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Heavy quarkonium

> Bound state of QQ pair under strong interaction
eg:J/Y lp’r)(c],Y(nS),Xb](nP)...

Electron

o .

:'f;’_ ' O'
- ";\{—-.

* The simplest system in QCD: two-body problem
+ “Hydrogen atom in QCD”, “an ideal laboratory in QCD”
« Example: quarkonium production can be traced by heavy quark pair (vs

light hadron), unique to explore hadronization mechanism
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NRQCD: factorization

» Factorization formula

Bodwin, Braaten, Lepage, 9407339

do

30 p0 WOH 2 H

(27T) 2P)H dSPH/_;O_n(PHNOn)\

Production of a heavy quark pair Hadronization (LDMES)
Expansion in: a; Expansion in: v

n: guantum numbers of the pair: color, spin, orbital angular momentum, total

angular momentum, spectroscopic notation 25+1LBC]

> A glory history

Solved IR divergences in P-wave quarkonium decay —

- Explained ¢’ surplus Thanks to color-
« Explained y.,/x.1 production ratio octet mechanism
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YQM, Wang, Chao, 1002.3987
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» Predictions agree with new data
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> P (nS) production in NRQCD

p; behavior | p; behavior ¥ _:

Achievement: explain YP(nS) surplus

Kramer, 0106120
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> LO NRQCD

 Dominated by 35[18], LO NRQCD predicts transversely polarized

Pheno difficulty: polarization puzzle

Y (nS) at high p;, contradicts with Tevatron and LHC data

CDF, 0704.0638
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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 kr-factorization model [9]).
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%y Pheno difficulty: polarization puzzle

T508

» | /Y at NLO: transverse polarization largely

canceled (natura/7) between 35 and 3P 8]
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Bodwin, Chung, Kim, Lee, 1403.3612
Chao,YQM,Shao,Wang, Zhang,1201.2675
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NLO fit by PKU group
» Fit /] /¢ yield data at Tevatron with p; > 7 GeV

_6 YQM, Wang, Chao, 1009.3655
Due to p;* and p;° behaviors, constrain two combinations

« Mo =(0(*st"))+39¢0( 3P[8]))/ ~ (7.4 + 1.9)x 10~2GeV>
« My =(0(3s)) - 0560 (3P)) /m2 ~ (0.05 +0.02) x 1072 GeV*

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

0 (s8N ~ 0 (3P ~ (0 (3P})) /m?

« Thus natural expectation: M, ~ M,

» Upper bound from Belle total cross section

Zhang, YQM, Wang, Chao, 0911.2166

M, < 0.02GeV>
No universality of NRQCD LDMEs!
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NLO fit by Hamburg group
> NLO NRQCD V.S. GlObaI data Butenschoen, Kniehl, 1105.0820

* Including Belle, LEP, HERA, RHIC, Tevatron, LHC
« Total of 194 data points from 26 data sets

 Exclude pr < 3 GeV pp data and p; < 1 GeV ep data
(O7/P(3511)) = 1.32 GeV? X3 = 725/194 = 3.74

(O (1S | (4.97 £0.44) x 1072 GeV?
(O (351 | (2.24 £ 0.59) x 1073 GeV?
(O (3RM)) | (=1.61 4 0.20) x 1072 GeV?

« Data are not well described by NLO NRQCD, especially Belle data
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Fit by IHEP group
» Fit ] /Y yield data at Tevatron and LHC

Gong, Wan, Wang, Zhang, 1205.6682

 Exclude pr < 7 GeV pp data

35081 O ,
(O(F; )>) _ = CeV3

O = (9.7+£0.9,-0.46 £ 0.13, —0.95 4+ 0.25)

(O(sy, (o(sy),

2
’mc

» Results of the three groups: no universality

e My ~74+19 « M, ~2.1+0.56 « My ~81+1.0
oy (x1072GeV?)  Hamburg HEP

>y +vy* = n.. NNLO fails to describe data

Feng, Jia, Sang, 1505.02665
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Current status

» Phenomenological: difficulties

« NLO NRQCD theory has difficulty to describe global data: polarization
puzzle, hierarchy problem, universality problem

(Warning: Problems with . and Y(nS) production not discussed)

» Theoretical: rigorousness

« Based on EFT of QCD: NRQCD Nayak, Qiu, Sterman, 0509021
Bodwin, Chung, Ee, Kim, Lee, 1910.056497

« Factorization has been tested to NNLO Zhang, Meng, YQM, Chao, 2011.04905

» What is missing?

