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Success of the LHC precision program

Standard Model Total Production Cross Section Measurements
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o =96.07 +0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)

o = 95.35 +0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)

oc=190.1+0.2+6.4nb dataL
DYNNLO + CT14NNLO (theory)
o = 112.69 = 3.1 nb (data)
DYNNLO + CT14NNLO (theory)

o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)

o = 58.43 + 0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 34.24 + 0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 29.53 +0.03 + 0.77 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 826.4 + 3.6 + 19.6 pb (data)
top++ NNLO+NNLL (theory)

oc=2429+17+8.6 EtL) sdata)

top++ NNLO+NNLL (theory)

oc=1829+31+64 Eb §data)
top++ NNLO+NNLL (theory)

o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)

oc=289.6+17+4 7.2~-6.4pb (data)
NLO+NLL (theory)

o = 68 + 2 + 8 pb (data)
NLO+NLL (theory)

o =94 + 10 + 28 - 23 pb (data)
NLO+NNLL (theory)

o =23+13+43.4-3.7pb (data)
NLO+NLL (theory)

o =16.8 + 2.9+ 3.9 pb (data)
NLO+NLL (theory)

o =55.5+3.24 2.4 -2.2pb (data)
LHC-HXSWG YR4 (theory)
o =27.7+3+2.3-1.9pb (data)
LHC-HXSWG YR4 (theory)
o=221+46.7-53+4 3.3 -2.7 pb (data)
LHC-HXSWG YR4 (theory)
o =130.04 = 1.7 + 10.6 pb (data)
NNLO (theory)
o=68.2x1.2%+4.6pb (data)
NNLO (theory)
o =51.9+2+4.4pb (data)
NNLO (theoryf
oc=51+0.8+23pb Edata)
MATRIX (NNLO) (theory)
oc=243+06+09pb (data;
MATRIX (NNLO) (theory
oc=19+4+14-1.3=+1pb (data)
MATRIX (NNLO) (theory)
o =17.3+0.6 + 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory)
oc=7.3+0.4+ 0.4 -0.3 pb (data)
NNLO (theory)
o=6.7%0.7+ 0.5~ 0.4 pb (data)
NNLO (theory)
oc=48+0.8+ 1.6~ 1.3 pb (data)
NLO+NNL (theory)
oc=870+130+1401b (dataz
Madgraph5 + aMCNLO (theory)
o = 369 + 86 — 79 + 44 fb (data)
MCFM (theory)
o = 990 + 50 = 80 fb (data)
Madgraph5 + aMCNLO (theory)
o =176 + 52 - 48 + 24 fb (data)
HELAC-NLO (theory)
o =0.82+0.01 + 0.08 pb (data)
NLO QCD (theory)
o =0.55+0.14 4+ 0.15 - 0.13 pb (data)
Sherpa 2.2.2 (theory)
oc=24+4+51b dataz 0
NLO QCD + EW (theory)

ATLAS Preliminary
\s =7,8,13 TeV
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Status: February 2022

A great triumph of The
Standard Model

But we should let no stone
left unturned

Stress-test The Standard
Model to its extreme!



But let’s recall some history
%m@@@@@@

anomalous magnetic moment of electron

g =24+ 2a,
g=2+2X - |
27T

— 24 0.0023228 + - - -

| ead to establishment of QED!

;r‘ . nﬁ | "&'\\ ﬂ fﬁ\ AR
L - . |

a, = 0.00116592061(41)

SM QED EW hadron
a, = ay +a, +a

= 0.001 165918 04(51)
Looking for new physics at the 8th digit!



Deficiencies In theoretlcal predlctlons
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Theoretical predictions are far from perfect. Substantial space for progress!
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Two faces of QCD

Energy Energy

—Pp— Feynman Diagrams
QCD Factorization

Effective Field Theories
Renormalization Group
Operator Product Expansion

perturbative

nonperturbative

The two faces of QCD interwind together to form a full picture of QCD at the LHC

v



DGLAP evolution

2 1
ag(pe) / dy 0 2
T r/Yy, o
(fmzfz( pe) = > Ejﬁ : yfg(y )Pz /y, ag(p?))
One loop: D. Gross, F. Wilczek, 1973 (twist operator)
L= Gribov, Lipatov; Altarelli, Parisi; Dokshitzer, 1976-1977

CT18 at 2 GeV CT18at100 GeV .

