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Why precision? Why at the LHC?

(sounds fairly obvious) the LHC is a lab, it carries out experiments:

we prepare the initial state, repeat the experiments billions of times, calibrate the conditions, systematically improve detectors and theory...

we test hypotheses and investigate Particle Physics at the highest possible energies in a controlled environment

After the 2012 Higgs boson discovery the SM is complete...

the particle content, yes! Can we say the same about the interactions? | would say NO

The LHC “naturally” entered a precision phase:

e parts of the SM are still largely unexplored (mostly the Higgs sector)

e the SM is a predictive theory in many respects: precision is intrinsic

e New Physics is very heavy (beyond what we probed) or interacts very weekly with the SM...or both

T, orecisionoffersaway | Is the SM the theory of Nature
—p in the multi-TeV region?

Disclaimer: selection of topics might reflect personal bias [precision SM]



LHC: vast and diverse research campaign

LHC measures rates (XS) spanning 15 orders of magnitude!
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Standard Model Production Cross Section Measurements JLdt CMS .
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final-state signatures involve jets (flavoured and not), leptons, photons daily struggle:

aiming at studying all corners of the SM (and beyond)! Opy

P

Extreme task for SM precision theorists! Challenges of very different origin



Indirect — direct discoveries at the LHC

H production mechanism at LHC: gg fusion

mediated by a loop of top quarks
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Indirect — direct discoveries at the LHC

H production mechanism at LHC: gg fusion 12/2009 [Plehn, Salam, Spannowsky 0910.5472] associated ttH production

Last but not least, the associated production of a top direct access to Yukawa
quark with a Higgs boson at the LHC has a long history,
usually in combination with a Higgs decay to bottoms.

mediated by a loop of top quarks

quotes a significance of 1.8 to 2.20 for 30 fb~!. Due to g > ¢
v a (too) low signal-to-background ratio S/B ~ 1/9 this
channel might not reach a 50 significance for any lumi-
nosity. The main problems are the combinatorial back- @ - H
N ground of bottom jets and the lack of a truly distinctive
kinematic feature of the Higgs decay jets. .
g < t
> 16000 o reo L T T T T = e L
S —  ATLAS Preliminary - Data = S - ¢ Data ATLAS Preliminary E
= 14000~ {5_ 13,6 TeV, 31.4 b — Total pdf — 10 30 e Continuum Background Vs = 13 TeV, 139 fb” .
§ 12000m H-17 Bkgpd Observation of ttH production 2 pgp [ [owlmackgrownd - 1ESCY -
lw 10000 — —] — — — Signal + Background All categories =
8000 = ‘ 59, ‘ The CMS Collaboration* | 06/2018 ‘ 2 203_ In(1+S/B) weighted sum -
6000 — 3 .
4000 = = 15F } [ATLAS 1806.00425] —
2000 se ° ot * -
| = - g 10 H =
2 400 oA AR Y :
. 200 oI } ;
g o0 : + Observation of Higgs boson production in - §T T T i
= 2238 ........................... association with a top quark pair at the LHC with 00120 130 140 130 160
110 120 130 140 150 160 the ATLAS detector m,, [GeV]
m, [GeV | 08/2018 | "

1636 |



https://arxiv.org/abs/0910.5472
https://arxiv.org/abs/1806.00425

The energy and precision frontier

on-shell off-shell direct

precision precision  searches o~ ____»(d=6) tfruncate at dim=6
dofdm Le 3SM+A2@ +
- do SM
framework E2
*Q[eff — ‘Q[SM +Cc— A2 ‘Q[@ acc ~ our knowledge \
daeff — dGSM(1 + 5) VS dgmeas — dGSM(l + acc)
2
1 5 = W E

dm 5acc Z 0 5acc Z BN (assuming ¢ ~ 1)

AZ

A > £ E~1TeV+6,..~1%

@ A> 10TeV (off-shell precision)




Theory predictions better be under control

MATRIX qg[NNLOXNLO EW]+ggNLO
15+ NNPDF3.1IluxQED, ur = pup = my,

MCFM ggNLO+ggLO
NNPDF30, MR = UF = TNy
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— 20—

O . e CMS 2020 )
= = CMS 202

? o  ATLAS 2020 (x1.016)

b& 0 ATLAS 2020 + 2021 (x1.016) 7]

Vg =13 TeV * From iHixs
* F. Wilcek !
LO | J. Ellis, M.K. Gaillard, D.V. Nanopoulos, C.T . Sachrajda : 1 977 - 1 980
H. Georgi, S. Glashow, M. Machacek, D.V. Nanopoulos .
T. Rizzo :
NLO - QCD* !
S. Dawson | : 1 991 B 1 995
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas :
NNLO+NNLL QCD - NLO EW | : 2002 - 2012
S.Catani, D. de Florian, M. Grazzini and P. Nason :
S. Actis, G. Passarino, C. Sturm, S. Uccirati 1
Harlander,Kilgore; Anastasiou, Melnikov :
Ravindran, Smith, van Neerven :
N°LO - NLO EW | 2016
C. Anastasiou et al. .
ATLAS Collaboration Run2 . 5 |
Nature 607, 52-59 (2022) : 2022
CMS Collaboration Run 2 -—i-—-
Predictions for m =125 GeV Nature 607, 60-68 (2022) :
l l | l l l l | l l l l | l l l l | l l l l : | l l l l | l l
10 20 30 40 50 60

