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Precision physics at LHC

Standard Model Production Cross Section Measurements

* Precision tests of the

Standard Model

* Measurements of masses and

couplings

e Searches for deviations

* Interplay of calculations and *

measurements

* Theory accuracy on most
cross sections =5%

* Limited by PDFs, QCD

corrections

Thomas Gehrmann

Status: October 2023
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Precision Predictions: State-of-the-art

* NNLO QCD predictions for 2 — 2 processes (NNLO revolution, 2015 —)
e accomplished during past 10 years on case-by-case basis

 as parton-level event generators (full final state information)
e computationally expensive
e current frontier at NNLO: 2 — 3

* Typical size of corrections and uncertainty

* NLO corrections: 10..100%, uncertainty: 10..30%

* NNLO corrections: 2..15%, uncertainty: 3..8%
» expect N3LO to yield uncertainty at level of 1%.
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Ingredients to fixed order calculations

* Matrix elements with extra real (R) or virtual (V) partons

_ Matrix elements Parton evolution

LO Born 1-loop
NLO R,V 2-loop
NNLO RR, RV, VV 3-loop
N3LO RRR, RRY, RVYV, VVV 4-loop

* Infrared singularities in all R-type and V-type subprocesses
e sum of all subprocesses finite
* require procedure to arrange IR cancellations between subprocesses

* Incoming hadrons: parton distributions
* mass factorization of initial-state radiation and parton evolution
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From amplitudes to cross sections

 Different final state multiplicity for real and virtual corrections
* R: n+1 particles; V: n particles
 application of event selection, fiducial cuts: evaluate separately

* Upcycling of lower-order calculations
e only purely virtual correction (V, VV, VVV, ....) genuinely new ' ‘
 real radiation corrections from higher-multiplicity calculations at lower order "
* e.g. Higgs boson production: NNLO RV contribution = NLO V contribution to H+jet
* stability: use analytic one-loop amplitudes if available

e Cancellation of infrared singularities between subprocesses
* must evaluate integrals of type

1
I:lim[ dr !
0

e—0

—x°F(z) — —F(0)

h €
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Real radiation: methods

Infrared cancellations: challenges
: , dx )
* subtraction 7 = lim [/ —z° (F(x) — )) + F(0 / — ¢ — F(O)]
e—0 o T
 construction of subtraction term (completeness, overcompensation)
* integration of building blocks (analytical or numerical)

° ° o d
* slicing I%hm[ L 2 F(z) + F(0 /_xe__F 0)
)

e—0

* analytic computation of below-cut contribution
* numerical importance of power-suppressed terms, value of slicing parameter
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Real radiation: methods
* Slicing
 introduce auxiliary observable 6 to identify singular real radiation regions
* typically using some resummation variable: below-cut contribution from resummation
* e.g.: gr-slicing
N-jettiness slicing

® S § bt ra Ct | on double real double—real counterevent one—loop single real one-loop single—real counterevent

N WY

e construct subtraction terms describing real radiation in all singular regions

e e.g.: Residue subtraction
Local analytic subtraction
Antenna Subtraction
Projection-to-Born
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Real radiation: slicing

Slicing parameter: transverse momentum (q; slicing) (s.catani, v Grazzin

doy*tC _ o o dox0 | / dox /0 daé}’%o( )
dO NSLO = 740 s dO io

N3LO Drell-Yan production

* below-cut contribution from expansion of N3LL

g resummation to O(O(.Sg) (W. Bizon, P. Monni, E. Re, P. Torrielli; oo e =501
S. Camrada, L. Cieri, G. Ferrera; T. Becher, T. Neumann; W.L. Ju, M. Schonherr) e mmommssssmmsssssssscccs mocEbragezs -—