=3

— g |

Two loops: G. Curci, W. Furmanski and R. Petronzio, 1980

Three loops: S. Moch, J. Vermaseren, A. Vogt, 2004

leading transcendentality: QCD => N=4 SYM

Integrability in N=4 SYM:

0 02 05 09 Towards 4 loops: S. Moch, B. Ruiil, T. Ueda, J. A. M.
Vermaseren and A. Vogt: planar non-singlet
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Towards DGLAP at 4 loops

Relation between twist-2 operator and DGLAP kernel

1
v(n) = — / dza" 1 P(z) A;; = (§(p)|Os]i(p)) with p? < 0
0
n—1 - -
Ons(n) — : 9 wzlA’Y(AD)hZz(AD)sz (AD)Zn 1%n 9 ¢’6n , k= 37N]% —1

Computation with fixed moment in this way quickly explode IN complexity

Turn fixed-order derivative into a generating function!
T. Gehrmann, A. von Manteuffel, V. Sotnikov, Tong-Zhi Yang, 2023

. ) t
_)Zt l—tAp

ﬁ@ m Non-planar Nf coefficient are now calculable!




Prision top quark physics
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See e.g. Kun Cheng’s talk

Jet
Jet

ATLAS achieves highest-energy detection of quantum
entanglement Top quark decay:

28 September 2023 | By ATLAS Collaboration

_ . NLO: M. Jezabek and J. H. Kuhn (1989, approx.)
Call for production and decay of top pair A. Czarnecki, (1990, approx.)

to high precision' Chong Sheng Li, J. Oakes, T. C. Yuan, (1991, exact)

NNLO: Jun Gao, Chong Sheng Li, HXZ, 2012
Bernreuther, Brandenburg, Zong-Guo Si, P. Uwer, 2004 M. Brucherseifer, F. Caola, and K. Melnikov 2013

Long-Bing Chen, Hai Tao Li, Jian Wang, Yefan Wang, 2022
10 (analytic)



Top decay at N3LO

Top-Quark Decay at Next-to-Next-to-Next-to-Leading Order in QCD Analytic three-loop QCD corrections to top-quark and semileptonic b — u decays
Long Chen,':* Xiang Chen,? T Xin Guan,?'* and Yan-Qing Ma?3:3 Long-Bin Chen,! Hai Tao Li,?' * Zhao Li,>% 5 T Jian Wang,?'* Yefan Wang,?'® and Quan-feng Wu® 4 9
1 _ I I I I I [ [ [ I I I I I I I I I I I I I I=[:;_ 1 .6
W Energy Distribution (cutoff=104GeV) = ~ —LO [ NLO NNLO NLO L.C. i
0.100 - — Lo . 15 ]
NLO ] - s
S NNLO - i _
'§ 0.010% NNNLO ] ?5' 1.4-_ -
= ] S -
= § [~ -
0.001F 5 1.3 —
- - _
10—4 L n |
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g ' g 170 171 172 173 174 175
é 12_/ | | ha 0.14 - e [GeV]
S 2 T, = 1.36 £ 0.02 (stat.) £0 1T (syst.) GeV
[®) 1.1F ﬁ_- .
w 100 ' current experimental . . . .
8 ] - s s s 589 T, [GeV]
oo . . uncertainty b W___EW “QCD
8 85 90 95 100 105 LO |[-0.273 -1.544 —  — 1.459
E[GeV] NLO |0.126 0.132 1.683 -8.575 1.36119:9991
See also Jian Wang’s talk NNLO| % 0.030 = -2.070 1.331%3:0523
It = 1.48642 — 0.140877 — 0.023305 — 0.007240 GeV T
t © N3LO| % 0.009 s -0.667 1.321+0-0025

1.31500 GeV , (5) 11




Precision Higgs production
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Expect ten times of more data in
the full LHC run. Call for even
more precise theory prediction!
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2 ) NTLO NNLO N3LO Data

B. Anastasiou, C. Duhr, F. Dulat, E. Furlan, F. Herzog, B.
Mistlberger, T. Gehrmann, A. Lazopolous, 2013-2015

19 B. Mistlberger, 2018



Towards Higgs production at N4LO

Anatomy of N4LO Higgs cross section near threshold

abed jabed
da da

double real . .
triple real-virtual quadruple real

uadruple virtual
quadrip _double virtual

integral reduciton finite basis

canonical DE <=> N=4 SYM Expansion by region
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945
+ contributions with closed fermion loop from Ref. [35].

Wen Chen, Ming-xing Luo, F. Herzog, Yao Ma, B. Mistlberger, A.

R. Lee, A. von Manteuffel, R. Schabinger, A. _
Smirnov, V. Smirnov, M. Steinhauser, 2022 Tong—Z?gYang, AXZ, 2023 Suresh, 2023



Soft photon theorem

Amplitude with two charged line emitting a soft photon

v}

My({pi} ko e(k)) = 3 Sie - [euk) — (kue (K) — eu(b)EY) Ou (i k)] Ma({pi))

/ AN

Weinberg’s soft theorem, 1965 Low, 1958; Burnett, Kroll, 1968

It is widely believed that Weinberg’s soft photon theorem is exact to all orders.

