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INTRODUCTION

@ Motivation
» Powerful test of perturbative QCD
» Important background for SM Higgs production & BSM
searches g
» Clean experimental signature & high cross sections make for
precise measurement

@ Scope of the analysis

Z— Il +jets @13 TeV in ATLAS, 3.16 fb™

Inclusive & exclusive jet multiplicities

Ratios of inclusive jet multiplicities

p7 (leading jet) forZ + 1 jet events

pT (leading jet) forZ+ = 1-4jets & Z + 1 jet

Leading jet rapidity for Z + = 1 jet events

HyforZ + = 1 jet events

Agj for Z + = 2 jet events

mj; for Z + = 2 jet events

Comparisons made to state of the art generators and fixed

order predictions
» ATLAS-CONF-2016-046
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-046/

L — Up + Jets

proton-proton collisions at
13 TeV centre-of-mass energy

XPERIMENT

Run: 207639
Event: 82839370
2015-06-14 11:20:48
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EVENT SELECTION

INITIAL SELECTION:

Data quality cuts and hard scatter vertex

LEPTON SELECTION.

pt > 25 GeV
electrons: [n| < 1.37 || 1.52 < |n| < 2.47
muons: |n| < 2.4
medium quality, isolated, vertex cuts

JETS:

anti-kT R=0.4
pT > 30 GeV
ly| < 2.4

£ BOSON:

2 opposite sign leptons, same flavor
71 <m; <111 GeV
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SIGNAL MODELING

LO

NLO

Monte Carlo Generators

Normalized to NNLO predictions
Flat 5% theoretical uncertainty

ALPGEN:

5 partons LO
CTEQ6L1
Pythia 6

SHERPA 2.1;

2 partons NLO, 4 LO
CT10

Sherpa Parton Shower
ME+PS@NLO Merging

MADGRAPH AMC@NLO + FXFX:

2 partons NLO
NNPDF23NLO
Pythia 8
FxFx Merging
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New!!!

Fixed Order Predictions

PDF and scale uncertainties
QED FSR & parton-to-hadron corrections

BLACKHAT + SHERPA:

Z+= 1-4 jets NLO
CT14
scale ~ Hy/2

N JETTI:

Z+=1jet NNLO

CT14
scale ~ sqrt [ m? + X (ppst )2} ]



BACKGROUNDS b
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> <= 48
D . . o Data c 10° E z/v*(> e'e) + jet —e— Data
O g7 Arie el =l MC Stat. ® Syst. Unc. o vio e e) e MC Stat. ® Syst. Unc.
; o ATLAS Preliminary [—— %_b) ee, ALPGEN+PY6 0 447 ATLAS Preliminary  —— 7.5 e, ALPGEN+PY6
Diboson: ~ 13TeV,3.16fp"' 8 Diboson 13TeV,3.16f6" @ Diboson
210° | e Multijet SN 1op uark
Sherpa 2.1.1 S o Z— tt, W— ev 10° ;Aultijetw
> 405 [/ 4- 1, W—> ev
: w10 anti-k, R=0.4 108 *
Single Top and tt-bar: - Py > 30 GeV anti-k,, R=0.4
Powheg + Pythiaé 0 h/ <25 10* p"Bt > 30 GeV
jet
, . <25
10°
10°E =
..g | -og 1 5 I l T I I | I :
W—'lV & Z_’TT: ‘DU 1.5 8- ALPGEN+PY6 ‘OU : 8- ALPGEN+PY6 .
MadGraph 5 + Pythia8 ~ 1 x - ~ 1
~A- g
8 05 —%— MG5_aMC+PY8 CKKWL  —A SHERPA 2.1 @ 0.5k 1+ MG5 aMC+PY8 CKKWL  —& SHERPA 2.1 | -
D_ S I T S T TN TN AN TN WA TN SN NN SN U SN TN TN NN NN SN NN S SN SN T S S N S N S W S 0_ . 1 1 1 L 1
70 75 80 85 90 95 100 105 110 20 21 22 23 24 20 26 2/
e*e' [GeV] Njets

@ Detector level electron channel di-lepton invariant mass and inclusive Njets (above)

