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Diboson resonances at the edge

of the LHC

O Diboson resonances appear in many theories
extending the SM

Simple benchmarks
Extended gauge sector models (W 2>W?2Z)
Extra dimensions Models (G>WW,Z2)

O We want to explore the high energy edge of the LHC
Leptonic decays suffer from low branching ratios

Hadronic decays suffer from large backgrounds and
require special reconstruction techniques

Still... for resonances O(TeV) the cross section is so
small that we want to take advantage of the large BR

O The challenge - hadronic decays!

E. Kajomovitz, Duke

W VA
N, ll 22% 7%
TV, 11% 3%
TT
vV - 20%
qq 67% 70%

Boson decay fractions |




Nalve approach to search for Diboson
resonances with hadronic decays

M 4jets
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At the edge bosons are boosted

The vector bosons have masses of O(100 GeV)

So most of the O(TeV) mass of the resonance
transforms into large boost to the decaying products

In a decay like this we would have each boson with a
momentum of the O(TeV)!
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Things are ditferent at large boosts

“Natural” angular separation:
dR ~ 2m/(pT)

Normal jet clustering parameter R=0.4

Pr 0(100GeV) Resolved Regime: Two jets

The boson has relatively low momentum
in the lab frame so we are able to
reconstruct one jet for each quark

4’ > Boosted Regime: Single boson jet

\‘ The boson has high momentum in the

\
O' ‘ lab frame - the outgoing quarks are very
- close to each other so the jets begin to

0.0 / merge

\
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Ultimate challenge - beat the

QCD background

do/pT x BR (rough numbers)*

Signal
Leading Jet [GeV] QCD [fb/GeV] W* [fb/GeV]
0.5TeV (1.2TeV W’) 103 10-1
1.0TeV (2 TeV W) 10 103

XX
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DTagging Boson Jets

DSearches for Heavy Diboson resonances
with ATLAS at Vs =8 TeV

In depth look at the fully hadronic channel
Channels with leptons
Putting it all together

DWhat to expect
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Tagging Boson Jefts
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Boson vs QCD jets

Boson Jets QCD Jets

O Boson deca
y O High-pT parton

Two narrow regions with
high energy density
corresponding to each quark

Each of the quarks carries
comparable fraction of the
boson momentum in the lab
frame

Mass of the jet comes from
the addition of the two
regions corresponding to the
guarks

————————
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Narrow region with high
energy density

High energy density region
has most of the momentum
of the jet

Mass of the jet from the
spread of the energy of the
high pT parton




Fat-jet — Grooming — Tagging

Fat-jet

Large distance parameter to pick up all radiation from original
decay

Grooming

Signal — Take out jet constituents that don’t belong to the signal
decay

Background — Preserve background characteristics in the jet

Grooming>
Tagging

Use differences in Signal and Background jet characteristics to
reject background jets

o
O

-————’

-
(—]
~
So
N‘—_———’

{

S

E. Kajomovitz, Duke




C/A Clustering

1) Smaller distance first

2) Merge if distance smaller than
R=1.2

3) Iterate until nothing to merge

Jet

Cluster

Jet
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BOSON

Angular separation — merged late

Collimated structure — merged early

QCD

Angular separation — merged late
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Collimated structure — merged early




Masss Drop Grooming

Mass Drop Filter* BOSON
1) Go back in clustering Stopping point
2) Find point where momentum is /
balanced amongst proto jets and /r"—"° “Les
mass of proto jets is small r° o‘.o’. )
. \ () o °
compared to merged jet SNaee
Jet

Stopping point

QCD

) Discard
Sub-jet 1

(P Stopping point

O ¢ Sub-jet 2

C

4 *’—_[% >
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* Only most important details for large boosts
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Sub-jet momentum balance after

grooming
8035_|| L L B | T _]
C\,‘ - ATLAS Simulation EGM W' - WZ (m_ =18 TeV) -
a 93Cs=8Tev =
Q - .
S 025 i meeeeeee Pythia QCD dijet -
§ E
S 0.2 Ay | <1.2 —
n - ml<2 -
0.15— , 1.62 <m; <1.98 TeV ]
- 60 <m < 110 GeV -
0.1 : —]
- L ]
0.05F —
O:JLJLM.“ l...|.1.1|....|....|....|....|..'.'."'r-.--.,:
0 01 02 03 04 05 06 0.7 08 0.9 1
Jet \y
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Jet mass affer grooming

