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A Vector boson production in association with jets
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Where | came from

A Undergraduate and masters at Cambridge

I Included project with James Stirling on phenomenology of Light
Pseudoscalariggs using loyw;: muons atLHCDb

I Summer student at RAL with lan Tomalin on Displaced Vertex
searches at CMS

A DPhil at Oxford

i daSl adNBYSyua 2? @éé G2NJ g2az2:
eSia d aKS [1/ aAy3d GKS -1 ¢ |
Sarkar

I Included lots of work on the ATLAS jet energy calibration
scheme and specifically mitigating the effects of jpie
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The ATLAS Detector

25m

Tile calorimeters
- : LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

A Precision silicon and micttabe tracker
A Finegranularity / longitudinally segmented calorimeter
A Air-core toroid muon spectrometer
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Pileup

A To get the large datasets we require LHC
runs at high luminosity

A This results in multiple protoproton Tt T D
collisions in each bunch crossing £ [ ATLASPreliminary ]
A Results in two effects: IR i
I in-time pile.up from multiple pp collisions [ ¢ Powheg+Pythia8 MC ]
in the same bunch crossing - 4 Data i
i out-of-time pile-up from multiple pp 121~ N
collisions in preceding bunch crossings i ]
A We quantify these two types of piep 1ol ]
usmg I i
I in-time by N,,= the number of - -
reconstructed vertices in an event 8- Data: AN, YW = 0.44 + 0.01 |
I out-of-time by p = the expected number of - MC: &N, Yaw) = 0.45+ 0.01 -
interactions per bunch crossing (at fixed oL - | | | ‘ ]

Ney 10 15 20 25 30
L x Tinel <I~'~>

H =
1y X [rev
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Jets

A Production of coloured particles results in hadronic showers

GATLAS

A EXPERIMENT

Z — pu~put + 3 jets

Run Number 158466, Event Number 4174272 |\,
Date: 2010-07-02 17:49:13 CEST \
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Jet Clustering Algorithms

A To group such showers into single objects we cluster
0KSY Ayid2 daa2Sitacé

A Use a sequential clustering algorithm with merges
calorimeter clusters dependent on

AR2
R2

d;; = min (pl% i J)
dip = pi-z:

A This is the anik, algorithm
A Once we cluster the jets, we need to calibrate them!
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Run 1 Jet Calibration

EM or LCW

Jet area based pile- Residual pile-up

Origin Correction . .
up correction correction

constituent scale jets

Jet finding applied to Changes the jet direction . o Function of p and NPV
topological clusters at to point to the primary e:,;- gf cti Z’;r?;f V:zfjp_g'? aL,{'Z a applied to the jet at
EM or LCW scale vertex. Does not affect E. gy 4 J constituent scale
Absolute EtaJES Globa! seq9ential Resid_ual ir‘l-situ

calibration calibration
Corrects the jet 4-vector Based on tracking and A final residual calibration
to the particle level scale. muon activity behind jets. is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is
direction are calibrated. and energy leakage effects. applied only to data

A Worked extensively on the Riinjet energy calibration
[ATLASCONF2015037]

A Particularly looking at the effect of pido on jet energy
calibration and resolutionATLASCONF2013-083]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-083/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-083/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-083/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-083/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-083/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-083/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-083/

Run 1 Jet Calibration

4 \

Jet area based pile- Residual pile-up
up correction correction

EM or LCW

Origin Correction

constituent scale jets

Jet finding applied to Changes the jet direction . o Function of p and NPV
topological clusters at to point to the primary e:,;- gf cti Z’;r?;f V:zfjp_g'? aL,{'Z a applied to the jet at
EM or LCW scale vertex. Does not affect E. gy 4 J

constituent scale )

Absolute EtaJES Globa! seq9ential Resid_ual ir‘l-situ
calibration calibration
Corrects the jet 4-vector Based on tracking and A final residual calibration
to the particle level scale. muon activity behind jets. is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is
direction are calibrated. and energy leakage effects. applied only to data

A Worked extensively on the Riinjet energy calibration
[ATLASCONF2015037]

A Particularly looking at the effect of pido on jet energy
calibration and resolutionATLASCONF2013-083]
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Jet Area based PH& Subtraction

A Employed an area based pil® subtraction
procedure for jet calibration during 2012 running

A This used the measurement of the event
density () and the determination of the area of a
jet (A) to apply a correction to the j@t

Jjet,corr  jet
Pt =pr —p-A

A A further residual correction was also applied

COITT.

Pt —=Pr — Q& (?’_?) X (_-'\'Tpv — ﬁ-‘rglfg) — j (;};) % (f_{ _ _,U.-rEf')

S
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Determination of Jet Area (1)

Voronoiarea:

Defined geometrically by the
intersection of a circle and the
cell of closest points

i Algorithm is very quick

Tends to active area in high
density environments

anti-k,, R=1 |

A Active area:

i Defined byreclusteringthe
event including ghost particles
of infinitessimalpT

The number of ghost particles
associated to a jet defines the
area

I Algorithm is slower

TLAS
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Determination of Jet Area (2)

2 FATLAS Simulation Preliminary 1
© [ — antik R=0.4 40 < pjTe' < 80 GeV
. ] ) § - e anti-k R = 0.6 LCW Topo-cluster -
A In the jet energy calibration 3 ** Py it 2012
scheme, we use the active s (5= .

area to avoid pileup F
dependence of the jet area o2-

0.1+

T e T —t 1
00 02 04 06 08 1 1.2 14 1.6
Jet area/nR?
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Determination of Evenp, Density

A The evenp; density Is taken as the median value of féA of all
R=0. 4k”€'[8 In the event

A Due to the reduced granularity of the calorimeter in forward
regions combined with different noise thresholdsneasured in
these regions drops to O

