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Precision: gateway to discovery

» New particles/physics have not been discovered yet at LHC
o €01 Fro,, -

Currently main strategy: search
anomalous deviations from theory

uuuuuuuuuuuuuu

The C°

Interplay between exp. and th.
Frontier

To make full use of data: theoretical errors should be much smaller than experimental errors, ideally:

1
Errory, < §Errorexp
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10 years of Higgs

CMS Vs=7TeV,L=5.1f' {s=8TeV,L=531"

> At th t‘ f d‘ ATLAS 2011 -2012 e 1230 Gev Mo TEmese
etlimeo IScovery WZH b -
(5=7TeV: JLdt=47 " :
H— 1t PR H=v .
\E=7Tev:ILu|=f.e4.7fb" hd
ATLAS PLB2012 u=1.4+0.3 E*V‘}’W”* Wiy iy Mo 2z -
H—
cms,pLB2012 M = 0.87 £0.23 R e —— | —af
Hozz" S a4l i
A o —e— Hos e ——
. L. — O-Exp Combjined .
Theoretical error: negligible U= o sl e teeos -~ Ho> oo — N
SM 101 ' Bestfitoisg,
Signal strength (i)
> 1 0 ears later CMS 138 o' (13 Tev)
y E 102? 3 o Observed []21 5D (stat)
g F ATLAS Run2 - = 115D (stat @ syst) [11] +1 SD (syst)
g 105_ Natu re2022 . | _%SDS (stat ® syst) st syt
ATLAS: p=1.05+0.06 = 1.05 + 0.04(th) + 0.03(exp) + 0.03(stat) 2 F _m 1 e # ooy e 1
s [ —® 1 .| g Nature2022
CMS: u = 1002 i 0057 = 1002 i 0036(th) i 0033(exp) i 0029(Stat) % IDala(Tota\uncenaiﬂTy). T 1 % B o
- []syst. uncertainty 1 My "—‘E’— 144507 w02 0
10-12_ = SM prediction — = B
. . r | 3 Moy ——— 12975 w2 g5
« Theoretical error dominant! AL . el
. - . . g T 023 e L
« Theorists also working hard, but experimentalists are excellent... & 0w Juvess 2z uo
B " ZHProdu;:onprc::.’ess 00 T 52 5 5 a5 4 4s

Parameter value
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https://inspirehep.net/literature/1124337
https://inspirehep.net/literature/1124338
https://inspirehep.net/literature/2104672
https://inspirehep.net/literature/2104706

Uncertainty budget

12+ Dulat , Lazopoulos, Mistlberger, CPC2018 -
§(theory) = f%gﬁj (fg:gggz) d(scale) k
+ +0.56pb (£1.16%) o(PDF-TH) 10+ : 1
+ £0.49pb (£1.00%) d(EWK) o I i ]
+ 4+0.41pb  (£0.85%)  4(t,b.c) s ° \ clnsime ]
+ 40.49pb (£1.00%)  8(1/my) e k ] ;
_ +2.08pb (+4.28%) & Of ¥ i t I 1
—3.16pb —6.5% ) 1 S [ 8(t..c) I aew
1.25ph 59% : . _
Sas) = Tioew ((5een) - Jt : perturbation’ :
E iS(scaIe)
0*I |: | 1 | L | L | L | L 1 L | L L L 17
0 20 40 60 80 100

Collider Enerqy / TeV

o =) dydxaffi G CD|F ]+ 0% /M?)
L,J

A

PDFs as = 0.118 + 0.001 Theory
More inbut data. other  attice, other Calculate higher orders
rgethods, methods in perturbation theory
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https://inspirehep.net/literature/1653118

Looking ahead

» High-precision data expected

* Runlll of LHC

* High luminosity LHC: expect 0(1%) uncertainty

* Requirement: reducing theoretical uncertainties by at
least a factor of 5-10 (1-2 higher orders in ;! )

* Usually, 1000 times more computational resource for

each higher order!

