pp) [nbGeV]
H
daidp{pp—l/y+X) % Bldiy—pp) [nbiGeV)
=]
T
daldp(pp-alfy+X) = Bldiy—puu) [nb/Gev|

2
10 F 2
10 . - 107k
3 s
-2F 3 L
0 'g10°F ™ 1 8,7 y ] :
E - - -, . - - - =
Lf Je=200Gev . of VE=18TeV e 5=196Tev T, [ s=7Tev .
10 F <035 g 10 & Ivl<06 e 10 <08 =] yl <075 i ™
T T e T O L e
3 18 20
p; [GeV] pr [GeV] pr [GeV] p; [GeV]
o 1037 T T T T T T T T ] _ 1037 T T T T T T T ] o 3 T T T T T T T T o F T T T T T T T q
E +  ATLAS data g +  ATLAS dafa E 107 + CMSdata 5 - CMSdala 3
E=| - CS,LO 4 2 12 e €8, LO { =z =) - CS, L0 1
= - s==== CS, NLO = = CS,NLO ]
3 ST -—----C8:Co.L0 ] Z £ --=-- C5+CO,LO ]
= = —— CS+CO, NLO = = —— CS+CO, NLO
2 2 2 2
@ 1F @ 1 o o E
* E X X x 3
I X0 X 3 ]
L1 E L 10 i s
3 4 3 3 F: 1
R : g1 F S N 1 8 : g
x F075<lv<15 =3 E 15<lyl<2.25 =3 B0 F let2 o 12<lyl<16 ]
Lot 1 1 1 1 Lot 1 1 1 L 1 1 1 1 1 1 1 1 1 1 Loical 1 1 L 1 1 1 1 1 1
4 6 8 10 12 14 16 13 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
p; [GeV] pr [GeV] pr [GeV] p; [GeV]
ST _ T T T T T T T T T T T T T T T ™y
3 10 . CMSdata 3 3 +  ALICE data = +  LHCbdata 3 + LHChdata ]
E 3 2
Q k Q 107 Q 10°F Q E
& -+ C5,L0 3 - C8,LO 5 F e CS, L0 =) s €8, LO E
= -, s==== CS, NLO = === CS, NLO . Ee=sE CS,NLO
T N, e 310 —---CseCOL0 7 0 T, - cs+Cco.lo 3 T WE SR, - CS+CO,LO 7§
= = —— CS+CO, NLO : —— CS+CO, NLO = , — CS*CO,NLOj
2 4L = 10 B = =2 4
o E o m m 3
® E x x b ]
T E T o1k X X 4
= F 2 : 2 =z :
3 10 -2:_ R ) ,‘\“‘--k. : 2 2 1
(=% E 10 F ", S E =3 [=1 . <
D 3 . T % % . N ]
'E’ 10 3 Ws=TTeV . é of E=TTev S, %,l 5 E=7TaV ,\H“‘\\ 3
E . : L e - ] . . )
£ f16<mic2e E10 | 25<y<4 E I 25<y<3 =
10 I T T T . . . . . Ll . . . . L3
4 6 8 10 12 14 16 18 20 3 4 5 6 7 B 9 10

4 6 iT[GeJlu 12 14 61/57

p; [GeV] pr [GeV]



Global fit by Butenschoen and Kniehl
» NLO NRQCD V.S. LHC, HERA, LEP data

Butenschoen, Kniehl, 1105.0820

T T T T T T T T T T T T T T T T T T
= +  LHCb data = -+ LHCb data = +  LHCbdata L 50 GeV < W < 180 GeV {
& 10 & 107 3 w03 E & D4<z<09
i e 12 s, |8 =i, | e
= cs+Co, Lo ES o -- CS+CO, LO ES ° -—-—-CS+CO, LD 8 °E V5=300Ge 3
ol cstcono] L P cswcono] L e cswco.no] B
: 5 1 ol