A The event density is taken from the jets with| < 2.1

o 0L.14———— 7 N
- ATLAS Slmulat|on Prellmlnary

0127 20 < (uy<21 —Ney=6 Npy=10"
- Noy = 14 .- Np, = 18

Normalised entrie
o
[

o
g
2
(]
»
=
© 3
g 10 | :
L 0.08- Pythia Dijet I's = 8 TeV -
% - LCW TopoClusters
=] o
> 0.06]- bt -
& 10 :.:E ]
F 0.04- i —
© ' :
0 Tz
0.02— .
10 ' | O_ JA.A; .?"'Ef-:ﬂ; I B T”“‘l"r--:.Mi""Hv::-_-;”?"."*'l i s |_
- 0 5 10 15 20 25 30
p [GeV]
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Success of the pHep subtraction

Rutherford Appleton Laboratory

< A
8 - ATLAS Simulation Preliminary ]
A Area correction does well for-time pile-up = 081 Pythia Dlets 2012 ‘:
A Additional residual correction (linearly 5 06 P .
dependent on N,,and L) Byt y -
rref. f f. B

pT™ =pr —a(n) x (Nev — Npy) — B(n) x (p—p"") 02 b =

. . . . . 7¢ A A 4 : A 4 ¥
A Corrections validated using-gitu methods Oy —l :
0'2-_+ Before any correction _-

| —a— After pxA subtraction
0.4~ — After residual correction -
< 02T T T T = A PHHARHHHRHHHR A
() o . , u [0} - ATLAS Simulation Preliminar ]
O, 0.15 = ATLAS Plrellmlnary ©  Powheg+Pythia8 MC - g 0.8l Pythia Dilets 2012 y -
- C Z >l +jets (I=ep) 700 Av. MC = -0.0751+ 0.012 GeV ] ~ T anti-k LCW R=0.4 ]
el 0 13_ Anti-k, LC+JES R=0.4 ® Data = %‘ 060 ani o B
3 T E 00sms21 NN Av. Data = -0.087 + 0.011 GeV E_n— L i
- - ] S C ]
F% 0.051 B 0.4 ]
O -rmmmmmmmmmmmmmmm e E 0.2F .
-0.05 o — o . . v ]
FATAT0T0 07070 & xxxxxxxx M ! ! * ! E ! N 7
-0.18% A )\ ] C : ! . ]
E T E -0'2—_+ Before any correction n B
-0.15 — [ —a— After pxA subtraction

- . -0.4— — After residual correction N
- 7\ I 1 1 1 II 1 1 | 1 1 1 II 1 1 I 1 1 1 || 1 1 I - 1 llIJlLlllllllL{llllJJlllJLLIlllIJllLlllIIJLL

02796 18 20 22 24 26 28 30 0 05 3 35 4

ptTraCk [GeV]
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Fractional JES uncertainty

Pileup Uncertainties

A Pileup jet calibration uncertainties are taken from non
closure and data/MC differences

A Most important at lowp;and uncertainties larger in more
forward regions of the detector

0.02F %,

002

\\\\\\\\\\\\\\\\\\\

0-1 || >\ 0.1IIIIIIIWWI[IIIII|IIIIII|I|IIII|II\\|IIII|
B antl k R 0. 4 EM+JES +in s;tu correctlon 1 € ~ anti-k, R = 0.4, EM+JES + in situ correction 7]
~ Data 2012 \s=8TeV ATLAS Preliminary | & Dgta 2012 \s=8TeV ATLAS Preliminary |
— (5]
0.08—n =00 [ Total uncertainty -1 g 0-08_'0 =40 Gev [ Total uncertainty ]
B — Absolute in situ JES 1 = B — Absolute in situ JES ]
B == Relative in situ JES | Cl_ﬂ L == Relative in situ JES 4
0.06— == Flav. composition, inclusive jets — = 0.06— == Flav. composition, inclusive jets —
- Flav. response, inclusive jets - © e Flav. response, inclusive jets .
N Pileup, average 2012 conditions — S = Pileup, average 2012 conditions -
= =1=1 Punch-through, average 2012 conditions i 5 - ==+ Punch-through, average 2012 conditions N
0.04— — L:_E

T TINE TRLL

I L\
)
&,
n
n
1
-
El

0 Jw"ir.,“l'!f LTI 1 " 0'_-t.'“".'..I.T.t-r.r-f.J"J"J-;:E;'i't"r'ﬂ'\"l"l'ﬁ'q"f‘\f;?;;j"J'jli-1l1-1-t-t-|-.l..].1__
20 30 40 102 2x10° 10>  2x10° -4 3 2 - 0 1 2 3 4
Py [GeV] .
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To o

Pileup and Resolution

Pileup also results in degradation of
the jet energy resolution (JER)

Somewhat mitigated by aredased
correction

Standard JER parameterisation is

opr) _N S -
pr Pt NPT

I N = noise (pilaip and electronic)

I S = stochastic (sampling)

I C = constant (other)

Pileup effects the noise part

Previous studies have never been al
to separate these due to high degree
of correlation between N and S

) [GeV]

_ nirue
pT

reco
T

RMS(p

& Science & Technology Facilities Council 1 6
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o
T

(9] (o)) ~l o) ©
[TT TT T[T T T T[T T1T

- 20<p** <30 GeV
C <24

IIIII|IIII|IIII
- ATLAS Simulation Preliminary
[ Pythia Dijet\s=8 TeV
" anti-k, LOW R=0.6

—&— uncorrected
—m— f((u) N, ) correction ]

—&— pxA correction

\\5\\

¥4
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Random Cones

A Developed novel new methods to § 7+ omerodion m'
directly measure the pikeip dependent 5 s omvemesive i
noise term in zerdbias data: g 5 T

I Randomly select a directionin. space T jpedtdt
I Sum all clusters within R of the direction Z o h,.m“‘“w
GF2N¥a GO2ySé0 | et
i Pick opposite and new random o T
I Form another cone go_g? boeeseptttitastiaatasttdetd

i Balance of these cones gives a measure s 152 2 %03
of the noise term

A The noise in these cones can be related? | fsin™ & Eafziia ]
to anti-k, jets by assuming these to also = s+ v Dan-06 Low 3
be circular (good approximation) N e e E