» Top and diboson co-dominant backgrounds contribute ~1% for Z+=1 jet to 10% for Z+=7 jets
» Multijet background fraction 0.4 % for Z+=1 jet to 1-2% for Z+=7 jets
» W and Z backgrounds < 0.01%
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UNFOLDING OF DETECTOR EFFECTS 7

@ Iterative Bayesian Unfolding
» Use signal MC to “invert” detector effects (acceptance,

[ | | | | | | |
res:olution, etc) on b.ackground subtracte.d data Z-“—’- 8~ ATLAS Simulation Preliminary
> U.smg.Angen+Pyth|a 6 to unfold to particle level Yo - | Migration matrix
» Fiducial Volume 5 A ove
» prlepton > 25 GeV, [n(lep)| < 2.5 © 61— LPGEN ++ Y |
» prjet > 30 GeV, |y(jet)| < 2.5 © ZIy'(— e'e) +jets
» AR(l,jet) < 0.4 = 5\1s=13TeV
» 71 GeV <mll <111 GeV 0 AL
3
NUMBER OF OBSERVED EVENTS o
do — Z Z(M—l)m Nobs m | kag,m) 1
dX;  AX; L 4 0
| | | | 0
NUMBER OF BACKGROUND 0 L ) 3 4 9 6 / 8
EFFICIENCY
- = Detector level Njets
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SYSTEMATIC UNCERTAINTIES

@ Systematic uncertainties are propagated through the unfolding
@ Relative systematic and statistical uncertainties (in %) on electron and muon inclusive Nje cross sections

Relative uncertainty on o(Z(— 7€~ )+ > Njets) (%)
Z seTe”

Systematic source | + > 0jet | + > 1jet | +>2jets | + >3 jets | + > 4djets | + > D jets | + > 6 jets | + > 7 jets

Electron Irigger 0.1 0.1 0.1 0.1 0.2 0.3 0.4 0.8

Electron Selection 1.2 1.6 1.8 2.0 2.2 2.7 2.9 4.1

JES < 0.1 6.1 8.0 10.3 12.8 15.0 21.7 23.7

JER < 0.1 3.1 3.0 3.6 4.5 5.5 4.7 2.4

JVT < 0.1 1.3 2.0 2.7 3.3 3.8 5.4 6.5

Pile-up 0.4 < 0.1 < 0.1 0.2 0.3 0.7 0.3 1.5

Luminosity 2.1 2.2 2.2 2.3 2.4 2.5 2.6 2.8

Unfolding 2.0 2.0 2.0 2.1 2.0 2.0 2.1 2.6

Background 0.1 0.3 0.5 1.0 1.5 3.2 6.0 12.5 JET ENERGY SCALE:
Syst. uncertainty 3.2 7.8 9.4 11.9 14.6 17.3 24.0 28.3 Dom —

: ominant source of uncertainty!
Stat. uncertainty 0.1 0.2 0.5 1.0 1.9 3.9 3.2 17.7
Z = pT

Systematic source | + > 0jet | + > 1jet | +>2jets | + >3 jets | + > 4djets | + >DHjets | + > 6 jets | + > 7 jets

Muon Trigger 0.4 0.4 0.4 0.5 0.5 0.4 0.8 3.3

Muon Selection 0.8 0.9 1.0 1.1 1.1 1.6 2.3 3.7

JES < 0.1 6.3 8.2 10.2 12.2 15.3 19.2 21.7

JER < 0.1 3.1 3.1 3.6 4.2 4.5 5.1 3.2

JVT < 0.1 1.3 2.1 2.7 3.4 4.1 5.0 4.7

Pile-up 0.4 0.1 0.1 0.2 0.2 0.7 0.4 2.6

Luminosity 2.1 2.2 2.2 2.3 2.4 2.5 2.6 2.7

Unfolding 2.0 2.0 2.0 2.1 2.0 2.1 2.8 4.7

Background 0.2 0.4 0.6 0.9 1.6 4.0 7.4 13.7

Syst. uncertainty 3.1 7.8 9.5 11.7 13.9 17.4 22.3 27.8

Stat. uncertainty 0.1 0.2 0.4 0.9 1.8 3.5 7.7 17.3
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COMBINATION OF ELECTRON AND MUON CHANNELS 9