a =2
= Za0 'L Z0E %
£ k-l £ R - CS, L0
3 507 S107L Z 10k === Cs.NLO
1 1ok 7 g F - ©S+CO, LO
£ v 107 S0 T rev ¥ , = cswcono
E < i g E £ E=7Te 10 F E
= 3cy<35 5 . B 4f acy<as - ZEUS data
P ‘ ‘ . i 10 L , , Ly X 10 S ; , X ‘ X ‘ , ‘
3 & B 0 1z 14 El B B 0 12 14 1 6 B 10 5 0 5 20 25 30
D, [GeV] p; [GeV] Py [Gev] p? [GeV?]
T T ; . T T T T T T T T T e B e A e
s = 300 GeV, Q% < 1 Gev? 102k .- ZEUS data i 60 GeV < W < 240 GeV s =314 GeV, Q% < 1 GeV?
04<z<D8 1 03<z<D8 7§ 03<z<08
= 2> 1 Gev? cs, Lo < Q2 < 1 Gev? = P> 1 GeV?
8 = == CS.NLO 3 34cev | B
e £ - CS+CO, LO Q10 e
=0 810 L CS+CO, NLO 2 £
% 3 810 ¢ %
3 E Z E
= T £ 5 = ~- €8, LO
K = CS. NLO g F0OE K ,| === cs.no
8 ---—- C8+CO, LO £ 5 = 300 GeV 3 , 8407 —- CS+CO, LO i
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10 F E Pl 1 Gev? 0oE
- ZEUSdata , 50 GeV < W < 180 GeV . - H1data: HERAT . H1data HERA1
. , . . . . 10 . . . . . . 10 A e
60 80 100 120 140 160 180 02 02 04 05 06 07 08 09 1 10 60 80 100 120 140 160 180 200 220 240
W [GeV] z 3 [GeV?] W [GeV]
T T T T T T R AR R e T T T T T
12 - H1data HERAT ) , 50 GeV < W < 240 GeV ] & = 319 GeV, O < 2.5 GeV® w0 ¢ Hi1data HERA2 |
03<z<08 03<z<08
cs.Lo T - Q<25 Gev? = pi> 1 Gev? : €s. Lo
=== CS NLO = 10 = N === CS NLO
5 . @ Vs =319 GeV & = .
=) - €8=CO, LO 2 S £ -- C8~CO, LO
o ——— CS+CO, NLO 20 £ H ——— CS+CO, NLO
= 10 B = = 10
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T 2 - = el
e T 0oF £ 5
7 S - cs,Lo = cs, Lo 7
B == 7 4 ==cswo S E s==== CS, NLO & —mriemn]
= Vs =314 GeV & E ---—- C5+CO, LO ,'\f- E1 2l —-——- c8s+COo, Lo 4 5 V5 =310 GeV
1 =16V ] § CS5+CO, NLO N s CS-CO, NLO 1 Q? < 2.5 GeV?
P> 1 Gev? 10 T P> 1 GeVv?
60 GeV < W < 240 GeV - - H1data HERA2 -+ H1data: HERAZ 60 GeV < W =< 240 GeV
\ \ \ \ \ 10 . T T T A T \ \ \ \ \
03 04 05 08 07 o0& 09 1 10 102 60 80 100 120 140 160 180 200 220 240 03 04 05 08 07 o0& 09
e aaanan e T T T T T T e e adaaaaaas:
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kS ES e X
8 10 3 i 2 ]
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3 g, ! g1 G v 3 7
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T2 3 4 6 7 B 10 02 03 04 05 06 07 08 0% 02 03 04 05 06 07 08 08 5 10

o (b) : (c) : (d)
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NLO fit by ANL-Korea group