The soft photon theorem [1-5] relates the leading infrared behavior of scattering amplitudes

with and without single soft photon emission

<p'm—+—1: A |a'(_t((I)S’plr . > = ‘S'()('pm+lv .8 ISIPI LB > i O(q(]) (11)

But actual calculation reveals
that it’s non-vanishing!

where p; is the momentum of the kth particle and a, annihilates the momentum ¢ — 0
photon. The soft factor S, (equation (2.1) below) has a pole in ¢ . The formula (1:1) is

exact as long as there are no magnetic monopoles among the asymptotic particles. In this

paper we argue that the general form of the relation (1.1) remains valid in the presence of

monopoles, but the formula for S; is corrected. Electromagnetic duality transformations

A. Strominger, 2015 Yao Ma, G. Sterman, A. Venkata, 2023
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The symbol magic
Goncharov

The Chinese Magic
Zhan Xu, Da-Hua Zhang, Li Chang, 1985

Unreasonable simplicity of Quantum Field Theory
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Parke, Taylor, 1988
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Special functions in Feynman integrals

Who ordered those functions?

].Og(:[;) — Li2 (.CC) —_— Lin (:I:) 7HPL[{n1’ n27 . o o ’nm}’ ZC] — K(w:)—/O \/(1_x2)21$2_w2x2), 20<w2<1,

differential equations

Tkachov, 1981 Remiddi, Gehrmann, 1999 d Henn, 2013
— a ZA f (x, €)
:ZRZ'(QL‘,E)L;(ZE,G) %IZ(QE,E) — ZAij(x,E)Ij(ZU,E .’L‘ E — € 19
i J
A A M1
G(zi,...,z6,\) = dM d}”z dxk -, 2 £0 Geometry

higher genus curve

Fo ) L2 /

genus 0 complex curve genus 1 complex curve
17

higher dimensional varieties



Calabi-Yau manifolds

: S. Pogel, Xing Wang, S. Weinzierl, 2022, 2023
banana integrals up to four loops
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Bhabha and Moller scatterlng

e
> < Two most familiar process in QFT 101

Y
relevant for LEP relevant for PRad Il
luminosity calibration exp. theory uncertainty o
Bhabha scattering Moller scattering
1 3 1 e e -»> e e, m=0.511MeV, En=5m
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RG flow of QCD probed by the LHC

Asymptotic freedom
o d

| v
©e %" . 00 AV ? ® Meson 9 R o ‘ s~ 2
[ P8 ] A . _ . e
¢ - o0 ® A Baryon el ¢ e _ ds 2 $ o2
. hd e v Antibaryon , S S
® 9 © Heavy Flavour n

Spectacular view along the journey from UV to IR!
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The non-global world

light jet mass distribution ~ M. Dasgupta , G. Salam, 200
(2 ' (b § i /
X e Aail N\
: a Dl a
b ; f/”/ } bHL Hr %ﬁ Hr
Hy, Hr Hy ' Hr
- - df 2 1 —cosf i
Banfi-Marchesini-Syme G (L :/ J ab 07 ()Goi (LG it (L) — Gop (L
equatio LGap(L) T (1—cosf)(1—cosfy) | L(J)Gaj(L)Gjb(L) — Gap(L)

= Yk
=N

Conformal symmetry of BMS equation
Y. Hatta, T. Ueda, 2013

Effective field theory for non-global logarithms:

T. Becher, M. Neubert, Ding Yu Shao, 2015
2D

Five-loop perturbative solution:

M. Schwartz, HXZ, 2014




Non-global resummation for the LHC

T. Becher, M. Neubert, Ding Yu Shao, M. Stillger, 2023

quark jet

LHC dije

=

~_auark iet

Hard process
Parton showers
Underlying event
Confinement
Hadronization

gap between jet
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Extending the space flat-space observable

QFT 101: gauge theory amplitude not observable; Hao Chen, |. Moult, Xiaoyuan Zhang, HXZ, 2020
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Energy correlators at works

| | scaling law
1 Large RL (perturbative region)
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Decrease in transverse momentum transfer between probed hadron =0
https://cds.cern.ch/record/2866560/files/SMP-22-015-pas.pdf = VR -

o(mi7) = 0122973001 stat ) 2003 theo.) F29%2) exp.)

Most precise measurement from jet substructure. Uncertainties dominated by theory!



Summary

This year marks the discovery

Probing of QCD for 50 years.
Precision _ _
shenomenology structure of QCD gave rise to the pursuit of
for the LHC Quantum Field understanding the strong force
Theory via perturbation theory.

We have withessed remarkable
continuous progress in the past
50 years.

Indispensable
part of QCD

Stay tuned for more exciting

results from the future!
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