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Outline

talk presents recent results on production of
* Jets

* isolated photons

ATLAS

EXPERIMENT

e top

e vector bosons

does not cover
*  multibosons
* heavyion

* Higgs

diffraction

ATLAS high mass central dijet event — M= 6.9 TeV
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Collisions
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* ATLAS and CMS:
precision tracking and muon identification in
central region
forward calorimetry - measurements of
electrons and jets for [n| <5
* LHCb:
coverage for n > 2 — excellent tracking
and particle identification
low p,, low mass triggers

- Complementary measurements

LHC 13 TeV Kinematics

EEm ATLAS/CMS
[ LHCb
[ CDF/DO
F— HERA

« 1 Fixed Target

precision QCD measurements

* standard candles

background for New Physics and Higgs
- important validation of ME+PS MC Generators
* sensitive to parton density functions (PDFs)

— constrain PDFs

* precision tests of pQCD
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Jets




What can we do with jets?

CMS Experiment at the LHC, CERN
'/ Data recorded: 2015-Sep-28 06:09:43.129280 GMT
== | Run/Event/LS: 257645/ 1610868539 / 1073

jets result from fragmentation of quarks and gluons in
a short-distance scattering process

are powerful probes of QCD:
* explore pQCD in brand new energy regions
* vyield information on structure of the proton
« probe and measure o

* access to dynamics of heavy flavors

* compare to NLO/NNLO predictions CMS multijet event: 12 jets with p.> 50 GeV,

and the mass of the system is 6.4 TeV

* tune Monte Carlo Generators http://cms.web.cern.ch/news

there is more than QCD:
* extensive test of the Standard Model: V+Jets, H+Jets, V+heavy flavors...
* jets are background for most of the searches
* beyond the Standard Model:
- dijet resonances
- monojet & dark matter
- new strongly produced states

- hadronic resonances
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http://cms.web.cern.ch/news/cms-presents-new-13tev-results-end-year-jamboree

Inclusive jets and dijets @ 13 TeV

p.(jet)>75 GeV, anti-k; R=0.4, modified Bayesian unfolding
double differential x-section: inclusive (p..y), di-jet (m,,Ay)
dominant syst. uncertainty: jet energy scale

compared to: NLOJet++ using CT14, MMHT, NNPDF3.0

overall good agreement for di-jets
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Inclusive jets @ 13 TeV

CMS: Eur. Phys. J. C 76 (2016) 451
jet)y>114 GeV i-k_R=0.4 and R=0.7 dz—g
p.(et)> GeV, anti-k,. R=0.4 and R=0. dp, dy

NLO predictions (NLOJet++) * R = 0.4 x-section overestimated

which are missing in fixed-order
calculations are more relevant for
smaller jet cone sizes

e R=0.7 71 pb™ (13 TeV) : SR:O'A' 71 pb™ (13 TeV) by about 5-10%
Sing T HiRaror s T w1 1 * R=0.7: better description
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Jet charge Q

Q: estimator for charge of parton initiating the jet
- momentum Weighted sum of charges

ZQ

PT Jet
K controls rel. weight of Iow and high p, particles

gluon initiated jets dominant at low p_,
quark initiated more at high p,— Q increases with p_

predictions tend to underestimate Q

CMS 19.7 " (8 TeV)
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19.7 fo' (8 TeV)

1.2
. CMS e Data
1= : — Gluon
= F "% --Upquark
= 0.8:— p, > 400 GeV '-: - Down quark
S C ml<1.5 "
S o6l :
= E = }
g 0.4[ down: -0.088 :
= [ gluon:0.013 i i
0.2F up: 0.0172-" .':
0: B b | pearr | ;';‘ e | R |
el = LR ol T 0 0. 5 1 1.5 2
Leading-jet Q**% [e]
5 020 e e ]
r - ATLAS + .
S ool 'S=8TeV, 20.3 fo" 1
(-_C) “F More Central Jet ~Pythia 8.175 AU2 CT10 |
*0—5 - A [} v &
= [ k=03 k=05 k=07 ]
0015 E . . i
(o) i ]
o L ; ]
q) = -
= 01 5
0.05 g
o ]
1 1 ‘ 1 ] 1 1 I 1 § I 1
0 500 1000 1500
Jet P, [GeV]

Confinement 2018, Maynooth, August 5, 2018 Katharina Mduller



Jet charge CMS JHEP 10 (2017) 131

: similar: ATLAS Phys. (2016) Rev. 052003 D93
unfolded jet charge, p,> 400 GeV (simi ys. (2016) Rev )

compared to (N)LO predictions
Powheg+Pythia8, Powheg+Herwig++ Z Q

PT ]et
* Q unaffected by NLO effects, ISR or MPI
* FSR narrows the distribution
* data slightly broader than predictions
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Strong coupling constant o