A Allows studies of noise as a function of i; =
pile-up and'

cience & Technology Facilities Council 17 @ A F & i: 4 d
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Total Noise Term

S
S 1.6 J'Ldt soi! ¢ Daia2012(is=8TeV)
2 14 [ ] Powheg-Pythia Z—uy
£ 14f

KT E ATLAS Preliminary ]

A This method can be compared to another * "%
which uses the variation in the event o
energy density to get a handle on N oel

A By taking these measurements of N with o4/
pile-up and the quadratic sum with the 02
noise term in zero pikeip MC (to add back

in non plleup dependent termS) ?_E }% '

A Also apply jet calibration factors to S :
measured (ncalibrated noise -
. . % CATLAS Simulation ile-up (<u>~21Y]
A Can test closure of this method in MC £ o Prefminany ¢ Nowioun o)
i Very nice results S 025 . Quadratic flerence -
A Total noise term then given by central valug .- - At -0 MBS
with uncertainties from comparison to o5t e E
alternative method and nowlosure terms ~ © 1 =iz F
S = U ]
0.05 s oy .h.'n..‘_-*_'
.. ﬂ*“‘*‘i*“*mmﬂm
20 30 40 10 2x10° 10°

[GeV]
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Final Run 1 Jet Energy Resolution

- 06T

A Measured noise term 5 | ik reoa emes ATLAS Freliminary 3
used to constrain Nin & ° "% g T
full in-situ JER 04 -+ Zit
combination 03 * Difts

— Total uncertainty
I Statistical component

A Allows good separation ,
of N, Sand C

IIII{llll'llllJlllllllll‘Jl

III[[[T(||IIINIIII|III

0.1
A First explicit extraction | i
of these parameters! Y20 040 10 20 10°
P [GeV]
EM+JES R =04 EM+JES R = 0.6
N [GeV] | S [GeVz] C N [GeV] | S [GeVz] C
In] < 0.8
3.33+0.63 | 0.71 £0.07 | 0.030 £ 0.003 | 4.34 £0.93 | 0.67 £0.08 | 0.030 £ 0.003
0.8 <|nl <12
3.04+0.70 | 0.69£0.13 | 0.036 £ 0.003 | 4.06 £0.93 | 0.76 4 0.10 | 0.031 & 0.003
1.2 < |n| <21
3.34+0.80 [ 0.61 £0.16 [ 0.0444+0.008 | 3.96 +0.91 | 0.56 +0.14 | 0.042 £ 0.007
2.1 <|n| <28
29+1.0 [ 046+0.30 | 0.053+0.011 | 3.414+0.84 | 0.48 £0.27 [ 0.049 £ 0.012
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Removing pilaup jets

A Jet vertex fraction (JVF) used to

remove pileup jets
JVF(jet,, PV;) =

> . prl tlau:kJ . PV;)

> > prl ’Eld,Ll{E L PV,)
A Also improved MC/data agreement
A Monte Carlo known to ovefestimate

pile-up activity

JVF[jet2,PV1]=0
JVF[jet2,PV2]=1

Science & Technology Facilities Council

% Rutherford Appleton Laboratory

JVFLjet1, PV1]=1-f
JVF[JeTI PV2l=if

Z

T

jet

(N ), p.>20GeV

Data/MC Data/MC

@w
N

w

no
o™

o
2}

2.4

2.2

1.02

0.98

1.02

0.98F

ATLAS Preliminary M MC, No JVF Cut
M Data, No JVF Cut

Z—uu +jets ¥ MC, [JVF| > 0.25
¥ Data, [JVF| > 0.25
¢ MC, |JVF| > 0.50
+ Data, |JVF| > 0.50

JVF Uncertainty

anti-k, LCW+JESR = 0.4

0.0<m <21

i)

E;W?:xmvw MWW@-O‘O

5 10 15 20 25 30 35 4O<H>
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V+jet Measurements

A Measurements of vector boson production in association with jets:

I Provides a precision test of QCD including testing of siktbe-art
calculations

I New physics processes may be observed as tensions between
calculation and measurement

I Understanding of such (irreducible) background is important for SUSY
Higgs and exotic measurements

A Here discuss two such measurements | was involved in

i WH+jets[1409.8639 (W + jets)
JES ™ 5(Z/y* + jets)

I Rjets [1408.651(

A Complimentary measurements using the full 2011 dataset
I 4.6fbltat 7TeV

Vo Y — ., SATL AS
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http://arxiv.org/abs/1409.8639
http://arxiv.org/abs/1408.6510

WH+jets

Standard Model Production Cross Section Measurements  suus vacn 2015

o 10t . -
8 80 b ATLAS Preliminary
e
B 100 01<pr<2Tev Run1 +/s=7,8TeV
s —
10° 03msa TV LHC pp Vs =7 TeV LHC pp Vs =8TeV
B Theory pm  Theory
4
10 o - Observed 45-2491f" - Observed 2031
35 pb
103 niz1 n=0
o= 35 pb™?
nj>2 -o-*
102 wOs n;z1 &K 95% CL
O on A total s
>3 O O (yry.22) tmit
wom Nz2 n e P -
1 B o e =
10 nj>4 ns3 m24 20! HoWww o 1
j 2 . o
oS =) —on- i B
n>5 nz4 p.>g [ =J0)-—=0=— imit : I
1 —u_—n—d - o
il V‘;F- A, L
i~ 0O H— W -T o
10-! s | N
nzs g o ol o i
n 1 o
2 e ! N
10 - ! !
i H—ZZ a1 : o
i | S Do
1073 i _n_i :
1

PP Jets Dijets W Z  tf teaaan WW ¥Y Wt H Wz zzZ Wy W+ 7y gw tiz tty Zjj Wyyw:wWeiite g

R=0.4 R=04 Wz EWK EWK

total |y|<3.0 |y|<3.0 fiducial fiducial fiducial total  total fiducial total fiducial fotal  total fiducial fiducial fiducial total  total fiducial fiducial fiducial fiducial total
y <3 semilept. njet=0
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WH+jets