Can theorists keep up?

s = 14 TeV, 3000 fb™' per experiment

] Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
129 Tot Stat Exp Th
Oggn = | 1.6 07 08 12
Oygr — 31 18 13 21
OwH ———— 57 33 24 40
Oy — 42 26 13 31
Oy —- 43 13 18 37
i

I I ! ! ! I
0 002 004 006 008 01 012 014
Expected relative uncertainty

CERN2019
Assuming theoretical errors halved
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https://inspirehep.net/literature/1718163

Era of precision physics at the LHC

Standard Model Production Cross Section Measurements Status: February 2022
° ° ° ATLAS Preliminary . o
» High-precision data G-sremw i
5 T - —
©% ATL-PHYS-PUB-2022-009 e
 Many observables probed at = |
(°‘.? _-i %0 KN -
precent level precision .| das| TrEEEe et -
i ‘D : ° | L == '-';'?unu o
% o gagaBy a0, o 6
« Atleast NNLO QCD and NLO EW & o, el 5 i
ga By e M ||
corrections generally required (plus “ = o, 2.8 *| Fasb LA
. .D~ u=s 2 I i Bg.
parton shower, resummation, etc.) e e Tt L e

o
ww
xxxxxxx var -

Automatic NNLO (and higher) correction is highly demanded

Note: Automatic NLO correction obtained 15 years ago: MadGraph, Helac, etc

> A “billion-dollar project”

« Halving total uncertainty = building another LHC
* Note: LHC cost about 10 billion dollars
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https://inspirehep.net/literature/2055470

High-order community from the Mainland
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The whole community
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Packages for perturbative calculations

» Selected contributions from the Mainland

2004 FDC: automatic NLO computation wang, NimA2004

« 2012 Apart: multiloop partial fraction Feng, cPc2012

+ 2021 pfd-parallel: general partial fraction Bendie, et al. cPc2024

2021 FastGPL: compute GPL functions wang. Yang, Zhou, 2112.04122

« 2021 HepLib: Amplitude computation reng, et al. cPCc2021

« 2022 AMFlow: Feynman integrals computer Liu, yam, cpc2023

« 2023 NeatlIBP: IBP generator wu, etal. cPc2024

« 2024 FeAmGen.jl: generate amplitude wu, Li, crPc2024

« 2024 Blade: Feynman integrals reducer cuan, Liu Yam, wu, 2405.14621

« 2024 AmpRed: Amplitude computation chen, 2408.06426

Incredible progress!!!

Don’t suppress for any future shocking pheno. works
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https://inspirehep.net/literature/653837
https://inspirehep.net/literature/1108150
https://inspirehep.net/literature/1858224
https://inspirehep.net/literature/1986735
https://inspirehep.net/literature/1851729
https://inspirehep.net/literature/2020880
https://inspirehep.net/literature/2659772
https://inspirehep.net/literature/2708753
https://inspirehep.net/literature/2789587
https://inspirehep.net/literature/2817725

Package AMFlow

» In principle, compute any Feynman integral

= O X.Liu, YQM, Wang, PLB2018
X.Liu, YQM, PRD2022

Z.F.Liu, YQM, PRL2022

« With only input from linear algebra (linear relations between Feynman integrals)

« Works for any-loop order

 AMFlow: used by the community almost every week Liu. Yam, cpc2023

The first solution for the 40-years-long challenging problem
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https://inspirehep.net/literature/1639025
https://inspirehep.net/literature/1876630
https://inspirehep.net/literature/2020677
https://inspirehep.net/literature/2020880

Package NeatIBP

> Syzygy constraint for IBPs » Module intersection

Gluza, Kajda, Kosower, PRD2011 o
0=C / dzy---dz, Z di( i(2) P — ! ) Laplace expansion M1: lej P 5. P =0
Z; z vCEn

— 0% AR
M = My N M,

Bohm, Georgoudis, Larsen, Schulze, Zhang, PRD2018
Bosma, Larsen, Zhang, PoS LL2018

M2:a;(z) = b;(2)z;, forie {j‘a‘j > 0} Boehm, et al., PoS MA2019

M1: b= P+Z( ap) 0

""?,

» NeatIBP: the first public implementation

Wu, et al. CPC2024 # of IBP (FIRE6): 11207942
* Much less equations Max numerator degree: 5
. Max denominator power: 1
Much less resources # of M- 61
 Very promising for pheno. 5 #of IBP: 14120

