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-
Previously at Higgs-Maxwell

Last time | spoke here was about LHC Run 1 Searches and Run 2 prospects

Conclusion

= Wide range of NP
signatures explored

Exotic Searches at the LHC ® Extremely strong
constraints on many

benchmark models

¢he ]Jmlu elegmph
James Ferrando = Still no sign of new

hysics
University of Glasgow phy:

= Plenty to explore in

Higgs Maxwell Workshop the 8 TeV data
Royal Society of Edinburgh = Need to look
13 Feb, 2013 i everywhere, surprises

can always be lurking
where you weren't
expecting them...

| was optimistic (and front page news at the time was rather different!)
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N
The SM at LHC Runs 1-3

Standard Model Total Production Cross Section Measurements

Status: October 2023
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@ Remarkable SM agreement for o across many orders of magnitude

@ Horribly good performance of the SM continues
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Fundamental SM parameters: my,, m;

ATLAS+CMS s=78TeV
ATLAS+CMS combined ol
stat uncertaint peo
Ovenvenof m fotal uncertainty
uen ATLAS m total (& stat + syst) [GeV]
LERComAn, | ATLAS Preliminary o= dilepton 7 TeV. N 17379+ 142 (£ 0,54 1.31)
(S=7TeV, 4.6 b lepton-+jets 7 TeV i 1723341.28 (£ 0.75+ 1.04)
o alljets 7 TeV —— 175.06+1.82 (£ 1.35+1.21)
Ry - - mm dilepton 8 TeV Ji I 17299+ 0.84 (£ 0.41+ 0.74)
lepton+jets 8 TeV i 172.08+0.91 (+0.39+0.82)
all-jets 8 TeV e 17372 1.5 (£ 0,55 1.02)
CDF (Run 2) e combined HeH 172.71+ 0.48 (+ 0.25+ 0.41)
Seence 516,650, 170 (2022 cMs
dilepton 7 TeV —— 17250+ 158 (£ 0,434 1.52)
LHCb 2022 lepton+jets 7 TeV et 17349+ 1.06 (+ 0.43+0.97)
s 0 22 - all-jets 7 TeV H——— 17349 1.41 (£0.69+ 1.23)
dilepton 8 TeV o 17222+ 0.95 (+0.18+ 0.94)
lepton+jets 8 TeV HeH 172.35+0.48 (+0.16+ 0.45)
ATLAS 2017 © easurement all-jets 8 TeV il 172.32:£ 0,62 (£ 0,25+ 0.57)
single top 8 TeV it 172954120 (£0.77 % 0.99)
[stat. une Jiy 8 TeV B 17350%3.14 (£3.00+0.94)
ATLAS 2023 W otal unc. secondary vertex 8 TeV —o—1 173684112 (£0.20+ 1.11)
s ok 7%isM Prediction combined HH 17252+ 0.42 (+ 014+ 0.39)
ATLAS+CMS LHCtopWG
dilepton HeH 172.30+0.59 (+0.29:+0.51)
80200 80300 leptoncits e 172484036 (0.7~ 052
all-ets HEH 172.60+0.45 (+0.26+ 0.36)
other HH 17353 0.77 (£0.43+0.64)
combined H 172,52+ 0.33 (+ 0.14 + 0.30)
o e Lo B e
165 170 175 180 185

ATLAS-CONF-2023-004 m, [GeV]

arXiv:2402.08713
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/
https://arxiv.org/abs/2402.08713

Fundamental SM parameters: my,, m;, my
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Fundamental SM parameters: as

