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Qutline of the talk

rief review of NRQCD factorization to quarkonium production/decay
NNLO QCD correction to yy* = n, form factor and confront BaBar data
NNLO QCD correction to n, =2 yy (including “light-by-light”)
NNLO QCD corrections to x o, 2 vy
NNLO QCD correction to i, = light hadrons and Br[n, = yy]
NNLO QCD correction to e* e > J/W¥ + n. at B factories
Search for graviton via J/'¥ = y + Graviton (via missing energy)

Summary



Nonrelativistic QCD (NRQCD):
Paradigm of EFT, tailored for describing heavy quarkonium
dynamics: exploiting NR nature of quarkonium

Caswell, Lepage (1986); Bodwin, Braaten, Lepage (1995)

AN NRQCD factorization is viewed as
QcCD being first principle of QCD
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NRQCD Lagrangian (characterized by

velocity (v/c) expansion)

{-‘fNRQC.‘-D — Jr:(-‘:ligh'r, + f:(-‘fheax-'y + oL.

1 .
J':r-.:light — _Etr(_;p',u(;mx + EEEE’{},
D2\ | D? S uan
Cheavy = U ( Df+ﬁ) b+ x (3 D, — ﬁ) Gauge invariance as
guiding principle
l{";":{-.t’I::uilir‘uaaﬁr — (lT DE 1— - :’\, Dz) )
” — (¢/(D-gE —gE D)y + \'(D-gE — gE-D)y)
8{’32 (LT (iD x gE — gE xiD) -0y + \'(iD x gE — gE x iD) - Jj‘i)
+ 577 (V9B o) — X(gB - o)),

Very similar to HQET, but with different power counting



Physical picture underlying NRQCD
actorization for quarkonium decay/production

m>>mv>> mvA

Quarkonium is a QCD bound state involving several distinct scales
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Short—distance coef ficient wave function at the origin
perturbatively calculable nonperturbative yet universal

Separate the short-distance effect and long-distance dynamics

Asymptotic freedom: a (m)<<1, one can invoke perturbation theory



NRQCD is the mainstream tool in studying
rkonium (see Brambilla et al. EPJC 2011 for a review)

Nowadays, NRQCD becomes standard approach to tackle various
quarkonium production and decay processes:

Charmonia: not truly non-relativistic to some extent

Bottomonia: a better “non-relativistic” system

Exemplified by

ete” — J /1 4+ 1 at B factories (exclusive charmonium production)

Unpolarized/polarized .J/1 production at hadron colliders (inclusive)
Very active field in recent years (Chao’s group, Kniehl’s group, Wang’s group,

Bodwin’s group, Qiu’s group ...) marked by a plenty of PRLs 6



The strategy of determining the NRQCD
short-distance coefficients (NRQCD SDCs)

In principle, NRQCD short-distance coefficients can be computed via the
standard perturbative matching procedure:

Computing simultaneously amplitudes in both perturbative QCD and
NRQCD, then solve the equations to determine the NRQCD SDCs.

Threshold phenomenon is signaled by four relevant modes: hard (k" ~ m),
potential (k%mv?,|k|~ mv), soft (ki~ mv), ultrasoft (ki~ mv?).
Elucidated by the Strategy of region by Beneke & Smirnov 1997

The NRQCD SDCs is associated with the contribution from hard region

Practically, one often directly extract the hard-region contribution in an
arbitrary multi-loop diagrams

We then lose track of IR threshold symptom such as Coulomb singularity



The ubiguitous symptom of NRQCD factorization:
ioften plagued with huge QCD radiative correction

Most of the NRQCD successes based on the NLO QCD predictions.

However, the NLO QCD corrections are often large:

ete” — J/p+n. K factor: 1.8 ~ 2.1 Zhang et.al.
ete™ = J/Y+J/ K factor: —0.31 ~ 0.25 Gong et.al.

p+p—J/v+X K factor: ~ 2 Campbell et.al.
J/ ) — vy K factor: <0 Mackenzie et.al.



The existing NNLO corrections are rather
ew: all related to S-wave quarkonium decay

1. TU/¥Y) > ete
NNLO corrections were first computed by two groups in 1997:
Czarnecki and Melkinov; Beneke, Smirnov, and Signher;

N3LO correction available very recently: Steinhausser et al. (2013)
AT '\
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NNLQO correction was computed by Czarnecki and Melkinov (2001) :
(neglecting light-by-light)

3. B, 2> v

NNLO correction computed by Onishchenko, Veretin (2003);

Chen and Qiao, (2015)



Perturbative convergence of these decay
processes appears to be rather poor
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So calculating the higher order QCD correction is imperative
to test the usefulness of NRQCD factorization!
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Investigation on yy™ > n, form factor

i Experiment
BaBar Collaboration: Phys.Rev. D81 (2010) 052010

Babar measures the Y™ — 7). transition form factor in the
momentum transfer range from 2 to 50 GeV~.

11



Digression: recall the surprise brought by
BaBar two-photon experiment on yy" - =°

The w9 Transition Form Factor

Comparison of the result of experiment
to the QCD limit

= g * 0 | .
2 O CELLO YTY—>R | * Experiment:
; s i : :3::1:1(.; R 1 In Q2 range 4-9 GeV? CLEO results are
Ie) - consistent with more precise BaBar data
E + --
o o3 | +++ | * QCD prediction (Brodsky-Lepage “79):
- et ¥ —y— : at high Q? data should reach asymptotic limit
I Mﬁ' h 1 (either from below or from above)
' QF(Q?) = V2f = 0.185 GeV
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Belle did not confirm BaBar measurement
on yv = 19! Situation needs clarification

Comparison with BELLE, arXiv:1205.3249

= .
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~7 % difference low Q?
~10...15% high Q-

.1

0
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Q’ (GeV?)