® Combination done using x? minimization, treating correlated

. . o) 6l | I l I I I l o

systematics as nuisance parameters o 10°5 ATLAS Preliminary  Z/y*(— I'T) +jets =

» Central Value: e 105L- 13 TeV, 3.16 fb™ ‘s Combined result __

» bin-to-bin uncorrelated uncertainties (statistical) < = = Electron channel =

, , o , . al anti-k, jets, R=0.4 -

» bin-to-bin correlated uncertainties but independent of e/p datasets S 10%e o # Muon channel  —

. N = p®>30GeV,ly |<25 =

(lepton systematics) © Pl :

» Remaining uncertainties (jet, luminosity, pileup systematics) are = -

averaged after combination 100 — @ =

: —e— :

10E —e— E

e — =

Jet multiplicity Measured cross section =+ (stat.) & (syst.) £ (lumi.) [pb] = —— 3

Z — ee Z — 107 3 —— =

> 0 jets TAT £ I+ 18 16 743 + I+ 17+ 16 102k —e—

> 1 jets 11774 03+ 88+ 25| 11744+ 024+ 88+ 25 o s ; ; i : | ; ; L

> 2 jets 27.6 = 0.1+ 2.5+ 0.6 27.8 + 0.1+ 2.6t 0.6 £ 1.2 ' —

> 3 jets 624+ 0.06x 0.73x 0.15 6.37 0,06 0.73x 0.15 8 1 - L //;?%?//////7

> 4 jets 151+ 0.03+ 022+ 004 | 153+ 003+ 021+ 004 | = - LN gz

> 5 jets 0.371+ 0.014£ 0.063+ 0.009 | 0.359+ 0.013+ 0.062+ 0.009 | & 08 , 1 , | , l =
> 0 jets 0.088=x 0.007=x 0.021 = 0.002 0.074x 0.006= 0.016x 0.002 >0 21 22 23 24 25 26 27
> 7 jets 0.0200 == 0.0036 = 0.0056 == 0.0006 | 0.0159 £ 0.0027 = 0.0044 = 0.0004 N

jets
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INCLUSIVE JET MULTIPLICITY CROSS SECTIONS AND RATIOS

Karri Folan DiPetrillo - CLHCP 2016

Cross Sections 9 10°Ek ! | ’ ' ’ | ' "4 Te .
® . . . . ke 0 ATLAS Preliminary ZIy*(— IT) + jets 1 >% - ATLAS Preliminary ZIv*(— IT) + jets -
» Discrepancies at high jet T2 10° k- 13TeV, 3.16 fo” /& Data 1 & 045 13 Tev, 3.16 fo /8 Data =
multiplicities where generators < 1of L anti-k, jets, R = 0.4 " BLACKHAT+SHERPA 3, 4F antik jets, R=0.4 ®  BLACKHAT+SHERPA
E‘ et 30 GeV, | Jetl <05 A SHERPA 2.1 - 3 E ot 30 GeV. | Jet| <05 A SHERPA 2.1 =
rely on parton shower N 10° :’T g ALPGEN + PY6 d1 <= o 352_ pJT g ALPGEN + PY6 =
) Disagreement Ta) MadGraph O v MG5 _aMC+Py8 CKKWL% +$ e v MG5_aMC+Py8 CKKWL
: 2 . MG5_aMC + PY8 FxFx — = . MG5_aMC + PY8 FxFx -
FxFx, because Matrix Elements 10 " o VB AR PERE 2 2 o3 - MR AR 3
i | 10 s 2 T . :
are c?n.ly provu?led for Z+2219ts<> » . e So’ 0251 .. //4//////’////
» Precision ranging from 3 to 27% 1 . - . < <o /
10-1 //‘,// = 02:_ //} :
e oL = -/ o
@ Ratios o A o.15_/'7// =
= | | | | | | | | —— = | | | | | | _
» partial cancellation of g 15 | | | | | | ////'—: g 15 | | | | | | =
. Q : ///// S S S S S S //////////////// /‘2 Q ; //////// . DYDY YT IIVIPS ///:
systematics S 1 z 4 s e ?I/?f///w////////////////////z S 1 ) - = i Stz
a 0.5 — | | | | l l | — a 0.5 — | | | | | | —
© 15 F—1 ! ! ! ! ! ! 1 © 15— | ! | ! | | m—
Jet multiplicity Measured cross section © - = © - .
| .v + (stat.) £ (syst.) £ (lumi.) [pb] S 1 E""l Seas Taase: ooy %W////X/////ﬁ S 1 e O o SIAT 2
: yst )= : S - dessss £Z ////////////g 3 = =
4 & a 05— | | | | | | Qa 05— | | | | | | | —
>0 jets TAT + 1+ 16+ 16 s 1.5 | | | | | | s 15F | | | | | | =
: , o~ 9 A e A - N
> 1 jets 118.1+ 02+ 874+ 25 = , fo L L LSS ///7 S b o -
> 2 jets 2784+ 0.1+ 25+ 0.6 = e R P PP IR PN //////v/////»v//////*//// S =777 S  MSAAS) SaaTi
> 3 jets 6.35+ 0.04+ 072+ 0.15 & 05F , 1 . 1 1 ] a 05 | 1 1 1 1 1 ,
> 4 jets 1.3+ 0.024+ 021+ 0.04 26 >7 >1/20 22/21 23/22 24/>3 25/>24 2>6/>5 2>7/>6
> ) jets 0374+ 001+ 0.064+ 0.01
> 6 jets 0.080+ 0.005+ 0.018+= 0.002 Njets (Njets+1)/Njets
> T jets 0.0176 & 0.0024 4 0.0042 4+ 0.0005 MadGraph FxFx low!