. U ll} CPU cores: 10
Time used: 27m at A= RraM:128GB
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https://inspirehep.net/literature/2659772
https://inspirehep.net/literature/866930
https://inspirehep.net/literature/1645272
https://inspirehep.net/literature/1680843
https://inspirehep.net/literature/1822792

Package AmpRed

Define the kinematics

SetKinematics[{P} » {p[1], P[2]}, {FA["MH"]} » {0, 0}]}
FA["MH"] = FA["EL"] = FA["GS"] = 1}

FA["MT"] = 2; FA["MW"] = 1/2;

FA["SW"] = 1/2;

Convert the amplitudes

amp = FA2AR[Get ["HiggsDecay TwolLoop_ Amplitude.m"], ToFeynmanInt -» True] /. {_Incomin
Tensor algebras

ampl = amp // SpinorChainSimplify // ColourSimplify;

Integral reduction

amp2 = AlphaReduce[amp] ;

Numerical evaluation of master integrals

amp3 = AlphaIntEvaluateN[ampl, 8, {}, PrecisionGoal -» 40, Print - Print];

Result

Chop[Collect[amp3[[1l]] // epsSeries, {_Pair, eps}], 10/-20]

( 0.65559697196369893399271569290977 i Cr

€
[ 0.09561556944391453841294459224112i Cg

+63.1085616002458945574655257118952 i CF) 2 -e;,z P2 -e;,] +

—0.1812688202764029678196077961648 i C[:) Pr- e;,l P2 e;,z +

€
( 0.3277984859818494669963578464549 i Cr:

*

- 31.5542808001229472787327628559476 i C,.-] e;,l “€p,

€

M, 8.15 R

Foundations of AmpRed

@ Integral reductions through the Feynman-parameter representation
Chen (JHEP) 2020
Chen (EPJC) 2020 Chen, 2408.06426
Chen (EPJC) 2021

@ Recursive calculations of parametric integrals
Chen, Luo, Yang, Zhu (JHEP) 2023
Chen 2406.12051

« Computing two-loop H — yy in a few lines

« An almost standalone package
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https://indico.ihep.ac.cn/event/21331/contributions/161793/
https://inspirehep.net/literature/2817725

New methods

» Compute Feynman integral using generating functions

e General one-loop reduction Feng, CTP2023; Feng, Hu, Sheng, Yang, 2403.16040; 1%, 8.15 T F

* Multi-loop scalar reduction cuan, Li, yam, PRD2023

» Find more symmetry relations

Wu, Zhang, 2406.20016

* Momentum transformation with rational functions, rather than constant

« Some times reduce the number of master integrals

> Systematic way to deal with y°

 Refined Kreimer scheme Chen, JHEP2023

* Avoid finite renormalization
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https://inspirehep.net/literature/2154242
https://inspirehep.net/literature/2771389
https://indico.ihep.ac.cn/event/21331/contributions/161792/
https://inspirehep.net/literature/2665808
https://inspirehep.net/literature/2803169
https://inspirehep.net/literature/2654778
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Higgs Potential Not Determined Yet

V(9)

Agrawal, et al., PRD2020
Unknown! I

experimentally know \ /
about the Higgs
K

/ TN 2
Unknown! \ / Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

This is what we

« Higgs pair production: direct probe the potential, discrimination between different scenarios

« 6 experimental talks on this topic

9 9909909990990 > ®---------- H 9 209550008990
' '
Kt
9 9990099999909 < o--—-—-—-—-—---- H 9 2000000000090~
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https://inspirehep.net/literature/1742610

Rigorous constraint on Higgs boson self-couplings

» Naive functional form not correct due to higher corrections

O-HH = A - BK - C](‘2 Rescaling k results in wrong EW parameters: e, my, m;, my,, m,

» Propose a modified renormalizable Lagrangian

1 1 1
L = 524(0,H) — (_QZﬂZZ¢Z3ﬂ2U2 + EZAZquZﬁ)WLL) — (22252 = Z,p Zy Zop*o) H

ykibe, 8.15 -

3 1 1
- (_ZAZ.;%ZS)\’UQ - §Z,ng¢u2) H? = Zyey 2223 ZuAsuvH® — ZZﬁ4HZAZ§A4HH4 o

2
800¢

Li, Si, Wang, Zhang, Zhao, 2407.14716 700; — LO

- QCD (N)NNLO

g‘ L — QCD (N)NNLO + O(My, A%
More stringent constraint for ATLAS (CMS) limit: = 400
23