LJ ’ LJ L) L] L ] L L] A LJ ' L] L 1 L I 1 A [ A L T L T L)
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¢  FATLAS Simulation bulk Ggg = WW (m_=1.8TeV) J
= 0'2“_\5—8Tev —
= 0.185— ) bulk G — ZZ (m_ = 1.8 TeV) =
2 - :
© 016 | e Pythia QCD dijet =
S 0.14[ I E
g 012t_ I IAyU|<1.2 =
5 - Il]jl <2 =
£ 0IE 1562 <m <1.98 TeV =
0.08 +
0.06( 'TE
0.04 ;,— i
0.02} E:
OO 0.3 0.35

m, [TeV]
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Other handles for discrimination —

Hadronic activity

O We've applied selection
criteria based on the jet

o
\S)
a

T T T T T T T T T T T T T

- ATLAS Simulation

(ap}
mass and momentum o EGM W' - WZ (m_=1.8TeV)
balance 5 0o 'S=8TeV
é --------- Pythia QCD dijet
O Remaining background is § 0.15 <1
enriched with gluon splitting :n)(”i; |
J

jets 0.1 162 <m, < 1.98 TeV

60£mj<110GeV

Increased hadronic activity

IIIIIIIIIlIIII|IIII|

\y > 0.45
0.05
O Use number of tracks
associated to the jet as a 0 T N R
0 60 80 100 120

proxy Jet ungroomed n.
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Data driven estimate of the ny,

selection efficiency

O Monte Carlo simulations of n,, predict a good
discriminating power to distinguish between
boson jets and the background for this
variable

O However, the simulation is not precise enough
to determine the efficiency and background
rejection to the necessary accuracy

O Use a control region in data to determine the
properties of a selection requirement on this
variable

Select a W/Z+jets enriched sample by selecting
those events with a jet passing the boson

selection criteria on the sub-jet momentum
balance

Use the jet mass distribution to determine the
relative signal efficiency of a cut on n,

Dominant uncertainty is the mass distribution of
the background
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Control Region
W/Z+jets enriched sample
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Tagging “Boson Jets”

Jet Mass: Momentum
Boson jet mass balance:
peaks at nominal - For boson jets the
boson mass . TAGGING subjets have comparable
- QCD m.ost!y fa.lllng BOSON momenta at the stopping
mass distribution JETS point
- For QCD jets one of the
subjets will have most of

i the momentum

Hadronic activity:

- Increased hadronic activity in gluon-like jets

For each search channel the optimal tagging point will depend on the backgrounds
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Boson tagged jets in datao
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Searching for diboson

resonances: In depth look at the
fully hadronic channel

arxiv:1506.00962
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Fully hadronic channel

O Huge backgrounds! - Apply a tight tagging selection

Different narrow jet mass windows for selecting W or Z
Simple strategy optimized for model rejection
Considerable overlap between the windows

O Backgrounds are so large that additional handles are needed
Event topology

I Additional selection criteria dictated / driven by detector
considerations
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vent topology

Qcb New Particle
H
H
s-channel
t-channel |
i
1
Jets tend to go more “forward” Jets tend to go more “central”

Rapidity difference between jets has

Rapidity difference between jets has
higher probability to be large

higher probability to be small

x10°
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Additional requirements

Pseudo rapidity Prasymmetry
requirement requirement
———r ———r ———r — — — hay r L L L B B
550000[ W (1400 GeV) x 2500 arpas | . =R W' (1400 GeV) x 2500 o7y A5 ;
2 C QCD (Pythia) s=8TeV, 20.3fb™] $50000F QCD (Pythia) Vs =8 TeV, 20.3fb™
40000 —— QCD (Herwig) 4 ] —— QCD (Herwig) ]
g QCD (PowPy) e ] 40000/ QCD (PowPy) E
30000: ¢ Data ﬁ | ‘..ri 1 ﬂﬂ‘l_: ¢ Data :Alyjjl ; 1.2 ]
— Pt — m L nl < ]
Clayl<i12 ‘ ] 30000~ [ 1.26 < m, < 1.54 TeV |
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20000— ] ] 20000 B
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Estimating the background

O Dominant background are dijet events from QCD processes

Simulation is not accurate enough to provide a robust prediction for estimating the
background

O Data driven estimate
Smoothly and steeply falling distribution for backgrounds

Signal is narrow (only a small region is affected by the presence of a signal)
Fit a parametric shape to the data