0.35 T T T
tdecay (N3LO)
low Q2 cont. (N3LO)
0.3 Heavy Quarkonia (NNLO) —+ 7]
HERA jets (NNLO) ++—
025 F e*e” jets/shapes (NNLO+NLLA) —+— 1
’ e*e Z0 pole fit (N3LO) +e—
< pp/pp jets (NLO) +=—
(é 02 pp top (NNLO) +e—
2 pp TEEC (NNLO)
0.15 | ]
0.1 [
= 05(mz? = 0.1180 + 0.0009
0.05 . L .
10 100 1000
August 2023 Q[GeV]
averages per sub-field unweighted weighted unweighted without subfield
T (iecays & low Q2 0.1173 £0.0017 0.1174 £ 0.0009 0.1177 £0.0013
QQ bound states 0.1181 +0.0037  0.1177 £ 0.0011 0.1175 £ 0.0011
PDF fits 0.1161 +0.0022 0.1168 + 0.0014 0.1179 £ 0.0011
ete™ jets & shapes 0.1189 + 0.0037 0.1187 £ 0.0017 0.1174 £ 0.0011
hadron colliders 0.1168 + 0.0027 0.1169 + 0.0014 0.1177 £ 0.0011
electroweak 0.1203 +0.0028 0.1203 £ 0.0016 0.1171 £ 0.0011
PDG 2023 (without lattice) 0.1175+0.0010 0.1178 + 0.0005 n/a
PDG QCD Review: 2023 Update
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https://arxiv.org/abs/2312.14015

N
Outline

This talk - focus on QCD measurements in collider experiments:
o Why make QCD measurements?
@ What kinds of properties can we test?
@ Some measurements...

@ What is still to come?
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Why make QCD measurements?

Why QCD measurements at colliders?
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Why make QCD measurements: |

Because it's interesting!

@ Proton Structure via Parton
Distribution Functions (PDFs)

@ Extra hard jets from
higher-order perturbative terms

@ Details of the parton shower

@ Details of fragmentation and
hadronisation

@ Underlying event and multiple
parton interactions

A very rich set of physics to explore

James Ferrando (Lancaster University) SM & QCD October 6 2022 9/58



Why make QCD measurements: I

Because it's useful, Uncertainties on:
@ Proton structure
@ Parton shower
@ Fragmentation and hadronisation

are significant for many searches and precision measurements at the LHC
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Example I: W-Mass

ATLAS W-mass reanalysis! still has large uncertainties from QCD sources:

Obs. | Mean Elec. PDF  Muon EW P8 & Bkg. Ty MC stat.  Lumi  Recoil | Total Data | Total

[MeV] Unc.  Une. Une. Unc. A, Une. Une. Une Une. Unec. Une. SyS. stat. Une.
pl-r B80360.1 8.0 [ 7.0 6.0 4.7 2.4 2.0 1.9 1.2 0.6 15.5 4.9 16.3
mr B0382.2 9.2 14.6 9.8 5.9 10.3 6.0 7.0 2.4 1.8 11.7 24.4 6.7 25.3

Study of compatibility of different my, measurements® needed much work
to ensure common QCD framework:

LHC-TeV MWWG

—
>
-+

All experiments (4 d.o.f.)

PDF set mw oppr x>  p(x%n)

> ABMP16 80392.7 = 7.5 3.2 29  0.0008%
CT14 80393.0+109 7.1 16 0.3%
s CT18 80394.6 = 11.5 7.7 15 0.5%

MMHT2014 80398.0 £9.2 5.8 17 0.2%
MSHT20 80395.1 9.3 5.8 16  0.3%
= NNPDF3.1 80403.0 £8.7 5.3 23 0.1%
. NNPDF4.0  80403.1 +8.9 5.3 28  0.001%

80400 80450
[MeV]

80300 80350
My

LATLAS-CONF-2023-004
2LHC-TeV MWWG arXiv:2308.09417
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/
https://arxiv.org/abs/2308.09417

Example Il: Top-Mass

ATLAS Coll., JHEP 06 (2023) 019
e oot sty o, st worve ooz CMS Coll, Eur. Phys. J. C 83 (2023) 963

syt varaions. Fo cah uncrtainty source th it s rpcated with the cotesponding group of i
parameters fixed to their bestfit values. The contribution from each sol