SCET+NNLOJET pp-=1*t1=(y") VE=13TeV

. . . = =
* ingredients: three-loop soft and beam functions £ - —
(Y. Li, H.X. Zhu; M. Ebert, B. Mistlberger, G. Vita; M.X. Luo, T.Z. Yang, Y.J. Zhu) S [hieeyroopgeooseentoooeoeer sty
* check: independence on g, slicing parameter = . o
(X. Chen, E.W.N. Glover, A. Huss, T.Z. Yang, H.X. Zhu, TG) *j‘”%“ i A i R S
. . .. . " - z:cls:siveol:lal_ —_— :f;:;:;:g qQ PDF4LHC15 nnlo
» check: reproduce inclusive coefficient functions i o9 pemu=100GeV
(no ingredients or methodology in common!) 0 et R B
(C. Duhr, F. Dulat, B. Mistlberger) g5t [GeV]
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Real radiation: subtraction

e Subtraction terms extract singular real radiation
* Example: antenna subtraction for emission between two partons

m+1

* Phase space factorization
dq)m+1<p17 « ooy Pm+1, Q) — d(bm(pb S 7ﬁI7ﬁK7 c ooy Pm+1; Q> : d(I)X”k (p’mpj)pknﬁf +ﬁK)
* Integrated subtraction term

Xijk = /d(I)Xiijijk
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Analytical phase space integrals :: Es v

) i ST IZ)) ’, RR integrals for
* integrated subtraction terms »-biii identified particles
* contain infrared real-radiation singularities Dot at NNLO

Di1 = (q+pi — kp— k1)?,

* translate phase space to loop integrals Du = b+ 2

. o family | master | deepest pole atz=1 at z=1
* reverse unitarity e R o e
A 1[5] 671 (1 _ .11)725 (1 _ 2)1725
9 1 1 1 12,3,5] 2 (1—z)1=% | (1= z)-1-2
0p") = 5= | 57 — : 107 & Q-2 % | 1=
21 pe — 10 p2 + 120 8 I[-2,7] €0 (1—x)i=2 | (1-2)1-2
° ° o I[—3, 7] 6O (1 _ x)1—2e (1 _ 2)1—2
e can include complicated constraints LR S NSl RS
... . ) ) i . C 7| e (l—g)2 | (1-2)2
* initial and final state kinematics, cuts, identified N A K R
. D I[1,4 e 1—x) % 1—-2)72
O bJ ECtS, seee 11, 3,4] el (1—2z)72 | (1—2)"12
E 11,3, 5] €2 (1-x)72 | (1-2)"172
I H G I[l, 3, 8] 5_2 (1 — .'L‘)_2E (1 _ Z)_1_2
* use multi-loop machinery T (N P
I 1]2,4,5 €2 (1—g) 172 | (1-z)%
. . I[4,7 el 1—z)2 1—z)7%
* |BP reduction to phase space master integrals U lsan] et | dem | aoge
. R . . K 13,5, 8] €2 (1—x)"1-2 (1—2)"2
* canonical differential equations T T R s

Table 1. Summary of the double real radiation master integrals.
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NNLO cross section

dO'NNLO :/ (dO’RR — dO'S)
n—+2

ot / (daRV —do? + daMF’l)
n+1

-I—/ (davv+dJMF’2—1—/daS—1—/daT>
n 2 1

* Real and virtual contributions: dof* AoV, deVV
* Singular double real radiation: do®

e Singular one-loop single real radiation: do’

e Mass factorization terms: deMt qoME:2

e Each line finite and free of poles - numerical implementation

* Implementation: parton-level event generator at NNLO

MATRIX: M. Grazzini, S. Kallweit, M. Wiesemann; MCFM: J. Campbell, T. Neumann, R.K. Ellis, S. Seth; NNLOCAL: V. Del Duca et al.;
NNLOJET: A. Huss et al., MiNNLOPS: P. Monni, P. Nason, E. Re, M. Wiesemann, G. Zanderighi; GENEVA: S. Alioli et al.
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Three-jet production