» Difference BABAR — BELLE ~20,
* BELLE has lower detection efficiency (~factor 2)
» BELLE has higher systematic uncertamnties
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Investigation on yy" 2 1. form factor:
There also exists BaBar measurements!

BaBar Collaboration: Phys.Rev. D81 (2010) 052010

CRE
-92 10 = ¢ =
= ¢
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i I |
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F | 1 1 1 | | | 1 1 1 1 | 1 1 1 I:
0 10 20 30 40 50
Q" (GeV)

do(eTe™ =ne.ete™)

dQ?

x B(n. - KKm)

Q? interval Q?
(GeV?) (GeV?)

do/dQ*(Q?)
(fb/GeV?)

[F(Q%)/F(0)]

2-3 2.49
34 3.49
4-5 4.49
56 5.49
6-8 6.96
810 8.97
10-12 10.97
12-15 13.44
15-20 17.35
20-30 24.53
30-50 38.68

18.7+4.2 1+ 0.8
10.6 = 2.1 = 0.8
6.62 1+ 1.18 =0.19
4.00 £ 0.80 = 0.10
3.00£0.43 = 0.17
1.58 4 0.30 4+ 0.08
0.72x0.17 = 0.05
0.55x0.13 = 0.03
0.34 £ 0.07 £ 0.01
0.084 =+ 0.026 £ 0.004
0.019 = 0.009 =+ 0.001

0.740 £ 0.085
0.630 = 0.073
0.629 = 0.057
0.555 = 0.056
0.563 £ 0.043
0.490 = 0.049
0.385 £ 0.048
0.395 = 0.047
0.385 = 0.038
0.261 £ 0.041
0.204 = 0.049

F(Q7) :
F(0) :

v*y — n. form factor

N — vy formfactor
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Investigation on yy” = n, form factor

Experiment

F(0)

(o8]

BaBar Collaboration: Phys. Rev. D81 (2010) 052010

[F(Q)

0 10

| 1 The solid curve is from a simple monopole
fit:
F(QY)/F(0)] = —
1+ Q?%/A

with A = 8.5+ 0.6 +£ 0.7 GeV?

""" The dotted curve is from pQCD prediction

1. ... ] Feldmannand Kroll, Phys. Lett. B 413, 410 (1997)

20

30

40 50
Q* (GeV?)
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Investigation on yy™ > n, form factor
i Previous investigation

> k| factorization: Feldmann et.al., Cao and Huang
» Lattice QCD: Dudek et.al.,

» J/y -pole-dominance: Leeset.al.,

» QCD sum rules: |_ucha et.al.,

» light-front quark model: Geng et.al.,
» Dyson-Schwinger approach: Chang, Chen, Ding, Liu, Roberts,
2016

All yield predictions compatible with the data, at least in the small
Q? range.

So far, so good. Unlike yy" > n°, there is no open puzzle here



Investigation on yy™ > n, form factor

i Motivation

+ Model-independent method is always welcome.
(NRQCD is the first principle approach from QCD)

¢ Inthe normalized form factor, nonperturbative NRQCD matrix
element cancels out. Therefore, our predictions are free from any
freely adjustable parameters!

¢ Is LO/NLO NRQCD prediction sufficient?

+ The momentum transfer is not large enough, we are not bothered
by resumming the large collinear logarithms.
17



The first NNLO calculation for (exclusive) quarkonium
production process
Feng, Jia, Sang, PRL 115, 222001 (2017)

week ending
PRL 115, 222001 (2015) PHYSICAL REVIEW LETTERS 77 NOVEMBER 2015

Can Nonrelativistic QCD Explain the yy* — 5, Transition Form Factor Data?

Feng Fcng,' Yu Jia,” and Wen-Long Smlgd"j'x
'China University of Mining and Technology, Beijing 100083, China
*Institute of High Energy Physics and Theoretical Physics Center for Science Facilities,

Chinese Academy of Sciences, Beijing 100049, China

*Center for High Energy Physics, Peking University, Beijing 100871, China

School of Physical Science and Technology, Southwest University, Chongging 400700, China

*State Key Laboratory of Theoretical Physics, Institute of Theoretical Physics,

Chinese Academy of Sciences, Beijing 100190, China
(Received 12 May 2015; published 25 November 2015)

Unlike the bewildering situation in the yy™ — & form factor, a widespread view is that perturbative
QCD can decently account for the recent BABAR measurementof the yy* — #, transition form factor. The next-
to-next-to-leading-order perturbative comection to the yy* —n_, form factor, s investigated in the non-
relativistic QCD (NRQCD) factorization framework for the first ime. As a byproduct, we obtain, by far, the
most precise order-a2 NRQCD matching coefficient for the ., — yy process. After including the substantial
negative order-a2 correction, the good agreement between NRQCD prediction and the measured yy* — #, form
factor 1s completely ruined over a wide range of momentum transfer squared. This eminent discrepancy casts
some doubts on the applicability of the NRQCD approach to hard exclusive reactions involving charmonium.