6.6 (6.49) — 5.4 (5.37) B000 N
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https://indico.ihep.ac.cn/event/21331/contributions/161766/
https://inspirehep.net/literature/2809916

» EW: the largest theoretical uncertainty

EW correction for pp - HH

QCD corrections known to NNNLO, 3% uncertainty
g --HY

Based on packages AMFlow+Blade+CalcLoop

B Mpu/2 /7 +mYy  mu
LO  19.96(6) 21.11(7) 25.09(8)
NLO 19.12(6) 20.21(6) 23.94(8)
K-factor 0.958(1) 0.957(1) 0.954(1)

--H

--H

Bi, Huang, Huang, YQM, Yu, PRL2024

0.100

0.010

0.001}

daldM,,, [fbiGev]

=
<
A

ol
= O
U w

NLO/LO
COORKHH

moVoookR
nouomo

400 600 800 1000 1200 1400 1600 1800
My [GeV]

« EW corrections reduce the LO results by 4%
More than 10% corrections for some regions

* Uncertainty of EW less than 1%
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https://inspirehep.net/literature/2727392

Towards NNLO calculation for ttH production

Vs =14 TeV, 3000 fo' per experiment

» Direct probe of top quark Yukawa coupling [ ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental
—_— Uncertainty [%
t Theory Tot Stat ExT)[ T]h
K, =. 1.8 08 1.0 1.3
Kw = 1.7 08 07 13
______ - Theoretical uncertainty is much larger *z= 15 07 00 12
Kg = } 2.5 09 08 21

than expected experimental uncertainty—

3.4 09 11 341

t Ky = | 3.7 13 13 32

K B=— 1.9 09 08 15

Bottleneck: two-loop amplitudes - — 43 58 10 17

3 3 2 3 Kz, —— : : | |.9'8 72 17 64
4 4 0 0.02 004 006 0.08 01 012 0.14

Expected uncertainty

SN 2N (, » NNLO in soft H approximation

(c)

* Two-loop estimated 100% error

1
\
 Unreliable for differential cross section
b ;‘3—( S o \5 Catani et al., PRL2023
1

(e) 1 (f) 21/30



https://inspirehep.net/literature/2165654

Towards NNLO calculation for ttH production (con.)

» Approximation in the high energy limit ik, 815

[MJ? (TeV™?)

1/2

s ip), {m)) = [T (25" (mh)  S({p}, {m)) | M= ({p}) )

—1000 -
—2000 -
—3000 -
—4000 -

—5000

|||||||||||||||||||

e® for gg NNLO
—e— Semi-massive

—e— massless

...................

V512 (TeV)

Wang, Xia, Yang, Ye, 2402.00431

Massless amplitudes: much simpler, computed
using standard techniques

Two-loop amplitudes at high energies are ready
Combine with low energy approximations

(threshold / soft Higgs) in future
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https://indico.ihep.ac.cn/event/21331/contributions/161791/
https://inspirehep.net/literature/2753930

Precise prediction for ete™ — QQ

Chen, Guan, He, Liu, YQM, PRL2024

» For R-ratio

 Light particles production: known to N*L0O in QCD

6 8 10 12 14

bottom—-quark

« QQ production: only N2L0O in QCD is known

> NNNLO QCD calculation :

charm-quark

>
& |
g "
g
Based on packages AMFlow+Blade+CalcLoop 3
g 0'01;.\”‘.H‘..‘\.‘.H.‘.H
E.g. top: 0.1% correction for total, AR
g 42
10% correction for differential e me e wmo wo w0 o w

M,;[GeV]
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https://inspirehep.net/literature/2157953

Precise prediction for ete™ — QQ (con.)