Higgs-boson production

[CMS EPJC 81 (2021) 200]

3 10 12

|
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Vs [TeV]

di-boson production


http://dx.doi.org/10.1140/epjc/s10052-020-08817-8

Role of precise theory predictions

“data-theory” (dis)agreement paradigm

prediction Vs

Theory uncertainties:

intrinsic

(eg missing higher orders)

but there’s more...

(Ex a) Electroweak Precision Observables (EWPOs)

(Ex b) How to robustly estimate intrinsic theory uncertainties?

(Ex c) Fit from data, eg PDFs, hadronisation models

(Ex d) Calibration/Interpretation of XS measurements

parametric

(eg input parameters)

input for meaningful interpretation of the data




Why the obsession with ultra precise SM parameters?

ATLAS 2309.12986
[CMS 2408.07622] [ ]
| l l |
N - . . ATLAS -®- Hadron Coliders extracted from data on
) } . 1 + [} [ ] [ ] [ ] o
LEP A | _ | 0:23099 = 0.00053 -8~ Category Averages PDG 2022 differential distributions
LEP P, 2 f — 0.23159 + 0.00041 aS —@- Lattice Average FLAG 2021 ‘i
LEP A% | ST 9 — . 0.23221 + 0.00029 : XVT"erSA;eF:aQSeTZSG 2022
LEP Acs eff = = 0.23220 = 0.00081 !
had | — ATLAS ATEEC @ 0.1185 + 0.0021
LEP Qe | | - ' _]0.2324 =0.0012 CMS jets —e— 0.1170 + 0.0019
SLD A] — 0.23098 = 0.00026 H1 jets ® 0.1147 = 0.0025 .
COF 196 TeL\j [ 1 0.03921 + 0.00046 HERA jets © 0.1178 + 0.0026 Procedure rehes
| | (e e CMS i inclusive o 0.1145 = 0.0034 on theory pred1ct]ons
D0 1.96 TeV - A —™ a0 ] 0.23095 = 0.00040 Tevatron+LHC tt inclusive @ 0.1177 = 0.0034
ATLAS 7 TeV = O | 0.2308 =+ 0.0012 CDF Zp_ T 0.1191 £ 0.0015
B . o . o Tevatron+LHC W, Zinclusive | | T 0.1188 £ 0.0016__
LHCb 7+8 TeV - | - — 0.23142 = 0.00106 t decays and low Q° —1— 0.1178 + 0.0019
CMS8TevV| — o—— I _| 0.23101=+ 0.00053 QQ bound states 0.1181 = 0.0037
CMS 13 TeV o —e— 0.23152 = 0.00031 PDF fits — & 0.1162 = 0.0020
0.229 0.23 0231 0232 0233 0234 ¢’ Jets and shapes - 0.1171 = 0.0031 exquisite control required in
5] Electroweakfit | | &—— | 0.1208 = 0.0028 _ - .
sin“6,_ R o T 0.1184 2 0.0008 ~ disparate regions of phase space
fALoJ;Id_amn:ag________ge _____________________ s 0.1179 = 0.0009 _
CMS [CMS 2412.13872] ATLAS Zp_8 TeV o 0.1183 = 0.0009 )
! | ! ! | ! | 0.1I15 0.1120 0.1125 0.1I30
myy in MeV ocs(mz)
EleCt roweak fit m verview o measurements
PRD 110 (2024) 030001 I 803536 ‘ 4 / T OATL Agw = |
. . : : [ [ ] m
LEP combination | gg376 1 33 —_ S L S 47 e s _
- \s=7TeV, 4.6’ '
Phys. Rep. 532 (2013) 119 opAL sx7Tev.asf |
DO 80375 + 23 Fur, Py . €.7,20) 309
PRL 108 (2012) 151804 : " ' ER  — ; :
CDF 4335 4 0.4 Special role played by the Drell-Yan
_ 80433.5 + 9. - , i
Science 376 (2022) 6589 ék_%r?ytl{cu (2006) 309 u o u (DY) process
LHCb 80354 + 32 [ ] C;ombination
JHEP 01 (2022) 036 Phyz. fop 522 2013 119 I +
ATLAS | s803865+159 Hemoa | m: P A S R A K W-—
arXiv-2403 15085 80366.5 159 T e o o o ® Measurement = CCDY (}/ ’ Z) and NCDY ( )
CMS 803602 s 99 I'-._| g\[y)sFRev. Lett. 100 (2008) 071801 DStat. Unc. - o =
This work M 1 -2szer2Mev | WTotatune. |
| | | | | | | | I Q:Evaé\f [::SM Prediction : —
B oo i i i
80300 80350 80400 80450 7500 5000 5500
mwy (MeV) [ATLAS 2403.15085] Ty [MeV] .