Standard Model Production Cross Section Measurements

Status: March 2015

o 10% - -
8 80 b ATLAS Preliminary
e
b 106 0.1<pr<2Tev Run1  Vs=7,8TeV
s —
03 ;<5TeV
10° o LHC pp Vs =7TeV LHC pp Vs =8TeV
B Theory pm  Theory
104 nj =0
= - Observed 45-491 - Observed 203 b
5 1
103 niz1 0
=O= | -
-
10 ~> __o_ﬂ“ N total upper
njz 3 Lo O (v‘uzzj [
i N 13.0 fb .
1 1 agF o 0. 711
10 ni>4 . 2007 HSWW o |
| o ] o =4 95% CL o
82 5 - ~—aOs-— upper ! :
]_ n;>5 6 [y —n— =O= limit : -
1
n; > © j— T o
= njz7 VBF ‘ 1 [
. o H—WW ﬂ Pl
10_ njz 8 : n : i
g il : i
Hoyy ! b
1072 l o
1 I
H—Z2Z—4( I [
i | L D
1073 e | .- BN
L [
PP Jets Dijets W Z  tf teaanWW ¥ Wt H WZ 2Z Wy W' 7y gqw iz thy Zjj WyywWeite chan
R=0.4 R=04 Wz EWK EWK
total |y|<3.0 |y|<3.0 fiducial fiducial fiducial total  total fiducial total fiducial fotal  total fiducial fiducial fiducial total  total fiducial fiducial fiducial fiducial total
y'<3. semilept. njet=0
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Vector Boson + X Cross Section Measurements Status: March 2015 JLdt

[fb"] Reference

N I M I N 1 ' I N 1

ad(y+X) [In”] <1.37) 46  PRD 89, 052004 (2014)

—[1.52< 7| < 2.37] 46 PRD 89, 052004 (2014)

o.fid(z - ee, up) 0.035 PRD 85, 072004 (2012)

_ [njet >1] ATLAS Prellmlnary 46 JHEP 07, 032 (2013)

— [Njex = 2] 46 JHEP 07, 032 (2013)

je \Vs=7,8TeV

— [Njer 2 3] 46 JHEP 07, 032 (2013)

— [Mjet > 4] 46 JHEP 07, 032 (2013)

= [Npojer> 1] 46 JHEP 10, 141, (2014)

— [Mpojer> 2] LHC pp Vs=7TeV 4.6  JHEP 10, 141, (2014)

_ O'ﬁd(ij EWK) - Theory 20.3  JHEP 04,031 (2014)
o(Z > 1) - (s)gserved 46  arXiv:1407.0573 hep-ex]
o.ﬁd(z N bb) S$3¥+SY$1 195 PLB 738, 25-43, (2014)
o.fid(w - ev, pv) 0.035 PRD 85, 072004 (2012)

~ [Mjer 2 1] LHCpp Vs =8TeV 4.6  arXiv1409.8639 [hep-ex]

— [Njer > 2] Theory 46 arXiv:1409.8639 [hep-ex]

— [Njer > 3] Otbferved 46 arXiv:1409.8639 [hep-ex]

sta
- [njet > 4] +Syst 46 arXiv:1409.8639 [hep-ex]
— [njet > 5] 4.6 arXiv:1409.8639 [hep-ex]

= [Njer=1, Np_jer=1] 46  JHEP 06,084 (2013)
= [Njer=2, Np_jer=1]

o 4.6 JHEP 06, 084 (2013)
ofd(Woev, uv)/ofid(Z-ee, pu)| ™ "0

0.035 PRD 85, 072004 (2012)

— ["jet > 1] 4.6 Eur. Phys. J. C 74: 3168 (2014)
— [“jet > 2] Ratic 46 Eur. Phys. J. C 74: 3168 (2014)
- [njet > 3] Ratic 46 Eur. Phys. J. C 74: 3168 (2014)
— [njet > 4] 4.6 Eur. Phys. J. C 74: 3168 (2014)

o4(W+Z - qq) S, 46  NewJ. Phys. 16, 113013 (2014)
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Vector Boson + X Cross Section Measurements Status: March 2015 JLdt

[fb"] Reference

N I M I N 1 ' I N 1

of(y+X) [In7] <1.37]
—[1.52< |”| < 2.37]

4.6 PRD 89, 052004 (2014)
4.6 PRD 89, 052004 {(2014)

o.fid(z - ee, up) 0.035 PRD 85, 072004 (2012)

— [Njer = 1] ATLAS Preliminary 46 JHEP 07, 032 (2013)

— [Njex = 2] 46 JHEP 07, 032 (2013)

je \/_ =7,8TeV -

— [Njer 2 3] 46 JHEP 07, 032 (2013)

— [Mjet > 4] 46 JHEP 07, 032 (2013)

= [Npojer> 1] 46 JHEP 10, 141, (2014

— [Mpojer> 2] LHC pp s=7TeV 46  JHEP 10,141, (2014

_ O'ﬁd(ij EWK) - Theory 20.3  JHEP 04,031 (2014)
0'“"(2 - 77) - (s)gserved 46 arXiv:1407.0573 [hep-ex]
o"(Z - bb) SSaLsys! 19.5  PLB 738, 25-43, (2014)
o.fid(w - ev, pv) 0.035 PRD 85, 072004 (2012)

~ [Mjer 2 1] LHCpp Vs =8TeV 4.6  arXiv1409.8639 [hep-ex]

_ [njet > 2] Theory 4.6 arXiv:1409.8639 [hep-ex]

— [Njer > 3] Otbferved 46 arXiv:1409.8639 [hep-ex]

sta
— [njet > 4] stat+syst 46 arXiv:1409.8639 [hep-ex]
— [njet > 5] 4.6 arXiv:1409.8639 [hep-ex]