s then evaluated by sublracting in

v the nerintyobined i s fom hat of e e ol ysematic anceray s diteren
o the it among nuisance parameters in the i The las
Coan shows h Sl anceraiy onaach f h 0.k s acuri s ximted i e borep Cms 363" (13 TeV)
method m, = 171.77 + 037 GeV Pre-fitimpacts [ 8+a0 [ 8-A0
Source Unc. onm, [GeV]  Stat. precision [GeV] —— Pull Post-fit impacts [ 8+20 [l -9 [] MC stat,|
Statistical und datasets. 0.89| | 019
Data stati: 0.39 FSR PS scale g-qg - 0.47| 0.14
Signal andbackground el tisis 0.17 FSRPS scale X-+Xg 076 013
Luminosity <0.01 +0.01 BG QCD mulijet ——— 0.50| 0.12
Pile-up 007 003 GR: glvon move —— 037 EE 0 011
Modelling of signal processes CR:QCD inspired —— 040 [ | 009
Monte Carlo event generator 0.04 +0.06 Early resonance decays. e i 0] )
b, c-hadron production fractions ol +0.01 jots 0.78) 0.08
b, c-hadron decay BRs 0.40 +0.01 JEC abs. MPF biss 0.94 0.07
b-quark I'mgmun.umn s 0.19 +0.06 Underlying event — 0.52| 0.07
Paron shower o o y ME/PS matching — 052| 006
Parton shower and hadronisation model 0.06 £0.07 JEC rel. sample 0.92 0.06
Initial-state QCD radiation 0.23 +0.08 LED s ) )
Colour reconnection <0.01 +0.02 Statistical uncertainty [} 0.04
Choice of PDFs 0.07 £0.01 JEC abs. scale —— 0.8 [ | 004
JER fn, 1<1.93 —.— 03] 0.04
Modlingof background proceses Pl Yo ans o — | oot
Sl muon fake e e JEC el FSR 07| [ ] 004
ultjet 2 JEC flavor lght auarks. 087 [ ] 004
Single top o001 =001 b tagging mis-tag scale 0.88) 0.03
Detector response Pileup 0.86) 0.03
Leptons 0.12 001 FSR PS scale 909 1.05| m 0.03
Jet energy scale 013 +0.02 JEC pileup data/MC. 0.96| 0.03
Soft muon jet pr calibration <001 +0.01 FSR PS scale gaq 094 003
Jet energy resolution 0.08 £0.07 bJES Bowler-Lund 0.85| 0.03
bragging 0.10 001
Missing transverse momentum 015 40,01 2 -1 0 1 2 -03 02 -01 0 01 02 03
(8-0,)/40 Am, [GeV]
Total stat. and syst. uncertainties (excluding recoil) 0.77 +0.03
Recoil uncertainty 0.25
Total uncertainty 081
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-17/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-008/index.html

What properties to test?

What to measure

o PDFs

o Differential cross sections in energy scale, and overall kinematics of the
system

as , e.g. in N/N + 1 jet cross section ratios

Parton shower/higher orders in
e High jet multiplicity events
o Pt of vector bosons and/or tt
o (Sub)Structure of hadronic jets

Soft-QCD in the underlying event

Heavy quark fragmentation

(]

Hadronisation using details of final state

James Ferrando (Lancaster University) SM & QCD October 6 2022 13 /58



Measurements

Measurements
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PDFs

Parametrise proton structure as Parton Distribution Functions (PDFs):

@ Give probability of finding a parton of
some type with fraction x of the
proton’s momentum when probing at

a scale Q? (k) ek’)
@ Can be measured: especially ep
collisions (Deep Inelastic Scattering)

2
@ QCD can predict how a PDF at a Y/Z a
given x changes with @2 via DGLAP PDF(x,Q?)
equations X
@ We expect the PDFs to be Universal:

e Proton PDFs from ep data P(p)
applicable in pp data

o Extractions from Heavy lon/Nuclear
data need additional corrections

James Ferrando (Lancaster University) SM & QCD October 6 2022 15 /58



Measurements

Two recent ATLAS experimental papers studied the effect of including
LHC data in the PDF fits together with HERA ep data:

@ Inclusive W/Z and V+jets JHEP 07 (2021) 223
@ 'Global’ fit Eur.Phys.J.C 82 (2022) 5, 438

Retain some of the advantages of HERA PDF2.0 (extraction purely from
HERA data):

@ ATLAS datasets also have well understood correlations between their
systematic uncertainties

@ Avoid nuclear corrections

James Ferrando (Lancaster University) SM & QCD October 6 2022 16 /58


https://arxiv.org/abs/2101.05095
https://arxiv.org/abs/2112.11266

Measurements

LHC Data in the ATLAS 'Global’ fit

Data set Vs [TeV]  Luminosity [fo 1] Decay channel Observables entering the fit
Inclusive W, Z/y* 7 4.6 e, it combined ne W), yz (Z)
Inclusive Z/y* 8 20.2 e, u combined cos 6" in bins of yee, mee
Inclusive W 8 20.2 u My