LEADING JET PT FOR VARIOUS JET MULTIPLICITIES

11

>
® Fundamental observable for Z+jets process 3
» probes pQCD at a large range of scales =
» LO: Alpgen+Pythiaband MadGraph+CKKWL model the leading 8
jet pttoo hard %
B

» NLO: Sherpa, MadGraph FxFx, and BlackHat are in good
agreement over the full pr range
» NNLO: Njerti models Z+=1 jet pr spectrum very well

Alpgen overestimates
high pr cross section

MadGraph CKKWL
overestimates high pr
jets

Pred./Data Prefi./Data

107

1.5

-0
O |

©
o

e, < bl v MG5_aMC+PY8 CKKWL

lllllllllllllllllllllllllllIllll

ATLAS Preliminary Z/Y*(=1T) +21 jet

) ~® Data
i13TeV, 3.16 fb™' m Z+21jetN_ NNLO

jetti

s <, m BLACKHAT + SHERPA
By * A SHERPA 2.1
s /S ALPGEN + PY6

“u, “, B _ © MG5_aMC+PY8 FxFx

///l///.

jet

lllIllllIllllIlll

o
®
L | -Illlllll | Illlllll | llllllII | llllllll N llllllll | IlIlIllI | llllllll L L

IIIIIIII
..........

Z'/yI 21 ]et

Lo T
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INVESTIGATING JET VETOS 12