DOL 101 103/PhysRevleit. 115.222001 PACS numbers: 13.60.Le, 12.38.Bx, 1440 Pg



i\(’f - M. form factor in NRQCD factorization

Definition for form factor:
(e(P)|JH*|v(k,€)) = ie*e" PP e, q, ke F(Q7)

NRQCD factorization demands: Factorization scale

Y
2\ (nelvTx(1a)]0) | 2
'ﬂ\[a )7

Short-distance coefficient (SDC) T, (A) = VEZ (
We are going to compute it to NNLO . —

[2m . e
Rgr(ﬂl:l £ =4/ - ‘“|“!E_TU'?_'|:.X:| |'L'|:E:| -
.\‘l "\'C II 9

L



Investigation on yy™ > n, form factor
i Perturbative series for NRQCD SDCs

Upon general consideration, the SDC can be written as

T

C(Q,m, g, a) = C(Q, m){l 1 op2elpr) ()

o [ Bo P 1 2 Ca
+F[ZIHQ2—I—mQCFf( (1) — m2Cp (C’F—I— 7)

HA L £(2) 3 !
//‘4 7 (T)] T O(QS)}’ IR pole matches anomalous

_ _ dimension of NRQCD pseudo-
RG Invariance scalar density
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Investigation on yy™ > n, form factor
i Theoretical calculation

2
C(0) (Q,m) = deg Tree-level SDC

QZ + 4m2

2(3 — 2 4
() = m™(3—-7) 20497 7(8+37) ln —I—T tanh
6(4+7) 42+71) 4(2+71)?

NLO QCD correction

21



Investigation on yy™ > n, form factor
* Feynman diagrams

“light by lght”

Numer of
diagrams

2 8 108 12




Investigation on yy™ > n, form factor
NNLO corrections

(2)
o (2 (2) AtT > 0, the value of frog (7)
1! )(7') = fr(eg); (7) + i) (7). is compatible with |
| Light-by-light asymptotic behavior In”
reguiar /1R finite solving ERBL equation by

Yang, NPB 2009

-56 I
Reproduce sl

known NNLO /
corr. to nc->yy S

M

-62

Czarnecki et al. _
2001 o4

0 20 40 60 80 100




Investigation on yy™ > n, form factor

i NNLO corrections

T 1 5 10 25 50

O] 59.420(6)  -61.242(6)  -61.721(7)  -61.843(8)  -61.553(8)
@ | 0.49(1) —0.48(1) —1.10(1) —2.13(1) —3.07(1)
L _0.65(1)i —0.72(1)i  —0.71(1)i  —0.69(1)i  —0.68(1)i
&) | -59.636(6) -61.278(6)  -61.716(7) -61.864(8)  -61.668(8
@ | 0.79(1) —5.61(1) —9.45(1)  —15.32(1)  —20.26(1)
bl _12.45(1)i —13.55(1)i  —13.83(1)i —14.03(1)i —14.10(1)i

Table 1: fgg) (1) and fl(lfl)('r) at some typical values of 7,/The first two rows for

n. and the last two for n,.

Contribution from light-by-light is not always negligible!
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Investigation on yy™ > n, form factor
Theory vs Experiment

2.ﬂ r T T T I T T T I 1 T T | T T T l T T T =1

/O2 412
s s =My 24/ Q% +m2 > g > Q;

1.5 =

Our Prediction

UA = 1GeV,2\/Q2 +m? > ug > - @+

Is free of =
nonperturbative % 1.0 2
parameters! =
0.5 -
0.0 |- . . l ! 1 l I I 1 I I I l ) n._ _'.F 1|.
0 20 40 60 80 100
0*(GeV?)

’Y'Y* -> 1. - NNLO predictions seriously fails to describe data! -



i Prediction to yy~ = n, form factor

IF(Q)/F(0)|

| I I I I I I | I I I 1 I I I
0 200 400 600 800 1000
0*(GeV?)

Convergence of perturbation series is reasonably well.
Await CEPC/ILC to test our predictions?

26



As a by-product, we also have a complete NNLO
iprediC’[ion for y, 2 2y (including “light-by-light”

diagrams)

We can focus on form factor at Q2 =0:

>
Y
+

NNLO (“light by light”)

————\\/ NN\ o) AVAVAVAVAV,V =Pl TOO OO =
(-
4 b= Y Y A Y
3
——P\ NN\ —tee\ NN\ —— 00000 "V,
LO NLO
VW - o VAAAAAY
(-
Y JUTTO
o
VVVVW\ —‘o—(l/\/\/\/\/v

NNLO (regular)

.

|000000|
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Updated NNLO predictions to n,= 2y

NNLO correction was previously computed by Czarnecki and Melkinov
(2001) (neglecting light-by-light);

Here we present a complete/highly precise NNLO predictions

fied(0) = —21.107 897 97(4) C2 — 4.792980 00(3)C xC,

2 N 2
e2 as(pug) (2 5 e * *
F(0) = —75 (nelw X(FANU){] +Cr—— (g— 5) +0.223672 013(2)CpTrny, (8)

(2 (7t 5 UL o2
F2(0) = (0.731 28459 + ur(E _§>>C."TF Ze_Q
64696557 + 2.073 575 56i)C Tpny,

scale dependence

NRQCD factorization r (nc = Z,Y) — (H[IEI/4)|F(U)|2M3r.
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A recent paper by Wu, Brodsky et al. (1804.06106)
claims that PMC+fixed NNLO can resolve this
puzzle.