= [Njer=1, Np_jer=1] 46 JHEP 06, 084 (2013)
- [njet=2x nb—jet=1]

o 4.6 JHEP 06, 084 (2013)
afid(Woey, uv)/ofd(Zoee, up)| ™ "L

0.035 PRD 85, 072004 (2012)

— [njet > 1] 4.6 Eur. Phys. J. C 74: 3168 (2014)
- [“jet > 2] Rati 46 Eur. Phys. J. C 74: 3168 (2014)
- [njet > 3] Ratic 4.6 Eur. Phys. J. C 74: 3168 (2014)
— [njet > 4] Ratic 4.6 Eur. Phys. J. C 74: 3168 (2014)
o (W+Z — qq) . 4.6 New J. Phys. 16, 113013 (2014)
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Event Selection

Pre-selection

Pre-selection

Vertex
Data quality
LAr Hole

ERiss cleaning

= 1 good vertex: Ny = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

Fs cleaning cuts (event rejected if any BadLooser

jet found with pr = 20 GeV and || < 4.5)

Vertex
Data quality
LAr Hole

EPSs cleaning

= 1 good vertex: Nyoes = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

B3 cleaning cuts (event rejected if any BadLooser
jet found with pr = 20 GeV and || < 4.5)

Electron selection

Muon selection

1 (] 1 2 1 ees i ﬁ [als X Walal ﬁ ]
Transverse momentum | py = 25 GeV Transverse momentum | pp > 25 GeV
Rapidity |n| < 2.47 (excluding 1.37 < || < 1.52) Rapidity In| < 2.4
T A= b e

{=] o

Electron Isolation™®
Calorimeter problems’

Passes 12097Ptconed( && 1is098Etcone20
OQ&1446 == 0

* Applied to W electron and leading electron in Z selection

7 — ee event selection

Triggers

Electrons

Charge

Invariant Mass
Electron separation

EF_e20_medium (D-J), EF 22_medium (K),
EF_e22vh_medium1 (L-M)

Exactly 2 selected electrons

Opposite sign

66 < me. < 116 GeV

AR(l) =02

Quality

Isolation®
Tmpact parameter®

> 1 pixel hits

= 5 SCT hits

< 3 pixel and SCT holes
= 8 TRT hits

pF /pr < 0.1
|do/or(do)| < 3

* Applied to W electron and leading electron in Z selection

Z — ppoevent selection

W — er event selection

Triggers
Electrons
Missing energy
Transverse mass

EF_e20_medium (D-J), EF 22_medium (K),
EF_e22vh_mediuml (L-M)

Exactly 1 selected electron

ERis = 25 GeV

mr = 40 GeV

Triggers

Muons

Charge

Invariant Mass
Muon separation

EF_mul8 MG or EF_mul8 (D-I)

EF_mul8 MG_medium or EF_mul8_medium (J-M)
Exactly 2 selected muons

Opposite sign

66 < myy < 116 GeV

AR =02

W — pr event selection

Jet selection

Jet isolation

Jet rapidity

Pileup-jet rejection
Transverse momentum

AR(C, jet) > 0.5 (jet veto)
ly] < 4.4

[TVF] < 0.75if || < 2.4
pr > 30 GeV

o

Science & Technology Facilities Council

Rutherford Appleton Laboratory

Triggers

Muons

Missing energy
Transverse mass

EF_mul8 MG or EF_mul8 (D-T)

EF_mul8 MG_medium or EF_mul8_medium (J-M)
Exactly | selected muon

Emiss = 95 GeV

= 40 GeV

my

26

@ATLAS

EXPERIMENT




Event Selection

Pre-selection

Pre-selection

Vertex
Data quality
LAr Hole

ERiss cleaning

= 1 good vertex: Ny = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

Fs cleaning cuts (event rejected if any BadLooser

jet found with pr = 20 GeV and || < 4.5)

Vertex
Data quality
LAr Hole

EPSs cleaning

= 1 good vertex: Nyoes = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

B3 cleaning cuts (event rejected if any BadLooser
jet found with pr = 20 GeV and || < 4.5)

Electron selection

Muon selection

Author®

Transverse momentum
Rapidity

Electron 1D

Electron Isolation™
Calorimeter problems’

lor3

pr = 25 GeV

|n| < 2.47 (excluding 1.37 < || < 1.52)
Tight++

Passes 12097Ptconed( && 1is098Etcone20
O0Q&1446 == 10

* Applied to W electron and leading electron in Z selection

7 — ee event selection

Triggers

EF_e20_medium (D-J), EF 22_medium (K),

EF_e22vh_medium1 (L-M)
Exact]ly 2 o = -t 2

Reconstruction
Transverse momentum
Rapidity

Quality

Isolation®
Tmpact parameter®

STACO combined

pr = 25 GeV

|'.ri|| < 2.4

= 0 b-layer hits

> 1 pixel hits

= 5 SCT hits

< 3 pixel and SCT holes
= 8 TRT hits

pF /pr < 0.1
|do/or(do)| < 3

* Applied to W electron and leading electron in Z selection

Charge
Invariant Mass
Electron separation

Opposite sign
66 < me. < 116 GeV
AR(l) =02

Z — ppoevent selection

W — er event selection

Triggers
Electrons
Missing energy
Transverse mass

EF_e20_medium (D-J), EF 22_medium (K),
EF_e22vh_mediuml (L-M)

Exactly 1 selected electron

ERis = 25 GeV

mr = 40 GeV

EF_mul8_MG or EF_mul8 (D-I)

Triggers EF_mul8 MG _medium or EF_mul8_medium (J-M)
Lxactly 2 selected muons
Charge Opposite sign

Invariant Mass
Muon separation

66 < my, < 116 GeV
AR(Il) > 0.2

W — pr event selection

Jet selection

Jet isolation

Jet rapidity

Pileup-jet rejection
Transverse momentum

AR(C, jet) > 0.5 (jet veto)
ly] < 4.4

[TVF] < 0.75if || < 2.4
pr > 30 GeV

o
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Triggers

Muons

Missing energy
Transverse mass

EF_mul8 MG or EF_mul8 (D-T)