O For the parameterization we need to ensure
Has adequate complexity

Will not produce fake signals dn

— = pi(1 - x)p2+§p3xp3
dx
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Tests on background

parameterization

O Two types of tests > 10" g -
0] E ATLAS —e— Data 3
. . . . S el Vs=8TeV,20.3fb" ]
Spurious signal: Fit S+B in background only = 9F iy Bockaround mosel
. . . . . . € ) —— Significance (stat) -
distributions and best fit signal is small e I oo a0
compared to background uncertainty 10 : oamesoser o
Parameterization complexity: Adding additional i3 E
parameters does not result in a significant better e
ﬁt 10-2% | | | =
@ ' I U L
£ o0p
O Test parameterization in control regions TS s
Sidebands in data 3 “Famas | ~om |
~8— 10° 5\{; =8TeV, 203" —— Background model
Untagged data % 106; —__ Significance (stat)
Mixture of sideband spectra "o Wi o
10
O Test parameterization in background 3
simulations e
Different dijet simulation :

Consider large variations in the background
composition
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Results in the fully hadronic

channel

. > 10— T 71— T
In most of the range there is good agreement between the 8 AT T aroundmoce
. S oL oYY — 15TeVEGMW!, c =
background estimate and the observed data . 2 Tov QMo
L% 102 —_— S}gnificance (sta{)

Il Significance (stat + syst)
WZ Selection

At ~2 TeV the three channels (WW/WZ/ZZ) observe statistically mild 0
deviations from the background. Approximately 20% of the events

are shared in the three signal regions. Overlap between WW/WZ or
WZ/7Z is larger

\HHH‘ T H\H‘ T \HHH‘ T \HHH‘ T HHH‘ T TTTT]

(o]
g
g
‘e
. . .. . 5
Largest deviation is in the WZ channel 2.5 sigma global (3.4 local) @
= L L L B Iy ST T T T T T ) ST T
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N E = E = E R 3
= F Vs=8TeV,203fb"  -en- Expected 95% CL ] § F (s=8TeVv,203fb" - Expected 95% CL ] T F s=8TeV,203f" - Expected 95% CL ]
3 —
é 103? [ ] + 1o uncertainty 3 i 103? [ ] + 1o uncertainty E 2 10°E [ ] + 1o uncertainty 3
F B @ E 3 £ 3
T E [ ]+ 20 unceirtainty ] o [ [ ]+ 20 uncertainty ] % F [ ]+ 20 uncertainty ]
0 102 - T 102 = - o 102 = =
” E EGMW, c=1 E & 3 Bulk Gg k/M;, = 1 3 < E. Bulk Gg k/Mp, =1 3
S S ] X ] o P e 1
1 10 e : (5&) 10 R = 0] 10; ___________________________________________ =
o E E E E i E E
s r 3 ) F 3 a E ]
5 [ ] o N 7 =3
'E E % 1 \ ; o 3 |
10—1 L 1 1 1 1 1 1 1 1 10—1 L 1 1 1 1 1 1 1 ] 10—1 \ 1 1 1 1 1 1 ]
14 16 1.8 2 22 24 26 28 3 14 1.6 1.8 2 22 24 26 28 3 14 16 18 2 22 24 26 .8 3
my, [TeV] mg [TeV] Mg, [TeV]
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Channels with leptons in ATLAS

’l\_]\ 0.3 i U L DL B ”\T 0.3 r~rr 7 T ]
= T Total W'—Wz ATLAS Simulation Preliminary] N L aan Total G*—WW ATLAS Simulation Preliminary]
d 0250wz f5=8 TeV = S 025 . wwohgq 0T -
< - WZ—hvqq . = - WW-—>JJ .
2 02 @ WZ-ligq S 1 oo02F Total G*—ZZ =
S [ WZow ; o 7Z—llqq .
W 0.15- \/\—: 8 0145 227U =
o) - ] kS - i
= N . 2 N .
5 0.1~ 7 Ll 0.1— —
(O] B ] () = —
S C \ ] Q - ]
< 0.05 A — 8 0.05 —
- i o - S -

- i () -
| Lt s, s - a O B n

O L : Il Il Il Il 1 Il Il Il Il 1 Il Il Il Il 1 Il Il L 1 O O Il I Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il
500 1000 1500 2000 2500 < 500 1000 1500 2000 2500

m,,. [GeV] mg. [GeV]

