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&) W or Z plus Jets at ATLAS and CMS

EXPERIMENT
!
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 Dominated by QCD interaction — abundant
production
- - e
« Measurement is test of perturbative QCD (pQCD) 0
* Sensitive to PDFs models s |
« Large background to BSM and Higgs searches
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A@ Z or W plus Jets: Recent Results

EXPERIMENT
!

Recent Run Il results discussed in this presentation:

« ATLAS Z + jets at 13 TeV, ATLAS-CONF-2016-046 (2016) — Today for 1°' time!
e CMSZ+ jets at 13 TeV, SMP-15-010 (2015)
e CMSW + jets at 13 TeV, SMP-16-005 (2016) — Today for 1° time!

Recent Run I results discussed in this presentation:

.« CMS W + jets 8 TeV, SMP-14-023 (2016)
. ATLAS W + jets 7 TeV, EPJC(2015) 75:82 (2015)

« ATLAS W + jets 8 TeV W boson angular distributions in event with high-p;
jets, STDM-2015-16 (2016) —> Today for 1* time!

« CMS W + b-jets 8 TeV, SMP-14-020 (2016)
« CMS Z + b-jets 8 TeV, SMP-14-010 (2015)
« CMS Z + c-jets 8 TeV, SMP-15-009 (2016) — Today for 1 time!

A complete set of V+jets SM measurements is available at:
 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
 http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
 http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP/index.html
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-14-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-046/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-005/index.html

Step 1: Detector Level Analysis

Selection of W(e/u+v) or Z(ee/pu) candidates:

« Single lepton triggers used for online selection
« Reconstruction of isolated charged leptons of p. > 20 or 25 GeV in detector acceptance

> Electronup to |n| = 2.4 CMS, |n|=2.47 ATLAS
> Muon up to [n| = 2.4 CMS and ATLAS
miss

« In W analyses: identify escaping neutrino using missing transverse energy: ET

Reconstruct and select jets: E.g. n-jets for data, signal, backgrounds:

- Anti-k; AR = 0.4 CMS and ATLAS (=0.5CMS Run l) 24l ] Lo T " o = 4

+ Typical jet p; > 25 or 30 GeV’ i e St ]

» Acceptance up to |y|<2.5 ATLAS, |n| = 2.4 CMS 106%; : %ﬁt?ﬁh ¥ E

- Up to |y| = 4.4 in several ATLAS Run | analyses 10°¢ . R i

« Heavy-Flavor (HF) jets selected in specific analyses 10§ Be g e

»Analysis of long-living HF-hadrons within jets 10° —

~Information combined using light-to-HF-jets MVA 102? —
9 light-to-HF U

: : (1%L IS, 1.5F I-.-ALPGIIEN+PY6 I I : ot

Extract signal as function of “x & - BN —

° Slgnal (X)= Data (X) _ BaCkgroundS (X) DGL-J 0.5 —¥— MG5_aMC+PY8 CKKWL  —A- SHERPA 2.1 | o

T R N T R R Y
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Step 2: Unfolding, Comparison with Predictions

* Define fiducial volume of the measurement in phase space
similar to experimental acceptance

» Use signal MC to remove detector effects (efficiencies,
resolution, scales) on background subtracted data

« Compare unfolded data to available MC simulations or to

fixed-order calculations (after correction for non-perturbative

effects as fragmentation, underling event, etc.)

Type of Prediction MCs & Calculations “label”

multi-partons (Np) LO ME+PS Sherpa 1.X (up to Np = 4)
Madgraph5 (up to Np = 4)
ALPGEN (up to Np = 5)
multi-parton (Np) NLO and LO ME+PS Madgraph5 aMC@NLO (NLO up to Np = 2)
Sherpa 2.X (NLO up to Np = 2)

Powheg (NLO Np = 1)

Fixed order NLO calculation BlackHat + Sherpa (NLO up to Np = 5)
Approximate NNLO LoopSim (approx. NNLO for W+>=1jets)
HEJ (approx. to all orders for W+>=2 jets)

Fixed order NNLO calculation N-Jettiness (full NNLO QCD)

V+Jets at LHC, ICHEP 2016 F. Sforza (CERN)

E.qg. n-jets reco-vs-particle jets:
2 | | \ \ \ \ \
Z'd‘) 8|~ ATLAS Simulation Preliminary
T>J 7 |- Migration matrix
<o ALPGEN + PY6
% 6 | ZiyH(> e'e) +jets L]
= 5F1\s=13TeV ‘ }
S |
i i
3 [
-
- 1l
0 - | \ | | | | | L 0
0o - 1 2 3-4 5 6 7 8

Detector level N.

jets

Usage & Notes

Wide usage in ATLAS Run | analyses
Wide usage in CMS Run | analyses

Run | (and Run Il) “workhorse”

“Standard” in many Run Il CMS analyses
“Standard” in many Run Il ATLAS analyses

Tested in Run | by CMS
Tested in Run |, Il (both ATLAS and CMS)

Tested in Run | by ATLAS

I NEW !! Tested for fist time in Run Il
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ATLAS

EXPERIMENT
!