. . 3‘ 1069 I l l ] ] I I l ;‘ 103 l]l’llill‘ llll Ill]'llllillll IIIII Ill]'lll l L | IE
® Exclusive Njet Cross sections (=" = ATLAS Preliminary ZIy* (= I'T) + jets k: ATLAS Preliminary ZIv*(— I'T) + 1 jet -
» MC discrepancies when T2 10°E- 13 TeV, 3.16 fb” 7@/ Data 8 10°E 13 TeV, 3.16 fb™ 7®/ Data E
: zZ E  antik iots. R =0.4 B BLACKHAT + SHERPA = anti-k iets. R = 0.4 B BLACKHAT + SHERPA =
depending only on Parton ¥ gtk antkets, R =0. 5 ok oSS =R .
° i > = P >30GeV, |y <25 4 SHERPAZ ! o >30Gev,|y"l<25 4 SHERPA 2.1 -
Shower N 10° ' ALPGEN + PY6 = ™ ALPGEN + PY6 o
© S v MG5_aMC + Py8 CKKWL 3 1" . Y MG5_aMC+Pv8 CKKWLZ
: , 10°E = I ® MG5_aMC+PY8 FxFx F *. MG5_aMC + PY8 FxFx =
@ ForZ+1 jetevents, p7(jet) o .- 107 . .
T . E - e o =
» probes validity of predictions - . W 102k . -
at high QCD scales, even 1E e - . -
vl Tady _3=_ _
though veto is at a constant 107 oy 10 = B =
- s S S /S S A
|OWSC8|€(3OG€V) 10° - %z L0 I =TI N T S S SN D B B
- 15‘_| : { } { | | —= @ 1.5 B e e
s  F :/ I = :
R || SOYINIIIIIVIIIIIIIIIIIPPP 77, 22177177777 M= 1&"—-%‘%!7%%%%%
S m : i /////////////////// ? - =
r - o = =
%u ?g:I | | | | | | : © ?:gLl”“I””I””I””I““I””I””i””l”**_
s 15F 1 & E =
Q. 1 - £ /S S Q 1 5“"‘=|:‘::=f‘flcﬂccci:/ééiéééé/é%////ﬁ;;;;%%%;éﬁ
T L s 7 I B -
- - — o e —
C: (1)2:: | | | | | | L — «s ?:g__:{::::}::::}::::I::::|::::I::::I::::I::::I::::__
T F Z © E v =
= - L S | e g g R R Iy SN
= M%%%%%%////w///////// 2 B E LN
@ - - — [ =i
a 05F l : 1 1 T T _— O OS5 bttt i b b b L LT
0 1 2 3 4 5 6 7 50 100 150 200 250 300 350 400 450 500
jet
Njets pT [GeV]
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A TEST OF SCALE: Ht
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— 100 N L R R B B R B L LR NN

o o . ® = . - . =

@ HrScalar sum of the pT of all visible objects CR; ATLAS Preliminary Zy (D_;t;T) 21 et -
. . S E 13TeV,3.16 fo- 4 E

» Common search variable to separate heavy physics Q = w Z+>1jetN_NNLO 3
_,‘_ - anti-k, jets, R=0.4 " HJ/_\ l§"' =

. . 10 . : u] LACKHAT + SHERPA —=

» Often used as scale variable |.n pQCD T = " > 30 GeV, | PUc25 e oy :
» Sherpa and MadGraph FxFx in good agreement I3 L= ALPGEN +PY6 ]
» LO predictions, Alpgen and MadGraph CKKWL tend to 2 ®, v MGS_aMC+Py8 CKKWL 2
. . — , ® MG5 aMC+PY8 FxFx -
overestimate hard jets 10" . =

: : : . = L] =

» BlackHat underestimates cross section at high Hy (missing 02k & " -
contributions from higher jet multiplicities) - r 't -

» Njetti recovers agreement by going to NNLO 10° £ a8 | ‘. P =
BlackHat+Sherpa 10 ; '//i//_i

missing higher jet i, 5 | | | B O

multiplicities S T — =

?; 1 [ . by

= - N A o " -

o - | —

© ?g ] ittt

Alpgen overestimates 5 = ” ) .

hard jets o 2 i =

g 18 Er i

© o BN —

3 - v S

- 1 - 772

MadGraph CKKWL o -

. . el § e T T T T T 1_—‘

DS lEIeS gl (2 200 400 600 800 1000 1200 140

jets
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COMMON SEARCH VARIABLES: my; AND Ag,J,

14

® myy partial cancellation of

systematics

» often used to separate BSM
physics from Z+jets

» MadGraph CKKWL models my;
too hard

® Angular distribution, Ag,,
» correlated with mJJ
» preference for back-to-back jets
well modeled by all predictions

do/dm, [pb/GeV]
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CONCLUSIONS
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@ First measurement of Z+jets inclusive and differential cross sections with 3.2 fb™ of 13 TeV data
» Measurement extends up to Z+=7 jets!
» Precision ranging from 3% to 27%!