https://arxiv.org/abs/2412.13872
https://arxiv.org/abs/2309.12986
https://arxiv.org/abs/2408.07622
https://arxiv.org/abs/2403.15085
https://arxiv.org/abs/2403.15085

LHC stress-testing the SM at the quantum level

with the Higgs boson discovery, the SM is an over constrained theory (nowadays: the Higgs mass is a precision parameter!)

my, and sin? Hfff are predictions of the SM: related to m;; and m, via loop (quantum) corrections

t W
My = 80.349 = 0.007 GeV (critter 1221 M
W W W W

sin® 0%, = 0.23154 £ 0.00006 (= ccor 22, :

TH state of the art 2-loop EW [awramik et al hep-ph/0311148], [Dubovyk et al 1906.08815]

;‘ 80-5 i I | I I I I I I I I I I I ] ;I ] 1 ] 1 1 [ 1 T [T TT 1 ] 1 1 T ]
2 " 68% and 95% CL contours i 2 — 68% and 95% CL contours 11 e A ]
— i direct M, and sin®(6.,) measurements | — 805 — Fit w/o M, and m, measurements - = 0.46 GeV ) —
Eg W fitw/io M, sinz(B;ff) and Z widths measurements _ Eg B Direct M,, and m_measurements — 0=046©0.50,,, GeV —
80.45 — fit w/o My, sin(6,) and M, measurements — - CDF Il M,,, CMS TOP-20-008 m, - ]
o fit wio M,,,, sin®(6'), M _and Z widths measurements _ 80.45 — —
<~ S Q@ | | — 80.4 | — —]
80.4 — T~ > 7 — = -
3 3 | T || 7 e -
r AN L N 80.35 [ M, comb. = 1o ]
L | N . M, =80.369 = 0.016 GeV _
80.35 — ‘ \ M,, = 80.369 + 0.016 GeV 80.3 [— —
| . D, f _o. .\\ \\\\\\ - ¢ | — . T
S0 3 92058 o [Eitterlu; 80.25 |- » [El fitters: -
| \ — | B . ; —]

803 : l : ' ' ' | L : L~ | l\ ! ! ! R R . R I [ T T W NN T R T S N R

0.231 0.2315 0.232 140 150 160 170 180 190
= 2/nl

sin“(0 ;) m, [GeV]

[Gfitter "22]
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https://arxiv.org/abs/hep-ph/0311148
https://arxiv.org/abs/1906.08815

Higgs precision physics

Higgs mass (and width) entering the precision era

measurements in both yy and Z*Z — 4¢ channels

5.1 b (7 TeV) + 19.7 o™ (8 TeV) + 138 fb™! (13 TeV)

CMS Preliminary —e— Total Stat Syst

Tot Stat Syst

ATLAS H—4/ Run1 + Run 2
Phys. Lett. B 843 (2023) 137880

CMS H—4/ Run 1 + Run 2 o]
Phys. Rev. D 111 (2025) 092014

—— 124.94 £ 0.18 (£ 0.17 £ 0.03) GeV

125.08 £ 0.12 (£ 0.10 £ 0.05) GeV

ATLAS H—yy Run 1+ Run 2 e 12522 +0.14 (+0.11+0.09) GeV
Phys. Lett. B 847 (2023) 138315
CMS H—yy Run 1+ Run 2 |  125.07 £ 0.13 (£ 0.09 + 0.10) GeV
CMS-PAS-HIG-24-007
1 | | | l | | 1 | I | | | 1 I 1 1 1 | l | | | 1 I | | | 1
122 123 124 125 126 127 128
m,, (GeV)

CMS [PAS HIG-24-007]

my(yy) = 125.07 = 0.09(stat) £ 0.10(syst.) GeV

CMS [2409.13663]

my(47) = 125.08 £ 0.10(stat) £ 0.05(syst.) GeV

Combination of Run 1 + 2

—

ATLAS [2207.00320]
my(47) = 124.99 £ 0.18(stat) £ 0.04(syst.) GeV

IllllllllllIIIIIIII|I]II|IIII|II
ATLAS Total ATLAS —Total |:|Stat DSySt
H— Z7* — 4] Stat. Only
Vs =13 TeV. 139 fb'1 0 Sys. Only Total Stat. Syst.
— | — Run 1H—yy | ——e——126.02 +0.51 (+ 0.43 + 0.27) GeV
4e : —e- 12451+ 0.73 (+0.73 Stat.)
2p2e e 1125.33+0.50 (+0.49 Stat.) ATLAS + CMSRun1 —&— 125.09 + 0.24 (+ 0.21+ 0.11) GeV
— ] H-yy, H—>Z2Z*—4l
2e2u —e—f 125.01+0.29 (+0.29 Stat.)
B N Run 2 H—yy 1 125.17 + 0.14 (+ 0.11+ 0.09) GeV
4p —e—— 124.93 + 0.29 (+ 0.28 Stat.)
Combined —— 124.99 + 0.19 (£ 0.18 Stat.) i
T I N Run1+Run2H-yy & 125.22 + 0.14 (+ 0.11 £ 0.09) GeV
Run1+2 —e—i 124.94 +0.18 (+ 0.17 Stat.) .
l....l.,..l..,.l....l....|....|....1....|....|l I|IIIIIIllllllll|llll|llll|ll|||l|
123 124 125 126 127 123 124 125 126 127 128 129
m_,[GeV
nlGeVl m,, [GeV]