ATLAS-CONF-2015-045 (Combination)
arXiv:1406.4456 (Ivll)
arXiv:1409.6190 (llqq)
arXiv:1503.04677 (lvqq)
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o(pp - W) x BR(W — ZW) [pb]

Sensitivity 1o diboson resonances

IIIIII|T| IIIIII|T| TTH

T IIIII|T| T IIIIIII| TTTTIT

ATLAS Preliminary ———
Vs =8TeV _
| Lat=2031" -

All limits at the 95% CL

Combined Expected
JJ Expected

Ivqq Expected

llgq Expected

IvI’l" Expected

| IIIIIII| | IIIII|_L| | IIIII|_L| | IIIII|_L| 14

—_—

_—
—_—
—

-

1 I 1 1 I 1
500 1000
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my, [GeV]
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T T T T I
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JJ Expected
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| IIIIIII| | IIIII|_L| | IIIII|_L| LLIL =|=-

2500
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500 1000 1500 2000 2500
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Combined picture in ATLAS

O The single lepton channel has a & oL amas roimay —— conw o
comparable sensitivity in most of S NJLa-zae T e
the range where the fully hadronic 7 — i 3
search takes place % TE Chamels Combined: v+ 7 + v + &) S

Excellent agreement with the > 3
background only hypothesis. No 8 10 ~
excess is observed e S S P S

2500
my, [GeV]

O The two and three lepton channels
have less sensitivity at high masses

but no excesses are observed
either

Local significance in WZ is reduced
to 2.5 sigma (at the global level this

is a very mild excess)
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o(pp — G*) x BR(G* — VV) [pb]

10°

E T I T T T
" ATLAS Preliminary
(s=8TeV

| Lat=20310"

L T T L— 7 T T L T T L—

— — - Expected Upper Limit
Observed Upper Limit

T <10

[ ] =20

Channels Combined: llqq + Ivqq + JJ

Bulk RS graviton k/M, = 1, Leading Orde

<

1 I 1 1 1 1 l 1 1 1
500 1000

L l 1 1 1
1500

1 l 1 1
2000
Mg [GeV]
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CMS results

O CMS has performed searches for diboson resonances in similar channels
arXiv:1405.1994 (fully hadronic)
arXiv:1405.3447 (semileptonic)

CMS (unpublished) L=19.7fo 'at ys=8TeV CMS, L =19.7 fb", Is =8 TeV
— T T T T T T T T T T T T I T T T T I T T T T I
-.é Frequentist CLs obs. (solid) / exp. (dashed) : - Observed
’; 1 Ghulk — ZZ — eeluu+V-jet ]
0.3 E G, > WWIZZ > VjetsVet | 3 1 E_ Expected (68%)
T B — Gnulk — WW — ev/uv+V-jet : Q C EXpeCted (950/0)
A -
Q — Combination H o~ i — W' Wz
= N
5 = 107
10" T
E 2 =
o 10 =
X C
© L
1 0-2 1 1 1 1 1 1 | 1 | | 1 1 1 1 | 1 | 1 | 1 1 0-3 —
600 1000 1500 2000 2500 3000 E | | | | |
Mg [GeV] 1 1.5 2 2.5 3

Resonance mass (TeV)
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The future...

NNPDF2.1 NNLO
80

- #H 99 :
o i qq |
= 60f =—Je[¢ :
1 C
> s - 99 |
8 | l
e 40— I ==—EE,.
E L FL(14TeV)/L (8 TeV) ! =
Ll |
o zu;
103 ______ g
__—_|_---er'_'-;'_'|' ST IJ_I U
500 1000 1500 2000 2500 3000
m, ( GeV )
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Exhaustive boson tagging studies

from Run-1 (ATL-PERF-2015-03)

O Consider large space of grooming /
tagging configurations

O(500) configurations tested

n St 1 Trimmed jets, R=1.0  ~/a 0.1 ;; ATLAS Preliminary
e p' 350 <p™"<500 GeV Rgp= 0.2 f.,=3% e Pythia8 simulation
T anti-k, ‘ 4% @
™ < 1.2 0.3 5% e Is=8TeV

Determination of grooming
algorithm based on jet mass (bkg

Shaded bands indicate extent of 68% mass windows

%‘100 ‘
rejection for 68% signal eff Sl Lo T TS TH TR T )
J © ) §8°T*a}q%f'?$%¢¢‘
Additional considerations W mass
PI I eu p d e pe N d ence :: Bars indicate stat. + baseline syst. uncegtainty from JMS+JES

