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Multijet measurements
test various aspects of QCD

Test of pQCD calculations
(LO/NLO/NNLO)

Parton shower modelling

Determine QCD
fundamental parameters

O
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[ CMS, CMS-PAS-SMP-21-009 ]

Inclusive jet cross section at hadron colliders
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-009/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-011/

Extend to more than 2 jets

* Measure N-jet properties
directly or indirectly

e At LO, 2 jets are produced back-
to-back in the azimuthal angle
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Extend to more than 2 jets

* Measure N-jet properties
directly or indirectly

e At LO, 2 jets are produced back-
to-back in the azimuthal angle

* Any additional radiation will
cause the decorrelation
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Extend to more than 2 jets

* Measure N-jet properties
directly or indirectly

e At LO, 2 jets are produced back-
to-back in the azimuthal angle

* Any additional radiation will
cause the decorrelation

e 31 jet production (23 process)
restricts the phase space to
Adp>21/3
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Extend to more than 2 jets

* Jet multiplicity and p; in multijet
events (CMS, Submitted to EPJC)

* Double parton scattering in 4 jet
events (CMS, JHEP 01(2022) 177)

* Multijet event shapes (ATLAS, JHEP
01(2021) 188)

* Multijet event isotropies (ATLAS,
ATLAS-CONF-2022-056)

* Extraction of o, in transverse
energy-energy correlations (ATLAS,
ATLAS-CONF-2020-025)
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CMS 200 < py, <400 GeV 36.3fb" (13 TeV)

[NEW, CMS Submitted to EPIC ] 3 AR ORAN SRR AT,
Eim‘*
. . e 8103-

Jet multiplicity measurement =

path st I

* Multiplicity of p;>50 GeV jets i =
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* Also as a function of the azimuthal |
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-006/index.html

Jet p; distributions
in multijet events

* Both jet multiplicity and p;
distributions not well described
by LO generators

* NLO calculations describe
multiplicities and p; spectra
reasonably well

* PB-TMD together with NLO used
for the first time

Z. Hubacek: Multijet measurements
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[ CMS, JHEP 01 (2022) 177
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narton scattering

_ [pb/GeV]
2

do/dp
3,

3

|
MC/Data
'S

6 observables

(Ao =Ad34, Aprssfor
example) senstive to
a difference between
SPS and DPS

Template method to
extract DPS o and o
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http://dx.doi.org/10.1007/JHEP01(2022)177

DPS effective cross section
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o, Measurements

)

UA2 4jets (0.63 TeV)

Phys.Lett.B,268(1):145-154,1991

CDF 4jets (1.96 TeV) }

Phys.Rev.D,47:4857-4871,1993

ATLAS 4jets (7 TeV)

JHEP,11:110,2016

CMS 4jets (7 TeV)
Eur.Phys.J.,C76(3):155,2016.

CMS 4jets (13 TeV)
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Eve Nt S h ad p es Example: Transverse thrust — thrust axis

n, to which the projections of p; are
maximised, 0 <71, <1-2/m

* Family of observables which

characterize the event topology 2 |Pri n |
and/or energy flow in collider T =max—="— TL=1-1,
events i

* Thrust, thrust minor, sphericity, ..
aplanarity

ATLAS

* Energy-energy correlations,
event isotropies
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{ ATLAS, ATLAS-CONF-2020-025 ]

Transverse energy energy correlations

g L lATL,l\s Prlenmulwary l—-— D;ta (sltat ®|Syst an)'

* Transverse energy-weighted d F e D Qe
distribution of azimuthal = ¢ T B i)
differences between jet pairs i i

£ 1200 GeV < H,, < 1400 GeV :

* RGE predicts running of o - E'-.‘ antk, R = 0.4; p, >60 GeV: Inl <24 ]
deviation could be also a sign of Y ]
new coloured fermions 10_1? ""u. """

- LT - s ]

 Also testing parton shower - )
mOdE|S \ 10-2;_!!!|!!!.!!!.!!!,!!!.!!!,!H.!!!,!!!,!!!_;