ATLAS [2308.07216]
my(yy) = 125.22 = 0.11(stat) £ 0.09(syst.) GeV

12


https://arxiv.org/abs/2308.07216
https://arxiv.org/abs/2207.00320
https://cds.cern.ch/record/2957193/files/HIG-24-007-pas.pdf
https://arxiv.org/abs/2409.13663

Higgs precision physics (subtle effects)

i) = |gg) ° H SRae o on LA /A
- Y A Sig
Mgy yy = : + Mg
1) =lrr) g y ~~T s m?, — mg + il ymy,

Yy

Signal Background

same happens in ZZ , but weaker effect; in yy |B/S| larger due to loop induced H — yy decay!

=M N+ | My |+ 2m%, [(m2 m?) X Rel + T yym lel]
— . bk — Mt H'"""H
18 = (mZ—-mp)?+Tgmg L

‘ %88_>YY ‘

This effect (interferometry) proposed to put bounds on I

N
N ?:\\
\\.
| \ i

> = 03

[Martin 1208.1533], [Dixon, Li 1305.3854], [Campbell, Carena, Harnik, Liu 1704.08259] % % vvvvvvvv I
° g £ | Destructive interference.
Impact of higher order QCD effects [Bargiela, FB et al 2212.06287] S Sl
of -1.7% on signal XS

Q: Are such effects detectable? Are they relevant? AN -
Can they inform us on something interesting? w

A: given the current and projected accuracy at LHC _— N S - ). <

. . . v [GeV] . [Ge
“Yes”: not science fiction any more " (e
13


https://arxiv.org/abs/1208.1533
https://arxiv.org/abs/1305.3854
https://arxiv.org/abs/1704.08259
https://arxiv.org/abs/2212.06287

How do we get there?

interplay of many ingredients: divide et impera

as precise as the least precise component

, CMS Experiment at the LHC, CERN MMM
4 Data recorded: 2017-Oct-20 03:55:39.1354 MT :'\“‘\“ i

transfer
function

alx )L( k{)g' )(‘j ¢ +h. .
(>

Given a “simple” set of rules

first principle calculations (systematically improvable, though extremely complex)
evolution equations

however: often still relying on modelling for several aspects (when theory framework not robust)
14



(calculations ~ predictions ~ simulations)

Precise theory predictions

scope, status and challenges




Inherent challenge In describing collider events

Y

protons
O(1 GeV)

(partonic) hard process

O(1 TeV) jets

hadronisation phase

0(100 MeV)

B

ly x, Wy
ARt N
o 3 § e S

e in principle:

using a minimal set of Physics laws

e in practice: a lot harder, but extremely exciting!
16



Some “simple” guiding principles



Q> Agcp O > m,

perturbative regime

Some “simple” guiding principles

\

.“;
t
|

going n — n + 1 enormous jump in complexity

(typically 10/20 years)

e £ = 2 only for a couple of examples

e 11 = 3 for a handful of (simplest) reactions

18



Q> Agcp O > m,

| perturbative regime

n A
a o
2r 21
’ QCD EW

Some “simple” guiding principles

szb

mass effects

going n — n + 1 enormous jump in complexity

(typically 10/20 years)

e £ = 2 only for a couple of examples

e 11 = 3 for a handful of (simplest) reactions

mass contributions: additional scales in the problem

mb N4G€V, Q ~ 9OG6V — mb/Q N45%

also related: heavy-flavour identification



Some “S|mple” gmdlng prmmples

Q > AQCD Q =>> m,

| perturbative regime

n 4 |
\ a § 04 |
k - — |
2r 2r |
| |
| QCD EW i

szb

mass effects

higher-

Q)

virtual/loop
corrections

(fixed-) order calculations

O

real
corrections

going n — n + 1 enormous jump in complexity
(typically 10/20 years)

e £ = 2 only for a couple of examples

e 11 = 3 for a handful of (simplest) reactions

mass contributions: additional scales in the problem
mb ~ 4G€V, Q ~ 9OG6V = mb/Q ~ 45%

also related: heavy-flavour identification

20



Some “S|mple” gmdlng prmmples

Q > AQCD Q > m,

| perturbative regime

‘ n £
‘ aS 04
) G

szb

mass effects

higher- (fixed-) order calculations

O

real
corrections

Q)

virtual/loop
corrections

ratio of disparate scales (eg g, /0 <K 1)

all-orders resummation needed

e achieving demanded accuracy highly complex

e ——

-~ in special kinematic configurations

ol In(x), x < 1

1, logarithmically enhanced terms

- = -

21



Some “simple” guiding principles

|

Aqcp ~ 300 MeV A O~ AQCD

Q~m,~91GeV | & | non-perturbative phys.