» Factorized out Coulomb part and resum

U=JO><RNC

exactly non-conformal term

Rc = 1+Cp2—o:5 (sv2)+CF 2% a?(sv?) {[CF 30 Cr (23 ﬁo)}]“_ys(svz) L

PMC@

2
:RC|PMC +CF_(I¥(Q*C)+CF 12v VZ(Q*C) 'VS(Q C)+
resum ¥ PR > Sommerfeld-Gamow-Sakharov factor
Dl X=nCp a5 (Q%c) Obtained by solving NR Schrodinger equation
X Xz Xx* ..
L—exp(=X) ~ 2 12 720

The X3-coefficient is exactly zero! |

7 %N, 8.15 B

0 — —

[0 NLO (Conv ) (PMC) ----- LO ]
A\ N2LO (Conv.) — N2LO (PMC)
A S N3LO (Conv.) —N?*LO (PMC)

346 347 348 349 350 351 352 353 354 355

Vs (GeV)

FIG. 3. (Color online) Total cross section o;; with different

QCD corrections under conventional (dashed line) and PMCs
(solid line) scale-setting approaches, respectively

Yan, Wu, Wu, Shan, Zhou, PLB2024
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https://indico.ihep.ac.cn/event/21331/contributions/161765/
https://inspirehep.net/literature/2740639

NNNLO QCD prediction fort = b + W

I, = 1.36 + 0.02 (stat.)") 1]

In the future e+e- collider an uncertainty of
30 MeV will be achieved, needs NNNLO QCD

o -

O < Q
I, o - Q
2 o Q. Q
O = = Q
0 =
N O
Q000Q00Q00Q

Analytic for leading color: chen. Li, Li, Wang, Wang, Wu, PRD2024
Numeric for full color: chen. Chen, Guan, Ma, 2309.01937

000900Q0
2
» o
o &
{-
’-
00QQ00Q0Q

0.003
I, = 1.31481) 00

(syst.) GeV [CMS, 2014].

1367

» Top decay width I;: sensitive to new physucs

+HEN, 8.15 B

+ 0.027 (m; — 172.69) GeV

135;- Mo Top Decay Width I'y
f ——nNwO T NNLO(pi=m,/2)
134 T NNNLO- o~ NNNLO(u=my/2) 1
3. 133} [
iy L S ______ PR — o _____
1.32F o —
e
130f | L L o .
02 04 06 0.8 1.0
plmg
5, S dmy doep Ty [GeV]
LO 0.273 -1.544 — — 1.459
NLO | 0.126 0.132 1.683 -8.575 1.361+99%!
NNLO | ~ 0.03  0.030 + 2070 1.33170:0055
N3LO * 0.009 * -0.667  1.32115.0029

» Further improment using PMC scale settings: i wu. zhou. i shan.pro2024
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https://indico.ihep.ac.cn/event/21331/contributions/161767/
https://inspirehep.net/literature/2693476
https://inspirehep.net/literature/2693499
https://inspirehep.net/literature/2778327

Analytic computation of muliloop multileg integrals

7K1, 8.14 1

— ¥>\4 < “ps /K

3

3
3 4 /{
3 \‘K 95/ D
: hpz{ 13 11>Hps—" ZS ) ' ) : >—°2
2 /J<12 _.__l_-_l\ y
1 B >/1 P2 2 1 Pe~, 3 ‘“\K
P P 1
P1

I
N

-

[#5]
Y
-

/ T N\ s Y

./ P4

I
J. Ilenn, A. Matijasic, J. Miczajka, T. Pevaro, Y. Xu, YZ, JHEPOS2024)027 | Liu, Matijasic, Miczajka, Peraro, Xu, Xu, YZ, 10 appear
—8 A
. . . Canonical DEs: ‘I(af:, e) = €Ai(x)I(x,€)
« Analytic computation of 2loop 6point and 3loop Lq
0

5point Feynman integrals for the first time

Alphabet searching: Ai = 3331.A= A= zk: ar log(Wg)

« The analytic computation of many more multi-loop multi-leg

multi-scale Feynman integrals may be possible
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https://indico.ihep.ac.cn/event/21331/contributions/161748/

1 E.E,
LEEC = . Jda Z Q—zj5()( =)
i

Sterman, 1975

Bashman, et al. 1978

Conformal collider physics:
Energy and charge correlations

Diego M. Hofman® and Juan Maldacena®

@ Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544, USA

bSchool of Natural Sciences, Institute for Advanced Study
Princeton, NJ 08540, USA

Feb 2009 (S Maldacena:
N People do not do
| this, I haven’t
Polchinski: figured o,ut why
: they don'’t. I think
There is a lot ‘ y
. they just haven't
of QCD data... ?
r . @ thought about |
can they see this
{ this scaling? e I

