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Qutline of the talk

verview of Higgs program at CEPC

>  NNLO mixed EW-QCD correctionto e*e =2 H+Z at CEPC

> Mixed EW-QCD correction to e*e" = H+Z including ISR effect

> Mixed EW-QCD correctionto e*e=> H+(Z > ) u*u- (accounting Z width)
> NLO QCD correction to e* e =2 H+y

> NNLO QCD correction to yy* = n. , form factor, n_ , total widths in NRQCD

> Summary and Outlook



Higgs boson plays a central role in Standard
Model, hence referred to as God particle
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On July 4th 2012, whole world witnhessed the
historic event: announcement of discovery of
long-awaited Higgs boson at CERN IR
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News on the Higgs discovery are all
ver the world

= (xULl- NEWS & THI TIMES OF INDLAg ©
m = 5’(‘@2-‘_— .gueta

o L Univers
vre enfin - ) :
[ o 2 Cr( ls. a @0 Arta Dot sefvan ol
e u ag‘l;‘ﬁ :g‘ Z(-" racobe on e Inilmmaber;
= LA SEBRA
LECHO e ek L‘OBBIEIE D}' .

mﬁ:g;‘w E aceélérer notre histolr |7 I -

Sy pyTeS
. ....u.- prterbee po

MUl ares de mio -uurm
B0 bawrros socials cm
i dr perdercem wsi for La

e bnsuu ae Hx;,;,,

cerné

o et ST [N
. Bankia . = : —
e e $a  oov .| La «particule .

P ’ : - de Dieu» exisle =

The Gazette
© ' LEIERUSALEM POST 2

COVERAGE

after July 4th seminars at CERN




Photo: A. Mahmoud
Francois Englert
Prize share: 1/2

Photo: A. Mahmoud
Peter W. Higgs

Prize share: 1/2

" e .’
& &5

The Nobel Prize in Physics 2013 was awarded
jointly to Frangois Englert and Peter W.
Higgs: “ for the theoretical discovery of a
mechanism  that contributes to our
understanding of the origin of mass of
subatomic particles, and which recently was
confirmed through the discovery of the
predicted fundamental particle, by the
ATLAS and CMS experiments at CERN’ s
Large Hadron Collider”

The six authors of a number of 1964 PRL papers,
who received the 2010 J. J. Sakurai Prize for
their work. From left to right: Kibble, Guralnik,
Hagen, Englert, Brout, Higgs

P. Anderson is also a pioneer in Higgs mechanism
6



Precise measurements of various Higgs
properties, couplings/interactions, are of the
top priority in particle physics
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ATLAS and CMS

e Total 1 Syst.
LHC Run' Total  Staf. Syst.
ATLAS H—yy ———— 12602051 (£0.430.27)GeV
CMS H-yy == 12470 £0.34 (£0.31£0.15) GeV
ATLAS H=Z2Z-4  p—f— 124511052 (1£0.52£0.04) GeV
CMS H—Z2Z-41 = 125591045 (1 0.4210.17) GeV
ATLAS+CMS yy I-El-l 125.07£0.29 (£0.25+0.14) GeV
ATLAS+CMS 4 I—}E—| 125.15£0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I-?ﬂ 125.09 £0.24 ( £0.21 £ 0.11) GeV
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Higgs-charm Yukawa very challenging
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CEPC CDR Baseline Layout

Courtesy to Gang Li

Injection energy 10GeV

Linac

EBTL

TRC R IRC LR LRCRLRTRAREY

19(3) Klys. 76 Accel. Stru. 29 (4) Klys. 116 Accel. Stru.
SAS TAS

CEPC Linac injector (1.2km, 10GeV)

CEPC represents the future of high energy physics of China



CEPC Civil Engineering Design
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CEPC timeline

CEPC Project Timeline
o

S Iy & & & k4 $
v v v v v v v
-— s s s s o
Construction SPPC
(2022-2030) Alternatives: ep/eA

Government Approval _--
ga' * 2019-2021 Big Science cultivation .
c . " . Operation
o * Site selection, geological surveys
8 and civil engineering design
e * Key technology demonstration &
@ system verification * 2022 MoU, international collaboration
§ * 2021 Release of Acc. TDR * 2023-2027 Tunnel & infrastructure construction
g * 2016.6 R&D funded by MOST * 2022-2027 Acc. components mass production;
ﬁ. * 2018.5 15t Workshop outside of China 2028-2030 installation, alignment & calibration,
S « 2018.11 Release of CDR followed by commissioning

* 2023 Decision on detectors and release of

¢ 2013.9 Project kick-off meeting
* 2015.1 R&D funded by IHEP
* 2015.3 Release of Pre-CDR

detector TDRs; 2024-2030 detector construction,
installation and commissioning

* 2018.2 15t 10 T SC dipole magnet built * 20 T dipole magnet R&D with Nb;Sn+HTS or HTS