CMS JHEP 03 (2017) 156

p.(jet)>20GeV, |n[<4.7, anti-k, — R=0.4

from double-diff x-section at 8 TeV

theoretical comparison: CT10 NLO x NP x EW PDF (NP: non perturbative)
QCD fit - parton density functions and Qo

0, (M) =0.1164" 290 (exp) 525 NP5 scale ) =0.11640

—0.0043
gluon up down
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Di-jet azimuthal decorrelation and a, @ 8 TeV

ATLAS arXiv:1805.04691

a_ from cross-sections: affected by knowledge of PDFs and their Q dependence
- dependence on normalization group equations, used in PDF extraction

cross-section ratios: PDF uncertainty cancels to a large extend
— theoretical cleaner extraction of a_and its running

jet algorithm: anti-k, R=0.6
large enough to include soft and hard radiation, but avoiding underlying event

measure R(A®): fraction of di-jet events in which A® < Ad®

-
! ] A(D = 771:/8 ATLAS — NLO CD
Rap(HT, y", Apmax) =  1EF mars 6 | Vs=8Tev 3 o
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Di-jet azimuthal decorrelation @ 8 TeV ATLAS arXiv-1805.04691

a_ extracted from measurement of R(A@) with Ap__ =71/8, 0<y*<0.5and 0.5 <y* < 1.0.

as(mz) Total  Statistical Experimental Non-perturb. MMHT2014 / PDF set He.r

uncert. correlated corrections uncertainty | |variation
0.1127  *83 +(.5 +I.8 +0.3 0.6 779 53

-2.7 -1.7 —0.1 —.6 —0.0 -1.9
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|Isolated Photons



<)

|solated photons (plus jets) @ 13 TeV

CMS arXiv:1807.00782

dominant production process: qg — qy — constrain on gluon at medium x, x~0.1

isolated photons: background for many searches — important to understand production and

MC modeling

CMS: E(y) > 190 GeV, |y(Y)|< 2.5, BDT for separation of signal and backgrounds

agreement with NLO JETPHOX predictions within uncertainties
but large uncertainties due to missing higher order terms in pQCD

inclusive measurement

2.26 fb! (13 TeV)

Preliminar,
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photon plus jet (E.>30 GeV)

CMS Preliminary : ]
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NNLO predictions

NNLO calculations now available
Campbell, Ellis and Williams, Phys. Rev. Lett. 118 (2017) 222001 [arXiv:1612.04333]
Campbell, Rojo, Slade and Williams,EPJC 786 (2018) 470 [arXiv: 1802.03021]

ATLAS & TeV, 07| < 0.6

ATLAS 8 TeV, 0.6 < |n7| < 1.37
L | ' T T

.II I:l,l-nt.-:I - l__rl-: I! ’ D.altnl . T4 I
B NNPDF31 B ABMPIG B NNPDF31  EEE ABMPLG f—
L15 b o MMHTL4 B LI5S b o MMHT LS T
1.10 - — _
=1.06 b - i |
o
]
21.00 I b 8 - —
sodfiy
£0.55 - i S
0.90 = - lfe
085 - — 0.85 - Ll —
iz ) PR I . . [ B s ) AR | 1 . . I B
100 200 500 &00 1300 100 200 500 A00 1000
E} [Ge"u-"] E; [Ge"u"]

— theory uncertainties reduced by a factor 2

- new opportunities for precision QCD and inclusion of photon data into PDF fits
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Isolated photons plus jets @ 13 TeV ATLAS Phys. Lett. B 780 (2018) 578

two contributions to cross-section: direct and fragmentation

cross-section as function of 6* — insight into relative
contributions of direct vs fragmentation components, and
testing of dominance of t-channel quark exchange

r— 3 T T T T T T T T
Ie 10 = | ]
2 - ATLAS - direct: fragmentation:
¥~  Vs=13TeV,3.2fb" 1  (1-|cose*))? (1-|cosB*[)2
D I eData |
8 LO QCD (JETPHOX)
o 102 direct(x2) '_
0 - fragmentation (x23) v @ 1 shape agrees better with direct
'8 U bl S 1 contribution

I ° ° o | - in agreement with expectation of

O | process with quark exchange

g0 o m'7* > 450 GeV -
- pp — Y+ jet + X mY_l_yJetl <237 .
1 1 1 I | 1 1 | | 1 1 I
0 O 2 0.4 0.6 0.8
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Data/MC

sensitive to heavy quark content of proton,

Photon plus b/c @ 8 TeV

test of HF modeling in MC generators

tagger dlscrlmlnant distribution
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HF yield extracted from a template fit to

ATLAS
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T T
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MV1c b-jet efficiency

the distribution of the discriminant

LO and NLO give a good description
5F scheme better agreement than 4F at high E_

[pb/GeV]

Y
T

do/dE

P S N -
= EC e ey

predictions with intrinsic charm (BHPS1/2) higher

at high E._
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Top quarks



dominated by gluon fusion:

Top production @ LHC

g "ouvv0U0)