| p

describing the non-perturbative regime is a daunting but great conceptual challenge ‘ (AQCD/Q) |
A p |

do ~ do'? + do™P) doVP) ~ ( QCD) | p="

Q %
|

|
!
|
power-correct. 1

e reliable hadronisation models are at the foundation of many analysis

hadronisation

22



. ozm,

mass effects

0> Agep 0> my,

perturbative regime

actually a very

complex and
exciting mosaic

Some “simple” guiding principles

l

lr

O~ AQCD

| non-perturbative phys.

(racwr0)

|
| — 9 1
| p= |
1
é power-correct. n‘
) hadronisation |

in special kinematic configurations

k
a(’;) In*(x), x < 1

logarithmically enhanced terms

- e -

23



Theory predictions: ideal and real-life scenarios

|ldeal SM precision theorist scenario:

k °
e “count” experiments: observables as inclusive as possible (cross sections) ) perturbation theory

works best

e observables defined at large-Q (minimise non-perturbative effects) with minimal IR sensitivity

24



Theory predictions: ideal and real-life scenarios

|ldeal SM precision theorist scenario:

k
e “count” experiments: observables as inclusive as possible (cross sections) ) perturbation theory

works best

e observables defined at large-Q (minimise non-perturbative effects) with minimal IR sensitivity

In real life:

most interesting Physics info extracted from distributions... and often in extremely delicate regions from TH point of view

S 0_1_| — T — T — — T - OO8||||||||
© st * QEDFSR W — v LHC E E P ATLAS 1 lIssue 1:
"~ E+ QED FSR + mixed QCD-QED corr. ] e i ’
0.06/ - .8'_8_ 0.06_— -eo— Data - . .
E. : A sat. ooyt dominated by low-p region, g;/m, < 1
e 4 Experiments: I S 1 resummation indispensable
| SR K S — = control on the ~ - :
s i 1 shape at %o level 0.0z -~ _ -
0.02E R — S N P 00 PP Z Iy <167 e 1 lIssue 2:
004 oo2f e S € A S L L [ {s=8TeV,20.21b" g S
— ooak e e +++++ - ) PPN I I IPITIPE IPIPIPE NSPEPIP PRI
0.06E . of R ++++f . 4,: t - 1 A == DYTurbo  —
0,081 e B~ : . A~1 GeVa Q ~ 100 GeV
_0_1:||||||||||||||||||||||||: 1+-m-o—o—o-=.=—=.=—-o-
25 30 35 40 45 50
pM (GeV) I -, 56XP 0.3 %
[Carloni-Calame et al 1612.02841] ™t £ 1.2F e SCETID .
s " p=1LNO)~1%; p=2,(AIQ) ~0.01%
IS QCD radiation + FS QED radiation <
. . . 0'80—‘ — 5 — 10 — 15 — 20 : 25 — 30 — 35 — '4'0 p Z 2 [Ferrario-Ravasio et al 2011.141 14]
strong shape distortion around Jacobian peak o [GeV]
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TH-EXP: very delicate interplay

Example: Higgs @ N3LO QCD [chen et al 2102.07607]

IR sensitivity in cuts [Frixione, Ridolfi hep-ph/9707345], [Ebert, Tackmann 1911.08486]

| | | | Inclusive , ,

1.2 Linear acceptance in g — 0
= 1'] ';XM/;X“/”{“‘Z“XQ X,’\“/;x'“/““{“&“??&m/x% : lingo: “fiducial power corrections” (factorial growth)
S99 S S J S/ /S S S )

.~ 0.8 | -
-+
e 0.7 - :
Fails cuts
8.6 | , , , , e T ottt o | Siadty ¢ 5
8 8.5 1 1.5 2
|y"] Higgs with zero

1 o[ . . | | Fiducial transverse mom.
=a S < SCRIIIER 77 77T Td T
Béf///Z///////f///// ATLAS Y-

2 0.8 1 Pr, > 0.35 My
So7t { Passescuts Y+, @p, £2.035my
0.6 | , , , . 1 Pry. > 0.25 My
d 9.5 1 W 1.5 2 Higgs with non-zero
| | Y | | Product CUtS transverse mom.