The Very First V+jets Measurement at 13 TeV:
Z+jets Using 2015 Run Il Data

o L E Fomramnn | lglba
« Two opposite-sign same-flavour leptons within M, “fzee o oEv T 1o
window around M, : ol JoeEver =
— Clean probe, small backgrounds L ] Cé)
 Irreducible backgrounds (top-quark, diboson) give 10 gant® . |2
% level contamination and are estimated using MC ; 9O
i o
» Multi-jet contamination often negligible, extracted 'l £ Il\l
with data-driven methods %1'21;++++++++**+*~*uﬂ"’~*n++ﬁ*+++*++: T
« Main systematic uncertainty from jet energy-scale 30 AR A N R
75 80 85 90 95 100 105 110

calibration and resolution M,y [GeV]
> L B L L B L AL BB LR I
@ Zh* (> e'e)+>1jet  —e— Data 1 >
Relative uncertainty on o(Z(— €767 )+ % Njets) (%) (c-:.jl 107 ATLAS internal J %’E g:%ﬁgg&#{gc —
Z —ete iy 13 TeV. 3.16 fb! = Diboson —
Systematic source | + > Ojet | + > 1jet | + > 2jets | + >3 jets | + >4 jets | + > 5 jets | + > 6 jets | + > 7 jets | £ 10° T 5 &%ﬁtﬁ‘é{ark = >
Electron Trigger 0.1 0.1 0.1 0.1 0.2 0.3 0.4 0.8 qC; e 2 1, W— ev 3 (I/)
Electron Selection 1.2 1.6 1.8 2.0 2.2 2.7 2.9 41 | §10° antik, R=0.4 @)
JES <01 6.1 8.0 10.3 12.8 15.0 21.7 23.7 o > 30 Gev o
JER <0.1 3.1 3.0 3.6 4.5 5.5 4.7 24 10* V<25 = Z
JVT < 0.1 1.3 2.0 2.7 3.3 3.8 5.4 6.5 3 T
Pile-up 0.4 < 0.1 < 0.1 0.2 0.3 0.7 0.3 1.5 10° 1
Luminosity 2.1 2.2 2.2 2.3 2.4 2.5 2.6 2.8 N
Unfolding 2.0 2.0 2.0 2.1 2.0 2.0 2.1 2.6 102 9
Background 0.1 0.3 0.5 1.0 1.5 3.2 6.0 12.5 o
Syst. uncertainty 3.2 7.8 9.4 11.9 14.6 17.3 24.0 28.3 106, 0T o |o
Stat. uncertainty 0.1 0.2 0.5 1.0 1.9 3.9 8.2 77 | Sq5p T L e T
8 - ALPGEN+PY6 N
o ‘I e, e = = um
= :
. . . . . . @ —¥— MG5_aMC+PY8 CKKWL -k SHERPA 2.1 N
Statistical uncertainty negligible with ~3 fb-1 of data S|
My.q [GEV] 8
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-046/

) Z + N-jets at 13 TeV

Jet multiplicity and ratio of jet multiplicities:
» Main figure of merit of QCD predictions
Discriminating variable for Higgs and BSM searches
Data distribution unfolded at particle level using Bayesian iterative method

= | T | T | T
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S pJ d ALPGEN +PY6 2 - p‘Te‘ >30GeV, |y"l<25 4 :HERPA 2'; . - E 102
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et s e E 2 el
= 2 = yeas
Q- 1 x= C }'/ / Q 1 : = = = 4 ?’ ;yf/ = r
3 c > A % 7 7 2 g - = D‘U 1.5
o E ] . 05 — =
== | : : | : | = %1.5:_1 ; I ; I ; = ; | S . . >
© = ; 2 E = F 7 ¥ =
R e P —ey S
° E @ E - [} C
9] E ® - . % A £ I - L
= F ] 0:5. =" | | I I | v = 0.5
o 05k I | L ! | | - @ [ []Stat. unc. (gen)
=) >7 S5 >3 S S5 >6 >7 >1/20 22/>1 23/22 24/>3 =5[> >5 2>7/>6 B . ‘ ‘ .
> > > >
. N+ >1 >2 >3 > ;I
Measurement extends up to Z+7 jets! jets

» Multiplicity up to 4 jets — well reproduced by most of available predictions

» Early Run |l results allow validation and further tuning MC generators, this is of primary
importance for a successful analysis of very large LHC data set soon available

V+Jets at LHC, ICHEP 2016 F. Sforza (CERN) 7



&

Ztjets at 13 TeV: H.