* 15T SC dipole magnet & HTS cable R&D

HTS Magnet R&D Program

11



CEPC High Lumi Parameters@Higgs D. Wang
Higgs W Z 31) Z 1)
Number of IPs 2
Beam energy (GeV) 120 80 45.5
Circumference (km) 100
Synchrotron radiation loss/turn (GeV) 1.68 0.33 0.035
Crossing angle at IP (mrad) 16.5X2
Piwinski angle 3.78 8.5 207
Number of particles/bunch N, (10!) 17.0 12.0 8.0
Bunch number (bunch spacing) 218 (0.76us) 1568 (0.20us) 12000 (25ns+10%gap)
Beam current (mA) 17.8 90.4 461.0
Synchrotron radiation power /beam (MW) 30 30 16.5
Bending radius (km) 10.7
Momentum compact (10-5) 0.91
B function at IP B.*/ B,* (m) 0.33/0.001 0.33/0.001 0.2/0.001
Emittance £/¢, (nm) 0.89/0.0018 0.395/0.0012 0.13/0.003 0.13/0.00115
Beam size at IP o, /o, (um) 17.1/0.042 11.4/0.035 5.1/0.054 5.1/0.034
Beam-beam parameters &£/&, 0.024/0.113 0.012/0.1 0.004/0.053 0.004/0.085
RF voltage V- (GV) 2.4 0.43 0.082
RF frequency f - (MHZz) (harmonic) 650 (216816)
Natural bunch length o. (mm) 22 2.98 2.42
Bunch length o. (mm) 3.93 5.9 8.5
HOM power/cavity (2 cell) (kw) 0.58 0.77 1.94
Energy spread (%) 0.19 0.098 0.080
Energy acceptance requirement (%) 1% 0.90 0.49
Energy acceptance by RF (%) 3.0 27 1799
Photon number due to beamstrahlung 0.104 0.050 0.023
Beamstruhlung lifetime /quantum lifetime* (min) 30/50 >400
Lifetime (hour) 0.22 182 3.2 2.0
F (hour glass) 0.85 0.92 0.98
Luminosity/IP L (1034cm2s!) 5.2 14.5 23.6 I 37.17

*include beam-beam simulation and real lattice
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The CEPC Program LM 2 WE Ry g R
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100 km e*e- collider
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+ Electroweak physics
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Search for rare decays 2



CEPC: 1M Higgs, 101"~10'2 Z bosons and ~108 W Pairs

TT

T

ab

# of evts for 5.6

: ) Process Cross section Events in 5.6 ab !
2 .\\\\ '

3 ; Higgs boson production, cross section in fb

/\““\\\ ete”— ZH 196.2 1.10 x 10°
/i ‘ ete” = v, H 6.19 3.47 x 10%
1 }'/ [ A | l [ (=+(*7 — (>+(’7H 028 lr)T X 1()3

200 300 400 :
s (GeV) Total 203.7 1.14 x 10°

T TITI]ITI T IIlIIlII T IlIIIiIl T ITIII"I T TIHIIT] T lIIIIIlI TTTT II T III”TII

« Direct: Higgs mass, 0(ZH), Branching ratios, Diff. distributions
« Derived: Higgs width, couplings, quantum numbers, ...
« EW Precision, tau physics, Flavor Physics, ...

Oxford Workshc P, UK




Electroweak observables at CEPC

Electroweak program, in addition to Higgs studies, is essential to constraint new physics

Expect to collect ~7x101" Z boson for electroweak precision physics

Observable LEP precision CEPC precision CEPC runs CEPC [ Ldt
2.1 MeV 0.5 MeV Z pole 8ab !
2.3 MeV 0.5 MeV Z pole 8ab!

0.0016 0.0001 Z pole 8ab !
0.0013 0.00005 Z pole 8ab!
0.0025 0.00008 Z pole 8ab!
0.00016 0.00001 Z pole 8ab~!
0.00066 0.00004 Z pole 8ab~!
0.025 0.002 Z pole 8ab~!
33 MeV 1 MeV W W threshold 2.6ab!
33 MeV 2-3 MeV Z H run 5.6ab!

1.7% 0.05% Z H run 5.6ab !

Many variables knowledge will improve by more than one order of magnitude relative to LEP
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Results in CDR (2018.11)

Estimated Precision

Property CEPC-vl CEPC-v4
Mgy 5.9 MeV 5.9 MeV

['y 2.7%

a(ZH) 0.5%

o(vvH) 3.0%

Decay mode o xBR BR o x BR BR
H — bb 0.26%  0.56% 0.27%  0.56%
H—ce 3.1% 3.1% 3.3% 3.3%
H—qq 1.2% 1.3% 1.3% 1.4%
H-WWw* 0.9% 1.1% 1.0% 1.1%
H-2Z* 4.9% 5.0% 5.1% 5.1%
H - vy 6.2% 6.2% 6.8% 6.9%
H— Zy 13% 13% 16% 16%
H-o71tr" 0.8% 0.9% 0.8% 1.0%
H-ptp 16% 16% 17% 17%
BRESM - <0.28% - <0.30%