O Step-2 2 -®«>«> v es%e

10% background efficiency

Single variable tagging °
Analyzed O(20) variables

Best variables appear to be
“proneness” related variables
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Improved tagging at Run-2 based

on Run-1 experience

‘2‘022 L L B B ;' 160 — T T T T T T T T T w e S S S ey s S S
S oo A;l'l;ﬁS?I?utlatlon Preliminary 3 - ATLAS Simulation Preliminary Fitted mean" ] o gl ATLAS Simulation Preliminary N
o ’ ant-k, R = _Jef _ = [ anti-k, R=1.0 jets =0 ] & - anti-k, R=1.0 jets A
= 018 Trlmmed f =5%,R_ =0.2) ) M +20 > L ot Bl
. cut sub %] 140 Tnmmed (f , =5%R, =02 . . = [ Trimmed (f =5%,R_ =0.2) 2]

3 ™| <20 200 < p™" < 350 GeV © sub - Linear fit | tg out sub ;
T b L : i
% 016F 5. 137ev o W-jets E B Ll <2.0, w- jets . 8 o8l ml < ?.o, W-jets | _,_ -
g 0.14 e Zijets 2 {20 1 0 [ - Fit: fourth order polynomial ]
I} 0.12 -®- Multijets S T 7] ® L i
z - 1500 < pI™" < 2000 GeV o F PR o - i
o € 100 oo - o 2 =
0.1 - W-jets — R | - C ]
0.08 T zien = T S U | | ] r e 1
0.06 o T S S ] | E 15[ et ]
0.04E¢ R ] L o ]
6o - e ]
0.02 C ] 1k N

= | un e, =5 P R S E SN B P R S E S B

o0 60 80 100 120 140 160 180 200 500 1000 1500 2000 500 1000 1500 2000

Jet mass [GeV] Jetp_[GeV] Jetp_[GeV]

ATLAS-PHYS-PUB-2015-033
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Summary

O The large dataset collected in Run-1 of the LHC provided the exciting opportunity to explore
new particles at the TeV scale decaying to W/Z’s

O The excellent spatial resolution of the calorimeters in the experiment(s) allowed to develop
dedicated techniques to reconstruct boosted bosons decaying to hadrons

This is just the beginning!

O There is tension with other searches

In ATLAS the fully hadronic channel shows a not-significant-enough excess around 2 TeV. But...
other channels of comparable sensitivity are in good agreement with background only predictions

CMS has seen some mild excesses in the same general region in searches with comparable
sensitivity in this region. But... at lower mass scale. The uncertainty in the Jet Energy Scale estimated
by both experiments is smaller than the difference in the mass of the excesses.

O Run-2 is here! Data is beginning to flow quickly
Massive cross section increase if the excess depending on production mechanism

If all goes well O(5fb-1)... in Spring experiments could confirm / exclude the excess.
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Thanks!
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Systematic uncertainties

O In ATLAS systematic uncertainties follow the following approach
Two independent measurements for jet related quantities
Track based

Calo based
Compare ratio of Calo / Track in data to MC and use maximal deviation from unity to
derive uncertainty

Check with different simulations

Source | Uncertainty Constraining pdf
Jet pr scale 2% G(apr|1,0.02)
Jet pt resolution 20% G(o,.10,0.05 x V1.22 - 12)
Jet mass scale 3% G(anl1,0.03) Source | Normalisation uncertainty
Efficiency of the track-multiplicity cut 20.0%
Jet mass scale 5.0%
Jet mass resolution 5.5%
Subjet momentum-balance scale 3.5%
Subjet momentum-balance resolution 2.0%
Parton shower model 5.0%
Parton distribution functions 3.5%
Luminosity 2.8%
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Events / 100 GeV

Kinematic effectse¢

N L LA A A
10 ATLAS —v— No boson tagging
107 \E =8TeV, 20.3 fb-1 —e— \WZ Selection
10° —— Only jet m cut
o
- .
10° T —= Only jet \ly, cut
4 Ral S S Only jetn cut
10 —A- lif]7 gt . trk
103 7A77A7 EJ* - e v *V*7v7
—A— - %
a - -5 WZV’W*
102 e e
e A ]71’1—{—
10 e -*- . -
Riaen s A oy
| Tttt
-1 L PR I T ST ! PR . Ly
10 15 2 2.5 3 3.5

m; [TeV]