ATLAS STDM-2014-09
CDF note 11180

qa/gg = 10% / 90% at LHC > < .
7 0000000 /—e— ¢

rich phenomenology — test of SM predictions, sensitivity to PDF, a_, m,
background for many searches (SUSY, ttH,

)

but: calculations are challenging: NNLO/NNLL corrections important

3‘ | | 1 1 | I 1 I I 1 1 I I 1 1 1 I 1 1 1 I 1 1 1
[~ v Tevatron combined 1.96 TeV (L < 8.8 fb’ ) i =
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O 103_—. CMSepsTeV (L= 197fb‘t)) =
() [~ v LHCcombinedep8TeV (L= 5 3-20.3fb™ LHCtopWG =
)] — m ATLASen 13 TeV (L =32fb") -
n ~ v CMSeul13TeV(L=22fb") -
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
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final states: di-lepton,
fully hadronic (6 jets),
lepton+jets
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Forward top pair production @ 13 TeV LHCb arXiv: 1803.05188

MCFM-6.6, pp — ff, /s = 14 TeV
IIIIIII|IIII|IIII TTTT T

forward: enhanced qqg-bar contribution 2001 ' JHEP'(')'Z'('Z'djr; RERgCRER R
— larger charge asymmetry © 05F m=173.25CeV |
~ better sensitivity to New Physics s F o |
— N L)
sensitive to PDF at large and low x Qo4F 2% lagl I
previously measured at 7+ 8 TeV g 03k — SOAR uncertainty |
13 TeV 10 times higher x-section o f ~ LHCb |
02F |
ueb channel: e N
isolated prompt y,e, one b-jet 0.1¢
b-tagging: secondary vertex in jet oFtiinci e -
p, (I) > 20 GeV and p_ (jet) > 20 GeV 4 3 2 -1 0 1 2 3 4 .
AR(1,J) > 0.5, AR(u,e) > 0.1 P
- S8 T T [EEEE I SRR E
& 16F LHCb, Vs =13 TeV 3
” o 14F ——dam 3
B 12 . E
) 2 10F we o
antiproton E 8:— - Z+Jets E
5 L% 6F EQcD
4E
- 44 candidates, 86% purity 2E =
main background QCD multijets 0Ot

100 200 300
M(euwd) [GeV]
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First observation of forward top @ 13 TeV LHCD arXiv: 1803.05188

o(tt)=126+19(stat) =15(syst)+5 (lumi )fb

20% precision, compatible with the SM within 20

dominating systematic uncertainty: jet tagging: 10%

LHCb syst. uncertainties
Vs =13 TeV H-o—+ Source %
B8 data H-OH trigger 2.0
H-O-|_|I o aPI\O/I\(Aj/(}@IiSO 5;) I(I)O ) 15I0 2(I)0 I’I;.uon trac};ié:(g. 1'1
By o(pp— ti—uebX) [fb] e ectro'n tracking 2.8
extrapolated to top muon id 0.8
quark level (_alectron id ' 1.3
o jet reconstruction 1.6
2.0 <y(t) <5.0, HOH . .
— P jet tagging 10.0
pT(t) > 10 GeV . . 1 . selection 4.0
5000 10000 15000 20000
o (op—i7) [fb] background 5.1
acceptance 0.5
total 12.7

LHCDb upgrade: measurement not statistically dominated
— very promising channel for tt-bar studies
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(O] [ Fiducial phase-space PWG+PY6 hyypyp=m, i
U._. 107" = (s=13 TeV, 3.2 [ — - PWG+PY8 hdamp=1.5 m, -
£ = Eltictecclisivet == 1l 0 PWG+H7 hy,mp=1.5 m n =
~_8_ B Eluevbnaanhbl fEENIE RUS S T RN aMC@NLO+PYS ([m? + p2) ]
= 10-2 = Sherpa 2.2.1 =
0" E Stat. unc. E
o L Stat.+Syst. unc. |
=107 —=
2) 0 = =|
= E =
105 5
107° E e ——— ma—— ""é
=i | | I TS .

= E T T 1 ==t —=
% © LE R e e © LT VT AT IS L LR VATE AR SO v TR b
5|3 = =
ge 1 =5
o = =
0‘5 et ] ] | | & =
5| 1.5 L— ' ! It =
=| = e T e R N
Ol ~ = I =1
25 R .
o = =
0.5 i il o W ALl GO
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top reconstructed in lepton plus jets channel

sensitive to gluon radiation

study 4,5 and 6 jets samples separately

p,(t,had) with 4 jets

ATLAS .