> 1.2 ::

R e

-1 -08 -06 -04 -02 0 02 04 06 08 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-025/

ATEEC and o, extraction

B 1 V I 1 | I I 1 LI I 1 1 I I |
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| _ CMSM, , —
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— 1 \ \ " arXiv:1508.01579 arXiv:1304.7498 —
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— 2 l:‘.\h arXiv:1609.05331 arXiv:1904.05237 —
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— i N e arXiv:0911.2710 arXiv:1207.4957 -]
0. 1 — YE v ) T
: \r Z:‘ I3 ‘ ; [ :
- Y AT 7
0.08— 2 —]
[\ og(m)=0.1181£0.0011 (PDG 2018) ﬂ}; ]
0.06— o (m.) = 0.1195 **9%®* (ATEEC global fit) —
B | Z -0.0108 | _

; 102 10°

KR = 1T Q [GeV]

TEEC: @s(mz) = 0.1196 £ 0.0001 (stat.) + 0.0004 (syst.)*gjo, (scale) £ 0.0011 (PDF) = 0.0002 (NP),
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[ ATLAS, JHEP 01 (2021), 188 }

|II

“Classica

event shapes

- (3] ]
% 10% ATLAS ([ Syst uncert. —=Total uncert. g E«l:lf 1.2 . :E
1 1 P;':f Px,iPy.i B 10° o =3[x10%] Vs=13TeV, 139" 55 1 HiE4H I
Mx"‘" = = — ’ 2 ) mi®t—41x10'1 1.5<H.,<2.0TeV = £038
. . . 4 [ ] T2
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+ L E
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i l‘.!-.’c-i'iﬂ,v;v,m',: _ & © 1.5F
10_5 ; ea’“ 1
18_6 A QrEosa——— e
0 0102030405060.70809 1 0 0.102030405060.70.809 1
SJ. Sl

* Measurement of 6 event shapes also in bins of jet multiplicity and bins of H;,
* At low jet multiplicities, Pythia, Sherpa predict less isotropic events than in data

* At higher jet multiplicities, the description is improved while discrepancy in
normalisation is observed
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-02/

ATLAS-CONF-2022-056 ]

Event shapes as a geometrical problem

M M’
"N o_ - 15
| EMDg (&, &) {115-1}12%}; ;fu%,

* Event shapes together with other ) y Y |
concepts unified through a geometric DITETAND IR R V) VI 3 ) I
language JHEPO7 (2020) 006 0

* Energy (Earth) mover’s distance EMD &
= a measure of distance between two
probability distributions (Wasserstein Up‘?f )
metric) = minimal amount of work to E\\M)

rearrange one event € into another &°

Thrust can be thought as an EMD distance
to a manifold of all back-to-back events P55

BB
P
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https://link.springer.com/article/10.1007/JHEP07(2020)006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-056/

Novel event shapes — event isotropies

* EMD problem can be

3 different ‘U geometries considered

Solved u Sin g Optimal Geometry Energy Weight Ground Measure U
Transport methOdS Cylinder W;:yl = pTi/thot 9;:;;1 = # (y?j + ¢I2J) ﬂf\?l(lﬂ < ymax)
* Event isotropies — how far | | |
is a collider event &€ from a Ring ;™ =pri/proc 6 = 755 (1= cos dij) Uy*
symmetric radiation Rive (D ing _ ring _ _| ring
g (Dipole) w, * =pri/pricc 0;;° = —7 (1 —cos o) U
pattern U, 7=EMD(E,U) TS ’ i

Je[0,1]

* Completely isotropic ﬁ
events J=0 £

Z. Hubacek: Multijet measurements
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Event isotropies — Iﬁing

* Ny, 2 2, Hy, 2 500 GeV

* 3 isotropy observables binned in

N (2 2,3,4,5) and Hy, (2
500,1000,1500 GeV)

e Overall, the isotropic region is

best described by NLO MC

Z. Hubacek: Multijet measurements
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Well balanced dijets
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Event isotropies — [Ring