W* +jets 8 20.2 e ) pr

7 +jets 8 20.2 e Pt in bins of [y

tt 8 20.2 lepton + jets, dilepton Mz, P Yi7

17 13 36 lepton + jets Mz, P yes ¥
Inclusive isolated y 8,13 20.2,3.2 - E% in bins of n”
Inclusive jets 7,8,13 4.5,20.2,3.2 - p’rCL in bins of Iy-i“\

Correlated systematic uncertainties between the datasets are treated as

nuisance parameters that generate shifts to the datasets

James Ferrando (Lancaster University)

SM & QCD
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17 /58



Measurements

Example of shifts

3 E pp - W'+jets; (s =8 TeV 3 0PL PP — W Hets; Vs=8TeV i
Q 10t o 1 E
2 5 =2 B
3 - F 5 - =
3 10 kS 3
[s} E S i
° F ° =
107 E
10 B
F ATLAS ATLAS 3
E- ¢ ATLAS data (uncorrelated unc.) ¢ ATLAS data (uncorrelated unc.) ]
£ [ Total unc. [ Total unc. E
1071 — ATLASepWZ20 - + unc. shifts —— ATLASepWZz20 -+ + unc. shifts
E — ATLASepWZVijet20 ===+ + unc. shifts 3 —— ATLASepWZVjet20 ===+ + unc. shifts
s 12 : - ‘
g 1 Ty _Q.L+ * *7 ‘!E
s og- Sd £
£ ok = £
30 40 50 10° 2x10° 30 40 50 10° 2x10°
W’ p¥ [GeV] W’ p¥ [GeV]
Example from the V+jets paper
James Ferrando (Lancaster University) SM & QCD October 6 2022
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Measurements

Drell-Yan process |

Simplest hard scattering process to calculate at the LHC
Cross section an integral over: q(x1, Q)q(x2, @)M(x, Q%)x LIPS.

LIPS=Lorentz Invariant Phase Space

Here g(x, Q) are PDFs, if the boson is on shell then Q2 = /\/1\2/
At rest (y = 0) X] = Xp = M\//\E
if x1 > x» then |y| > 0, sample higher and lower x at same Q2

e 6 o6 o

Going very forward simultaneously samples higher and lower x

James Ferrando (Lancaster University) SM & QCD October 6 2022 19 /58



Measurements

Drell-Yan process I

= 2 = 2 = <
3 + 3 - 3 5
s A s hid ° _ww e
— ud cs — du sC - -
15 —us _— cd 15F — su — dc 4L ce bbss

5 0

5
y
plots by S. Glazov, V. Radescu
Flavour sensitivity:
@ Z boson sum pairs of all flavours ui, dd,....
o W sums pairings of +ve charged (anti)quarks (ud), (u3),
e W~ sums pairings of -ve charged (anti)quarks (di), (dc),...

James Ferrando (Lancaster University) SM & QCD October 6 2022 20/58



W /Z Production , @ LHC

7 TeV LHC parton kinematics

9 .
W ucti
10 A A A W /Z Production at the LHC
X, = (M/7 TeV) exp(xy) .
10°F Q=M E @ Exploring a new range of

parton kinematics

@ Run | data: not only lower x
than TeVatron, also lower x
than HERA at central rapidity

@ LHCb further extends
measurement in x

Q® (GeVd)

@ Inclusive W/Z essentially
probes a horizontal band in
x, Q? space

@ 13 TeV data probes lower x
for the same Q? as 7 TeV

James Ferrando (Lancaster University) SM & QCD October 6 2022 21/58



Effect of including DY and W/Z data

>
Including the inclusive W/Z data: LN ATLAS
o
@ reduced uncertainty on the I @°=19GeV
. %4 ATLASpdf21, T=1
down-valence distribution 11 5%, ATLASPde21,
QKR N No7,8TeVW,Z
-
[RRRRRRKRKL "
-I IX‘X‘X‘ %!
0.9F%
OBC el il
107 10 10
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Effect of including DY and W/Z data