I T e T | A

| TR SRe R

p‘T*had [GeV]

i [GeV']

P
3

tt

=102

1/c.-do_/d

107

e
N

Data

Prediction

- O
N

Data

Prediction

o
®

Differential tt-bar +jets @ 13 TeV

p(tt-bar) with 6 jets

ATLAS arXiv:1802.06572

ATLAS e Data

T IIIIII|

Fiducial phase-space

{s=13TeV, 3.2 fb" — - PWG+PY8h

o

©
o
5
o
c
]
<
®

Sherpa 2.2.1

|7 IIIIII|

PWGH+PY h,, =m,

\damp
----- PWG+H7 h,,_=1.5m

damp’ —
—tm aMC@NLO-+PY8 ([ + p2)

[ IIIIIIr

=1.5m,

measurements have potential to further constrain the models:
p,(t,had) with 4 jets underestimated at high p_(t,had)

p,(tt-bar) disfavours some models

Katharina Miller

Stat. unc.
il Stat.+Syst. unc. ]
— P— H
B el . : e .;
1 + + et
...................... 'I'""""""" -“-".5 _:
t —t 1
;_.. ................... e I —— E
G — T ]
e = e I =
n L L 1 L L
20 30 4050 100 200 300
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Underlying event in tt-bar @ 13 TeV

CMS arXiv 1807.02810

underlying event (UE): partons not participating in hard scattering process, multiple parton

interactions, gluon radiation

electron, muon + 2b-jets - first measurement of UE properties at Q up to 2m,

various variables investigated (N, p,, sphericity, ..

« UE event: typically 20 charged particles, average p, and p, about 2 GeV

* Powheg+Pythia gives a good description

.), various event categories

* models with MPI switched off and default Sherpa (0), Herwig (4,¥) configuration disfavoured

* no dependence on ME (Powheg or Madgraph5aMC@NLO)
CMS

35.9fb” (13 TeV)

2 Sk CMS ry B\?\EPYB
ES 4 ISRup
= i v ISR down
© FSR up
< 0.06 FSR down
T 4 UEup
v UE down
0.04
0.02
0 [ e I = I s l{O||t|| |lltl
0 20 40 60 80 100 120
Nch
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Theory/Data  Theory/Data

Theory/Data

1.5

—_

—_

35.9fb" (13 TeV)

OV'

W‘?*{“\%\\ AR

v

SUNNNSNNN NN NN N SN NN NN SN NNNY

V .V ny
WJO.V o \\\\b\\\\\\\\\‘9\\\\\\\\\\\\\\\\\\\\\\\\

v

20 40

Katharina Miller

60

80

100

120

N

ch

- < ébelol <> o)

-

Powheg
PW+PY8 -
ISR up
ISR down
FSR up
FSR down
UE up
UE down

no MPI

no CR

QCD based
Gluon move
ERD on
Rope

Rope (no CR)

Sherpa Madgraph
MG5_aMC -l
PW+HW++

PW+HW7
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Forward Z - bb-bar @ 8 TeV

LHCb: Phys. Lett. B776 (2017) 430-439

* standard candle of the SM: background for many new physics processes, Hbb
* first measurement in forward region ever made!
* challenging measurement, huge QCD background - MVA for separation

« 2 b-tagged jets, p.>20 GeV and 45 <m < 165 GeV ; Ap(bb)<2.5

no correction for radiation

* simultaneous fit to dijet mass in signal and control regions _ _
outside the jet cone and

signal region control region missing energy
10 x10°
O 12FT T I O 20T - 1 9 < 1 1 1
% [ ] % sk 4 E E I LHCb 8 TeV ]
&) ok ; &) {1 7600 - Signal Region 1
) - | . vy 16 = :; -—Z
~ |/ LHCb 8 TeV ~ [ LHCb 8 TeV 1 < ~+ Data :
o gl Signal Region 1 oo 14F Control Region 3  £400[ 5 Total uncertainty |
~ [ | ~ 12F 41 = .
O 6 Bz i o 10F K ] %200_—
5 B [Daco | 2k Daco 1 &1
S a4 —+— Data 1 = —— Data ] ol
= L . = 6fp ] y
3 L < ] N
@) ) L N O 4 = - i ]
: : N - { =] :
ol— v, D e oEL— v B e S| I I S B
50 100 150 50 100 150 50 100 150
Dijet Mass [GeV] Dijet Mass [GeV] Dijet Mass [GeV]

o(pp>Z)B(Z-bb)=332=+46(stat )=50(syst ) pb
o(pp~>Z)B(Z->bb)=272",(scale)+5(PDF)pb(aMC@NLO )
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— +7-
Forward Z-T*T @ 8 TeV LHCb: arXiv:1806.05008

* probe of high energy tau reconstruction at LHCb

* reconstruction in leptonic (electron, muon) or hadronic (one or three) final state
7 streams: ee, Uy, ey, ph ,uh,, eh , eh,