17 Apr 2018

20— .
AN Conv.
151: “\\ \"‘-\_({mtﬂ.:t(}e\r,p_ﬁ =m,
A solution to the yy* — 5. puzzle using the Principle of Maximum Conformality 5 | " g meL SRy =
:.I:l‘é‘ 1.0 \‘\"u. -‘._"'-.,H
Sheng-Quan Wang"?* Xing-Gang Wu?,” Wen-Long Sang® ! and Stanley J. Brodsky*S g e N1 4G =166V
! Department of Physics, Guizhou Minzu University, Guiyang 550025, P.R. China % m.=1.5GeV, 1 =1GeV~~_]
® Department of Physics, Chongging University, Chongging 401331, P.R. China 05 B -"""-;fﬁ'_‘:_“_-_—_—_—_________
38chool of Physical Science and Technology, Southwest University, Chongging 400700, P.R. China and —— g , s
'SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA 00 T BABAR
(Dated: April 18, 2018) 0 20 a0 80 80
@ (GeV)
The next-to-next-to-leading order (NNLO) pQCD prediction for the ¥7* = 7, form factor was 20
evaluated in 2015 using nonrelativistic QCD (NRQCD). A strong discrepancy between the NRQCD
prediction and the BaBar measurements was observed. Until now there has been no sohtion for [ LS Gel = m
this puzzle. In this paper, we present a NNLO analysis by applying the Principle of Maximum = PMC me=1.5 Gel, pn =1 Ge¥
Conformality (FMC) to set the renormalization scale. By carefully dealing with the light-by-light -t 7 T Me=LAGRY, py =M
diagrams at the NNLO level, the resulting high precision PMC prediction agrees with the BaBar % o — Me=LAGeV, ), = 1GeV
measurements within errors, and the conventional renormalization scale uncertainty is eliminated. G + BABARdah
The PMC 15 consistent with all of the requirements of the renormalization group, including scheme- -
independence. The application of the PMC thus provides a rigorous solution for the yy* - . form 05
factor puzzle, emphasizing the importance of correct renormalization scale-setting. The results also
support the applicability of NRQCD to hard exclusive processes involving charmonium, L3 N
PACS numbers: 13.66.8¢, 14.40.Pq, 12.38 Bx "o 2” o w0 ®
o iGBVz]

FIG. 4: The NNLO ratio |F(Q*)/F(0)| versus @* using con-
ventional (Up) and PMC (Down) scale-settings for different
values for the quark mass m, and the factorization scale piy.
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Complete NNLO cotrection to 7, =2 light hadrons

st NNLO calculation for inclusive process involving
uarkonium) Feng, Jia, Sang, PRL 119, 252001 (2017)

week ending

PRL 119, 252001 (2017) PHYSICAL REVIEW LETTERS % DECEMBER 2017

Next-to-Next-to-Leading-Order QCD Corrections to the
Hadronic Width of Pseudoscalar Quarkonium

Feng l"*cng,"2 Yu Jia,** and Wen-Long Semgiﬂ
nstitute of High Energy Physics and Theoretical Physics Center for Science Facilities,
Chinese Academy of Sciences, Beijing 100049, China
*China University of Mining and Technology, Beijing 100083, China
*School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China
) “Center for High Energy Physics, Peking University, Beijing 100871, China
°School of Physical Science and Technology, Southwest University, Chongging 400700, China
(Received 16 August 2017; published 20 December 2017)

We compute the next-to-next-to-leading-order QCD corrections to the hadronic decay rates of the
pseudoscalar quarkonia, at the lowest order in velocity expansion. The validity of nonrelativistic QCD
(NRQCD) factorization for inclusive quarkonium decay process, for the first time, is verified to relative
order a?. As a by-product, the renormalization group equation of the leading NRQCD four-fermion
operator O ('Sy ) is also deduced to this perturbative order. By incorporating this new piece of correction
together with available relativistic corrections, we find that there exists severe tension between the state-of-
the-art NRQCD predictions and the measured ;. hadronic width and, in particular, the branching fraction of
5. = yr- NRQCD appears to be capable of accounting for #, hadronic decay to a satisfactory degree, and
our most refined prediction is Br(n, = ry) = (4.8 £0.7) x 107,

DOL: 10.1103/PhysRevLett.119.252001

NLO perturbative corr. 1979/1980

[7] R. Barbieri, E. d’Emilio, G. Curci and E. Remiddi, Nuel.
Phys. B 154, 535 (1979).

[8] K. Hagiwara, C. B. Kim and T. Yoshino, Nucl. Phys. B
177, 461 (1981).

40 years lapsed from NLO to NNLO;

Another 2?2 years to transition into
NNNLO QCD corrections?