mv

All scaled to 240 GeV, 5.6ab™
Precisio Precisio Precisio
n n n
bb 1.32% Iviv | 9.52% | pp+tt 23.7%
ee cc 13.5% | ee evqq | 4.56% 1A% Yy 10.5%
gg 7.22% pvaq | 3.93% qq 9.84%
bb 0.99% Iviv 7.29% vV Zy(qay) | 15.7%
[S101 cC 9.54% | pp evqq | 3.90%
gg 5.01% nvaq | 3.90% vV bb 3.00%
bb 0.46% qqqq | 1.90%
qq cC 11.1% W evqq | 4.65% qq
gg 3.64% uvaqg | 4.14% ee - 17.1%
bb 0.39% Iviv 11.5% MU
vV cc 3.83% | qq qqqq | 1.75% vV
gg 1.47%
A% ppaq | 8.26% ee 2.75%
qq 232% A% eeqq 40% V101 2.61%
e | 770ww) 370% | pp | vvqq | 7.32% qq s 0.95%
m 245% co::r'is':fion 19.4% | w 2.66%
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Updates since CDR

(5.6ab™) CE;E L | 20194
ezH) 0.50%
0(ZH) * Br(H - bb) 0.27%
o(ZH) * Br(H - cc) 3.3%
o(ZH) * Br(H - gg) 1.3%
o0(ZH) * Br(H » WW) 1.0%
o(ZH) = Br(H - ZZ) 5.1%
o0(ZH) = Br(H - 17) 0.8% .
o(ZH) = Br(H - yy) 6.8% |
0(ZH) = Br(H - uw) 17% 12%
o(vvH) * Br(H — bb) 3.0%
Brypper(H = inv.) 0.41% 0.26%
o(ZH) = Br(H - Zy) 16%
Width 2.8%
e o e
Z->ee 370% 341%
Z>mm 245%  191%
29 2329 78%
2019/4/15 T e

Analysis Updated
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Golden production channel for Higgs at CEPC
at 240 GeV

Often referred to as Higgs-strahlung process

19



Higgs -strahlung dominates other production
mechanisms when CM energy below 400 GeV

Number of events

n
x
[
-

. Process Cross section Events in 5 ab™!
T Higgs boson production, cross section in fb
ete” — ZH 212 1.06 x 108
s ete” - vwH 6.72 3.36 x 104
. | | ete” —efe™H 0.63 3.15 x 103
A e Total 219 1.10 x 108
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i Motivation

CEPC can measure the production rate o(ZH) to an
exquisite precision of 0.5%

Knowing the NLO EW correction (a few percent) is
not sufficient to meet experimental precision

and O(aa,) corrections need be considered

We will investigate the latter, which should be more
manageable and seemingly more important

21



Previous work on NLO EW correction for et e
- H+Z by three German groups

The O(a) corrections to ete™ — HZ have been
calculated independently by three groups:

* J. Fleischer and F. Jegerlehner,
Nucl. Phys. B 216 (1983) 469.

» B. A. Kniehl,
Z. Phys. C55 (1992) 605.

. A Denner, J. KUbIbECk, R. Mertig o, .-";!! unpolarized
/ longitudinal -----
and M BOhm’ transverse -----
—04 [ | | t 1 | ! | [
L. Ph‘,fs. C56 (1992) 261. 00 200 40.0 60.0 80.0 100.0 120.0 140.0 160.0
v/°

Fig. 15. The relative corrections to the differential cross section for
different polarizations of the Z-boson and different CMS energies
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Two domestic teams independently accomplished
he O(aa,) corrections simultaneously

RAPID COMMU:

PHYSICAL REVIEW D 95, 093003 (2017) PHYSICAL REVIEW D 96, 051301(R) (2017)

Mixed QCD-electroweak corrections for Higgs boson

A d Mixed electroweak-QCD corrections to e*e™ — HZ at Higgs factories
production at ¢ *e” colliders

Qing-Feng Sun,'” Feng Feng,”” Yu Jia,”** and Wen-Long Sang®’
'Department of Modern Physics, University of Science and Technology of China,
Hefei, Anhui 230026, China
*Institute of High Energy Physics and Theoretical Physics Center for Science Facilities,
Chinese Academy of Sciences, Beijing 100049, China

Yingiang Gung.l" Zhao Li,*' Xiaofeng Xu,"* Li Lin Yang.lM§ and Xiaoran Zhao™!
'School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University,
Beijing 100871, China
*Institute for High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
*Collaborative Innovation Center of Quantum Matter, Beijing, China

3y . o ) N .
“Center for High Energy Physics, Peking Universiry, Beijing 100871, China 4 ChmulUmwrl.\rt.\ (.)j M’,"mé_ and Techno MM‘j B Eling 1 quﬁj + China .
5 ) . . - . . School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China
Centre for Cosmology, Particle Physics and Phenomenology (CP3), Universit catholique de Louvain, SCenter for High Enerey Physics. Peking Universits. Beting 100871, Chi
Chemin du Cyclotron, 2, B-1348 Louvain-la-Neuve, Belgium enter for High Energy Physics, Peking University, Beijing » Lama