» Fit ] /Y yield data at Tevatron and LHC

Bodwin, Chung, Kim, Lee, 1403.3612
 Exclude p; < 10 GeV data

« Large logs at LP in 1/p% expansion are resumed

§ CMS data, |y| < 0.9

dO.LP-i-NLO _ dJLP B dO’%lsIlI::O + M ,\g{ 10_1 i CDF data, [y] < 0.6
de de de de 2 727 = LP+NLO, LHC [y < 0.9
%|§ 10_3 3 == LP+NLO, Tevatron |y| < 0.64
(©7/%(188)) = —0.030 + 0.381 GeV?® - |
<OJ/¢<35[8])> 0.023£0.057 GeV? 7 | ———
(O7/v(3PEY) = 0.043 + 0.106 GeV® B T
pr (GeV)

» Good fit, yet another different set of LDMEs

R )
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Data driven by CERN et. al. group
» Fit ] /Y yield data at Tevatron and LHC

Similar shape as functions of p;/M

= ;
10%+ %
& ; % \s=7TeV
~ q * !
K] :
L 107 Aﬁ; K
i bR
'g"- 1: j“.'}a “‘l
; 3 - ,‘. .. %
3 ﬁ?‘g'ga BN
N> ’ g\:lﬁ o
3 107 o “,
I% i
L e
102+ iy
] W
: P, VoS
1 0-3 _; : ‘ﬁsﬁ:;;“?%:{‘
] ﬁ?g
107~ RN
10’5\"'|'§'|"'|"j|"'

« J/y: CMS, Iyl <0.9
o Jhp: ATLAS, Iyl < 0.75

. % ATLAS, ly(J/y)l < 0.75
+ %, ATLAS, ly(J/y)l < 0.75

« (2S): CMS, Iyl <1.2

P(x2,ndf) = 30%
«2/ndf=83/77

s Y(1S): ATLAS, Iyl <1.2
* Y(2S): ATLAS, Iyl <1.2
v Y(3S): ATLAS, Iyl <1.2
s Y(1S): CMS, Iyl <0.6
« Y(2S): CMS, Iyl <0.6
¢ Y(3S): CMS, lyl <0.6

* |gnoring 3P][8] contributions, 15(58] dominance

L
10 12 14 16
pT/M

Faccioli, Knunz, Lourenco, Seixas,
Wohri, 1403.3970
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Derivation of SGF: exclusive processes

> A different way to use EOM

« NRQCD factorization: use EOM to remove 1,

- SGF: remove relative derivatives ¥, 72, leaving only total derivatives:

(R#n1n2> = (0| ‘7()n1 yna (XTKnl/J) |H>

K,, denotes operators for type 0-2 insertions

« Assume: factorization (similar to NRQCD factorization) is valid to all orders:

AH - Z Annlnz (PH) (RTI-lInlnz )

nnq{,n,y

» Using integration by parts

« Remove operators unlessn; =n, =0

* Hrest frame: matching coefficients are functions of quarkonium mass

» Factorization

A= ARy Ry = (O[[YK,¥1(0)IQ)s

n
e “S”: field operators are in small momentum regions
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Derivation of SGF: inclusive processes

» Use EOM to remove relative derivatives

Resulting: (0% | ) =(0 |l70"1\7"2 ()(Tﬁnl,b)T (al+x@ex)V 2V (x TKnl/})| 0)

where aL+XaH+X = Z]H |H + X)(H + X|

« Assume: factorization is valid at this level

doy o
(Zﬂ)gng dBPH = 2 dann1n2n3n4(PH) Z <OTI{IT;I-1)T(lzn3n4>

nnq,ny,N3,Ny X,PX

» Use integration by parts

« Remove operators unlessn; =n, =n;=n, =0
« Matching coefficients are functions of (H rest frame): my, Ey, 13,?
(Warning: I3X - (0H+X ) is also possible if polarization is concerned)

In a general frame: P3, Py - Py, P?
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Derivation of SGF: inclusive processes

> Factorization becomes YQM, Chao, 1703.08402

d Chen, YQM, 2005.08786
OH
@ny*2Ph = ). F(PhPa Px PO

nX,Py
» Soft gluon factorization P = Py + Py: momentum of QQ
( 2PI%§30£{ Z/ n—)H(PPH)
\
Production of a heavy quark pair Hadronization (SGDs)
Expansion in: a, (v) Expansion in: v