* main backgrounds: data driven techniques

* signal yield: data — expected background

uh, channel MU channel
o 1 o T T 3 2~ 500 T
L 250 LHCb(s=8TevV ] &
> il . —e- Data 1 =
S 200 & wZzoTr 5 400
- ! W Z-I7] 1 »
< Y 1 < 300
i Vi _' —
§ 150 +~— Other ] §
= 1 <
= 100 H 5 200
o . o)
< . o]
o 50 — O 100 \‘
7] \\\ T
] i\“/// “
0 0 r////// A
20 40 60 80 100 120 20 40 60 80 100 120
m(T,Ty) [GeV/c?] m(7,7,) [GeV/c?]
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— +-
Z-T"T @ 8 TeV LHCb: arXiv:1806.05008

fiducial region: 2.0<n(Tt)<4.5, pT(T1)>20 GeV, 60<M(TT)<120 GeV

measurements agree with each other, compatible with NNLO predictions

A 7,7,

7 — 7,7

Z = 1,7, }
Z = 1.7, |
Z > 1.7,
Z =TT, i

Z— 1,7,

T

. Stat. unc.
|:| Tot. unc.

LHCDb measurements

Z > 1T
Z > up
Z — ee
ABM12
CT10
CT14
HERAIS5
MMHT14
MSTWO08
NNPDF30

60 70 80

LHCb, Vs =8 TeV, 2 fb"
l=e U, 7

pfr > 20 GeV/e

20<1 <45

60 < M, < 120 GeV/c?

I | 1 1 1 | | 1 1 | | 1 | | | I

100 110 120 130
o(pp — Z) [pb]

PDF predictions
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Z+jets @ 13 TeV

ATLAS: Eur. Phys. J. C (2017) 77:361

high cm energy allows production of a large number of jets, background for tt-bar, Higgs, ...
main background at large jet multiplicities: tt-bar and diboson

0 8 [ | I | | I | | ; S‘ 102 R e e e o e ) o o e N i e e e e g e e e e g e
c 10 ziy*(> p'w) +jets —e— Data E S - ATLAS /Z;}(*(;tm +21jet 3
MC Stat. ® Syst. Unc. = = %, Data E
W 407 ATLAS ) Z->ee SHERPAR.2  _ ﬁ 13TeV, 3.16 fb = Z+>1jotN_ NNLO 3
13 TeV, 3.16 b’ I Diboson 5 - 1w <. B BLACKHAT + SHERPA -
I Top quark " BeT E " s, A SHERPA 22 =
106 [ Multijet - 2 {0! By "V ALPGEN + PY6
I Z— tt, Wo v E 3 .y e W v MG5_aMC + P8 CKKWL
§ 2 L P e MG5_aMC+PY8 FxFx
10° ~ 107 By o Ly - =
anti-k, R=0.4 3 R o =
4 pIet>3O GeV _| 10 *wg T3, gl & ol =
10 = LY /ets = P
"Wl<2s 3 104k P i gl AR tgnans
103 = _SE 2/7’*+g4. e - =
B E 10 'l. /jst/sl X70‘3 7 '/ 7
102 10-6 //'/////l///
E anti-k, jets, R=04 P 3
| o gl
i , : : : , : - 10-7_ pJe‘>3OGev|y <25 =
(QU . + SHERPA 22 _A_—*— 1 5 :I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I : I:
—A— S 15z 21 et v
= S, S —h— A ¥ = B¢ v +21] 13 i i ﬁ , %
o o
o —¥— MG5_aMC+PY8 CKKWL B E 4
a 0.5 : : ' ' ' ' - & 05y e
>0 >1 >2 >3 >4 >5 >6 >7 bk s mmaay et BE o ] e
N g E Z/v* + ZJets i i v :
s jets = 1 L e
reasonable description by NNLO and NLO S . . | . '
pred ictions 100 200 - 800480+ - 500 600 < 700

jet leadi i GeV
MC generators: LO (MG5_aMC+PY8 CKKWL) p; (leading jet) [GeV]

predicts too hard p_ distribution
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Z+jets @ 13 TeV

CMS: arXiv:1804.05252

measurement of the transverse momentum balance between Z and the jets, sensitive to
soft gluon radiation

multiparton predictions: N >0 N >1
) jet jet

y NLO: gOOd < 2.19 fb™ (13 TeV) | 7% Measurement = 2.19 fb™ (13 TeV) | 7% Measurement
° LO Softer dIStrlbUtlon 8 5 CMS —e— MG5_aMC + PY8 (< 2j NLO + PS) 8 E CMS —e— MG5_aMC + PY8 (< 2j NLO + PS)

35_ ; il —B— MG5_aMC + PY8 (< 4 LO + PS) 35_ 15 —B— MG5_aMC + PY8 (< 4 LO + PS)
N N LO CorreCtlonS Im portant Q_'_ E"‘é-"_'S'_‘ —— GE + PY8 (NNLL' +NNLO,) Q'_ ?Q-'—.Q:_X_ —— GE + PY8 (NNLL' +NNLO,)

B i g oL e

b o] e o = et
* Geneva: NNLO Z prod. : = _ - =

. B - R
+NNLL resummation 10" e i -
E —R— 1072§_ X
fails to describe distribution e e —— E o @0 e e
102 pf >30GeV,ly |<24 = Py >30GeV,ly |<24 —— X —

f N 1 E ZIy* = €€, Nigs 2 1 L 107 3 ZIy* - €€, Nigs > 2 Rl
or N> {4 Mo Moot oo 145 o sl rroa e

S|E 12 S|E 12

3 ] o e e . S 2 N2 r R mva r 7a PHVD oo T2 (44 {42

NLO 2e o8 2g 08
0.6

Stat unc.