Promising only if Alpha-Loop takes

overr 30



NRQCD factorization for 1_=2 light hadrons
— up to relative order-v* corrections

F1(150)
F(1Sy—LH)= ——22(15,|O;( 1S0)| 1So)
m-
G1('So) ,\ . n 4 .
+ (*SolP1('So)| *Sq)

Bodwin, Petrelli PRD (2002)

1

m

Fg(°S1) 1 W 1
+ ———5—"So|Os("S1)| "So)
m-

Fg('Sy) _
+ —7{150|03{ 150” 150_}

m=

Fg('Py) 1 ¢ 1 1
+T< So|Os( " Py)| "So)

_l_

_l_

Hi(1S) e
: ( SolQ1(1Se)| 1Se)

Hi(1Sy)

T( Sol Q1(1So)| 1So)-

O;(15,)

=yixxtu. (2.2a)

\ 2

i, L il)? [ i
/’Dl( 150):5 e,!f'X)(f[ll—ED) e,{'f-l-e,!rflll—ED) )()(Ta,!r .
(2.2b)
O3S =voT,x-xToT, . (2.2¢)
Og(1So)= ¢ Toxx'T . (2.2d)
¢ 1 1". i T; i~
Og('P))=ur [ —=D| Tox-x [ —3D| T (2.2¢)
1 +'I i) (i)
Q1(1Se)=v [Il—ED) XXT[I.—ED) . (2.20)
201 1 + ‘rll ‘;”‘4 ‘rll ‘f“ldr T
Qi 0= | #h'| = 3B| w+ul| - 35| x|
' (2.2¢)
301 1 T T g g .=
Q1 50)25[@& xx (D-gE+gE-D)yy— ¢ (D-2gE

+gE-D)yx . (2.2h)
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NRQCD factorization for 1_=2 light hadrons

— up to relative order-v* corrections

Brambilla, Mereghetti, Vairo, 0810.2259

I'('Sy — Lh.) = W{H{l50}|@1[115'u}'|H(115'0)}
EIm 0 10y )| ) + 2BCE) syt (i)
ernﬁg{igﬂj CH (1 50)[Os(*S0) | H (" S0)) + ern;{;slpﬂ (H(*50)|Os(* P)|H('Sp))
— -‘51—;{;15{]} 51) (H(Sp)|S1s(*So,* S1 )| H(*Sp)) + %(H{115'[})|G§;cm|H(ISUD
+ 2L IR0 1 (15,) [P (1 55)) + T (H(150) O H (' 50)
2'”1;*1"1_55“1 (H('Sy)| Q1 (*Sp)| H(1Sy)) + 2Im;}’é'ﬁb}{H(IS{]HQT{ISDHH{ISD)}
2 lmf;ﬁ_gl) (H("S0)|[Ps(*S1)|H("So)) + th.-f;j_I %) (H("S0)|Ps("So)|H (" So))
2 s CP) g1, P 13) 1) + 2080 115,y 4151 50
%}f”ww@mgumnm + ww (1S0)| Q1 (" D) | H(*Sp))
Ellrldaa;‘;:nj Pl}(H{lSuHDH{]Sn,] POIH(S)).

Notice the explosion of number of higher-dimensional operators!
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NRQCD factorization for n_=2 light hadrons
— Current status of radiative corrections

EF, (18 _ ..
D( — LH) = 2% 1 10, (15,)[y,) 10 warrant predictive power,
m we only retain terms through

Gi('S . of i v
1 {}}{?FErPL{LSDH”E}_'_ OW°T), relative order-v

.n].4

_|_

WGECF g &'g
Fl(l‘gﬂ): N {1+?fl+ﬁf2+}

G (1Sp) = —“LﬁicF {Q} “gi+--}. _ W.Y.Keung, I. Muzinich, 1983

fi

g1

- 2 2 109 1372 L
_ %1HL3+ (T_5)GF+(18 _ )0_4—' Barbieri et al., 1979

4m? 24 :
] Mnu | Hagiwara et al., 1980
—=nj; — ——1In2, (3a)
9 3
B 1% T 19  5x? 5
= Mg T - (E ~ 16 -IHQ)CF == Guo,Ma,Chao, 2011

479 11mw? 41 2ngy )
+(36 - 16 )CA_%TIL—T].HQ {3]’))
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Our calculation of short-distance coefficient utilizes Method
of Region (Beneke and Smirnov 1998) to directly extract the

hard region contribution from multi-loop diagrams

|

3
-

NNLO (Virtual Sguared) NNLO (Double Virtual) NNLO { Virtual — Real) NMNLO (Double Real)

FIG. 1: Representative cut Feynman diagrams responsible
for the quark reaction r:E(l.S'é”} — CE(ISE,”:} through NINLO
in «xs. T'he vertical dashed line denotes the Cutkosky cut.

Roughly 1700 3-loop forward-scattering diagrams, divided
into 4 distinct cut topologies; Cutkosky rule i1s imposed
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Employ a well-known trick to deal with phase-space type
integrals

Key technique: using IBP to deal with phase-space integral

dPp; ., s dPp; 1 1
{Ew)Dzmﬁ (pi)_f(i?rjﬂ p$+is_p§—i£ '

duction. Finally, we end up with 93 MIs for the *Double
Virtual” type of diagrams, 89 MIs for the *Virtual-Real”
type of diagrams, and 32 MIs for "Double Real” type
of diagrams, respectively. To the best of our knowledge,
this work represents the first application of the trick (4)
in higher-order caleulation involving quarkonium.
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The nontrivial aspects of the
calculation

Encounter some rather time-consuming MIs using sector
decomposition method (Fiesta)

Roughly speaking, 10° CPU cote hour is expensed; Run numerical
integration at the GuangZhou Tianhe Supercomputer Center/China
Grd.