« LO generators over-shooting at large H; — large scale uncertainty also expected

‘ EXPERIMENT
H.=Y » Actual QCD scale of the event
T~ “ljets pT : : : : .
J » Used in searches for BSM topologies with large jet activity
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e B m Z+21jetN_NNLO 3 =5 g 210
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Q - A C o - 2255554555524 e -
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% 1 BTN E g KR A AU A % cic: ‘5 I 5 1'5; —{}_ﬁ—
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edlon R R MR R R S ﬁm/mw/ L
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o 0.5 _‘_ e e e ‘__ I R T B T R ! I I ! I
200 400 600 800 1000 1200 14 200 400 600 800 1000 200 M00 600 800 1000
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» Good data description from NLO (1,2 jets) + PS, may still have issues in events dominated by > 2 partons

» Very good agreement from NNLO predictions at all scales!
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@ Z+jets at 13 TeV: Jet Kinematics

do/dp”” [pb/GeV]

Pred./Data Pred./Data

» Leading jet p; in > 1,2 jets too hard for LO generators at high p; —

10°

—_
(]

10"
10
10°
10
10°
10°

107
1.5

o)
13,13, BN

—_

0.5

S I S . L) | | B N Y I 1 10 | | N e IR ) I IS, L L I ) S L I?
ATLAS Preliminary  Z/v*(= IT) + 21 jet =
o /ﬁ// Data —=

13 TeV, 3.16 fb Z+>1jetN NNLO E
= ?/],,, ®  BLACKHAT + SHERPA -
S N A SHERPA 2.1 3
- .l,. /6y ALPGEN +PY6 —
ae, W L v MG5_aMC+PY8 CKKWL 3
E ", =5 oz e MG5 aMC+PY8 FxFx
E » g 8 E
= > & ' 70~ ~ik G
E 2 e —— i
:'.'. ; 3@ = 1 ///i/// 3
o '.l IS X70~2 & 3
_? l 2 0 p— l 77
= i L
B 4 *24e & a.
E’“"'.' ISJ X70\3 ///i///

‘@

3 p e l/ =
anti-k, jets, R = 0.4 s
jet Jet
pe >30GeV,ly |<25

/y +>1jet
v

‘?
Co Tl v ool vl 3

TTT |__IIIIIII| TTTT

o<
i - |
|||||I||||||||]

<
[ ]
<
o<
<

_l_ I I ) Tl | | T | |
:_Z/y +>21ets ! : v : l
;%“""' e ;;i;;

p":‘ (leading jet) [GeV]

AN B N e P e
100 200 300 400 500 600 700

jet

do/dly | [pb]

Pred./Data Pred./Data Pred./Data

ATLAS Preliminary

13 TeV, 3.16 fb™

anti-k, jets, R = 0.4
10° [~ g > 30 GeV, |y < 2.5

T T T T T T T T T T T

/% Data

B Z+>1jet Njetti NNLO
B BLACKHAT + SHERPA
A SHERPA 2.1

ALPGEN +PY6 al
MG5_aMC + Py8 CKKWL _|

| T T T T
Z* (= ) +> 1 jet

/4/////%/4/// : MG5_aMC + PY8 FxFx
EZ il
A
A ;_ | — b | | — '_:
| BRI AR e e
Sl = | e Pt RN | | ._:
SO T ] P T | -_:

.
ol

ek IIII

I
® 1
- Il
LR

—_
N

o
©

R

TR |

—
© ||I|§
Nd

o
o

i | 1
1

riial] | (|
1.5

N lll%

2 5

jet i
ly | (leading jet)

large scale uncertainty also expected

* Leading jet rapidity (sensitive to PDFs) modeled within uncertainties by all predictions up to |y| = 2.5

* NLO and new NNLO calculations show very good modeling!
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TLAS

E PERIMENT

Cons:

- Partial reconstruction of W(e/u+v) decay final
state because of escaping neutrino

W+Jets Analyses

Pros: Oyujes ~

- Very large sample available

10 x oZ+jets:

- Large backgrounds: - Explore wider kinematic regimes

— multijet (MJ) typically up to 10% for N>2
— top-pair-production > 50% for N, > 4

> Probe different final state and process
— important in many other analyses

19.8fb" (8 TeV)
W(uv)+bb [ti-multijet control region] _;

cms 8-jets final states on 7 TeV dataset!