(Received 28 October 2016; published 4 May 2017) ®School of Physical Science and Technology, Southwest University, Chongqing 400700, China
(Received 14 September 2016; published 8 September 2017)

Since the discovery of the Higgs boson at the Large Hadron Collider, a future electron-position collider

has been proposed for precisely studying its properties. We investigate the production of the Higgs boson at ‘The prospective Higgs factories, exemplified by ILC, FCC-ee and CEPC, plan to mndlf“ precision
such an e’ e collider associated with a Z boson, and calculate for the first time the mixed QCD- Higgs measurements at the e*e~ center-of-mass energy around 250 GeV. The cross sections for the
electroweak corrections to the total cross sections. We provide an approximate analytic formula for the dominant Higgs production channel, the Higgsstrahlung process, can be measured (o a (subjpercent
cross section and show that it reproduces the exact numeric results rather well for collider energies up to accuracy. Merely incorporating the well-known next-to-leading-order (NLO) electroweak corrections
350 GeV. We also provide numeric results for /s = 500 GeV, where the approximate formula is no longer appears o be far from sufficient to match the unprecedented experimental precision. In this work, we make
valid. We find that the O(aa,) comections amount to a 1.3% increase of the cross section for a center-of- an important advancement toward this direction by investigating the mixed electroweak-QCD corrections
mass energy around 240 GeV. This is significantly larger than the expected experimental accuracy and has to e"e” = HZ at next-to-next-to-leading order (NNLO) for both unpolarized and polarized Z bosons. The
to be included for extracting the properties of the Higgs boson from the measurements of the cross sections corrections tum out to reach the 1% level of the Born order results, and thereby must be incorporated in
in the future. future confrontations with the data.

DOI: 10.1103/PhysRevD.95.093003 DOL: 10.1103/PhysRevD.96.051301

Gong, Li, Xu, Yang and Zhao, 1609.03955 Sun, Feng, Jia and Sang, 1609.03995
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Typical higher-order Feynman diagrams
to the Higgs-strahlung process

ISR

MMMM

QED COTT.

eeH vertex

S e

ees vertex self-energy VZH vertex

FIG. 1: LO diagram for e*e~ — HZ, together with some representative higher-order diagrams up
to order-a..
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Typical Feynman diagrams for the s-channel
topologies: eeZ vertex, self-energy and ZZH vertex.

m f
I
y
I

W ve
v + W + Z -
W Ve

W Ig q am,
V. & z m
." Y + ““-"': :|‘N‘ + ‘V\-"{ }‘V'U‘ + «NO\N» 4 AAAEAA
W tL L sm, B
-:'z : - L # rl .
WV\..-LLL ’VVbél g + E. 4+ E E + -VV\J: ] + M,‘gLLL

FIG. 2: Representative diagrams for the radiative corrections to the renormalized eeZ vertex, ~/Z
self-energy, and V Z H vertex, through order-ac;s. The cross represents the quark mass counterterm
in QCD, cap denotes the electroweak counterterm in on-shell scheme.
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i Recipe of renormalization

Renormalization is invoked to achieve UV-finite result

We eliminate the UV divergences by employing on-shell
renormalization scheme

> A. Sirlin, Phys. Rev. D22, 971 (1980).
> A. Denner, Fortsch. Phys. 41, 307 (1993).

We calculated numerious electroweak counter-terms, according to
the specific renormalization condition, such as

570, M2, 5M2,, SM%, 6222, 62z, 6Z5..
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To ascertain theoretical uncertainty, we apply three
sub-schemes within OS renormalization scheme

1 {5 1 el 5 |
a(0) scheme  *Zlao) = SAafly(M3) + 5ReT O (013

vZ
+1Hw (0) — sw Er (0)

2 TElTl

cw Mz’
Aa(M2) = H‘E&t(ﬂ) — Reﬂ}lt@{%)

a(M,) scheme  9Zc|yuz) = 0Ze|o) — 380(M)

2 0(0}
«Mz) = T Ra 2y
NI M2,
HG# = ?G#ﬁﬁ{&.’ 1 — ﬁ

G, scheme 0Ze|c, = 6Ze| a0y — S AT
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i Consistency check

» By adapting their obsolete input parameters, we
confirm Denner et al.'s NLO results

= Our NLO predictions to integrated cross sections are
accurate to an exquisite degree, actually we get fully
analytic results.