I S e~ <
;1‘17/ 777 7 7 TdoT 7 7T LA 77 Y- pfa—>025mH
= 1 % 2 2 Z VAVAVAVA v v 8- in. w10 S AV N X
- T T T T T T
-'; 8.9 ‘\/pT,}/ pT, > 035 mH [Sketch by F. Caola at Aspen ’'26]

— 8.8 | S
+
& 0.7 5 : :
e | pT,y_ > 025 My e Cured via dr resummation [Ebert et al 2006.11382]
9 8.5 1 1.5 2 . _ .
[yH] e remove linear correction via product cuts [salam, Slade 2106.08329]
[Plot by A. Huss]
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Hadronic cross sections: the master formula

P
|
S \A T1 P .
p 1
> bx P P2
, ( B 21472
Py

The master formula

1 dBapx G X2 1) Aaep

do Qr

do,p_,
222 = ZJ dx;dxy fo (15 1) 1 5(Xo, 1)
ab 0

dO

non-perturbative physics

(power corrections)
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Fixed-order perturbation theory

QCD EW

am,) ~0.118 ~10% a(m,) ~1/128 ~ 1% at typical LHC energy scales simultaneous expansion in @ and «,

do = dG(O’(iJ+ | ang(LO)
Leading Order (LO) l

Next-to-Leading Order (NLO) QCD

y

NLO EW

+ add(o’l)J+ aszda(z’o) + aana(l’l)

4| asz(O,Z)J+ » 0{3 deC:V

N3LO QCD >

2 ‘ ; ,

~ | only for simplest
O Aw Next-to-Next-to-Leading Order (NNLO) QCD | s P

processes

. $ ' (first 2 — 2 just
Mixed QCDxEW \ few weeks ago)
only the “simplest” reactions J
\ NNLO EW

No (full) LHC process described with this accuracy yet <—J
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Scattering amplitudes

Scattering amplitudes (in loop expansion) are at the core of perturbative methods

at a given fixed order N in perturbation theory (at LO N = 0):

#loops + #extra-emissions = N double-virtual real-virtual double-real
corrections corrections corrections

Example: at NNLO corrections for m-particle production

a) 2-loop (m + 2)-point amplitudes, b) 1-loop (7 + 3)-point amplitudes, c) 0-loop (m + 4)-point amplitudes

e tree-level and 1-loop calculations are fully automated

e beyond 1-loop: still case by case calculation log,, |#FeynDiags]

complexity increases dramatically with the loop order and the external particles (legs~scales) 5 88 =™ 88 T T
e encode the short-distance dynamics (high momentum transfer) 3 T
e need to be evaluated in unresolved regions: large separation of scales 1 . T

0 : 2 3 4 | #lOOpS

29



Scattering amplitudes

State of the art in massless QCD: 7y, + oo = 7

legs A
6 (some full, mostly partial) results for 2-loop 2 — 3 scattering
with external masses
5 eg 5 days ago: H+4g at large V.. [pe Laurentis et al 2605.04009]
L|_.
3 Large- V.. results for 3-loop 2 — 2 with one external mass
> Seée €g. [Gehrmann et al 2307.15405],[Chen et al 2504.06490]
) 2 3 4 loops
QCD:

e sadly, not as nice as symmetric theories, eg /' = 4sYM —— final result ~ “simple”, but much obscured at intermediate steps

e even worse with massive particles, eg top quark: algebraic complexity + mathematical structure (elliptic and beyond)

EW:

/A

e massive particles (Z, W, H, t) everywhere, in loops and in legs:
geometry of the problem changes drastically from 1 — 2 loops

-

partial/preliminary contributions [Freitas, Song, Xie 2305.16547] [Freitas, Wallace 2512.15700]
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Differential XS and infrared (IR) dynamics

2 2

AN AN
— 0 + 00

explicit in loop calculation phase-space integration
over unresolved (IR) divergent regions

fin

problem: how to regulate (and subtract) IR divergences from real emissions?

Slicing methods:
. /_\» computed from power series in r
oo J(x) J(x) factorisation formulae in (most times only leading
dx e lim dx— + | dx soft/collinear regimes ____—" power known)
J() y

r—0

Local subtraction methods:

explicit divergence,
- f(()) Y cancelled against loop

1 o1
PG  (COht (C) :

x1+€

Jo Jo A Jo
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Challenges in dealing with the IR

[Table courtesy of F. Caola, Aspen ’'26] 0.35 T - T — —]
- tdecay (N3LO) +—— ]
03 S PDG ‘25 low Q2 cont. (N3LO) :
. : ; o Heavy Quarkonia (NNLO) ++— ]
Higgs/DY H+j/Higgs pr J) | \ HERA jets (NNLO)

et*e” jets/shapes (NNLO+NLLA)

025 ] \ e*e” Z9 pole fit (NSLO)

B [ pp/pp jets (NLO) +=—

NNI.O local 1 CPU hours 100k CPU hours 100M CPU hours ~ 21 ~ pp top (NNLO) +e—
\ i NG | pp TEEC (NNLO)