EF_mul8 MG_medium or EF_mul8_medium (J-M)
Exactly | selected muon

Emiss = 95 GeV

= 40 GeV

my
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Event Selection

Pre-selection

Pre-selection

Vertex
Data quality
LAr Hole

ERiss cleaning

= 1 good vertex: Ny = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

Fs cleaning cuts (event rejected if any BadLooser

jet found with pr = 20 GeV and || < 4.5)

Vertex
Data quality
LAr Hole

EPSs cleaning

= 1 good vertex: Nyoes = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

B3 cleaning cuts (event rejected if any BadLooser
jet found with pr = 20 GeV and || < 4.5)

Electron selection

Muon selection

Author®

Transverse momentum
Rapidity

Electron 1D

Electron Isolation™
Calorimeter problems’

lor3

pr = 25 GeV

|n| < 2.47 (excluding 1.37 < || < 1.52)
Tight++

Passes 12097Ptconed( && 1is098Etcone20
O0Q&1446 == 10

* Applied to W electron and leading electron in Z selection

7 — ee event selection

Triggers

Electrons

Charge

Invariant Mass
Electron separation

EF_e20_medium (D-J), EF 22_medium (K),
EF_e22vh_medium1 (L-M)

Exactly 2 selected electrons

Opposite sign

66 < me. < 116 GeV

AR(l) =02

W — er event selection

Triggers

EF_e20_medium (D-J), EF 22_medium (K),
EF_e22vh_mediuml (L-M)

Reconstruction
Transverse momentum
Rapidity

Quality

Isolation®
Tmpact parameter®

STACO combined

pr = 25 GeV

|'.ri|| < 2.4

= 0 b-layer hits

> 1 pixel hits

= 5 SCT hits

< 3 pixel and SCT holes
= 8 TRT hits

pF /pr < 0.1
|do/or(do)| < 3

* Applied to W electron and leading electron in Z selection

Z — ppoevent selection

Triggers

Muons

Charge

Invariant Mass
Muon separation

EF_mul8 MG or EF_mul8 (D-I)

EF_mul8 MG_medium or EF_mul8_medium (J-M)
Exactly 2 selected muons

Opposite sign

66 < myy < 116 GeV

AR =02

Missing energy
Transverse mass

Terertr—t-srtrerert-rteetror
y
Epss = 25 GeV

mr = 40 GeV

Jet selection

Jet isolation

Jet rapidity

Pileup-jet rejection
Transverse momentum

AR(C, jet) > 0.5 (jet veto)
ly] < 4.4

[TVF] < 0.75if || < 2.4
pr > 30 GeV

o
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W — pr event selection

Triggers

EF_mul8 MG or EF_mul8 (D-T)
EF_mul8 MG_medium or EF_mul8_medium (J-M)

vt
Missing energy
Transverse mass

j WP dl_Ll‘)' L 5.1\.LL\.L1 TTINROTT
Ess = 25 GeV

mr > 40 GeV
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Event Selection

Pre-selection

Pre-selection

Vertex
Data quality
LAr Hole

ERiss cleaning

= 1 good vertex: Ny = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

Fs cleaning cuts (event rejected if any BadLooser

jet found with pr = 20 GeV and || < 4.5)

Vertex
Data quality
LAr Hole

EPSs cleaning

= 1 good vertex: Nyoes = 3

remove events affected by LAr noise and data corruption
Veto events with jet in LAr hole

B3 cleaning cuts (event rejected if any BadLooser
jet found with pr = 20 GeV and || < 4.5)

Electron selection

Muon selection

Author®

Transverse momentum
Rapidity

Electron 1D

Electron Isolation™
Calorimeter problems’

lor3

pr = 25 GeV

|n| < 2.47 (excluding 1.37 < || < 1.52)
Tight++

Passes 12097Ptconed( && 1is098Etcone20
O0Q&1446 == 10

* Applied to W electron and leading electron in Z selection

7 — ee event selection

Triggers

Electrons

Charge

Invariant Mass
Electron separation

EF_e20_medium (D-J), EF 22_medium (K),
EF_e22vh_medium1 (L-M)

Exactly 2 selected electrons

Opposite sign

66 < Mg < 116 GeV

AR(l) =02

Reconstruction
Transverse momentum
Rapidity

Quality

Isolation®
Tmpact parameter®

STACO combined

pr = 25 GeV

|'.ri|| < 2.4

= 0 b-layer hits

> 1 pixel hits

= 5 SCT hits

< 3 pixel and SCT holes
= 8 TRT hits

P pr < 0.1
|do/or(do)| < 3

* Applied to W electron and leading electron in Z selection

Z — ppoevent selection

W — er event selection

Triggers
Electrons
Missing energy
Transverse mass

EF_e20_medium (D-J), EF 22_medium (K),
EF_e22vh_mediuml (L-M)

Exactly 1 selected electron

ERis = 25 GeV

mr = 40 GeV

Triggers

Muons

Charge

Invariant Mass
Muon separation

EF_mul8 MG or EF_mul8 (D-I)

EF_mul8 MG_medium or EF_mul8_medium (J-M)
Exactly 2 selected muons

Opposite sign

66 < my, < 116 GeV

AR =02

W — pr event selection

Jet selection

1

o L AD o Q= L "

Jet rapidity
Pileup-jet rejection
Transverse momentum

AN Ay
ly] < 4.4
[IVE| < 0.75 if || < 2.4
pr > 30 GeV

o
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Triggers

Muons

Missing energy
Transverse mass

EF_mul8 MG or EF_mul8 (D-T)

EF_mul8 MG_medium or EF_mul8_medium (J-M)
Exactly | selected muon

Empiss = 25 GeV

= 40 GeV

mT

29

@ATLAS

EXPERIMENT



Backgrounds

A Some backgrounds taken from Monte Carlo simulation
I Single top
i Diboson
I W/ Ztjets(including.)
T ttYor N <3

jets
A Two important backgrounds taken from data
I Multi-jet (using loose identification templates)
I ttYor Nig,s> 2 (usingb-tagged templates)