Including the inclusive W/Z data: g 1 ATLAS
@ reduced uncertainty on the S Q*=1.9GeV?
down-valence distribution %% ATLASpdf21, T=1
11 .
. . No7,8TeVW, Z
@ slightly reduced uncertainty on E N No7.8To
. . . X
the gluon distribution Batess
B
0.9/
B
By
0.8) o
10 102 10"
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Effect of including DY and W/Z data

Including the inclusive W/Z data:

@ reduced uncertainty on the
down-valence distribution

@ slightly reduced uncertainty on
the gluon distribution

X(s+5)x(@+)(x,Q)

@ much stronger constraint on the

ratio of the s quark to the &

and d quarks

@ The value of this ratio had to be

assumed for PDFs relying
entirely on HERA data

James Ferrando (Lancaster University)

SM & QCD

E ATLAS
Q%=1.9GeV?

S

o
Q0 >,

QR RRAXREIIN

IOERRKRINR

00707 2aval%!

NS A%

%4 ATLASpdf21, T=1
N No7,8TeVW,Z

QLRI
Q

0.2
oF Ll L I
107 107 10
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V+jets data

AVAVAVAVAV.
w

g
———<—"00000000"
AVAVAVAVAV.
w

g q’
00000000

Aim of including V+jets:
e probe higher Q2 x

@ more sensitivity to gluon

James Ferrando (Lancaster University) SM & QCD October 6 2022 23 /58



Effect of V+jets data

o
N
il

Py TR T e e e e e e

ATLAS

Q*=18GeV

%% ATLASPdf21, T=1
N No8 TeV Vi+iels

10° 10"

ATLAS

Q*=19GeV
%4 ATLASPd21, T=1
N No8 TeV V+iets

107 10"

James Ferrando (Lancaster University)

0.5 ATLAS .8‘ 1218 ATLAS
Q*=19GeV? %z QP=19GeV®
5
04 %5 ATLASpdf21, T=1 2 %% ATLASpdf21, T=1
1
N No8TeV Viets 3» & N NoBTeV Vlets
g
0.3
0.2
0.9
o1
0 ) ) 0.8
10° 10 10" 10° 10? 10

@ changes the shape of quark distributions at
higher-x
e reduces d,, 5 increases d

@ reduces the gluon at lower-x

SM & QCD October 6 2022 24 /58



Effect of V+jets data

w
13}

ATLAS
Q*=1.9GeV’

W

%4 ATLASpdf21, T=1
% No 8 TeV V+jets

N
4]

X(s+8)/x(@+)(x,Q?)

N

=
1]

iy

107 1072 10

o Causes s to be suppressed relative to d and i at higher x - something
preferred by CCFR/NuTev data from vN scattering

James Ferrando (Lancaster University) SM & QCD October 6 2022 25 /58



Effect of V+jets data

Measurements

-0.02

-0.04

ATLAS

Q*=19GeV’
%% ATLASpdf21, T=1
& No 8 TeV V+jets

...... e
DRRRXK

XN
2

107

e Favours a positive d — i - something preferred data frompN

Drell-Yan data such as E907 Nature 590 (2021) 7847, 561-565.

James Ferrando (Lancaster University)

SM & QCD
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https://arxiv.org/abs/2103.04024

Effect of including tt data

& ATLAS
% ‘ﬁ QP=19GeV?
§1B= \ %% ATLASpdf21, T=1
g N Nos BTeviop
@ The main effect is to reduce the i SRS
mid-to-high-x gluon distribution R :
@ Uncertainties at high-x are also 005l
reduced B
&R, Ll Ll M
10° 1072 10 «
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Including Photons

g ~020000000 ————— @

L VAVAVAVAVAVAVAVAVA RS

ref

5 & ATLAS
E Q*=19GeV \ < : -
o
N>X\1'05 %4 ATLASpdi21, T=1
o i
‘é, &Nopholon B— EXPERIMENT
1 %5
X
vodl @ Minimal effect from including the
I photon data
| Ll PR
107 10 10

X
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Measurements

Including Jets

S ATLAS R

< Q’=19GeV 5.