LO

U ]
Prediction

Measurement Measurement
(=)
o
|III|I I|I|I|I

Prediction

Measurement Measurement
_.
'S

o
o)

[}
[u]
[m}

o
@
T
[m]
[m]
a
o

=
o
R ULUL

Stat| @ theo unc. Stat| @ theo unc.

[rror NI I)l<l | B lIIIIIlII II|III|I I|I|I|I

5 . 1.554
Geneva ff * : 52
B|e - VI 090 $ 9999499 B|® 4 CLLL LLLLLLLL, ¥ ¢/, q
EE 1 g g 4 V7RG 777787777 /77 A7 33 77227 7777777, 7 %7
alg X o al§ [
= > = F -
0.5 0.5 X 2
r C X X X X X
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
p:a‘ [GeV] p:f’” [GeV]
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Z+di-jets @ 13 TeV

ATLAS: Phys. Lett. B 775 (2017) 206

q q q
production mechanism: QCD: electroweak:
A 6_7 ,u‘_ W+ 7 € l’L_
abundant rare :
EW et,ut w et,ut
jets: large E, large n-separation g y
.. q
large di-jet mass
. —@— Data (QCD+EW) 13 TeV %%/ SHERPA 2.2 (QCD-Zjj) + POWHEG (EW-Zjj)
no CO|OUI’ connection between prOtonS —6— Data (EWonly) 13TevV N\ MG5_aMC (QCD-Zjj) + POWHEG (EW-Zjj)
N i n/i i —A— Data (QCD+EW) 8 TeV  #888% ALPGEN (QCD-Zjj) + POWHEG (EW-Zjj)
less hadronic activity (veto on jets) i R e
BHIHE POWHEG+PYTHIAS (QCD+EW Zjj)
> ! ' ' a - : : ] 0 : 7
S 1o ATHAS M ST e B 4
P s=13TeVv,3.2fp" [ EW-Zj (Powrec) LS = b | e ; ; E
£ 10% = Zjj EW-enriched region = S‘CbD-ij (SHERPA 2.2) C - : — : : : ]
) iboson 3 : % AN : :
Lﬁ 10 Top quark 1 O 'E_ {“‘ i : s : _§'
%/// Data Stat. ® Syst. E : : e : .//A% : 3
; 107 I Ve S T
Vs=13TeV,32fb" ! d :
102 {0 Vs=8TeV,203fb" ! : : :
10_3 Baseline High P; EW—enriihed QCD-enriched Hi%gn}z\s/s E J‘>1n;|;:\51ed
o 15 N 2N
% 3 [ ALPGEN +MG5_aMC ' z CDU A é\\
o 2 — = DN
S 5 =
LE) : | 1 % //%4‘ 8 e
Og 1000 2000 3000 4000 = 0.5 : : : : : —
Dijet invariant mass [GeV] Fiducial region

, . , _ EW Zil x-secti
EW Zjj x-section extracted in EW enriched sample ] x-section

high di-jet mass (M>1 TeV): Sherpa+PH, MG+PH overestimate x-section
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Z+di-jets @ 13 TeV

CMS: arXiv:1712.09814 (accepted by EPJC)

EW contribution from fit to BDT with 6 discriminating variables (event and jet properties)

359fb 13TeV) 359fb 13TeV) 359fb (13 TeV)
o i | | | B | s e i B B I : | BEE JEE o I [ B ] | 3E BE HE | HELEEL B | > 1 .1_ T |' L | L LR él | B | | T é il
— . <[ CMS Dielectron | 108E cms Dielectron | o - Dilepton DT > 0.92 MS
S 1 O —+- Data 3 5 E —+- Data E G_) 1:
mw ] E v =g 1T F
ﬂ 1 04 I Top quark - 1 O E I Top quark 3 E 0.9 i s
[ Z +jets 3 F Z +jets [} I
() WeEwz A 04 E v zj o C
> 103 —EWZj - F —EWZj 1 & o0s8F 5
LLl { Y MC stat. unc. E 1 03 L Y MC stat. unc. . G>) B p o
‘ E = o E |
107 071 E
| 102 (‘5‘5 -
10} 10 0.6 jedl
1 3 1 0.5 i_ ) Data _i
= ‘ E DY (MG5_aMC NLO + Pythia8) il
0.4 I Q4FT T T T[T T T T[T T T T ™ 3 r "] DY + EWK Zj (MG5_aMC LO + Pythia8) _]
%) 0% . K MRfcaIe LVJ-p/down o_g z u u scale p/down TP ?a‘?m @\\&\\\\ 0.4E [ DY + EWK Zj (MG5_aMC LO + Herwig) E
% 83 - JESI L1p‘/d0\Ier1 Lol :gi JES up/d?wn L. -+_| | | \\ 1 et Il R R War ] i O . B T i e Tl
ml SE iy s ey e e ot 0 50 100 150 200 250 300
BDT' Third jet P, (GeV)