» We also checked against the recent NLO predictions
by the automated package GRACE-loop, and found
perfect agreement

28



The only new counterterm relevant
at O(aa,)

Just needs to incorporate the one-loop QCD counterterm
for top quark mass, also enters the Htt Yukawa vertex

) A\ Cpas 3 —2¢
GTHtZ—THtF(l—l—E)( ﬁ;) 4F?TE{1_‘}E)

1y
W Ve
Ve 1+ W 1+ Z +
W Ve
W Lg q dmyg
wgi:ng + ’\'\IO\IV + w\@\m + W\O\I\N 1 AAEWA
WL t L t e omg L7
»V{ZEHL + “VQ'LLL + W\@‘H + WOH_L + '\'\ﬂ_LL

FIG. 2: Representative diagrams for the radiative corrections to the renormalized eeZ vertex, /7
self-energy, and V Z H vertex, through order-aers. The cross represents the quark mass counterterm
in QCD, cap denotes the electroweak counterterm in on-shell scheme.
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Input parameters

Particle Data Group Chin. Phys. C 40, no. 10, 100001 (2016)

Phenomenology. We will take /s = 240, 250 GeV
as two benchmark energy points at Higgs factory. We
adopt the following wvalues for the mput parameter-
s: My = 125.09 GeV, Mz = 91.1876 GeV, My =
80.385 GeV, m; = 174.2 GeV, m,. = 0.510998928 MeV,
m, = 105.6583715 MeV, m, = 1.77686 GeV, a(0) =
1/137.035999, ﬂﬂ;_i{i(ﬂfg:l = 0.02764 £ 0.00013 [24] and

G, = 11663787 x 10~° GeV?., We take ﬂ.’(ﬂﬁ{‘%) =
1/128.943 in the (M%) scheme and evaluate the QCD
running coupling a(p) using package RunDec [42].
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NNLO predictions in a(0) scheme (including

corrections for polarized cross section)

/3 (GeV) LO (fb)|[NLO Weak (fb)]  NNLO mixed EW-QCD (fb)
g©®  [5@ ][50 4 5@ gfzcxos} o{r@) [glaas) [5(0) 4 () 4 plaas)

Total|223.14(6.64| 220.78 242 |0.008 | 2.43 232.21

240 L 88.67 [3.18| 91.86 0.96 | 0.003 | 0.97 92.82

T | 134.46 |3.46| 137.92 1.46 | 0.005 | 1.46 139.39

Total|223.12(6.08| 220.20 2,42 | 0.009 | 2.42 231.63

250 L 94.30 [3.31] 97.61 1.02 | 0.004 | 1.02 98.64

T | 128.82 |2.77| 131.59 1.40 | 0.005 | 1.40 132.99

TABLE I: The (un)polarized Higgsstrahlung cross sections at /s = 240(250) GeV in «(0) scheme. We enumerate the NLO
weak corrections, together with the NNLO O(aa,) corrections. For the latter, we also list individual contribution given in (13).

NLO enhances the LO prediction by about 3.1%

NNLO mixed EW-QCD correction is sizable, about 1.1% of the
O prediction!

Exceed the prescribed 0.5% precision of CEPC experiment!
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Angular distribution of the (polarized )

Z boson in the Higgs-strahlung process

FIG. 3: Differential unpolarized /polarized cross sections for
Higgsstrahlung at /s = 240 GeV for the NLO O(a) and
NNLO O(aas) corrections. The green band indicates the
uncertainties from the input parameters as adopted in Table IT
and three different schemes. 32



NNLO predictions for unpolarized cross section in three
different sub-schemes (including QCD scale uncertainty)

schemes

oro (fb)

TNLO (fb}

onnLo (fh)

240

a(0)

223.14 £ 047

220.78 £ 0.77

232.21+0-75+0-10

a(M3)

252.03 = 0.60

2283671052

231.2810-50+0-12

Gu

239.64 = 0.06

232.46 057

233.2010-070.03

250

a(0)

223.12 £ 047

229.20 £ 0.77

0.7540.12
231.6315-75+0.12

a(M3)

252.01 £0.60

0.82
227.677 51

0.804-0.14
230.58+0-80+0.14

Gy

239.62 £ 0.06

231.82+0.07

0.074-0.04
232'GBtU,D'r'——i_lfr,lfr'f

TABLE II: The unpolarized Higgsstrahlung cross sections at
V8 = 240(250) GeV in three different schemes. To esti-
mate the errors caused by the input parameters, we take
Mw = 80.385 £ 0.015GeV, m; = 174.2 £ 1.4GeV and

Acxi{i(ﬂfz) = 0.02764 £+ 0.00013. We also change the strong
coupling constant from a:(Mz) to a.(+/s) with its centeral
value taken as . = a.(4/s/2). The remaining parameters
are taken the same as in Table L.

We also redo the calculation retaining
non-zero bottom quark mass
effect too small to include

Observe strong scheme dependence!

The mixed EW-QCD predictions now
range from 230 to 233 fb!

Need go to 2-loop EW correction to
reduce scheme dependence!

Bad news for the prescribed 0.5%
precision at CEPC?

More theoretical work is needed!

Need O(a?) EW correction to

stablize the prediction!



Is it feasible to compute the
NNLO pure EW correction?