 H, . perturbatively calculable hard parts
* F,_y:nonperturbative soft gluon distributions (SGDs)

UV renormalization scale is suppressed

Foon (P, Pg) = / d*be =" (0| WK, W]T(0) (af;an) [TK, W](D)[0)s
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Soft gluon distributions (SGDs)

» Operator definition

« Expectation values of bilocal operators in QCD vacuum

Foon (P, Py) = / d*be="P (O][TK, ]F(0) (alyam) [TA, W](b)|0)s

with
alyan =Y Y |H+X)(H + X]|
X JH

VMg My ‘|‘PHF My — PH
Mg +2m 2My " 9My

Ko (rb) =

Spin project operators: I, = Z (L, L2;S,S:|J, J)V s,
L..,S.
Color project operators:

1. a
el — v, s cl¥l = 21" o' (rb)

R )
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Soft gluon distributions (SGDs)

» Gauge link
O (rb) = Pexp {—igs /m d\by - A (rb + )\bg)}
0
b)) = b +ctt 0 <e<xl

 When b is finite, gauge link along b direction (avoid gauge-
link-collinear divergence)
- When b — 0, gauge link unambiguously along [ direction

(agree with gauge-completed NRQCD matrix elements)
Nayak, Qiu, Sterman, 05609021

» Evaluated in smal/region

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

shellness of all particles is much smaller than heavy quark mass

R )
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RGEs for SGDs

> RGEs

d
dlnpr

Ydr i .
F[L/E/,A/]_)H(Za MHamQ?/J’f) - Z / _K[[L/f:/,])\f](zﬂMH/:C7mQ’”f)

. T
LL)N"?

X F[L[j)\]-}H(x7 MvaQHU’f):

« Evolution kernels

(LEN,LO, _d  N1O 5
[L/L/N] (ZvMH/$7mQ7ﬂLf) _dll’l,uf F[L/i/’A/]_)QQ[LE,A](Z7 MH/377mQ,,LLf).

1

2 2o
K[SS]’LO(Z,MH,TRQ,M]”) :%{Ncl T e 5(1 — 2)
/i

58] (1—2)+ Mg

1. 1+A 1 (1+A% 1+A
—25(1 - 1 —1 1 —1)6(1—2) b
o Z)(zA "TOA )] +Nc( oA 1-A )5( z)}

W ME — 4m?Z
A = Q

N My
L 70/57




FF: g - QQ (35221 + X up to NLO

> Feynman diagrams Chen, Jin, YQM, Meng, 2103.15121

, RS N BN
OO LA £ £
fVQ@:ﬁAﬁNﬁA

(d)

R )



R )

» NRQCD

Hard part for g — QQ (35°) + X

1 1 W
A — [A(ug)é(l —2)+ —=P,,(2) (ln( ) — 1) Braaten, Lee, 0004228
a7 12CF N ¥ dmg, YQM, Qiu, Zhang, 1311.7078
21 —z) 41 —z+ 227l — = )
+ - ),
z z 11—z

Double logs as z — 1 (threshold logs)

> SG F Chen, Jin, YQM, Meng, 2103.15121

~LO,(0) / T, 83 X

D[SS]( (3, My /z,p, py) = (NZ_1) 0] 5(1 — 2), (5.28a)
ANLO,(0) -

Digs ™" (2, My, . i)

402 N3 [1 ) ( 260 CEQ/J%e_l ) a:guffe_l
= —§(1 —2)( 2A(p, Mg /) + In +In
(N2 — 1)M3, |2 N, M2, M,

2 1 2 2(1 — 2) 234
— 1)+ =PY9) (5 2(4 +22%) + = 2
5 )+Nc 0g (2) n(u?)+( 3 + 2(4 +227) + 9 (5+2)

v’ pije! 21— 2) [ 43 43!
¥ . z) z 2 . .
x(ln( M )—2111(1—7;))4- 3 —(1_2— 9 (5—|—z)) lnz]. (5.28b)