2105 %% ATLASpdi21, $:§

e 055

= QRS

Bl B

X SRR EXPERIMENT
% e

et

et
2R
KRR

@ Strong decrease in high-x gluon uncertainty
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Measurements

Looking at the strange quark with charm:
W+-c production

N AVAVAVAVAV
S
w
@ W+ charm production includes
production with strange quarks in the T
intial state g c
@ The CMS collaboration measured this ¢ c;sws m::;:'j‘m““‘wfs
by identifying jets containing charm & [ NowesTovdaa
mesons in W production
@ Studying the effect of including this 8
data in PDF fitsthe CMS
collaboration demonstrated that this -0
data helps reduce the uncertainty on ‘ |
the strange quark distribution 0 o oy

Eur. Phys. J. C 82 (2022) 1094
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https://arxiv.org/abs/2112.00895

Measurements

Bigger on the inside?
Intrinsic charm in the proton

T .. c Z c Z
@ Possibility of Intrinsic charm - L
(IC), a |uudc€) component of
the p wavefunction long debated ¢ c g c
° separate from g — CE' ShOU|d '/;014; Centrlal Region <:.:> Forward IRegion =
. “E Inl < 2.4 2.0 < () < 4.5 1
be shaped more like the valence o  nw>way ) > 20 GV 3
. . . N pr(j) > 30 GeV 2.2 <’V7(_];O<G45 E
quark distributions < 01f prli) > 2060 E
o 0'08? NLO SM E
0'06; . No IC
0.04 ;7 = IC allowed
0.02;* —— BHPS (2)ic=1%
00 1 2 3 4
y(Z)

Phys.Rev.Lett. 128 (2022) 8, 082001
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https://arxiv.org/abs/2109.08084

Measurements

Bigger on the inside?
Intrinsic charm in the proton

@ Possibility of Intrinsic charm
(IC), a |uudcc) component of
the p wavefunction long debated N

L A B
=== stat

% I:ISTb v [ statPsyst
@ separate from g — c¢, should = S

be shaped more like the valence £~

Z
o
S B

l

quark distributions 0.04f- — —
[ NLOSM ]
o LHCb, with it's extremely Qoo " FPRaLHCIS NoIC : ]
[ = NNPDF 3.0-IC allowed ]
forward coverage well-suited to [ % CTL4BHPS (aho = 1% 1
explore this in Z 4 ¢ events % 25 3 35 4 y(Z)A'S

@ measured the rate of Phys.Rev.Lett. 128 (2022) 8, 082001

Z + ¢/ Z+jets and found that
IC favoured by the data
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https://arxiv.org/abs/2109.08084

Measuring as - H1+ZEUS:

H1+4ZEUS collaborations also recently explored e(k) k)

the addition of new data to their PDF fits:

o Fits to inclusive DIS gave sensitivity to ag -
via scaling violations

@ This strongly correlates the gluon with ag

@ Addition of jet cross sections adds an extra
constraint on as

@ Good for extracting as together with PDFs  ppy_»"~—""""

Data set taken | QUGeViimnge | £ | e'/e Vs | Nomma- | Al | Used | Ref.
from to | from to | pb ! GeV lised points | points
HI HERA I normalised jets 1999-2000 | 150 15000 | 654 | e'p | 319 | yes 2 24 [E]
HI HERA T jets at low 0 1999 -2000 5 100 | 435 | etp | 319 no 28 20 [10]
HI normalised inclusive jets at high Q% 2003-2007 | 150 15000 | 351 | e*plep | 319 | yes 30 30 | [13,14)
H1 normalised dijets at high 0* 2003-2007 | 150 15000 | 351 | e*plep | 319 | yes 24 2% 13
H1 normalised inclusive jets at low 0> 20052007 | 55 80 | 290 | etplep | 319 | yes 48 37 114]
HI normalised dijets at low 0° 2005-2007 | 55 80 | 290 | e*plep | 319 | yes 48 37 1141
ZEUS inclusive jets 1996-1997 | 125 10000 | 386 | e'p | 301 no 30 30 i3]
ZEUS dijets 19982000 &  2004-2007 | 125 20000 | 374 | e'plep | 318 no 2 16 [12]

Table 1: The jet-production data sets from H1 and ZEUS used for the HERAPDF2.0Jets NNLO
fits. The term normalised indicates that these cross sections are normalised to the respective
neutral current inclusive cross sections.

