QCD and top physics: current
status and prospects from
the experiment side

Present
On behalf of ATLAS and CMS collaborations QCD at LHC
top at LHC
Stefan Kluth Future _
MPI fur Physik QCD at future colliders
top (b) at future colliders
EISA workshop on future colliders 2024 Summary

20 May 2024, Mon Repos, Corfu _ _
Highly selective based on personal

prejudices about the future
“Prediction is very difficult especially if it's
about the future” (Niels Bohr)



CMS di-jets 13 TeV: concepts

anti-k; jets R = 0.4 or 0.8, p:1 > 100 GeV, pi2 > 50 GeV, |y| < 3
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[CMS coll.,, CMS-SMP-21-008, arXiv: 2312.16669]
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CI\/IS dl-]etS 13 TeV: measurements
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xdy(x, HE)

CMS di-jets 13 TeV: pdf fit

HERAPDF and CMS R=0.8 di-jet 2D/3D, NNLO* (leading colour)
a(m,) =0.1179 + 0.0019 (HERAPDF+2D)
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ATLAS NC Drell-Yan 8 TeV

pp - Il + X with m,=m, [ATLAS coll., Eur. Phys. J. C 84 (2024) 315]
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Z decay and production “factorise” in Z cms, basis for high precision
QCD analysis
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ATLAS NC Drell-Yan 8 TeV
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[ATLAS-STDM-2023-01, arXiv: 2309.1298]
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CMS incl. W/Z production

pp - W/Z + X fid. cross sections, NNLO QCD (N3LO today)
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ATLAS TEEC 13 TeV
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Data / Theory
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CMS m. running 13 TeV

Measure do/dm_ in pp - bblv|v, (di-lepton), m 2 = 2m?2 + 2(E E—p,p.)
“no running” excluded at 2.10 (>95% CL)

CMS 35.9 b (13 TeV) _ CMS 35.9 fb! (13 TeV)
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EXPECt much larger mtf reach with FCC-hh [CMS coll., Phys. Lett. B803 (2020) 135263]
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Test MC models for top physics

Test SM (QCD) theory, potential for
precisiontop properties measurements

Good agreement with single-differential
predictions, some problems with multi-
differential

[CMS coll., CMS-TOP-20-006, sub. to JHEP]

m. reach extended to 2.5 TeV
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ATLAS+CMS

stat uncertalnt%/
total uncertainty

ATLAS
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ATLAS+CMS combined
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ot 172.22+0.95 (+ 0.18+ 0.94)
HeH 172.35+ 0.48 (+ 0.16+ 0.45)
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Hee—H 172.95+ 1.20 (£ 0.77+0.93)
173.50+ 3.14 (+ 3.00+ 0.94)
e 173.68+ 1.12 (- 0.20+ 1.11)
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H=H
HH
H=H
H—H
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combined 172,52+ 0.42 (+ 0.14+ 0.39)
ATLAS+CMS LHCtopWG
dilepton 172.30+ 0.59 (+ 0.29+ 0.51)
lepton+jets 172.45+ 0.36 (- 0.17+ 0.32)
all-jets 172.60+ 0.45 (+ 0.26+ 0.36)
other 173.53+ 0.77 (£ 0.43+ 0.64)
combined 172.52+ 0.33 (+ 0.14 + 0.30)
| | | ] ] ] ]
165

ATLAS+CMS
m_combination

Combination with BLUE method
(x? with covariance matrix)

Careful evaluation of correlations
within and between experiments
for all systematics

b-JES largest syst. (180 MeV),
then b-tag (90 MeV)

o s e esAme = 0.2%! Major achievement of

m, [GeV]

LHC [ATLAS-TOPQ-2019-13, CMS-TOP-22-001]
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[Huston, Rabbertz, Zanderighi,
in PDG coll., arXiv: 2312.14015 ]

BP 2008-16 FO

Boito 2018 FO ——
Boito 2021 FO -4
PDG 2022 tau b

Ayala 2023

Mateu 2018

Peset 2018

Narison 2018 (c¢) —
Narison 2018 (bb)

JL{F“an__il iy i O

) " o0

bound

BM19 (cé)

BM20 (bb)

states

BBGO6
jR14
ABMP16
NNPDF31
cT18
MSHT20
HERAPDF20jets  ——@i—

—

__i:

_J.._;___-I-_..

PDF fits

ALEPH (j&s)
OPAL (j&s)

JADE (j&s)

Dissertori (3j)

e
jets
&

JADE (3j)

Verbytskyi (2j)
Kardos (EEC)

* Shapes

Klijnsma (tt)
CMS (tt)

H1 (jets)*
d'Enterria (W/Z)

—_
——

“_;J;*_-JLi%"

HERA (jets)

hadron
collider

CMS (incl. jets)* —e
ATLAS ([A]TEEC) :

Gfitter 2018

e

HEPfit 2022
PDG 2022 EW

electroweak

FLAG 2021

0.110 0.115 0 120 0.125 0.130

uuuuuuuuuu

as(m2)

Overview

FCC-ee

LHeC
FCC-eh

FCC-ee

LHeC

FCC-hh
FCC-eh
FCC-ee

PDG QCD update 2023, based on

“0s (2022) — Precision measurements
of the QCD coupling” at ECT* (Trento)
31.01.-04.02.2022