No threshold logs in hard part

Logs are factorized to SGDs and then resummed by using REGs
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Nonperturbative models

> The first class of models

b, b—1 _
0" w —bw' /A

Fmod () :MHNH—F(b) O , w'=Mpg(1/z — 1), Fleming, Leibovich, Mehen, 0306139
Model-1: F mOd(W,)\I\:().GGeV,b:za Model-2: F mOd(Wl)‘A:0.6GeV,b=1’
Model-3: F™Y(w')|3—0.6Gev.5=3- Model-4:  F™Y(w')[3—0 500V b2

Model-5: F™°N(w) |30 7¢iev pe2s

the zeroth, first and second moments are My Ny, MyNyA and Mg NyA?(3+1)

» The other models

Mo N (5007 4 10Y < of < 9
Model-6: 4AMyNulf(w' > ~2) — o' > 22y,  Models: { H f:’( §1w+9), <w' <3,
odel-0: HiVH 'U)_40 w 401 07 w>g,
5 , , 6 - , .
G = 0) - - 200 Ny N/, 0 < w' < 2
Model-7 6MHNH[9(w_O) 9(w>5)], VodeLg. | B MuNiw <u'<d
0, w > 2
2 10.
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RGE:s effects

» Model dependence is significantly reduced
after using RGEs

T T T
15+
—— Model-1
-=-= Model-2
[ ] =meee Model-3
1.0
L — - Model-4
---- Model-5
05+
0.0, T T
0.0 0.2 0.4
X
10F ! T !
s
[ —— Model-1
06 -—-- Model-2
[ e Model-3
0.4 [ — = Model-4
=== Model-5
02f
0.0
-02F, P L I PP S |
0.0 0.2 0.4 06 08 1.0

—— Model-1
=== Model-6

— = Model-8
---- Model-9

0.2

—— Model-1
-—-- Model-6

— = Model-8
——-- Model-9
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Numerical: g = QQ ( 35[18]) + X

> Gluon FFS In 3S Channel Chen, Jin, YQM, Meng, 2103.15121

Dg—)H(zajt{HamQ7MH)

A: average momentum emitted

DY 4y (2, My, mg, Mpr)

0025 —————71 71—

----- A=0.5Gev

% [ .
kY — /
0010 |- NLO K 0.020¢ —— A=0.6Gev /. !
I -=== NLO(0) . ; — /
" b — = AU ev o
— —Lo / : 1 0015 _ /
...... LO(0) 3 ? ] -=.= A=0.05Gev .

0005 0010

0.005

e
A i
2 ’ ,’. 4
..... - [
/'— 1 0.000
1’ [

L 1 I I L
02 04 06 08 1.0

0.000

Figure 7. Left figure: Comparison of the gluon FF obtained in different approximations. Rig

figure: A dependence of gluon FF at NLO.

f dzz”Dg%H(z,MH,mQ,pd)
fo dZZan%H(ZaMHJvau)’

R* (n) =

dz -
:/ —D[Ss](z MH/.TJ mQ,MH,]\/[H)

X F[SS]_>H($’ A{Ha mq, A4H)>

dz ~(o
:/z DES?S,](Z,]\/[H/SU,MH,MH)

X Fiss)»m(®, Mg, mq, Mg).

0.08 -
—--. A=0.05Gev

-—-- A=0.05Gev(pert.)
—— NRQCD

0.06 |-

1 L 1 L L 1 1 L
0.2 0.4 06 0.8

75/57



J /Y production at B factories

Chen, Jin, YQM, Meng, in preparation

1o xddsldz
1/of xdGpidz

NRQCD NLO-+NLL &-resum SGF
639 (ph/GeV?3)  17.677 7.411 8.246  5.712
NLO (pb/GeV?)  30.370 12.691 14.096  6.375

« Similar to SCET+NRQCD at large z, different at small z

 Has smaller total cross section, easier to reconcile with pp data
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