. . z 12 I HT2>10'OOGeV ‘ I I I | | | ATLAS
e 3-jet production and related event o AT
> article-level TEEC
. T Vs = ; -1
shapes at hadron colliders at NNLO R ee——
. oS ¢ .
(M. Czakon, A. Mitov, R. Poncelet) ERRAERESRAS NaSEsassssmasES ——3 anti-k R=04
. . . % 1200 GeV < Hy, < 1400 GeV b, >60 GeV
* using residue subtraction (v. czakon) <24
L] L] g -—
* enabled ATLAS o, determination based on oottt s =P
. . 2 1400 GeV < H, < 1600 GeV 1600 GeV < Hy, <1800 GeV ag(m.) = 0.1180
energy-energy correlation functions 2014 (LO)
5 ot6E—" e o — pa
g OU.Jer ) s s i = === LO
s [ ATLAS * Mlw " coes  © memishe ] T 58 NLO
. CMS M CMSR,, CMSincl.jet | 8 =+ = NNLO
014_ & arXiv:1412.(13633 " arXiv:1304.:;498 ke arXiv:1609.05331 a E
B o ATLASR,,  , TEEC7TeV . g
B arXiv:1805.04691 arXiv:1508.01579 - 8
0.12_— o TEEC8TeV |
arXiv:1707.02562
L - z 2300 GeV < H;, < 2600 GeV
0'10:_ TEEC 13 TeV _: %
- e ’ 8
0.08_— NNLO pQCD; MMHT 2014 (NNLO) %; ]
- ag(m,) = 0.1175 *"1* (TEEC Global) % i z
0.06— | oy(m,)=0.1179 = 0.0009 (PDG 2022) _ S
C. v ! ] . - s

102 10°

208 20604 02 0 02 04 06 08 -08-06-04-02 0 02 04 06 08
Q [GeV] cos o cos
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NNLOJET code

NNLOJET project:
A.Huss, L.Bonino, O.Braun-White, S.Caletti, X.Chen,

° NNLO parton Ievel event generator J.Cruz-Martinez, J.Currie, W.Feng, G.Fontana,
e Based on antenna subtraction E.Fox, R.Gauld, A.Gehrmann-De Ridder,
] ] E.W.N.Glover, M.Hofer, P.Jakubcik, M.Jaquier,
* Provides infrastructure M.LSchner, F.Lorkowski, I.Majer, M.Marcoli,
e Process management P.Meinzinger, J.Mo, T. Morgan, J.Niehues, J.Pires,
C.Preuss, A.Rodriguez-Gracia, K.Schonwald,
* Phase space, histogram routines R.Schiirmann, V.Sotnikov, G.Stagnitto, D.Walker,

JWhitehead, T.ZYang, H.Zhang, TG

Validation and testing
Parallel computing (MPI) support for warm-up and production

ApplGrid/fastNLO interfaces r

* Processes implemented at NNLO
* Z+(0,1)jet, y+1 jet, H+(0,1)jet, W+(0,1)jet N N L O
* DIS-2j, LHC-2j JET
e Typical runtimes: 60°000-250°000 core-hours
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Di-jet production

e 2-jet production at LHC 035 - . e -
. [ 3 —x— ]
* most basic hard QCD process g : o o §H3t8§ '
o inn: hich- ioti 9T Heavy Quarkonia (NNLO) e+ ]
large cross section: high-statistics | HERA jots (NNLO) it
measurement 095 [ ete jets/shaPes()(NNLQ+NI§LA) v ]
* combine ATLAS/CMS data sets < : ’ eLEleé)i}Ztgt((l\ll\lNll:gi
. : _ S o02¢f pp top (NNLO) o= -
group data according to p=M,, 5 | op TEEC (NNLO) f
e correlation of a. with PDFs 0.15 | ]
 vary PDF through APPLgrid interface o1 b - ;
* combine with DIS 2-jet (HERA) o) = 04180 £ 0.0009 R
0.05 R UUUI——

e reach: 7.4 GeV ... 7.0 TeV 1 10 100 1000 10000

August 2025 Q [ GeV]

O (MZ)