Explicitly verify the cancellation of IR poles among the 4 types of cut
diagrams. Starting from the 1/ € 4 poles, observe the exquisite
cancelation until 1/ &
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Our key results

332 114 6] 114
fo=fo+ 01 24 Rz + (EI—F Sﬂfl)h'l;llnfz e NNILO SDC
(CF + C4CF)1 A ey (5)
m
Same IR divergenceas q, 7!
f 2 = —D,TQQ{]_S)P\-‘E - 7'4‘412{5)”L*Mﬂ - 3'6482[2}}\"‘*6 grals. Concretely, f, = —50.1(1) for 5. hadronic decay,
+D.3T581{3]ﬂ% 1 n-55165{5]ﬂ-L 1 32_131{5} and —69.5(1) for n, decay. For completeness, here we also

enumerate the numerical values of the non-logarithmic

n D'E?lﬂﬁ{g} . 9_94'?5{2] {5 parts of f; and ¢y in (3): fi = 1062, 4, = 16.20 for

—(0.8248(3 - - : :
( ;Iﬁl'c N, hl'f 1. hadronic decay; f; = 9.73, g1 = 15.06 for 7, decay.

Validate the NRQCD factorization for S-wave onium inclusive decay at NNLO!
We also obtain the following RGE for the leading 4-fermion NRQCD operator:

401 (S0))y
dIn p3

CaCr

= a2 (ct+ L) Oi050)

3 m?2 ' 37



Phenomenological study:
hadronic width

Input parameters:

i : : ; 0.430 GeV?2
s (01(*S0))y. = 0.470GeV?, (v?),, = ——————

m2
(01(180)),, = 3.069GeV3, (v2),, = —0.009.  (9)

PDG values:
Thaa(ne) = 31.8£0.8 MeV,

F]-,a,,:] [:T]b:! = lﬂti MeV |

FIG. 2: The predicted hadronic widths of n. (top) and
(bottom) as functions of pr, at various level of accuracy in
PDG Data . and v expansion. The horizontal blue bands correspond to
the measured hadronic widths taken from PDG 2016 [4], with
IMhaa(7:=) = 31.8 £ 0.8 MeV and Thaa(ns) = 10:; MeV. The
label “LO" represents the NRQUCD prediction at the lowest-
order . and v, and the label “NLO" denotes the “LO" pre-
diction plus the @(«a.) perturbative correction, while the label
“NNLO” signifies the “NLO” prediction plus the @(a?) per-
turbative correction. The label “vLO" represents the “LO"
prediction together with the tree-level order-v? correction,
and the label “vNLO” designates the “vLO" prediction sup-
plemented with the relative order-c. and order-ce.v> correc-
tion, while the label “vININLO" refers to the “vINLO” predic-
tion further supplemented with the order-a correction. The
green bands are obtained by varying pa from 1 GeV to twice
heavy quark mass, and the central curve inside the bands are
obtained by setting pa equal to heavy quark mass.




Phenomenological study of Br(n., = vy),
Non-Perturbative matrix elements cancel out

For n. more than 100 discrepancy !

8&2 kg 12
Br(n. — vy) = Qag{l - | 4?112 ] of
z o
[4 34 In’ Lh +22.75In LR +78. 8] Ba: o
:rr 4m?2 4m? -
. 0 | 2, v
+2.24{U->?}(~_ 1 {1['8.) S o
- of 75:::::_"-"—'::--1_
[ NLO ““1“—::::::.::::__qu_|_i_j
9 ] P T S S SR T TTTEES
Br(m, = 17) = 41— 2 [3830m XR 41311 T
U = 717) = 18a? s ~lm; P y— : pn OV :
ol p ey
+— 3,671 L 1 20300 LR 4 855 = |
4m? 4mb T oosp
? 06|
a, s ) T ¥ WNNLO
+1.91{’U")m?}. {19})) S NNLO
! I S
e2f T NG
To date most refined predictior e

for n, =2 vy

FIG. 3: The predicted branching fractions of n. — ~v (top)
and 1, — 7y (bottom) as functions of pug, at various level of

- -5 accuracy in a. and v. The blue band corresponds to the mea-
Br(ﬁ'b — H,-F],-') — (._18 j: D f\}] b ]_0 . sured branching ratio for n. — ~~ taken from PDG 2016 [4],
' ' with Br(n. — vv) = (1.59 = 0.13) x 10~ *. The labels charac- 39

terizing different curves are the same as in Fig. 2.



A famous puzzle since 2002: exclusive double

charmonium production: e* e-=> J/¥ + q at B factories

(F. Feng, Y. J., W.-L.Sang, arXiv:1901.08447[hep-ph]

h] 24 Jan 2019

Next-to-next-to-leading-order QCD corrections to ete~ — J/v + 1, at B factories

Feng Feng*,%*%? Yu Jia®,** and Wen-Long Sang?!
!School of Physical Science and Technology, Southwest University, Chongging 400700, China
“China University of Mining and Technology, Beijing 100083, China
IInstitute of High Energy Physics and Theoretical Physics Center for Science Facilities,
Chinese Academy of Seciences, Beijing 100049, China
4 School of Physics, University of Chinese Academy of Seiences, Beijing 100049, China
(Dated: January 25, 2019)

Within the nonrelativistic (QCD (NRQCD) factorization framework, we compute the long-awaited
O(a?) correction for the exclusive double charmonium production process at B factories, i.e.,
ete” — J/U +ne at /5 = 10.58 GeV. For the first time, we confirm that NRQCD factorization
does hold at next-to-next-to-leading-order (NNLO) for exclusive double charmonium production.
It is found that including the NNLO QCD correction greatly reduces the renormalization scale de-

pendence, and also implies the reasonable perturbative convergence behavior for this process. Our
state-of-the-art prediction is consistent with the BABAR measurement.