&

4
A

" ‘\
z \\\\\

— ! b N

En)&En,) ~ 00

Scaling rule by Hofman, Maldecena
conformal theory



(E1&2)

Energy Correlators
As of 2024

1.4

ALICE Preliminary: ff = 5.02 TaV, 20 < Charged Jet p_< 40 GeVia
ALICE Preliminary: ff = 5.02 TaV, 40 < Charged Jet p_< 60 GeVic
ALICE Prafiminary: ¥ = 13 TaV, 20 < Gharged Jat p._< 40 GaVic
ALIGE Prafiminary: 5 = 13 TaV, 40 < Charged Jat p, <60 GaVic
ALICE Praliminary: #6 = 13 TeV, 60 < Gharged Jat p, <80 GeVic
CMS Proliminary: ¥ = 13 TeV, 97 < Full Jot p_< 220 GeVic

GMS Praliminary: ¥ = 13 TaV, 220 < Full Jat p, <330 GaVic

GMS Praliminary: 5 = 13 TaV, 330 < Full Jot B, = 468 GaVlic

CMS Praliminary: ¥5 = 13 TeV, 468 < Full Jet p_< 838 GeVic

CMS Preliminary: ¥ = 13 TaV, 538 < Full Jot p, <845 Gevie
CMS Praliminary: ¥ = 13 TaV, 846 < Full Jot p_< 1101 GeVic
CMS Praliminary: # = 13 TeV, 1101 < Full Jetp, <1410 GaVic
CMS Praliminary:¥5 = 13 TV, 1410 < Full Jet p_ < 1784 GeVic

&E(n))E(ny) ~ O+

Over a larg
range of
energies

1.2

IIIlIIllIllIII

0.8

1h

0.6

0.4

llllllllr?l

0.2

S*IN

10

4 d(Sum EiErlE?)

Ratio

ALEPH e'e’, {s = 91.2 GeV, Work-in-progress

10
—— Archived MC + detector

—— Data

T TTTm

._X - . ﬁ_X - e + -
Preliminary

s naoof

IR A@- |

LAV o 'y — s |
.00l (LG L010 A0, OG0 10N P(‘l'hll"h‘ltil'; 0D 7 =01 a =l m = (L)L

LI IIIIH[

=T TTTIT

T

)

. = Full Spectrum with
"4 high precision
3 YendJie Lee, MITP talk 2024

ke
N B

+Hao Chen, Yibei Li, Hua Xing Zhu; Jun Gao; Hai Tao
Li; Dingyu Shao; Wang Wei; Meng Xiao; Kai Yan ...
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Rethinking jet using Energy Correlator

Dixon, Luo, Shtabovenko, Yang, Zhu, PRL 2018
Gao, Hai Tao Li, Moult, Zhu, PRL 2019 + ....

CMS Preliminary 36 3 fb (1 3 TeV)

2 {2 e CMS Prellmmary 363fb (13TeV)
~ Free hadron Confinement Perturbatlvo O 08K
C 1 E Most preuse a; extraction usm;, 3
= 15 o7 :—+ jet suhstructure =
C . 10 . .
N 1™ - Data B
gl ¢ Data - 4 o6 , =
z . 1% - " (Meng Xiao .., 202 3
L 1% 0.5 =
8 " 18 . f 3
I 1M 0.4:— —
AE x - 1 o3f 3
= . a - % -
2F  220<pl<330Gev B | 0o Loi-aps =
B < < e 1 - -
- v Py ..."i sk Iog(xL) 4
T iy T —— 200 400 600 800 1000 1200 1400 1600
10 10™ 10°
X, pl (GeV)

A new probe of QGP

Yang, He, Moult, Wang, 2024 PRL + ...
Ao 4

Sep 22-27, 2024
DENMA MESSE NAGASAKI
AsalTokyo Umazone

12th International Conference on Hard and Electromagnetic
Probes of High-Energy Nuclear Collisions

Overview Contrnibution List

Scientific Program

I= /3 comelano
Timetabie iSnie| L relanor
130, Jet

tructures and energy-energy correlator
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A Different Angle on the Color Glass
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