signal established — study event activity in EW enhanced region (BDT>0.92)
— Data disfavours background only prediction

o(EW )=552+19 (stat)+55 (syst ) fb
SM prediction ( LO) o(EW )=543 +24fb

ATLAS-CMS results cannot be directly compared because of different phase space

Confinement 2018, Maynooth, August 5, 2018 Katharina Muller 31



Z+c-jets @ 8 TeV

CMS: Eur. Phys. J.C. (2018) 78:287

first measurement of Z plus c-jets in central region (plus ratios to Z+b jets)

Events/2.5 GeV

1500
1000
500

0

sensitivity to intrinsic charm

p.(1)>20 GeV, [n()|<2.71,71<m <111 GeV, p.(jet)>25 GeV, |n(jet)| < 2.5

HF selection in three modes:

semileptonic

CMS 19.7 fb™ (8 TeV)

| Semileptonic channel e Data

B zc
Bz
I Z+light
B top
] wv

Z —ete”

0 5 10
Muon-inside-a-jet p_ [GeV]

15 20 25

Events/0.0125 GeV

Di

CMS

19.7 fb™ (8 TeV)

100

P7

200

7

r x oot
3000 D" - K'n'n

Z—e'e

1.87

® Data
B zc
Bz
W Z+light
B top

] vv

1.97

m(K*rnt) [GeV]

Events/0.02 GeV

D*
CMs

19.7 fb™ (8 TeV)

D*— D° n*
Z—ete”

200

I

150

100}

9.91

data driven techniques to control modelling and tagging efficiency
c-jets: W+c events, b-jets: tt-bar events

oo
m(K'n*nt) [GeV]

® Data
B zc
Bz
W Z+light
B top

] vv

2.1
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extraction of Z+c and Z+b yields from template fits to
* corrected secondary vertex mass (semileptonic)

Nve

vertex

Mﬂ!r.l’

verbex

Z+c-jets @ 8 TeV

* probability that tracks come from

primary vertex (D*, D* modes)

do(Z+c)/dp,
CcMS 19.7 fo" (8 TeV)
§0.15 IC ® Data
= I O MADGRAPH
= L 0 MG5_aMC
= L A MCFM (MSTWO08)
) L o & MCFM (CT10)
N 7 MCFM (NNPDF3IC)
— 0.1
m L A% —+}— Stat. uncertainty
NQ_'_ L Total uncertainty
=] éi
=
3) |
10.05
[ 4
S L
i =2
L 4
0 L PO RESrES S EnErEal (1SS e
0 50 100 150 200
p% [GeV]
CMS 19.7 fo™ (8 TeV)
T 04
Qo L ® Data
— O MADGRAPH
— E O MG5_aMC
= 03 A MCFM (MSTW08)
it & MCFM (CT10)
N ] v MCFM (NNPDF3IC)
m [ —}— Stat. uncertainty
_‘QQ;-O.Z -_ Total uncertainty
> |4
SF e
N o1 J%;.
b L
© L
0 -‘ | S s | ‘H‘n.LVVI i
50 100 150
pr [GeV]
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T

i]/[dG(Z+b)/dp

[do(Z+c)/dp

'et]

jet j
. ]/[d<5(2+b)/dpT

[do(Z+c)/dp

4 -

—+}— Stat. uncertainty
Total uncertainty

e N
100
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CMS: Eur. Phys. J.C. (2018) 78:287

CMS 19.7 fb" (8 TeV)
% 800_
Q) : Semileptonic channel
To) g L
b PR ertex SIN7 8+ Puertex SN 6, S 600 Z—e'e
%) L
c i ¢ Data
2 i l Z+c
L B Z+b
do(zZ+c)/dp,/do(Z+b)/dp. 400
CcMS 19.7 o (8 TeV)
£ MCFM (CT10)
v MCFM (NNPDF3IC)
3 :
N v &, 0 > i . i

Secondary-vertex mass [GeV]

Comparison with predictions:

gF = 150

P [GeV]

i LO (1) and NLO (0) Madgraph: good
CMs 19.7 fo™ (8 TeV) . g . . .
i MCFM (incl. corrections for hadronisation) is
L O MADGRAPH . .
- R too low: missing PS and non pert. effects
L £ MCFM (CT10)
:+ v MCFM (NNPDF3IC)
5 = sensitivity to intrinsic charm v at
5% =, high p.(Z, jet) mostly through ratio to Z+b

n- — experimental uncertainties too large

50700150 200
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Conclusions

the LHC experiments allow for extensive tests of QCD

many standard candle measurements - important for Higgs physics and searches
beyond the SM