« Remember: summation over all possible n in NRQCD formula

« Corrections at high powers in v (relativistic corrections)!
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Relativistic corrections in NRQCD

» Relativistic (power) correction

. D?
« Equations of motion of NRQCD EFT: (IDO— o +°'-)¢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;; 09044025
- CO-channel:
vazw Xu, Li, Liu, Zhang,1203.0207

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

Type 2: Orbital angular momentum

B LPinp,, all order in v:
] V "b .
X Li, Chen, Huang, YQM, 1909.03554
Type 3: Relative momentum
; However, more relativistic-
Vi (th) )

correction terms may be needed!

Type 4: Total momentum
14/33




rocess

« Py is differentfrom P, P = P,[1 + 0(4)]
- NRQCD expand P around P,

» Bad convergence of
NRQCD expanSion Y&QM, Vog't, 1.60.9.0604&2

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

fl dcos6 042
12(1+A+2Acosf)*

L,
= 1— 44+ 40/322 — 4023 + - With 1~ v® ~ 0.3

=1-12+12-1.08+091—-0.734 ...  Mangano,Petrelli, 9610364
» 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! 15/33



Over subtraction

Braaten, Chen, 9610401
YQM, Wang, Chao, 1002.3987

> Eg. Xcj production: A0yey /(2] +1) = 46 4y (0 (P5)) +d6 oo (0 (3517

I
e

3 pll1.8] ‘ 8 0.3
gluon %”__ 0.1
soft [ § 0.0

EQ_:_:

3

-02F

3L ]
10 20 30 40 50

of v v - +0.06
prof x. (GeV) / (}.2?_0_03

« 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 Beneke, Rothstein, Wise, 9705286
Fleming, Leibovich, Mehen, 0306139
Leibovich, Liu, 0705.3230

« Soft gluon momentum: has leading contribution for quarkonium

momentum distribution, cannot be ignored

» Combination of logs resummation and powers
resummation is 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 ( xTy, xToty, xTT%, xTo?T%y ): finite number, can be studied exclusively

« Type 1-2 insertion ( yTgEy) , XTV%/) ): usually not enhanced, less
important, do not need to resum

 Type 3 and 4 insertion (Xf(?%p, Vi (xTy) ) : kinematic effects, enhanced if the
observable has a steep distribution. E.g., prdistribution in pp collision,

momentum distribution in endpoint region. Need to resum
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7Y Derivation of SGF: exclusive processes

o Li, Feng, YQM, 1911.05886
» A different way to use EOM Ghen, YQM, 2005.08786
« NRQCD factorization: use EOM to remove 7,

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

(R#n1n2> = (0| ‘7()n1 yna (XTKnl/)) |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-lIn1n2 )

nnq{,n,y

» Using integration by parts

« Remove operators unlessn; =n, =0

* Hrest frame: matching coefficients are functions of quarkonium mass

» Factorization

Q _ anp' —n* —
A=) ARe Ry = (O[FKPI0IQs
“S”: field operators are in small momentum regions 20/33



Derivation of SGF: inclusive processes

YQM, Chao, 1703.08402
Chen, YQM, 2005.08786

~UNIT

< £
- +
> o
L4 -
& el
- ~

Iggt

» Use EOM to remove relative derivatives

Resu"jng: (0111‘17;)722713114) — (O |V0n1 VAL (XTKnl/))T (aL+XaH+X)‘70n3 N4 (XTKnl/))| 0)

where a,THXaHJrX = Z]H |H + X){(H + X|

« Assume: factorization is valid at this level

doy o
(27‘[)32P191 3P, = 2 do_nnlnzn3n4(PH) z (0#11-'_1)7(12113114)

n,nq{,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: I_J)X (04X ) is also possible if polarization is concerned)