(=]
w

%J §1 g 4000 r|. LA L L L B T T T 1 LA L L L L B I J:
S ol ATLAS . pac - ATLAS \s=7TeV, 4.6 fo ®
g L —e— data, \s=7TeV,46fb g 3500 - al’]
é C [ ] EWK + top processes w = W — nv, N =3 -
£ - [ Multijets T C jets A
H 200 N = 1 © 3000 ® Data o
- i : Fit Result I
150, 2500F  —— W plus EWK ¢ [3
L R tt o 3
oo 2000 Multijet & :
C 1500 —
sof : :
E %” 1000 —
. 1'121 » I A — BOOE- et eezne T —
j_:; 1E|-13‘=-‘i‘===““f“¢‘*$+*+ﬁ-+ + 0: o T T O =
Sosf 4 o el L **%01 02 03 04 05 06 07 0.8
0 20 40 60 80 100 120 140 160 180 200

ET** [GeV] Transformed Aplanarity
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Pred / Data

Detector Level (1)

0.5

Everything looks good in th &% OK | Yy S X

ATLAS

Pred sys
I Pred sys@®stat

T T T T T
e Data, \s=7TeV, 4.6 fb”

[J W- ev (ALPGEN)

o tt

I Other

CJZ-ee

[ Multijets
W— ev (SHERPA)

T

Science & Technology Facilities Council
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Events / unit |y'|

Pred / Data

108

107

108

10°

0.5

ATLAS
Pred sys
I Pred sys®stat

T i
@ Data, \s=7TeV,4.6fb"
[ W— uv (ALPGEN)
mm tt

[ Other

[JZ-

[ Multijets

W- v (SHERPA)

...........
E =
- E
o . ol
E T e e e e
: e :
_IIIIIIIII‘II\\II\\I‘\l\\I\\l\‘\l\\l\\ll‘lll__

0 05 1 15 2 =25 3 35 4
V| (leading jet)
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Events / GeV

Pred / Data

107
10°
10°
104
10°
102

10

107

10
15

0.5

ATLAS @ Data, \s=7TeV,4.6fb"
Pred sys [ W— uv (ALPGEN)
[ Pred sys®stat Ett
i B Other
C1Z-
[ Multijets
- W= uv (SHERPA)
e e e
S
g ]
%.I.J.M.\JH.l...l.\.t\.\\.\.I...I...;

200 400 600 800 1000 1200 1400 1600 1800 2000

¥

Hy [GeV]
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Events

Pred / Data

Detector Level (2)

0.5

X | YR Zéhghnel K S

T T T T T T —;1OB|‘|||‘||‘||‘|‘||‘||\||\|\||!|ll\l|\l\l|\ll§> """""|H""Hl'"“"';“"'l""l"'
Pred sys ® Data, s=7TeV,46fb" g Pred sys e Data Vs=7Tev,d6fb" 3 & 10f Pred sys ® Data, ys=7TeV, 46 b
C1Z-ee 107 C1Z- ue = = C1Z—up
[ Pred sys@stat o __E [ Pred sysé@stat [ ttbar 2 £ 1 g5 W Pred sys@stat [ ttbar
I Other € 6 I Other 12 " I Other
CIW—ev g 10 W= uv w10 W= uv
[ Multijets w [ Multijets 10° [ Multijets
----------- Z-; ee (SHERPA) 10° e Z—s it (SHERPA) 5 o Z—s it (SHERPA)
10° —_— -
10°
10?
10g
— } | } | 5 © 4 g CHHH o i
g 18 & A
E ] Q 1E — Q Ho n
S = 3 & e T 3 : ;
E ! I \ I T - D B BT B P TR T 05 e e L e T
0 1 2 3 4 5 0 05 1 15 2 25 3 35 4 100 200 300 400 500 600 700 800 900 1000
Nets Iy'| (leading jet) Hy [GeV]
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pJT (leading jet, detector level)[GeV]

Unfolding

A Unfolding is done using an iterative Bayesian procedur
A This corrects for detector efficiency and resolution

A Unfolded to a truth definition as close as possible to
the detector phase space

10007\\I\I\I\II\I\

900
800}
700
600}
500}
400F

300F

200F

100

[ [TTTT]
r ATLAS Simulation

0.35

0.3

4 j0.25

"

] 0.2

0.1

100 200 300 400 500 600 700 800 900 1000

dT (leading jet, hadron level)[GeV]
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1 015

0.05

0

W boson

Z boson

BT = 25 GeV
mr =40 GeV

66 < my < 116 GeV
AR(LI) = 0.2

Jet Selection

pr = 30 GeV

y| < 4.4

AR(jet, 1) = 0.5

Electron Channel

Muon Channel

P = 25 GeV
|r,r < 2.47

(excl. 1.37 < || < 1.52)

pir > 25 GeV
P < 2.4
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Uncertainties

> 05—
5 0.45- ATLAS L
£ W uv)+ 21 jet 3
A Uncertainties are included for g 0.4 " TSy omare Uncrainy E
i Jets o 0-355 — jhuon E
A Energy scale £ 0.3° — iaans :
A Resolution  0.25- E
I Leptons 0.2 A =
A Energy scale 0.15c -
A Resolution 0.1 E
A Identification 0.05f [ E
A Reconstruction = : .
A Trigger 7600800 1000
i MiAssing energy s | | p’T (Ieadinlg jet) [GeV]
Ener I 2 7 ]
A Re§09|l¥tiSC)C;1a ° 'é 0.45- ?\ﬂfi)y(zw W) + 21 jet E
- [J] F . Statistical Uncertainty A
T Unfoldin g § 0-4: _ Total Systematic Uncertainty _
A Simulation statistics o 035 — & E
A Generator modelling 5 03 " Bakgrounds J— =
I Background o 0.25- E
A Monte Carlo normalisation 0.25 E
A Multi-jet estimate 0.15- -
A ttestimate 0,12 =
I Luminosity 0.05:
=

200 400 600
Ieadlng jet) [GeV]