. 4 P ]
NNLO slicing S C AR e >100k CPU hours X ]
[ ' ) g ]
L — o (mz?) = 0.1180 + 0.0009 4 :W"%\
005 L >c— N e S -
N3L.O 1()()(]1 200k CPU hours X X 1 100 1000
August 2023 Q [ GeV]
N3LO slicing 5M CPU hours \ X X
_ New: yy at N3LO QCD
h | NNLO+NNLL L. -
1 T e 1 [slicing ~ 8.5 M hours] -
0 10738
2 257 [Czakon et al 2604.12613]
;1074 E —§| . Q
5 oo | . e (as discussed) used to extract =
b = NNLOJET+RadISH 3 o
¥ 10 [NNPDP40 (NNLO) . most precise a(m,) value at 20 e llmee
— 13 TeV, pp — Z/~* (= kT2 ) + X =
10°7 Loymmetric cuts . colliders \
- uncertainties with ug, dr, Q, matching variations ]
108 \ \ \ | \ | . . .
Y " @ e ideally we'd also use this to fit PDFs 151 —-- NLO Stripper =~ —— NLO
5 1.05 g 77 “ &”ggé‘ === NNLO Stripper —— NNLO
9 1.00 -'I/I/III”’%' SRR ok "”)"r.‘ 7 If':
- : T U -== ATLAS 2021 —— N3LO
L s "”//’/7"////"// /% [Chen et al 2203.01565] 10 —
0.90 | | A 10-3 102 101
0 10 20 30 50 100 1000
ptt [GeV] lcut
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Towards the non-perturbative regime

leaving the perturbative regime — evolve down to confinement regime

handful of particles at fixed order — hundreds of baryons/mesons + photons, leptons etc

Parton Shower Monte Carlo Generators (PSMCs)

o PSMCs at the heart of arguably any analysis (present and future colliders)

o *lvel SO Yog Markovian process: evolution according to some ordering down to non-pert. scale
“e .

o evolution at large V., no spin correlations ~ classical evolution
e how to preserve perturbative and logarithmic accuracy? how to assess accuracy in general?

e how much non-perturbative/hadronisation models under control?
33



PSMCs: recent developments

ratio of dipole-shower double-soft ME to correct result
1

New spring for PSMCs ~ 2020

N

|(<>3qd‘ed)1°9“°°3V\ll / |(<>3qdned).le/v\ous3

0.5

impossibility to gain high log. accuracy in certain classes of showers algorithms [pasgupta et al 1805.09327]

J Thrust

0.2

.

PL2/Py 1

y23 (Durham)

LI : z | | . 10 e*e~-Z-hadrons I - M.. | 0.1
o1 I triggered a whole new research program VS =M;=912 GeV -~ - -
1| as(Mz)=0.118 ¥ Ta
i | | | 3 2-jetz@|\lto//// " 0.01
0.05 |- Applies to"diamor;ud" .rapiditj region . - % 0.1k e _' ALEPH S -I=.

. w2 n = -vi- PG5 +Pythia8.311 e 107
A . 0.01 __:' | PGy — hadronisation -E iy

Some new (and old) questions: 103 NNLL | pg — | (tunespG;2en -1 10

1.4 ¢

|. Formal (logarithmic) accuracy

ll. Matching to higher-order calculations (log-accuracy compliant)

ratio to data

lll. Electroweak corrections

CoOoRHFRPROOMH
ODOWONROOON
CORHHOOMMHMH
ODOONPROOON B

=
o

QCD + QED showers, resonance-aware showers 0.6 0.7 vog 0.9 1.0 2 4 | 155 8
= v=Inl/y>s3

IV. Possible alternative avenues/rethinking Recent milestone result: NNLL accurate PS for e+e-

eg. amplitudes/colour evolution [see eg Forshaw et al 2502.12133] [van Beekveld et al. 2406.02661]

V. Theory uncertainties Work in progress for pp collisions (colour singlet first)

Extrapolation from fiducial to inclusive (typically in much better control) 9


https://arxiv.org/pdf/2406.02661
https://arxiv.org/abs/2502.12133
https://arxiv.org/abs/1805.09327

Questions in non-perturbative QCD

All-order infrared/non-perturbative ambiguities (potentially) plague several precision measurements/extractions

o the top-quark pole mass suffers from a non-perturbative ambiguity from infrared renormalons @ (hundreds MeV)

e, extraction at LHC from Z transverse momentum (¢g;) at very low g

e precision jet Physics at future (even present!) colliders due to hadronisation models
(encoded in PSMCs)

p
AQCD

O

qu 9(t)

\ Quantified as power corrections:

old results (models) typically derived in simple scenarios (then extrapolated)

recent analytical investigations (based on models):

1.05

0.95
0.9

0.85 |
0.8 i
0.75 |

0.7
0.65
0.6

. extraction from event shapes (in lepton colliders) in regions highly sensitive to non-perturbative effects

1 —Thrust' |

e linear (p = 1) power corrections in shape observables + don’t obey extrapolation [caola et al 2204.02247]

e anomalous scaling of linear power corrections [Farren-Colloty et al 2507.18696]



https://arxiv.org/abs/2204.02247
https://arxiv.org/abs/2507.18696

“New phenomena” (and questions) in QCD

Extreme precision poses profound questions about the basic infrastructure proved only for DIS and inclusive Drell-Yan