PACS numbers:
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A biggest puzzle in SM in the beginning
of this century

4. Phenomenology. The production rate initially mea-
sured by BELLE is glete™ — J/¢+n.] x B>y = 337, +0
fb [1], later shifted to o[J/1+1.] x Boo =256 2.8+ 3.4
fb [44], where B-,, denotes the branching fraction for
the 7. into n charged tracks. An indepednent measure-
ment by BABAR in 2005 yields o[J/¢¥ + n.] x B-s =
17.6 £ 2.872-7 fb [45].

The LO NRQCD predictions by three groups are smaller
Than Belle measurements by an order of magnitude!

E. Braaten, J. Lee, PRD 2003

K.Y. Liu, Z. G. He, K. T. Chao, PLB 2003 LO NRQCD factorization
K. Hagiwara, E. Kou, C. F. Qiao, PLB 2003

J.P. Ma, Z. G. Si, PRD 2004 LO light-cone approach 41



A crucial progress is the large NLO
perturbative correction

Very significant NLO correction comes as a surprise
ete™ = J/ip+n. K factor: 1.8 ~ 2.1

Y.J.Zhang, Y. J. Gao and K.-T. Chao, PRL 2006
B. Gong, J.-X. Wang, PRD 2008

One may naturally wonder: how about the size of the
NNLO QCD corrections? We have to wait for 14 years...

Two-loop, 5 point amplitude is the frontier, especially massive quark!

One famous 2011 review article claims that "The calculation of ...

is perhaps beyond the current state of the art”
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NRQCD factorization formula for exclusive
double-charmonium production

(J/(Pr, X) 4 1(Po) Ty 0) =  F(5) % Pr, Py (),

S] o 1!4l1fjfwl1fﬂ:{jf’w|¢r+ﬂ' . EX|U>{HC|?-.1I’JTX|D

X [f 495000 aj0 + gne (VP hne + -]

o appnd = 2 (1) e

ale

= 0p + 02 + (/)(J()t!d)._.

|f| |f{D}| i E'Rc-(fm}fm )

! .. ¥
s (0) 2}= (1)|2
0 . @ () + (%) [ZR.e FO 1oL,
QHZQ}.I —|—?g}{ +---. T ( | |

regular Light by light

a) LO b) NLO £) NNLO
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About 2000 two-loop diagrams; Cutting-edge
NNLO calculation, 1->4 topology
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700 master integrals; most complex-valued;
Year-long hard efforts in computing them

2 ____— log(muR) dictated
) .3 n & 31 1 S & . .
@) _ o)) P32 (B L )y S By RG invariance
f f { T In e (16 - Q,ﬁuf ) In 7 Y

Fm}’ (_' Specific form of single IR
, \ pole in hard region

Vs = =130 (2CF +3Ca),

2 Required by the validity of
Ve = —%CF (2CF + C4). NRQCD factorization

Re F(r = 0.0700) = —25 & 4, o .
ReF(r = 0.1009) = —21 % 5. . —— This is the main result!
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Phenomenology: our state-of-
the-art predictions

TABLE I: Individual contributions to the predicted o[ee™ —
J /v +n.] at /s = 10.58 GeV. Each column is labeled by the
powers of e, and v, and given in units of fb. We fix puy = m,
and consider pr — 2m and /s/2. The two upper rows and
the two lower rows correspond to m = 1.4 GeV and m = 1.68
GeV, respectively.

LR L0 O(v?) Oa.) Oa.v?) Oa?) Total
2m 848 436 864 034 —3.7(5)  18.1(5)
M2 552 284 6.48 1.18 1.6(2) 17.6(2)
2m 559 144 471 —-033 -—1.4(4) 10.0(4)
¥E 416 1.07 408  0.06 0.7(2) 10.1(2)

olee - I+ ()

)
s
=
U{vgj G—(QS} U{Qavg} g{ﬂgj ?‘
o=o0oy |1+ + + .
oLo oLo oLo oLo o
(=1

o=2848fb |1+ 0.51 41.02 +0.04 —0.44(6
o=>552fb[14+0.5141.17+0.21 H0.28(4

1 )

1 )]

o =559fh[1+0.2640.84—-0.0640.256),” > New NNLQO pigce!
o =4.16fb[1+0.26 4 0.98 +0.01 H0.16(5)

1

wr (GeV)

1

- ) ) 46



i Conclusion of 1901.08447

s Including NNLO correction does reduce renormalization
scale dependence

= Observe decent perturbative convergence behavior

= Agree with BaBar data, yet not Belle
Call for Belle 2 re-measurement of this channel

= Resum double logs in NRQCD short-distance coeff?
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Digression: graviton search in quarkonium
decay at BESIII experiments

Gravitational wave was finally seen by LIGO in 2015, after
100 years birth of General Relativity by Einstein

Barry C. Barish (Caltech) Kip S (Caltech) Rainer Weiss (MIT)

2017 Nobel Prize in PhySies

Recall, miraculously, both classical EW wave and photo-electric effect
were discovered by Hertz in 1887

Unfortunately, searching for quantum graviton looks hopeless 48



Search for quantum graviton from

quarkonium decay at BESIII

8v1 [hep-ph] 24 Nov 2017

5

1711.090

arxiv

Quarkonium decay into photon plus graviton: a golden channel to
discriminate General Relativity from Massive Gravity?