James Ferrando (Lancaster University) SM & QCD October 6 2022 32/58
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Measurements

Measuring as - H14+ZEUS:

H1 and ZEUS

H1 and ZEUS
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Clear change in slope and reduction in uncertainty of high-x gluon
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Measuring as - H14+ZEUS:

£
g
NS M4

0

0.11

as = 0.1156 4 0.0011 (exp)

James Ferrando (Lancaster University)

H1 and ZEUS

NNLO, inclusive + jet data
o Q= 35GeV?

----- o-free fit

uncertainties:

Bl exp./hadr.
[ model/param.
[ scale

I
0.112

!
0.114

0.116

!
0.118

I ! !
0.12 0.122 0.124 0.126
2
og(M,)

@ Overall a precise
experimental
extraction achieved

@ Dominated by
NNLO scale
uncertainty

+0.000% (model+ param.) +0.0029 (scale)
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Measurements

Measuring as - ATLAS |

[Ca

pp ~ Z,Vs=8TeV

- om)=o108 T
a(m,)=0118
—_— as(mz) =0.128

, , \

James Ferrando (Lancaster University)

ATLAS published a new double-differential
measurement of Z Pt and rapidity in full
lepton phase space?, using 8 TeV data
@ The pt distribution is highly sensitive
to as
@ Theory predictions available at N3LO
with N4LL low-pT resummation
o Allows a very high precision
extraction® of ag

@ Methodology was demonstrated using
TeVatron data in S. Camarda et al.
Eur. Phys. J.C 84 (2024) 1, 39

?arXiv:2309.09318

barXiv:2309.12986
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https://arxiv.org/abs/2203.05394
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2023-01/

Measuring as - ATLAS |l
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DY Turbo (used for this extraction), is able to describe the pr spectrum
well
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Measurements

Measuring as - ATLAS Il
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The most precise single experimental determination of ag

James Ferrando (Lancaster University)

SM & QCD

October 6 2022 37/58



Jets

Alice, ATLAS, CMS have made many recent jet measurements, here |
highlight:
o CMS «as from jet substructure arXiv:2402.13864

@ ATLAS Jet substructure in boosted top quark events
arXiv:2312.03797

@ CMS Lund plane:arXiv:2312.16343
@ ATLAS Lund subjet multiplicities arXiv:2402.13052
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-22/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2023-07/

Measurements

as from jet substructure

Ratio of 2-particle to 3-particle Energy correlators inside jets is sensitive to
as:

CcMS 36.3 fb™ (13 TeV) CMS 36.3 b (13 TeV)
T T T T T T
o8- " |
016f Data  —— NNLLgpyo NP Lo
& 09 } Data
jet. g7 N
w [H]p): 97-220 Gev & o ots 1
Q [#]p)"": 330-468 GeV 2o —aym)=0.
w15+ ) @ -
Pf:' 638-846 GeV g 9; o6 ---ay(m) =0.136 1]
pf :1101-1410 GeV < g ay(m,) = 0.100
n
Lar i o % 0.5
[
= 10 [ e ST
13- e 0.4 T == T
0.3 1
1.2F f
0 L L L L L L L L L
©77200 400 600 800 1000 1200 1400 1600

Pk (Gev)
CMS have exploited this to extract :
_ 40.0014 40.0030 40.0023
as(mz) = 0.12297qqq;5 (stat) Zggg33 (theo) Tgigose (exp)
using the slope in the ratio as a function of the 7, ¢ distance (x;) between

the pairs being considered.
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Boosted Top-quark Jets |

¥,
I

M - > T T T T T
@ high-pt top-quarks can produce jets B v ont Cofgon
containing all the decay produces of ~ §eof "™ *™™ mamite
@i 50 B Multijet
the top -  NsaGonme
@ such top jets are an interesting testing IR
. . 200| . Yy
ground to study variables designed to g W

distinguish jets with hard substructure

from others % 0».9%& “\(?\?WW
@ ATLAS have studied this in tf events tesdnoteroeRerm (et
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Boosted Top-quark Jets Il
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Variables designd to distinguish 2-prong like jets from 1 prong are
generally well described
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Boosted Top-quark Jets |l
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Variables designd to distinguish 3-prong like jets from 2 prong fare worse