Two-loop Elecroweak corrections, about 124054
Feynman diagrams

Excluding diagrams including the eeH Yukawa
coupling vertex, there remain 64177 Feynman
diagrams

Tensor reduction/IBP difficult, master integrals
contain foo many scales, formidable job
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Here I show some typical two-loop

EW diagrams just to frighten you

e WG Z W

o

vyl IHVG

‘-t

e Z t H e WG H
T7TPTN11 T7P11N12

e WG Z e y w Z

e WG H
T7TP10N13

e ww Z ¥pafls € T4Fans ® T4PENe

e WW H e Z H e W H
T7 P9 N16 T8PAN1IT T8P5N18

e e W H e Zz e Z
T12P1N28 T13P1N29 T13P3N30
e
e
Z
e e e 35
Z G H T14 P2 N31 T15P4N32

e
T10P1N25 T11 P4 N26




‘L Part 2

ISR effect forete = HZ

Incorporating our NNLO mixed EW-QCD corrections

F. Feng, Y.J., X.-H. Liu, W.-L. Sang, in preparation
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i ISR effect in Higgs-strahlung

Generally, when including ISR, the cross section is

m  o(s)= / dz ¢[2c, 2] 6(2s) structure function approach
Luminosity or structure function partonic cross section

To the Leading logarithmic accuracy, the structure function can be
solved analytically

e%ﬁLL(%—’YE) BrL

1 — »)~1+BLL/2
T(1+36uL) 2 (1=2)

quL[a:z] —

2 2
BLL = “Zn _H;;
™ mj
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ISR effect is well understood

We try to go beyond the LL luminosity function, by using the ad hoc
exponentiation, which we checked to produce correctly all logs from
pure photon to NNLO Nucl. Phys. B 297, 429 (1988)

o (o) etrlim) g
;T2 !

be (1 )

Ggla, z| = e \: ,
sla, 2] [(1+16,,) 2
1 .- 9! 3 7w 3
“(1+2)4+—B8,. | —— —+ =] 1
* (2( T P (32 3 +2C[‘5]) (10

Bur (1 202\ T A2 o 12

+ (7(1 +32%) log(2) — (1 - 2) ) B, = 2 (bg’#} _ )

+ 1((;% (—(1432%)log?(2) + 4(1 + 2%) (Lip(1 — 2) + log(z) log(1 — z))

+2(1 = 2)(3 — 22) + 2(3 + 22 + 2°) log(z)) hep-ph/0203120v1

B (1. . 1 o i ‘

+ % (5(322 — 4z + 1) log(z) + E(l +72%) log*(2) 4+ (1 = 2*)Lig(1 = 2) + (1 - 2)2))

We also add FO log terms from the electron-pair productions inferred

from the full NNLO QED corrections (not shown above) .



Observed cross sections including
ISR effect

O'(S) - Jic(()ijtweak-qued'is) + /dz &ch+weak(zsa H‘F) (@5[20{, 2, H‘F] o ¢5Z*XP[2@= 2 /"‘F])

/ N\

Fixed order with QED QED Subtract
............. N Iogar-”'hms fr'om flxed
"""" resummed order the
in the QED logs
. 10 . .
Mo structure included in
o function the
+ LO+ISR(structure only) S-‘-r.u CTU r. e
+ NLO+ISR(structure match onto QED NNLOx) .
+ NNLO+ISR(structure match onto QED NNLO+) fUﬂCTIOﬂ

Huge reduction when ISR is turned on
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State-of-the-art prediction for o(ZH)
incorporating ISR effect

Vs |schemes|oro (fb) [onro (fb)|onnrLo (fb)|ote (fb) oty (fb)|oa o (fb)
a(0) | 223.14 | 229.78 232.21 190.72 | 196.14 198.22

240| (M%) | 252.03 | 228.36 231.28 215.41 | 194.95 197.44
G, 239.64 | 232.46 233.29 204.82 | 198.44 199.15
a(0) | 223.12 | 229.20 231.63 198.77 | 204.06 206.22

250| (M%) | 252.01 | 227.67 230.58 224.51 | 202.72 205.32
G, 239.62 | 231.82 232.65 213.47 | 206.40 207.14

Very preliminary; will include the uncertainty in input parameters later
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Preliminary results for energy dependence of
o(ZH) in three different OS sub-schemes

a(0) scheme

()
b ——t——t—t—3—
L — * - -
[ s

ool
[ ',

150 Iz

- NLO

- NNLO
- LO+ISR
50 + NLO+ISR
« NNLO+ISR
w0 w5 a0 s o aas
o (fb)
200 -
150 -
100 -
50|

TR -
220

PR |
o Vs Gevy

I R T —
225

G, scheme

I B T —
230

IR I R -
235

- LO+ISR
« NLO+ISR
- NNLO+ISR

P T— -
240 245 250

T T S S S S SN S NS 1
220 225 230 235 240

a(Mz) scheme

- LO+ISR
« NLO+ISR
+ NNLO+ISR

(IR Y S N
245 250 Vs @ev)

Vs Gev)
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i Part 3

Mixed EW-QCD correctionto ete =2 HHZ =2 )u'u-
Accounting finite Z width effect
ook for deviation from narrow-width approximation