Thomas Gehrmann

= 0.1178+0.0014,,, ,4£0.0017,,
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Global fit to collider data at NNLO
 NNLO cross sections, 3-loop parton splitting functions
 include ~4000 data points from ~70 data sets
e constrain quark and gluon distributions to (1..3)% level g
o
 substantial improvement of fit quality from NLO to NNLO
IS NC (fed target g at 100 GeV
BIS.CC (fixed target) 1'15-
7S 7! NNPDF4.0 (NNLO) (68 c.l.+10)
5 1.10{ 1 CT18 (NNLO) (68% c.l.)
LHC dir. photo prod. DISNC (collider) E' 1 MSHT20 (NNLO) (68% c.l.)
< 1.05-
LHC jet prpd. DIS €C (collider) % 100 4
E 0.95 A
NNPDF4.0 NLO 107 1073 1072 107 10°

NNPDF4.0 NNLO
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Towards N3LO for fiducial cross sections

Three-loop amplitudes for 2 — 2 processes (VVV)

 algebraic complexity of integral reduction, computation of master integrals
* first results
* four-parton amplitudes (F.Caola, A.Chakraborty, G.Gambuti, A.von Manteuffel, [ Tancredi)

° parton—photon amplitudes (P.Bargiela, F.Caola, A.Chakraborty, G.Gambuti, A.von Manteuffel, L.Tancredi)

e V+3-parton amplitudes (planar)
(P.Jakubcik, C.Mella, N.Syrrakos, L.Tancredi, TG)

* H+3-parton amplitudes (leading colour)
(X.Chen, X.Guan, B.Mistlberger)

Infrared cancellations at N3LO
* Slicing: Q-+ (S.Catani, M.Grazzini)
* N3LO subtraction methods under development

* Projection-to-Born (M.Cacciari, F.Dreyer, A.Karlberg, G.Salam, G.Zanderighi)
* Antenna subtraction (x.Chen, P.Jakubcik, M.Marcoli, G.Stagnitto; G. Fontana, K. Schonwald, TG)
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Parton distributions at N3LO

Four-loop Altarelli-Parisi splitting functions
e from four-loop anomalous dimensions of quark and gluon operators

in—l in—Z

Oqg(n) = 9 [QEA;W“(A ‘ D)n_1¢] O4(n) = — 5 [A“GZV(A : D)Zb_ZAPGpr]

 fixed Mellin moments n<20, approximate full x-dependence
of splitting functions (G.ralcioni, FHerzog, S.Moch, A.Pelloni, AVogt)

ns(d°)?Ca/Ne  ns(dy°)>Cr/Ne

* tracing parameter for all-n calculation
(J.Ablinger, J.Blimlein, A.Hasselhuhn, C.Schneider, A. von Manteuffel)

10000

oo
t
A - n—l_> tnA n—lz— :
(& -p) nz::l (& -p) 1—tA-p 5000
» four-loop quark non-singlet splitting functions O
for all-n = exact x-dependence | Approx. (10708315)
(A. von Manteuffel, V. Sotnikov, T.Z. Yang, TG) | st (Uiswory

-5000] | C N,
105 10 103 102 101 10°
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Precision physics with legacy data

Energy-energy correlators

E,E, 1 — cosb;;
EEC’(z):Z/dU Q235<z— CQOSHJ>
@]

* theory progress leads to renewed interest
e Resummation at N4LL (c.ouhr, B.Mistlberger, G.Vita)
* Renormalon subtraction (s.schindler, I.Stewart, 7.5un)
* Light-ray OPE (H.chen, I.Moult, X.Zhang, H.X.Zhu: K.Lee, B.Macaj, |.Moult)
* EEC for charged tracks (p.r.vonni, Gvita, z.xu, H.x.7hu)

* rich phenomenology in e*e” annihilation

¢ reanalySiS of LEP data (Electron-positron alliance: H.Bossi et al.)

18
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Precision physics with legacy data

Energy-energy correlators: ALEPH data reanalyzed

(Electron-positron alliance: H.Bossi et al.)