James Ferrando (Lancaster University) SM & QCD October 6 2022 42 /58



Measurements

The Lund Jet Plane

AL
W
o Hardersubjet2 7 (] ~ 1‘ \\\\
Initial jet 0 [) AN
9] AN
1 ( ' = N
ofter subjet ~ L AN
| ' < 3
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\ 2 *
| !
Cambridge—Aachen declustering > |I'1(1 /A R) ”
@ recluster a jet
< o follow splitting history
@ . . . . y . .
Qe @ identify jet ‘core’ and emissions
3
= @ assign emissions to the 2D plane
o different regions of the plane —
large angle In(1/AR) small angle . .
different QCD physics
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The Lund Jet Plane Il
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SM & QCD

@ Monte Carlo can do a
reasonable job of
describung the plane
(Sherpa seems best)
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The Lund Jet Plane Il
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James Ferrando (Lancaster University)

SM & QCD

@ Monte Carlo can do a

reasonable job of

describung the plane
(Sherpa seems best)

@ Analytical calculations
also doing a good job
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Lund Subjet multiplicities

In(ke)
more
perturbative

In(R/AR)

In(ke,cut)

more
non-perturbative

James Ferrando (Lancaster University)

Nina=4

Primary
Niwna =2

e

include
N

@ Lund Subjet multipicities offer

SM & QCD

even more information about
events

Here each emission is followed
further, so long as it is above a
certain pt threshold

total multiplicity above a given
scale gives us more information
about the shower (also sensitive
to as)
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Lund Subjet multiplicities
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Again MCs and analytical calculations doing well (though analytical
calculation undershoots at higher pt)
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Measurements

Heavy Flavour Fragmentation

@ Heavy flavour fragmentation is

43 85 [T T
1 N E —e— Dat
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@ Relatively little data to 2

constrain it

ATLAS studied b fragmentation in tt Phys. Rev. D 106 (2022) 032008
Z ,, fraction of charged momentum parallel to the b-jet carried by b-proxy

sh |fted vertex
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Measurements

Heavy Flavour Fragmentation
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Clear that some MC tunes don't describe it well, but most doing a
reasonable job
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Measurements

What Comes Next?
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What's Next
LHC Run 3 the story so far...
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Month in Year
@ LHC delivered around 70 fb~1
per experiment in 2022-2023

@ Experiments are already starting
to publish results with this data
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First Run 3 Measurements

Atlas and CMS have already produced first Run 3 measurements of Z and
tt
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What's Next
First Run 3 Measurements

ATLAS
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James Ferrando (Lancaster University)

@ ATLAS also measured the tt/Z
ratio (generally sensitive to
PDFs)

@ Value of the ratio is on the low
side but still consistent with
expectations from most PDFs

Phys. Lett. B 848 (2024) 138376
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What's Next
LHC Run 3 and Run 4

@ In 2024-2025, the LHC is expected to deliver proton-proton collisions
with an integrated luminosity of 190 fb-1.

@ This represents an increase of around a factor of four in the Run 3
dataset

@ Improvements from new experimental techniques continue to outpace
mere statistical improvements

@ Many theoretical developments helping us to understand QCD better

@ Expect more jet measurements, with increasing precision amd more
substructure measurements, including Lund plane
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Summary
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Summary

@ It's a great time to be doing QCD measurements at the LHC:
o huge datasets

o Generators and calculations that are doing well at describing QCD
prospects

o LHC proving itself to be a machine for precision physics as well as
discovery

@ These measurements support other EW /Higgs/Top measurement and
searches

@ Many nice publications that | didn’t have time to review here
including:
o LHCb measurements of A;
o Alice HF fragmentation and Lund jet plane work
o CMS asg from azimuthal correlations
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Back-up
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James Ferrando (Lancaster University) SM & QCD

Experimental uncertainty +0.44
PDF uncertainty +0.51
Scale variation uncertainties +0.42
Matching to fixed order 0 —0.08
Non-perturbative model +0.12 —0.20
Flavour model +0.40  —0.29
QED ISR +0.14
N*LL approximation +0.04
Total +0.91 —0.88
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ATLASPDF Comparison to Sea quest data
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