W. Chen, F. Feng, Y.J., W.-L. Sang, CPC 2019
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i Part 3

Mixed EW-QCD correctionto ete =2 HHZ =2 )u'u-
Accounting finite Z width effect
ook for deviation from narrow-width approximation

W. Chen, F. Feng, Y.J., W.-L. Sang, CPC 2019
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Sample diagrams fore e 2> H u*u-

HVV vertex
v/Z

44



i Breit-Wigner approx fore® e = H utu-

512 — J[Z;}

S12 — J[% + IJ[ZFZ

Once beyond LO, naively including the width of
unstable particle may ruin gauge invariance and
cause double-counting
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Treatment of the Z boson width effect

Many treatments exist in the market, e.g., complex mass
scheme, Unstable particle EFT, ...

For simplicity, we adopt the " " factorization scheme”

A. Denner, S. Dittmaier, M. Roth, and M. M. Weber, Nucl. Phys. B660,
289 (2003)

7H.0 S19 — M7 7o iIm{Z22 (MO, 7o .
Ml?fact_ 12 — MZ +iMyT, M (T ) 512 — M2 M gaug
S192 — J[‘ZZ

_ ZH.o o o o _
B S12 — J[ZQ + lJ[ZrZ [Ml (rz N O) ZZ_Se}f(rZ O)]

[FH ) —Re(SHG)} | S (s12) — SHA(M)
s — J[% S19 — M é

+ 2§Zzz] M
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Differential distributions fore* e~ > H ruy-

-----------
---------
‘‘‘‘‘‘‘‘‘‘‘
-
-
-
-

Differential cross section of Higgs
scattering angle

do [ fh ]
dMy,  GeV
20

Differential cross section of di-muon

invariant mass.
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Our predictions for cross section in three
different schemes (including uncertainty)

Vs |schemes| oo (th) | onLo () onnLo (fh)
a(0) 69830055 |7.3851 0037 7488710 036 0000

240 a(M2) |8.3827 0 05 | 731710 bae II7-44810 0ae 0 01
PR P R B s
a(0) |7.0361 053 | 742470 037 [7-527 40037 £0.000

250| a(MZ) |8.4461 0558 | 7.3501 0 bad [[7.48170 a0 009
P 3 AT 4 T

Again observe strong scheme dependence!

The NNLO predictions now range from 7.44 to 7.55 fb

Need go to 2-loop EW corrections to reduce Scheme

dependence!

Including various sources of
uncertainty
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i Part 4

NLO QCD correction to e* e = H+y

A very rare Higgs production channel at CEPC
several orders-of-magnitude smaller than HZ production

Loop-induced process, a sensitive channel to seek the footprint of new physics

W.-L. Sang, W. Chen, F. Feng, Y.J., Q. F. Sun, PLB 2017
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i Part 4

NLO QCD correction to e* e = H+y

A very rare Higgs production channel at CEPC
several orders-of-magnitude smaller than HZ production

Loop-induced process, a sensitive channel to seek the footprint of new physics

W.-L. Sang, W. Chen, F. Feng, Y.J., Q. F. Sun, PLB 2017
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O results start from one-loop, known in Abbasabadi et
l. (95); Gounaris et al. (95); Djouadi et al. (96)

v/Z v/Z v/Z v/Z

Figure 2: Typical Feynman diagrams for the NLO QCD corrections to ¥ ¢~ — Hy. The cap signifies the insertion of the top quark mass counterterm
am,, as given in (7).



Angular distribution of Higgs

dir ﬂ
mm D.Dﬂde:m
Lo
-0.001

~0.002

i o
o 003 \F=06v

L ! I | sl L I L Tl
=10 =03 03 -1 =03 00 03 10

Figure 3: Angular distributions of the Higgs boson in the e*e™ — Hy process at 5 = 240 GeV. The right panel embodies the relative magnitude
of the NLO QCD corrections.

CEPC

ir drtiL
—ifb) —
deasd it

0p

Figure 4: Angular distributions of the Higgs boson in the e*¢~ — Hy process at /5 = 500 GeV. The right panel signifies the relative magnitude of
the NLO QCD corrections.

ILC

The NLO QCD correction is negligible at CEPC energy
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Integrated cross section versus CM energy (LO)

N top
A\ —— —— others

0D 500 _.-—---T0000 . 1500 2000 V5 (G

10k |

Figure 5: The LO cross section as a function of +/3 (the solid line). To trace the origin of the nontrivial line shape, we deliberately isolate the
contributions from two classes of diagrams. The dotted, dashed and dot-dashed lines represent the contribution from diagrams involving the top
quark loop, that from all other diagrams involving weak gange bosons in the loop, and their interference, respectively.

At asymptotically high energy, ¢ _LO ~ 1/s
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Integrated cross section versus CM
energy (NLO)

(1072 fb)

Figure 6: The total cross section as a function of +/5, both at LO and NLO in «,. The vertical band with + = 2m, + 5 GeV signifies the threshold
region, inside which the perturbative expansion is expected to break down and our fixed-order predictions become invalid.