- E.g. 1) extraction of < v —
. S 109k arLas Data, Vs = 7 TeV, 4.6 fb
MJ by fitting m+or 5 E o E medes W ey (ALpGEN
- O 10 ) Pred sys@®stat Ett
E™* data templates & 2 10 et
i -
— % 107 = :‘vfi??susnm)
. . = (5]
- E.g 2) Top rejection e 2 £ o
USIng Wlth “anti” b_tag § §0 20 40 60 ao E} 150 1:10 16(:'3;:6}625? u- q‘, 104
o - | | E.IETB'MS‘TEV) R | | 2“5fb (13‘TEV_) 1{)3
g 1[19%7 CMS Freliminary | N E 10%7 CMS Preliminary lg\éD é 5
% TR R R I T ?
h 107;74.7 l ‘DEV.JEIS F DY. 1 U
1 E —— W - pv m 15
L Lm0 “Yd % . ]
" - ~\~ .é O L e
E = B o
Y o C 1
m : 05 | | | | | | | | =
d’ m 0 1 2 3 4 5 6 7 8
N,
[ - jets
@ 1 o 14f = ~
..g 3 Challenging but extremely
3 SRS S I —— interesting analyses!
N Njets
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W+jets at 13 TeV Now Available!

CMS SMP-16-005, W— J+v
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» Reasonable agreement of LO+PS and NLO+PS tested generators for N-jets and kinematic
distributions for low jet multiplicities

 NNLO predictions available for W + 1 jet processes show remarkable agreement with
studied data distribution
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) W + N-jets in Run |

E PERIMENT

A wide set of differential distributions and different predictions is
avallable when looking at 7 and 8 TeV W+jets analyses

5\1 E T _Jes T T
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. Data/pred|ct|ons agreement sllghtly worse than Z+Jets case
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W+jets in Run |: Angular Variables

ATLAS

EXPERIMENT
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 Various predictions show different trends but data is modeled within uncertainties
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£) W + Jets in Events with High-p._ Jets

ATLAS
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Z or W plus HF-quarks Analysis in Run |

High interest in measuring Z or W boson

production in association with HF jets:

Theoretical uncertainties due to model of close-

by b-quark production and mass

Sensitivity to b-flavor content of the PDFs:
— 4-flavor vs 5-flavor scheme

Presence of intrinsic charm in the proton
Main background for BSM and Higgs searches

Very challenging experimental analysis:

V+Jets at LHC, ICHEP 2016

Small signal cross-section ~ O(10) pb
— orders of magnitude lower than inclusive case!

Fake b-jets reconstruction gives an additional
source of reducible backgrounds

Signal extraction using b-jet-sensitive variable

Irreducible backgrounds comparable to signal
yield in Z + HF channels

Even worse situation for W channels (bkg > sig)
Analyses both stat. and syst. limited

F. Sforza (CERN)
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) V+b(b) in Run |
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Nice set of W and Z recent preliminary measurements from CMS:

« SMP-14-010: Z+1b (inclusive in b-jets) and Z+2b [~ 7 _ eswiemey

Total Uncertainty

fiducial cross section and cross section ratios e 047 10
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« Comparison with predictions using different flavor schemes
. . . PRERsApRrARIEEERRE MO SRERSsREnnGE T
Also interesting to compare with Datars =7 TeV, 4.6 1 (statsyst) Datats -7 TeV, 4515 (it 0syst)
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Z + charm Production at 8 TeV
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Conclusions and Summary

Measurement of jet production in association with W or Z boson:

* Improves understanding of perturbative QCD

« Will improve MC modeling of kinematic observables which are
Important in many other analyses and searches

ATLAS and CMS are providing:
» First precise results using LHC Run |l data at 13 TeV!
« Vast set of precise results based on Run 1 data which are
probing special topologies, as W-collinear emission, or
challenging final states, as V + HF jets!

Many fiducial cross sections and differential unfolded measurements
are compared to a variety of predictions and generators:

« While remarkable agreement observed for some distribution,
no prediction is perfect (yet)

V+Jets at LHC, ICHEP 2016 F. Sforza (CERN)
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Bayesian lterative Unfolding
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- ATLAS Simulation Preliminary
1400~ Migration matrix

Response matrix accounts for

>
. . . . . ) .
migrations using MC simulation: o _
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600 _ E )
Conditional probability that the effect | & = E :32
R, is produced by the cause T, ookl E 9
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Detector level H; [GeV]
How to extract “prediction-unbiased” probability using iterative
Bayesian unfolding:

« Bayes theorem:
M(Ti|Rj) = M(Ri|Tj) PO(TJ.) [ Sum M(R|T) P(T)
« Particle level MC used as initial prior, PO(TJ.), to determine a first estimate of
the unfolded data distribution:
TJ. =Sum M(Tj |R )R

* In each further iteration the estimator of the unfolded distribution from
previous iteration is used as a new prior

V+Jets at LHC, ICHEP 2016 F. Sforza (CERN) 21



@Zﬂets Including Sherpa 2.2 Predictions

) [pb]

jets

o(ZIv*+N

Pred./Data Pred./Data Pred./Data

- AN SN AT L ARG 1L BRI AIEAA e R ;103 TR R T sl BT SR T e
T T | | | 1 | > q0° L ! [ ATLAS Preliminary ZIW(=>IT) +>1 jet
q) *
10 = ATLAS Prolivivary. || ZW* (1) = jets o] ATLAS Preliminary  Ziy*(=IT) +2 1 jet S e /% Data
1P E- 13 Tev. 3.46 16 4 Data S ek 13TeV, 3.16fb ok ga‘a N 3 e _’t' B m Z+21jetN_ NNLO
;3 : >1j ey anti-k, jets, R =0. o
i-k iets. R = B BLACKHAT + SHERPA = anti-k, jets, R = 0.4 il Z+21etN, e gt jet B BLACKHAT + SHERPA
[ antik, jets, R=0.4 B L uerd et B BLACKHAT + SHERPA L P >30GeV,ly |<25 SHERPA 2.2
" b 5 a0 Gov, Iy <25 A Suenea22 § 10g P >30GeVlyl<25 fa sueneaz2 5 . ’ " ALGEN+PYS
i : : XS, :
10°E » agSGEN“;CPYi e R ALC:’GEMCPYG : it L g v MG5_aMC+PY8 CKKWLS
v _aMC+ Py . v MG5_aMC+Py8 CKKWI L] @ MG5_aMC+PY8 FxFx
102 - ® MG5_aMC +PY8 FxFx " &' MG5_aMC+PY8 FxFx 10" "5
1 ] ]
i i 10 .I. 1 M
10 - : > B
B = 10 ;
1 e 102 . £ o 1 4 |
//,‘// /i,, ,10-3_g ,/i,/. —|
i : 107 el = == 25 5
10 //‘// E '//l// 3 = '///'//7
. s % - e 222 10* E | , (T
11052 | | | | | | | /‘I/ m110;§H|::::I:::=I:H:I: I ] g 15 | st | =
Bl - < e i e =] © ~ o
= : B = = - Q = .
= 77227/.77 - 4 3 1 [peaRpEEeeecaowg regs
TE W 2222/ BB el il | L oo cecis oocs o K2 B i CLER - f i He
= 2 o = £ = E
0.5_:| | | | | | | |:_ 6 G5iE | it | | | - C,; 10219 T ] I =
15 =1 \ | | | \ | — e = | —— | | | i £ E -
= n s S 15[ = 5 = =
c % MK L 3 B 2 i et 4 4- 4
1: 3 = « 7 Z /r/; i 077 v s vowwe e sas aaaaas o K ;Iy %7 B ':!‘A‘A‘AA‘ = = 4 4 B
g i s Slici e = e =
?:g—{ % } i { } } b & 0 b e e N15_—}IIII { —
E B E 1.5 = I I I I I I v — -ia = i i - v 3
) S VPP PIIINY. 77 z v vy =8 v oad - 1 S (#esesyaz 3B 8. . ..o M ?
g b i IR - e e I e 3
E - L o @ 5 4 = E
05 ! I ! ! | I — & o05F 3 B (05T ol W 1 R PO ) G v i o0 o (BB e e
>0 >1 >2 >3 >4 >5 >6 >7 £1:2 T oo ] (MO SO I (SISO O ORI S O RO O A T O [ U oo 200 400 600 800 1000 1200 1400

Net p‘:t (leading jet) [GeV] H, [GeV]
Sherpa 2.2 predictions were produced with simplified scale setting in multi-parton ME to
improve event generation speed

A theory-based reweighting of the jet multiplicity distribution is applied at event level, derived
from event generation with the strict scale prescription

No relevant differences appear between Sherpa 2.1 predictions and Sherpa 2.2 ones in the
considered phase space

Good agreement with data is observed for Sherpa 2.2 predictions
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W+jets in Run |: H
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Z+Db

Kinematics in Run |

Unfolded differential distributions and ratio of distributions with respect to generic jets!

Z+b and Z+b/Z+jets
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 Different flavor scheme predictions can predict correctly only part of the distributions
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-14-010/index.html
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