* Dynamic range — 6 orders of

magnitude

* Quality of modelling very
different from Iﬁing

(Powheg+Pythia/Herwig very

different from other MC)

* Herwig dipole predicts relatively

more dijet-like events than
angular ordered

Z. Hubacek: Multijet measurements
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Event isotropies — ICyl

=l TTT I T 1T I TTTT I TrTT1T I rTT1T ] TTrTrT I L I L I TTTT ] LI l; LI I T T T I L I T T 1T I LI I L ] LI I LI I T T 1T ] LI
—A TLAS Preliminary ® Data ™ Pythia 3 10° EATLAS Preliminary ® Data ¥ Pythia
102 E_Njets > 9 [J Powheg+Pythia i Powheg+Herwig — 103 Njets >5 0 Powheg+Pythia % Powheg+Herwig
= Sherpa (AHADIC) V Sherpa (Lund) = Sherpa (AHADIC)  V Sherpa (Lund)
- > = 2 >
— HT2 > 500 GeV + Herwig (Ang. ord.) £ Herwig (Dipole) - 10 HT2 2500 GeV + Herwig (Ang. ord.) £ Herwig (Dipole)
~ O s=, = 10 e
19 — ™) - s
3| = - 0 . S|z 1 . L ¥
T 1 . = 5,
—le = = e 10 #
1 B n Jet 10_2
107 2 = multiplicity 3
- % - 107 E 5 5
o _HIIIHH}IHIIHHIHH{HH{HHIHH{HHI!é.‘{_ o ;—H+H—H-\—¢—4—H-\—¢¢—H+¢+H-\+H4+FH-4-}—H—H-\+4—H+%-4—;
= = = = 1.2 I —]
o« 1-2:_ é 9 = o © - +4 g -
B I | S = $§+ ----- — B8 B S --gﬁr-- —
€O 0gE- ﬂﬁiﬁ R = cQ o 8 BHE NE
:| 11 1 I L1 1 1 | 11 11 | L1 11 I 1 1 1 | 11 1 1 I 1 I I I L1 1 | 11 1 1 I 1 1 l: 0.8 —I_I - I 11 | | ) I - |Vl 1l I | - | 11 1 1 | 1 1 1 I 1 1 1 L1 11 | I* I_l_
42‘ :l LU I T 1T l 11T I T 1T I LI I 11T I T I I T 1T ] LI 1: 42‘ | I LI | L ) | LI I LI | LI | LI I LI | LI | LI L -
o c - — Total Syst. == Stat. Unfoldmg — o = B — Total Syst. --- Stat. v Unfolding 7
>3 01 — > & [ i _
=t Vb - = MC Model JES+JER - Conditions I == 0.5 - = MC Model JES+JER Conditions
© _ = © .
© 8 C T ] © g e S TEBaR S0 I e T 500 08 DOD G0 5 60 G B R S 00 ST 7
(o= N0 % Db Gl & Db Celed QobobCel ol & BvbCel o] G Db Oer el 30§ e s - L ]
: T e Sy e
_0.1fForward dijet on one Evenlv booulated N — N
- side of the detector > y pop (v- cb)_ S i
=1 111 I L1 11 | 1 11 | L1 11 I L1 1 1 | 11 1 1 multllet event5| 1 | L1 1 1 _0 5 L1 1 i L1 1 1 i 111 i L1 1 1 i L1 1 1 i 11 1 i L1 11 I L1 1 1 | L1 1 1 | L1 1
0 o1 02 03 04 05 06 07 08 09 16‘I 0 01 02 03 04 05 06 07 08 09 161
1-1 1-1
Z. Hubacek: Multijet measurements Q@b @LHC2022, Orsay, France 20 O




summary

* Presented recent QCD multijet studies of ATLAS and CMS
collaborations

* Event shapes more complex than inclusive cross sections but allow
testing more features of QCD radiation

* Agreement between data and simulations best in balanced, dijet-like
systems and gets worse in more isotropic configurations