Dong Bai*,! Wen Chen',>® and Yu Jia*%*14
!School of Physics, Nanjing University, Nanjing, 210092, China
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
FSchool of Physics, University of Chinese Academy of Sciences, Beijing 100049, China
4 Center for High Energy Physics, Peking University, Beijing 100871, China
(Dated: November 27, 2017)
Abstract

After the recent historical discovery of gravitational wave, it 1s curious to speculate upon the
detection prospect of the quantum graviton in the terrestrial accelerator-based experiment. We
carefully investigate the “golden” channels, J/(T) — v+ graviton, which can be pursued at BESIII
and Belle 2 experiments, by searching for single-photon plus missing energy events. Within the
effective field theory (EFT) framework of General Relativity (GR) together with Nonrelativistic
QCD (NRQCD), we are capable of making solid predictions for the corresponding decay rates.
It 1= found that these extremely suppressed decays are completely swamped by the Standard
Model background events J/4(T) — v+ v&. Meanwhile, we also study these rare decay processes
in the context of massive gravity, and find the respective decay rates in the limit of vanishing
graviton mass drastically differ from their counterparts in GR. Counterintuitive as the failure of
smoothly recovering GR results may look, our finding is reminiscent of the van Dam-Veltman-
Zakharov (vDVZ) discontinuity widely known in classical gravity, which can be traced to the finite
contribution of the helicity-zero graviton in the massless limit. Nevertheless, at this stage we are
not certain about the fate of the discontinuity encountered in this work, whether it 1s merely a
pathology or not. If it could be endowed with some physical significance, the future ohservation of
these rare decay channels, would, in principle, shed mmportant hight on the nature of gravitation,
whether the graviton is strictly massless, or bears a very small but nonzero mass.

PACS numbers: 0460 Be, 14.40.Pg, 1470 Kv
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General Relativity (GR) should be regarded as the
low-energy EFT of quantum gravity (Donoghue 1994)

Einsein-Hilbert action k= /321G N

S = Sgrav + Smatt = /d4$v _g(ﬁgrav + £SM)-

Lorav = —A — CIRQ‘I‘C?R”VR vt
g M

1 | 1 | .
Lsy = —EQMQV’SFuuFaﬁ - ZQMQV’BGEV ap T+ Z Qr (i€ Dy —my)gr + - .

f

Weak field expansion: 9w = 7w + Khy,

I
Lin = _§huv'T“y = Lrg+ Lirgg + Lipyg + Lggg + Lyyg +- -,
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Combining GR+NRQCD to account for quarkonium decay

/¥ > y+6 D. Bai, W. Chen, Y.J. arXiv:1711.09058
o . e el 2

FIG. 1: Four LO Feynman diagrams for CE(SSF)) —v+G.

e e AT T —%WW
A 4
i

(- VYV VS H —th AR

——
_4
drATA At

cagasa]

A. . 4. Bl 4.
Including
NLO QCD E rﬁg
correction EE fﬁ%: 2, M M

FIG. 2: Representative Feynman diagrams for CE(SSED) — v+ G in NLO in ag.

It 1s fun that all nature’s four forces are united in those diagrams!
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http://arxiv.org/abs/arXiv:1711.09058

Predicted partial widths

Massless graviton: LO prediction accidently vanishes!
Have to proceed to the NLO in a, and v:

4e2aGy .. 2
.}T ‘;\I‘C |RJ.-'IL'(U)| (<IFQ)J-"'T.5'-' _|_

3Cra ’
;fm14mm).

L[J/Y =~y +G] =
Massive graviton: nonzero prediction at LO in v at tree level

]
2ezaGy
9

[/ —v+G] = N | Ry (0)]"-

Manifestation of famous vDVZ discontinuity: helicity zero
graviton doesn’t decouple in the VI _->0 limit
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Numerical values

This decay is a golden channel to discriminate whether
Graviton mass is strictly zero or not!

Br(J/v —=~v+G)=(2~8) x 107, GR
Br(J/v — v+ G) = 1.4 x 107, MG

Not too much suppressed relative to p— ey, with BR ~ 10-34
Br(Y(1S) = v+ G) = (3 ~4) x 107, GR
Br(T(1S) = v+ G) = 4.1 x 107, MG

Practically speaking, these channels are much rarer than
the dominant SM background J/¥ — y v v, with BR ~ 1010

[[J/ = ywi] = N,Ze2aGLM?, N.| R (0)]
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Summary

> Investigated NNLO QCD correctionsto yy" 2 n.» (%022
2y), m.=2 LH. Obsetve significant NNLO cotrrections. Alarming
discrepancy with the existing measurements.

» Perturbative expansion seems to have poor convergence
behavior for charmonium

(exception is the double charmonium production at B factory, e*e =
J¥ +1n.)

» Perturbative expansion bears much better behavior for
bottomonium 54



Personal (biased) perspectives

NRQCD factorization is from first princple of QCD, has very solid ground!
Unfortunately, maybe Nature is just not so mercy to us ...

The charm quark is simply not heavy enough to warrant the trustworthy
application of NRQCD factorization to charmonium, just like one cannot
fully trust HQET to cope with charmed hadron

Symptom: m is not much greater than A, bigger value of a, at charm
mass scale -> damage perturbative expansion

But we should still trust NRQCD to be capable of rendering qualitatively
correct phenomenology for charmonium

55



Thanks for your attentionl
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