(a) Single boson tagging requirement applied
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Events / 100 GeV

N
10°E ATLAS

—v— No boson tagging
107 \g =8TeV, 20.3 fb-1 —e— \WZ Selection
108 —— w/o jet m cut
105 ’viviv:v —=— w/o jet \y_cut
- _
10 171717 Wivivlv—fv, w/o jet n cut
- A Vv
10° - - Rt
- —A- Vg
-o— 177.7 ‘ 7A7—A— V- V—_;
1 02 _e— -u- TAa V-
+*+ -y A, X =
10 PGS E S R S
1 t T iy ol A
1 0—1 L P 1 L | l J J J J M T
1.5 2 2.5 3 3.5
m; [TeV]

(b) All tagging requirements except one applied
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Jets /5 GeV

Mass window optimization

L L A B T T > o] LN B L T
] [0 -
ATLAS Snmulatuon BDRS-A ] G 3.5 ATLAS Simulation _.J:H BDRS-A
3.5 Vs=8TeV, 20.3fb" Ay | <1.2 = 2 Fis=8Tev, 203" i y | <1.2
Il <2.0 3 o 3 J l <2.0
3 A<0.15 E S F |+ A<0.15
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Summary of the boson fagging

selection

Channel Selection
Due to the large backgrounds in
/0<m;< 110 GeV the fully hadronic (JJ) channel a
llgq Vy > 0.45 tight selection is necessary

In the JJ channel different mass

65 <m,;< 105 GeV windows are used for W and Z.
lvqq \/y > 0.45 However, there is a considerable
overlap between them (more on

lm,—m, |< 13 GeV this later in the talk)

Ny < 30
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Analyses summary - selection

Channel | Leptons Jets Efrniss Boson Identification

3 leptons :
AV AN - ET™ >25GeV | [my —myz| <20 GeV

pt > 25 GeV

2 leptons lmy; — my| < 25 GeV
tlqq pr > 25 GeV | 2 small-R jets or 1 large-R jet — 70 GeV < mj; < 110 GeV

70 GeV <my < 110 GeV , +fy > 0.45

tvaa 1 lepton 2 sma.ll—R j.ets or 1 large-R jet Efrniss S 30 GeV 65 GeV < mj; < 105 GeV

pt > 25 GeV | No b-jet with AR(b, W/Z) > 0.8 65 GeV < my < 105 GeV, 4y > 0.45

: - < 13 GeV

JJ 0 lepton 2 large-R jets, || < 2.0 EMiss < 350 GeV bz — mJ| ©

V7 > 045, nyg < 30
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Analyses summary - regions

Channel | High-pr merged High-pr resolved (high mass) | Low-pr resolved (low mass)
Ay(W,Z) < 1.5
e | | yW,2) |
AP ERSS) < 1.5 AG(L ENS) > 1.5
P pr(€f) > 400 GeV pr(€f) > 250 GeV pr(€f) > 100 GeV
q4
pr(J) > 400 GeV pr(jj) > 250 GeV pr(jj) > 100 GeV
I large-R jet, pt > 400 GeV | 2 small-R jets, pt > 80 GeV 2 small-R jets, pt > 30 GeV
7) > 300 GeV 7)) > 100 GeV
tvai pr(6v) > 400 GeV pr(j)p) pr(jy)
pr(fv) > 300 GeV pr(€v) > 100 GeV
Acp(ErTniSS, j) > 1 (electron channel)
Ayipl < 1.2
77 |Ay 12 -

m(JJ) > 1.05 TeV
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Analyses summary - contributions

Channel Signal Region W’ mass range [TeV] | G* mass range [TeV]

) low-mass 0.2-1.9 -
e high-mass 0.2-2.5 —

low-pt resolved 0.3-0.9 0.2-0.9

tlqq high-pt resolved 0.6-2.5 0.6-0.9

merged 0.9-2.5 0.9-2.5

low-pt resolved 0.3-0.8 0.2-0.7

tvqq high-pr resolved 0.6-1.1 0.6-0.9

merged 0.8-2.5 0.8-2.5
WZ selection 1.3-2.5 —

JJ WW+ZZ selection — 1.3-2.5
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ATLAS detector
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ATLAS tile calo sectioning
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