At asymptotically high energy, ¢ _NLO ~ 1/s”2

Caveat: fixed-order breaks down near ttbar threshold, need resummation of

Coulomb gluon to all orders
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i Summary in part 4

For e e- - H+y (Harbor of new physics),

the QCD correction at CEPC appears to be largely negligible at CEPC
energy

However, the maximum cross section of 0.08 fb can be achieved
around the CEPC energy

Search for such rare Higgs production channel at CEPC
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i Part 5

NNLO QCD correction to yy" 2 n. , form factor at CEPC

Quarkonium production/decay in the low-energy EFT of QCD: the NRQCD
factorization approach

F. eg, YJ .,.-L. Sang
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Nonrelativistic QCD (NRQCD):
Paradigm of EFT, tailored for describing heavy quarkonium
dynamics: exploiting NR nature of quarkonium

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

A NRQCD factorization is viewed as
aco being first principle of QCD
T perturbative marching | perrurbative matching This scale separation is
............................................ === usually referred to as
NRQCD factorization.
| NRQCD
____________________________________________ N The NRQCD short-dist.
N o rbare marehine | ertmbare marchine coefficients can be computed in
e ] T perturbation theory, order by
order
pNRQCD

o7



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)),

Vety similar to HQET, but with different power counting



Physical picture underlying NRQCD
factorization

Quarkonium is a QC'D bound state involving several distinct scales

I 000000000000000

—> X, Cn(m) X
/ {Olx"Wn )| H) < Rse(0)
4
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 60



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

1. T/¥Y) 2 et e
NNLO corrections were first computed by two groups in 1997:

Czarnecki and Melkinov; Beneke, Smirnov, and Signer:;
NNNLO correction available very recently: Steinhausser et al. (2013)

AT '\

2.2 77 W

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

3. B, 2> Iv:

NNLO correction computed by Onishchenko, Veretin (2003);

Chen and Qiao, (2015)
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Perturbative convergence of these decay
processes appears to be rather poor

272
T(J/p — £0) = T© {1 _ 8% 4455 041n)) (O‘—) ]

70 s

3
+(—2091 4 120.66 ny — 0.82nf*) (_oz3>
T

2 2
(B, — tv) =T© [1 ~ 13922 23.7(%) + O(ai)]

74 T
87 87 :

I'(ne — ) =T [1 —1.69—= — 56.52(—8) + O(ai)]
70 s

So calculating the higher order QCD correction is imperative
to test the usefulness of NRQCD factorization!

2
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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~.
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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 = ¢ =
= ¢
o W
- 1 _,
o ; -+-_+_
r —4—
10 717_ _+_ |
i I |
10 L [ -
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
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" > m°, there is no open puzzle here



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

v



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

“light by lght”

Numer of
diagrams

2 8 108 12




Investigation on yy™ = n, form factor
Huge discrepancy between NRQCD prediction and

experiment
2aﬁl' I I I | 1 I I | I I 1 | I I I | 1 I I |
/02 1m2
b A =M 20/Q% +mP > g > Q2+

Our Prediction

pa = 1GeV,2y/Q2 + m? > pp > Y™

Is free of =
nonperturbative % 1.0 2 ]
parameters! =

N - R —

ﬂ'ﬂ |_ 1 1 ] 1 1 ] 1 1 ] 1 1 1 ] 1 |- |

Q*(GeV?)

’Y'Y* -> 1. - NNLO predictions seriously fails to describe data! 73



Prediction to yy~ = n, form factor
Await CEPC to test our predictions

IF(Q)/F(0)|

070 |_ I I I I I I | I I I 1 I I I
0 200 400 600 800 1000

O*(GeV?)

Convergence of perturbation series is reasonably well.
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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 7>



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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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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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- 79

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 81



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 influential 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
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i Conclusion of 1901.08447

= Reducing renormalization scale dependence
= See decent perturbative convergence behavior
= Agree with BaBar data, yet not Belle

Call for Belle 2 re-measurement of this channel

87



CEPC not only a Higgs machine... lots of QCD
i research can be conducted as well

Jet physics
Energy-energy correlation (see H.-X. Zhu's talk)

Inclusive hadron production/fragmentation function,
especially measured at Z pole

Exclusive hadron production
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Summary and Qutlook

1. Mixed EW-QCD correction for the Higgs-strahlung process appears to be
significant, about 1% of LO cross sections

2. Strong a-scheme dependence observed, also sizable uncertainty arising from
Input parameters. So far, cannot meet the 0.5% precision of CEPC experiment
What we can do to improve?
Compute NNLO EW correction??
Technically feasible?? Computational and human resources sufficient?

3. Perturbative expansion seems to have poor convergence behavior for
charmonium in NRQCD factorization

4. Perturbative expansion bears much better behavior for bottomonium
Wait for CEPC to test our prediction for yy* 2 n, form factor
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Thanks for your attentionl
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