The master formula - time. ;.
. ~llKea
d | 06,4 .x (X1, X0 1) AP i Factorggy, lincar
OAp_x B drd O,p—x X1, X0, U L0 QCD Ster, atio o Mitg in QC
dO — Xl Xz é’A(xl, ﬂ)ﬁ’B(xZ, //l) dO | Qp no Catanj @ Dag; ated? D
ab O \Iel de Florian (b)(c) and

also [Forshaw et al 0808.1269,1206.6363]

Factorisation violating effects: start at third order in QCD in jet cross-sections

origin: Coloumb/Glauber (soft-virtual) gluons destroy a fundamental property of QCD: colour coherence

time-like vs space-like collinear dynamics: complex phases ~ iz — only there in pp collisions (LHC) | 2<]AY] <3
| 15l pr > 200 GeV
X [Becher et al 2411.12742] |
great community effort in making sure the infrastructure is robust! <«— &0l
B i
% |
— s

at observable level: onset of “super-leading logarithms”. Are these effects relevant?

lllllllllllllllllllll
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Concluding remarks




Many topics not covered In this talk

e PDFs and their impact on precision measurements

e resummation: where important, methods and state of the art

e new generation of numerical methods for multi-loop calculations
e “new observables”, eg energy-energy correlators (EEC)

e flavoured jets tagging

e Higgs boson width

e Vector boson scattering and multi-boson production

e analyses of polarised vector bosons

e evidence (or not) of top anti-top bound state (toponium)

e lattice determination of SM parameters and precision “observables”

and so many more...
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Summary

e the LHC entered a precision phase — further enhanced in the upcoming High-Lumi phase
e investigation of unexplored sectors of the SM (second-generation Yukawas + Higgs potential)

e bounds on the next energy scale and search for indirect signs of new Physics

This program can succeed only if quality of theory predictions and exp. measurements simultaneously improve
\\» after all this progress, theory is often the weaker link
Theory predictions: often not just add another loop or another “N”
e even asking “what can theorists compute?” and “what can experimentalists measure?” are non-trivial questions

e challenges have very different origins: cover several order of magnitudes across a broad phase space

e there are “new phenomena” and unsolved problems even in QCD
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QCD, but actually the whole SM

Over the many years after the completion of the standard model, there have been
extraordinary impressive tests of quantum chromodynamics as well as impressive
calculations. The calculation of the running of the coupling has now been carried
out to many loop orders and George Sterman, who will talk about the application
of perturbative QCD to LHC physics, correct George?

George Sterman: Something like that.

David Gross: Something like that. These calculations and their comparison with
experiment are absolutely essential. At the LHC we look for new physics, but new
physics is bound to be rare — typically one new interesting event per billion old
and boring events. In order to pick out one new event out of a billion events, you
must understand those one billion events with enormous accuracy. The technology
of calculating within QCD is just totally amazing. In another experimental develop-
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Extra slides




(naive) Perturbation theory

SM perturbative expansion: QCD + EW corrections

/\

Oub—X —

(too) naively:

— #0:0)

ab—>X ey | O prediction
(1,0) ~(2,0) ~(3,0)
+ a 56ab_)X+(,¥ 00 o v T 0 3 56 0
P
+ay oo . + o0y 00

O(10%)

Ex: NCDY XS
FB et al 2203.11237]

o[tb] | ¢©0 | 5510 | 5500 | 5520 | 55(11)
g7 | 1561.42 | 340.31 | —49.907 | 44.60 | —14.78
ol 59.645 3.166
a9 0.060 —32.66 2.07
qy —0.305 —0.227
97 0.2668
99 1.934

|5(2,0)| "y |5(1,1)|

O(few%)

S 1%)

~(1,1)
00 ab—X

simple power counting:

a, ~ 0.1

ay ~ 1/137 ~0.01  af ~ ay,

higher-order QCD corrections

higher-order EW + QCDxEW

practically this is never the case
(even for inclusive observables)

O/0N3LO

0.95-

|5(2,O)| - |5(3,O)|

NNLO and N3LO predictions
do not overlap

K—Factor W+
LHC 13TeV
PDF4LLHC15 nnlo_mc
CC DY ,Ucent.:Q
60 80 140 160 180 200

Q [GeV]
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“New” avenues to QCD across all regimes

Emergence of novel ideas, inspired by formal QFT/CFTs

energy flow operator (~ “detector operators”)

(1)

r— o0

0

in the collinear limit

&(7) = lim J dt r°n.T,(t, rit)

detector operator observables via light-ray OPE

|

] — — oD
: _ . OlU=3] . Q
lim &(n)ény) =—C - 0O (ny) + ——
n,—n, X1 Xj
025F * | ' |
- v* — qq Q Herwig — 91.2 GeV EEC
~0.20F 250 GeV E3C
= 000y TG
O 0.15F B
=
=]
> 0.10F
=
8 i
0.05_‘
0.00-

analytic vs Monte Carlo predictions

Scaling violation in
power corrections to
energy correlators

[Chen et al 2406.06668]

, d(Sum EE/E?)

Measurement of EEC with archived ALEPH data
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[Bossi et al 2505.11828]

43


https://arxiv.org/abs/2505.11828
https://arxiv.org/pdf/2406.06668