Measurements sensitive to structure of the protons and o,

measurements of multiple final states
— explore regions of phase space where current theory still struggles to match data

systematic exploration of final states with several beam energies
— may improve our understanding of QCD

CMS Experiment at the LHC, CERN
Data recorded: 2015-Jun-03 08:48:32.279552 GMT
Run / Event / LS: 246908 / 77874559 / 86
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Kinematic range

1
2 2 A 2
o(x, Q) =2 [ dxdx,f,(x Q)f,(x,Q)x  5(x,x,Q')
hadronicx—sec. 7 © PDFs2—8% ~ partonic x —s~~ - NMTN 10~

LHC 13 TeV Kinematics

1ot [| ATLAS/CMS
. . 1 LHb
® X-section measurements and ratios /[ =3 COF/DO

sensitive to parton density functions (PDFs) = EE:TEW

*  measurements used to constrain PDFs
— important for e.g. searches

* LHC, HERA, Tevatron and F
fixed target data: wide range in x-Q? plane < m’;

*  precision tests of pQCD 'k

* Dbackground for new physics and Higgs 10
— important validation of ME+PS MC Generators ol
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Z+b-jets @ 8 TeV

CMS: Eur. Phys. J.C. (2017) 77:751

-
o

1 (%)

©

1/ [do(Z+) / dp’

b
T
4>

[do(Z+b) / dp

15F

05F

Theory / Data

05F

1.5

0.5

two categories: Z plus >0 and >1 b tagged jets
b jets p,> 30 GeV, |n| <2.5, Z+b unfolded to particle level

several differential cross sections:

angles, p,, H,, bbZ and bZ system explored
compared to NLO predictions by MadGraph and Powheg, 4F and 5F schemes tested

fraction of Z+b-jet vs p.
CMS 19.8 fb™ (8 TeV)

15 E

—#A— Data

=5 MadGraph 5FS + Pythia6
MadGraph 4FS + Pythiaé

Z/y*(— ll) + at least 1 b jet
[ anti-k; (R=0.5)jets
P> 30 GeV, ™| <24

MadGraph-aMC@NLO + Pythia8

T ——— [ Powheg MINLO + Pythia8
e —
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* 4F scheme fails to describe fraction of b-jet events vs pT, 20% low in normalisation
* Z plus 2 b-jets in general well described
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Z — bb-bar: Jet tagging LHCb JINST 10 (2015) P06013

b, ¢ tagging with secondary vertex in jet cone
two BDTs to separate

1) heavy from light jets (bc|udgs)

2) bottom from charm jets (b|c)

D+jet sample: enriched in b- and c-jets

2 [ LHCbd g g
= B dla | ] L R~ g
A sk = =
jaal L = =]
C S goool 5
o r
L 4[]!](]_
051 2000}
Initial {no-tagging) sample: r
L 70% Ii{_;]h'lI parton, 22?»& charm, E‘F-’o beauty. i
s 0 Tos 9 . 0.5 l :
BDT(becludsg) BDT(bcludsg) BDT(ble)
powerful heavy jet tagging ATLAS & CMS:
jets with 20 GeV < p, <100 GeV : several taggers based on tracks, muon, SV
» efficiency of b-jet tagging ~ 65% using MVA and NN
« efficiency of c-jet tagging ~ 20%
* misidentification of a light-jet ~ 0.3% CERN-CMS-DP-2017-005, CMS-PAS-BTV-15-001
performance validated in data ATL-PHYS-PUB-2017-013, ATLAS-FTAG-2017-003
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Differential tt-bar @ 13 TeV

lepton + jets channel: absolute and normalised cross sections

particle level (fiducial phase space), parton level (full phase space)

compared to several SM predictions

CMS PRD 97, 112003 (2018)

* reasonable description of kinematic variables of the top quarks and the tt-bar system

* no prediction describes all the measured distributions

« largest deviation p_(t): softer than predicted
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Underlying event in tt-bar @ 13 TeV

sphericity for different event categories

UE is anisotropic (S<1)
no extra jet: UE more isotropic
MPI contribution is crucial

sensitivity to colour reconnection
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Strong coupling constant Qq, ATLAS Eur. Phys. J. 77 (2017) 872

pT(jet)>1OOGeV, In|<2.5, anti k. — R=0.4

energy-energy correlations and their associated asymmetries in multi-jet even
bins of the scalar sum of the transverse momenta of the two leading jets
unfolded distributions fitted to NLO calculations

a = 0.1162 + 0.0011(exp.) + 0.0084 -0.0070(th.)
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Experiment |cm energy integrated luminosity
[TeV] [fb1]
7 6
ATLAS, CMS 8 22
13 4
7 0.005
ALICE 8 0.01
13 0.007
7 1.0
LHCb 8 2.0
13 0.3
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