FCC-ee impact on most categories
Expect 3-10%* hadronic Z decays =
6-10 Z-bb, 10 1 pairs,

5.108 W decays, 106 tt on threshold

LHeC, FCC-hh, FCC-eh
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Z and W decays In e*e”

[ADLO+S, Phys. Rept. 427 (2006) 257] SM prediction: R*YW = Mag® VT ep™" =

E S > Rew( 1+ ai(as(Q)/11)' + dew + Omix + Onp )
° Wl i N3LO QCD, 2-loop EW corrections
ol - Thad, Tiep, ... (EWPO) mod.ind. fits
ol | - LEP:
[ D coreerts /o ag(mz) =0.120 i0.00Bexp io.oo:hheo
! = vMZ1 o W (Xs(mz) — 0107 10.035exp io.ooztheo
86 88 90 ]%im [ Ge9\‘7‘] [D. d'Enterria, in arxiv: 2203.08271]
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/ and W decays In e*e-

<4.5— < 4.5
- < c
4 B N O — 20 PN | 0 D 20
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FCC-ee: improved Ooep, |Ves|, |Ved|, mw; assume N4LO QCD
Z aS(mZ) - 012020 iOOOOlgexp iOOOOOSpar iOOOOZZtheo
W (Xs(mz) — 011790 iOOOOlZexp iOOOOO4par iOOOOlgtheo

[D. d'Enterria, in arxiv: 2203.08271]
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eP Colllders LHeC and FCC-eh

Relative uncertainty

LHeC:

E [TeV] E, [GeV] Vs [TeV]
7 50/60 1.2/1.3

FCC-eh: 50 60 3.5

o
=2
g 02
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LHeC experimental uncertainties only

— World average [PpG18]
o LHeC inclusive jets (exped. exp. uncert.)
A H1 inclusive jets [NNLO) —
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* JADE 3-jet rate [NNLO+NLLA+K]
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Top quark properties in e*e-

Threshold scan: ~10° tt events, ultimate measurement of m and T’

February
\\\\\ T

November 2017

I ]

o) = 1
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g - —QQbar_Threshold NNNLO —FCG-ee 350 LS only c 'Y E ISR+ FCCee Luminosity Spectrum
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= 1.2 - 1SR only —FCC-66 350 LS+ISR S 0.8 - —default-m;” 171.5 GeV, I 1.37 GeV =
Q I 91 km ring circumference 1 Q F ml variations + 0.2 GEV B
Q < ) 0.7 - =
oy »n Y./ & —T variations £ 0.15 GeV 1
73 B 06E
o o
(@] (&) 05
04
0.3 _ ,
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0.1 based on EPJ C73, 2530 (2013) 3
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Low sensitivity to
top Yukawa cplg y.:

Am = 0.005 GeV

[FCC coll., Eur. Phys. J. C79
(2019) 474, arxiv: 2209.11267]

m = (171.5+0.017__ +0.003__+0.005__ +0.040 ) GeV

r=(1.37+0.045__ +0.003(?)

cms

+0.005(?),. +0.040, ) GeV

Aas(m_)= 0.0002 needed, unambigous theo. definition of m,
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Quark mass running: top

e*e” - tty to access m(s’) at production: s’ = s(1—2Ey/\/s)

1 I I I 1 1 | I 1 1 1 | 1 1 1 1 | 1 ] r 1 T T T T I T T T T I T T T T I T T

w [T
T400F oo s fly, CLIC, 15=380 GeV 1 o e‘e’ — iy, ILC, s=500 GeV ] -
g [ 5175 4 Accessible at
Lu : —— Theoretical prediction l : : ~ '\/S = 380 Gev
300 | & o l
: I Pseudoexperiments : % |
200 '_ I:IStatenvelope:ir1c(1000fb") | EE-H‘I 70 B I
: I Total uncertainty
1 OO :_ — N I Theory uncertainty
- 165 5 |
Prediction (R-evolution)
0-' e ST R R B A N B B
340 350 360 370 0 50 100 150
Is' [GeV. R [GeV]

[M. Boronat et al, Phys. Lett. B804 (2020) 135353]
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Quark mass running: b
e'e 52> b5(+jet)' Rob=Tz_tb/l z_had ~ (Mu/Mz)?,

R®/R19 ~ (Mu/m2)2Yeu pp—»H(H bb, ZZ) +X, T

IFIC-UV/CSIC, PSI, U. Tohoku U. Vienna (2021)
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[ATLAS-STDM-2023-01, arXiv: 2309.1298]

Summary

Future Aas(m,) estimates

I
I
I
| 1.5% (theory,pdfs)
I
I
I

<1% (theory, spectral functions)
1.5% (theory)

0.2% (future ep pdfs)

1% (theory)

0.1% (future ee)

0.1% (theory)

<1% (theory,pdfs)

[D. d'Enterria, S. Kluth, G. Zanderighi (eds.),
arxiv: 2203.08271]
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Summary
* FCC-eel/eh/hh et al great potential for QCD

— Running strong coupling and quark masses
 FCC et al ultimate top quark measurements

* FCC-ee, ep colliders (FCC-eh, LHeC) and
Lattice QCD for Aas(mz) = 0.1%

e it o

Aos(m,) = 0(0.1%)  Aas(m,) = O(1%) Ads(m,) = 1%
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