- In a general frame: P3, Py - Py, P2
21/33



%) Derivation of SGF: inclusive processes

> Factorization becomes YQM, Chao, 1703.08402

Chen, YQM, 2005.08786

2y 2P g = > (PP P PO
n,X,Px

» Soft gluon factorization

dom
C
(27 QPh)rdng E/ )JEy—n (P, Ph)

\

Production of a heavy quark pair Hadronization (SGDs)
Expansion In: a, (v) Expansion in: v

P = Py + Py: momentum of QQ

 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

Foym(P,Py) = / d*be= P (0|[WIC, W]H(0) (alyap ) (WA, U](D)|0)s

with

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

VMg A‘JH‘FPHF My — PH

(rb) My +2m  2Mpy M 5

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

1. a
el — v, s ¥l = 21" o' (rb)
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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, 0509021

» 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

24/33



RGEs for SGDs

> RG ES Chen, Jin, YQM, Meng, 2103.15121

4 td [LLA] /4
dlnwF[Lff/,xHH(Za Mp,mq, pf) = Z /Z K[L,L, N (2, Mg /z,mq, (1f)
L,.LA

X F[Lf/,)\]—>H(x7 My, mgq, iu’f)v

 Evolution kernels

(LA, LO d  NLO

[L’f/,)\’] ( MH/:U mQ iuf) dln,u F[L"L’ A,]ﬁQQ[LLA](Z,MH/CU,mQ,/Lf)-
FISSILLO a1 _Gs [y 2z | M2€_15

[59] (z, Mg, mq, puf) =\ 1—2) —in M2 (1—=2)

1. 1+A 1 (1+A2 14+A
—26(1—z)(2A1 — 1)]+NC( oA ll—A 1)5(1—z)}.

A — Q

B My
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% FF: g - Q0 (351 + X up to NLO

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

, RS N BN
OO LA £\ £
> <o < ﬁ%ﬁ%ﬁ%

(d)



Hard part for g - QQ (3S7)) + X

» NRQCD

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

+2(1—z) 41 —z+22)2%7Tn(1 — 2 ))

z z 1 —=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, puyp) = (NZ_1) 0] 5(1 — 2), (5.28a)
ANLO,(0) -

Digs ™" (2, My, . i)

2 3 2 pte! e
_ A4ogNex [15(1_2)(214(#,]\/111/117)4‘260 ln( W >—Hn2( i )

(N2 —1)M3, | 2 N, M3 M3
72 1 o, . 12 21 —2) . o 224 .
+61) +Mngg)(z)ln(@>+( P + 2(4+22%) + 9 (5+z))
2’ pge! 21 —2) [ 45* 431
x(ln( ﬁ% )-2m(1—2))+ ( - Z)—(lfé— g (5—|—é)) lné]. (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 () MHNHF(b) O , w'=Mpy(1/z—1), Fleming, Leibovich, Mehen, 0306139
Model-1: F mOd(W,)\I\:o.GGeV,b:za Model-2: F mOd(Wl)‘A:0.6GeV,b=1’
Model-3: F mOd(w,)‘j_\:O.ﬁGeV,b:?ﬂ Model-4: F mOd(wl)’/‘xzo.5GeV,b:27

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

M N 50, ./ 10 O< I< Q
Model-6: 4Mp Ny[o(w' > 1) 0(u’ > =], MOdeH® { ulu(=spwtg), 0swss
e HEHEPY =40 Y70 0, w>5;
° ' iy 8 200 .
G 20) = = MpN 0<w < 2,
Model-7 6MHNH[9(w >0) — (w' > 5)], Modelo: - Hw <u'<d
0, w' > m-
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RGE:s effects