@ Assessed modeling of state of the art generators

» LO: Alpgen and MadGraph CKKWL overestimate contributions from high pr jets
» NLO: Sherpa 2.1 and MadGraph FxFx in overall agreement with data

@ Comparisons to fixed order predictions
» BlackHat+Sherpa for Z+=1-4jets (NLO)
» NEW: NNLO Njetti for Z+=1 jet

@ IHEP Contributions
» Karri Folan DiPetrillo, Lianyou Shan, Joao Guimaraes da Costa

@ Future Work
» paper to be submitted in January
» w/ more statistics can probe statistically limited regions of phase space: eg. boosted Zs, VBF, pdfs
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BACKUP: MULTIJET BACKGROUND ESTIMATION 16

@ Multijet Template:
» Invert electron ID
» Drop electron isolation
requirement

ATLAS Preliminary ~ —-Data = ATLAS Preliminary - Data

> > = =

o) ) = =

© B © r n

» Select two same sign electrons < 10" "33 gy 3.16 fb Z—ee, SHERPA2.1Z = 107 = 13 TeV. 3.16 fb E%BO%%’nSHERPA 2.1+

» Subtract non-multijet S [ Zy'(—e'e)+jets  E@Diboson 1 5 F Zh*(—e'e)+jets  mmTop quark :

& 10°E  Pre-fit, No Multjet Bl Top quark =  §10°  Postdi — Multijet =

processes - Z— 1t W— ev s S mZ—- 1t,W— ev s

10° 3 = 10° 3 =

@ Estimating contribution in 10t N 10t - .

Signal Region
» fit multijet template and non
multi-jet processes in di-

electron invariant mass
. [ e e et e [ e e e e e
window o 1.2F - 5 1.2F + -
» pre & post-fit distributions at S s - . . t + = M u : !

) ks R e et S SR AR FEAE JE Y9N + 151 5 * e +t
rlght 0- 0.8—. aa b a2 a2 b 4 4 a2 b oo e e s f. | T A— Q 0.8— ............................................... ]
80 70 80 90 100 110 420 130 140 60 70 80 90 100 110 120 130 140

m,, [GeV] m,, [GeV
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BACKUP: MUON CHANNEL DETECTOR LEVEL HISTOGRAMS

> El 1 I . 0 9 0 I g 9 b l | I O I I ¥ 9 9 I | I O L | I [ I L I ) I L I IE w 8 - l I I I l I l I —
@ Ez/* W) +>1 et —e— Data _ c 10 = 7/v* W) + i —e— Data =
O 107 & v rp)+le MC Stat. @ Syst. Unc. __ L = Y= W) + Jets MC Stat. ® Syst. Unc. 3
'\ = ATLAS Preliminary Z—up, ALPGEN+PY6 = = - ATLAS Preliminary .
= 1 5= Diboson - LLI 107 & 1 Z—up, ALPGEN+PY6  __
= 107 E Multijet = o F—— B Top quark :
O = Z— 11, W— nv = 10° E Multijet =
> 4n5 L _ = Z— 11, W— nv =
1 107 E anti-k, R=0.4 = 105k _
- jet - = =
10 ;_ dT l;%O(Gze;/ __:_ = anti-k,, R=0.4 =
= = 10% E Py >30GeV __
. i y <25 =
10° =
10° =
LRSI B P e S I EPRTETTE IT I IR IR b | | ]
8 1.9F -.-L\LPGEN+F"Y6 | | | | | . (DU 1.5 I-.-ALPGIIEN+PY6 | | | | | |
- _
— 1 e ~ 1 —i——i—='z'=—t—_ — ‘
[® © *
o 0.5 —%¥— MG5_aMC+PY8 CKKWL  —&~ SHERPA 2.1 O 0.5 —%¥— MG5_aMC+PY8 CKKWL  —&~ SHERPA 2.1
0 . IO T W TR N TR YN WO TR Y SN TN N SN T SO T WO SN TN SO TN NN T NN W N N SN R NN SN L+ 4y o 1 al . I | \ N ! A \ | | !
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BACKUP: SYSTEMATIC UNCERTAINTIES
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® The Sherpa 2.2 sample has been produced with a simplified scale setting prescription in the multi-parton matrix
elements, to improve the 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
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