& Science & Technology Facilities Council 34 @ A F h A d

@ Rutherford Appleton Laboratory EXPERIMENT



Uncertainties

> 05771713
‘S 0.45- ATLAS 3
A Uncertainties are included for § 04 Sy :
i Jets 3 035~ — i
A Energy scale £ 030 Unioung 3
A Resolution & 0.25¢

i Leptons
A Energy scale
A Resolution
A Identification
A Reconstruction
A Trigger

T Missing energy

Y| (leading jet)

A Energy scale z 05 I T
H = ATLAS 3
A Resolution %OASE (WEs o)(Z( 1) + 1 jet ]
i Unfolding S 045 " Tulsyiiematc tncerainty E
A Simulation statistics g 035, — luer E
A Generator modelling 5§ 0.3- T Backgroands 3
. o] C 7
I Background o 0.25- E
A Monte Carlo normalisation 0.2 g
A Multi-jet estimate 0.15- 3
A ttestimate 0.1 3
I Luminosity 0.05- 3
e _—— = ===

0 1 2 3 4

Y| (leading jet)
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Combination

A Electron and muon measurements are combined after unfolding
using a2 minimisation

fzz(

m -,

] L”Eib' — Hi]g

. :.tat.k}gf-i (?H T Zj‘ _jr ﬂ’lf’b} (51r:1ncor

m’)

Zb‘z

A Combined phase space close to electron and muon phase spaces
A Acceptance corrections are derived from simulation studies

Common Channel

P > 25 GeV
|?;l| < 2.5

& Science

& Technology Facilities Council
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Acceptance Correction

= LI [ B B L B B LB B BN B
1 2'_ Wi{— ev)+jets _
T anti-k, jets, R=0.4,

. pJ > 30 GeV, |y | <4. 4
1.1 -

1_

w&#‘*’;* K‘F | ]
0.9 [ -
0.8 —4— ALPGEN+HERWIG y

| —4— SHERPA
0 ?_I 1 o 1 1 | ] | 1 | 1 1 1 ] | 1 1 ]

) 200 400 600 800 1000

p. (leading jet) [GeV]
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Acceptance Correction

-  —$— ALPGEN+HERWIG
[  —4— SHERPA

T | T T T | T T T | T T T | T T T
W({— pv)+jets
anti-k, jets, R=0.4,
pJ > 30 GeV, |y | < 4. 4

200 400 600 800 1000
P (leading jet) [GeV]
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Theory Predictions

A Predictions are taken from

Alpgen+Herwig: LO+PS with up to 5 additiomertons
Sherpa = LO+PS with up to 4 additigreaitons

Blackhat= NLO calculation with up to 5 additiormirtgns
F LILINPEAYLF 0S XM

adzya T

LoopSim= approximate NNLO prediction
HEJ = LO with large rapidigsummation
MEPS@NLO = NLO+PS with uppgaronsmerged with LO+PS up tgértons

T
|
|
i 9OEOf dzaA @S
|
|
|

bb[ h

Max. no. of partons at

APProX. - Parton/Particle Distributions
Program NNLO N I'_’O L_O level shown
[a_;\'jm +2) (0.:;\Ij"t_]'} (Q?‘jut J
LoopSIM 1 5 3 parton lcv?] Leach}_ug jet pr and Hrp
all corrections for W+ = 1jet
BrackHAT+SHERPA - 5 6 part?n ICV.C_] _ All
all eorrections
BLACKHAT+SHERPA ) 9 3 parton level Leading jet pr and Hp

exclusive sums

all corrections

for W+ > 1jet

Rutherford Appleton Laboratory

. parton level All for
HEJ all orders, resummation QED FSR corr. W+ > 2, 3, 4jets
MEPSGNLO - 2 4 particle level All
ALPGEN - - 5 particle level All
SHERPA - — 4 particle level All
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QED FSR Correction

Theory Corrections

A For comparison to the measurement, predictions are corrected for

i QED FSR

I QCDhadronisation

I QCD underlying event

IIIIIII\Il\\\\\II\‘\\\\'I\\\I\\II‘III\III
ATLAS W(— ev)+jets
Simulation antl k; jets, R= 04

p '> 30 GeV, |y |<4.4

I | ‘ |

Hadronization Correction

é
(

!

—4— ALPGEN+HERWIG
—&— SHERPA

o v b b b b b by by

0 05 1 15 2 25 3 35 4
|f| (leading jet)
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o

\I\\l\\l\‘l\\l\II\IIIIIlIIII‘II\\I\\I\I\
T ATLAS W(— ev)+jets

F Simulation anti-k, jets, R= 04
p’e‘>3OGev Iy <4.4

|III|||||1I||\\W}
|||||||||\|||\\\‘||\‘\

e o

| ;

—=$— ALPGEN+PYTHIA PERUGIA2011C
—=&— ALPGEN+HERWIG AUET2

fl!!lllfllll

ILJ|lJIlJIlJI\JIIJIIIIIIIIII{IILJILJILJl

05 1 15 2 25 3 35 4
Y| (leading jet)

38

r ATLAS W(— ev)+jets
F Simulation anti-k, jets, R= 04

UE Correction

1 I TTT | TTT l T 1T }
E‘
T

fl!!lllfllllll

ILJILJILJIlJI\JIlJIlJIlIIlIIIIILIILIILJIL

ﬁe‘>30GeV Iy <4.4

—&— ALPGEN+PYTHIA PERUGIA2011C
—— ALPGEN+HERWIG AUET2

o

05 1 15 2 25 3 35 4
|f| (leading jet)
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Theory Corrections

A For comparison to the measurement, predictions are corrected for
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UE Correction
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Resultsg Jet Multiplicity
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A Results shown both

exclusive (probes
jet vetoes) and
Inclusive

Blackhatand HEJ
agree will within
uncertainties

Alpgenand Sherpa
also agree but
show different
shapes at high
multiplicity
MEPS@NLO shows
a flattening of the
shape but a
normalisation
offset compared to
Sherpa
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