(€(n1)€(n2))

10 = eTe~ — hadrons N 10t
_ Free Hadron Gas \/E = 912G6V ALEWH
i Free Hadron Gas
o 10°F +10°
= - ]
&3 i -
[7 .'. Perturbation Theory .0. / -
10_1 = Lightray OPE .o. = 10_1
. M ALEPH D -
i ete )}
! NNLL.o; + NNLOgo + NNNNLLysp _
f 1 lllllIlI 1 llIlIllI 1 lllllllI 1 llllllll 1 lllll 1 |l||||ll 1 |Il|ll| 1 1 IIIIIII 1 1 IIIIIIII 1 'I'
T~ 1074 16— 102 10— @5 I=10"" T1T=1072 1I=10" 1=10" =107

z=(1—cos(0))/2
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Precision physics with legacy data

NNLO corrections to e*e” — 4 jets
(X.Chen, D.Chicherin, E.Fox, N.Glover, M.Marcoli, V.Sotnikov, H.Sun, H.Zhang, S.Zoia)

R NNLOJET 045 (Yeut) — NLO  —— NNLO I ALEPH Data
. « o o Vs =91.2Ge
* two-loop 1— 4 amplitudes and efficient subtraction —
0 s e+ r T
* confront LEP precision data i S T
0 = 0 .
NNLOJET 2 Vs =161GeV o1 I
103E Vs =912 GeV LO —— OO —~ 4/'%‘ ¥ ¥ r = 1
. . . Y =001 npo
Hadron-in-jet production .. el o 22 L ——
in e*e annihilation < — g5 E— -
(L.Bonino, A. Gehrmann-De Ridder, A.Huss, ~ 1°°ﬁﬁ_\_\_\! N i :
F.Merlotti, G.Stagnitto, TG) 0 = s | ‘ ALEPH data 2 T
Lsf e Tt g
* probe parton-to-hadron giam—————— e ) S :
- . Z 1957 5= eV 1
transition and jet structure  :ire—————— T T
S5l u . i L I | 2 V5 = 206GeV f
1.00 x = = | R S S
0.75}F Su(}):):—lsub—leading jet0 . o - - 0 B /.’_’4(_(_-__‘__: _ .
- 10 10 10 10
Yeut
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Beyond LHC: EIC

* Electron-lon Collider at BNL

* High-luminosity: 10°3...10%* cm™~s?
Centre-of-mass energy range: 40..140 GeV
Full identification of hadronic final state

precision QCD: hadron structure,
fragmentation,....

Polarized collisions

* Theory challenges

 NNLO precision for unpolarized and polarized
benchmark processes
* identified hadrons, fully exclusive final states

* novel types of observables:
TMD, GPD, ....
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FCC-ee physics runs ordered by energy

Additional opportunities

Beyond LHC: FCC-ee

o - I 40 120 40 12 10.8 0.4 26 [:tn?ilg;?,
FCC-ee project at CERN L e [ | S ;

H H H + A- I I H d 88 912 94 1575 1625 240 340 350 365 ey
* ultrahigh-luminosity e*e collider (50
. . z Iiréecsgape W mass and width i
e under consideration b B LT
rare decays Oqcp (I and Higgs couplingsimproved)  highlights
dark sector flavour (e.g. Veb)
* start of operation ~2045 o0 out ot ot

(41Ps)

* Will require new level of precision predictions
* electroweak NNLO corrections (multi-scale loop amplitudes)
* precision QCD: jets, hadrons, energy correlators
* novel types of observables
* transition perturbative «<» non-perturbative
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summary

* LHC is on a decade-long program of precision physics

* Ultimate precision challenge for QCD
* predictions for complex final states at per-cent level accuracy

* Theory ready to face this challenge
 NNLO predictions becoming the new standard
* N3LO techniques, tools and first results emerging

* Exciting opportunities for precision physics at FCC-ee and EIC
* |learn technical experience from LHC calculations
» develop novel methods and observables
* recover legacy from previous-generation experiments

Thomas Gehrmann High-Precision Predictions for Collider Physics

23