» Model dependence is significantly reduced
after using RGEs

T T T I I I I I
15+
— Model-1 —— Model-1
-=-- Model-2 -~ - Model-6
S R Model-3 | e\ g g [ | Model-7
T - Model-4 — - Model-8
———- Model-5 === Model-9
05+
0.0 : '
0.0 0.2 02
1.0 !
0.8} —— Model-1
—— Model-1 - —-- Model-6
06 _ c—-- :o:e:—i ------ Model-7
N R "\”cjdel—4 — = Model-8
04 — - Model- —==- Model-9
===- Model-5
0.2f
0.0 \/
-02 o 2 o
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Numerical: g - QQ (387 + X

i 3 en, Jin, , Meng, .
> Gluon FFs in 35[1 ] channel Chen, Jin, YQM, Meng, 2103.15121

1
dx - R
Dy u(z, Mg, mqg, M) =/ ?D[SS](Za My /x,mq, My, Mpy)

A: average momentum emitted

(0)
Dg—)H

0025 —————71 71—

B T N=0.5Gev N
— ; x S0
0.010 NLO kS 00201 —— A=06Gev ;
I ==== NLO(0) . r Teo7G /
" b — = A=U ev o
— — L0 K 3 1 0.015[ _ ,"
...... LO(0) 3 ? ] -=.= A=0.05Gev .

0005 0010
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e
A i
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02 04 06 08 1.0
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Figure 7. Left figure: Comparison of the gluon FF obtained in different approximations. Rig

figure: A dependence of gluon FF at NLO.

1
RX(??, :fo dZZan?;H(Za M, mq, 1)

_fol dZZan%H(Za MHJ meq, /’L) |

1
(2, Mz, mg, Mg) :/ 4z 5(0)

z

X F[SS]_>H($’ A{Ha mq, A4H)>

? [SS](éa]V[H/xaMHﬁMH)

X Fiss)»m(®, M, 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
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J /P production at B factories

Chen, Jin, YQM, Meng, in preparation

-—-= 5GF . | |-=-=5GF

: ——— S-resum : F | === S-resum
| —— NRQCD

1o xddsldz
1/of xdGpidz

NRQCD NLO-+NLL &-resum SGF
639 (ph/GeV?3)  17.677 7.411 8.246  5.712
639 (ph/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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Summary

» NRQCD factorization: polarization puzzle,
hierarchy problem, universality problem

- Possible reason: convergence of v? expansion is bad because of soft

gluon emission
» Soft gluon factorization (SGF)

Soft gluons effects considered; better convergence in v? expansion

« Equivalent to NRQCD, but with power corrections originated from
kinematic effects resummed (kinematical factorization), (partial) large logs
resummed

 Phenomenological difficulties encountered in NRQCD: to be studied in SGF

« Soft gluons effects in other processes, like B production.

Thank you!
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doldp (pp—Jiyp+X) % B{liy—ee) [nb/GeV]

daldp (pp—Jiy+X) % BlJhy—up) [nb/GeV]

daidp(pp—Jiy+X) < Bllhy—pp) [nbiGeV)

Global fit by Butenschoen and Kniehl
» NLO NRQCD V.S. RHIC, Tevatro, LHC data

Butenschoen, Kniehl, 1105.0820
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Global fit by Butenschoen and Kniehl
» NLO NRQCD V.S. LHC, HERA, LEP data

Butenschoen, Kniehl, 1105.0820
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A 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{ 1_1 i CDF data, [y] < 0.6
de de de dp’f 2 0727 = LP+NLO, LHC [y < 0.9
%|§ 10_3 3 == LP+NLO, Tevatron |y| < 0.64
(©7/%(1818) = —0.030 + 0.381 GeV?® - |
<OJ/¢<35[8])> 0.023£0.057 GeV? 7 | ———
(©7/*(3PEY) = 0.043 + 0.106 GeV? B T
pr (GeV)

» Good fit, yet another different set of LDMEs
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Data driven by CERN et. al. group
» Fit ] /Y yield data at Tevatron and LHC

Faccioli, Knunz, Lourenco, Seixas,

- Similar shape as functions of p;/M Wohri, 1403.3970
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* Ignoring 3P][8] contributions, 1558] dominance
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