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Standard Model

How 
about 

gravity?

Big picture of particle physics today

STScI-PRC-01-09

This diagram reveals changes in the rate of expansion since the universe's birth 15 billion 
years ago. The more shallow the curve, the faster the rate of expansion. The curve changes 
noticeably about 7.5 billion years ago, when objects in the universe began flying apart at a
faster rate. Astronomers theorize that the faster expansion rate is due to a mysterious, dark 
force that is pushing galaxies apart. 
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The Hierarchy Problem
❖ The Hierarchy Problem:
❖ The large difference between the weak force and gravity. 
❖ There is no scientific consensus on why, for example:
❖ Why the weak force is 1024 times as strong as gravity?
❖ Why the Higgs and weak gauge boson masses are so small? 

❖ Possible solutions:
❖ Warped extra dimensions: gravity is actually strong, but outside our 3 

spacial dimensional world
❖ Composite Higgs: the Higgs is not elementary
❖ SUSY: protecting the Higgs mass by a symmetry
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Warped extra-dimension 
❖ Introducing the fourth spacial dimension
❖ Warped: Gravity force is strong near the “gravity 

brane” while weak near the SM “weak brane”.
❖ Key idea explains why gravity is so weak in “our 

world” (the SM weak brane).
❖ Randall-Sundrum 1  (RS1):
❖ The SM particles confined on the “weak brane”.

❖ Only gravitons are allowed to “exist” in the 4th 
spacial dimension

❖ “Bulk” model:
❖ Not only gravitons, but also SM particles are 

allowed to “travel” in the “bulk” in the 4th 
spacial dimension.

RS1 Bulk
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Warped extra-dimension 
❖ When the extra-dimensional graviton travels through the SM “weak brane”, it will leave a series (quantized) 

of “shadows” in our world, the so called “Kaluza-Klein partners” of graviton.

3D particle in a 2D world 4D particle in a 3D world
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Composed Higgs model
❖ Suppose the Higgs not a fundamental particle 
❖ But a bound state of a new strong interaction
❖ Technicolor, at Fermi scale ~ 100 GeV 

❖ A bound state just like a pion but bounding the new strong 
force. 

❖ Solves the hierarchy problem 
❖ Brings along new heavy particles/states 

❖ Heavy partners of SM particles decay to lighter ones (W, Z, H, 
top, ...) :

❖ “heavy vector triplet”: W’, Z’, etc. 

31.05.2016 Clemens Lange - Diboson resonances searches at CMS

Composite Higgs?

> the Higgs could be non-
fundamental 

> instead: bound state of a new strong 
interaction 

>e.g. size of 10-18 m ~ Fermi scale 
(100 GeV) 
! light Higgs like a pion from a new sector 

>solves hierarchy problem, and brings 
along new heavy particles/states 

>heavy partners of SM particles decay 
to lighter ones (W, Z, H, top, …)

4

[https://www.learner.org/]
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The ways we search for new physics

7

❖ Direct searches: 
❖ Based on a theory hypothesis, looking for 

excesses in the mass spectrum. 
❖ E.g. Heavy Diboson resonance searches

❖ Indirect searches, indirect constraints:
❖ Precisely measure SM properties, compare 

with SM predictions, looking for 
differences. 

❖ The differences can come for contributions 
from new particles

❖ E.g. W boson mass measurements 

05.12.2017 Clemens Lange - Search for heavy resonances in diboson final states at CMS

VV background estimation (1)

>After selection, still dominated by 
QCD multijet events 

>Difficult to obtain sufficient number 
of simulated events 

>Need a data-driven approach 

>Exponentially falling spectrum 

! since we are in the trigger efficiency 
plateau 

>Can use fit function and perform a 
so-called bump hunt
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The Large Hadron Collider
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Direct Searches of New Particles
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Direct Search: Heavy Diboson Resonance Search
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❖ Diboson final states as example.

Channel Final states
γγ γγ
Vγ llγ lνγ qqγ
VV 4l llνν llqq lνqq ννqq 4q
VH llbb lνbb ννbb qqbb lνττ llττ qqττ
qV qqq

V= W/Z

❖ Composed Higgs: 
❖ EW composed vector resonances (heavy vector 

triplet) W’ or Z’ decay to pairs of W, Z, H
❖ Extra-dimension Gravitons:

❖ RS1: decay dominantly to leptons
❖ Bulk: decay to pairs of W, Z

q/g

q/g

W ′/Z ′

W/Z

H

Heavy Vector Triplet W’/Z’

Analysis Strategy

Daniela Schäfer B2G-17-001 Approval 09.03.17 4/61

Same strategy as B2G-16-021 PAS-only-PUB

resonance search for high masses > 1 TeV! dijet
final state ”bump hunt”

tag W/Z bosons based on substructure techniques

background estimation from fit to data

based on signal models: two tag categories

double W/Z tag: single W/Z tag:

Bulk Graviton

Analysis Strategy

Daniela Schäfer B2G-17-001 Approval 09.03.17 4/61

Same strategy as B2G-16-021 PAS-only-PUB

resonance search for high masses > 1 TeV! dijet
final state ”bump hunt”

tag W/Z bosons based on substructure techniques

background estimation from fit to data

based on signal models: two tag categories

double W/Z tag: single W/Z tag:

???g

g

X

Z

Z

l+

l−

ν

ν̄
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Previous Results
❖ Exhausting all possible final state combinations:

Channel Final states
γγ γγ
Vγ llγ lνγ qqγ
VV 4l llνν llqq lνqq ννqq 4q
VH llbb lνbb ννbb qqbb lνττ llττ qqττ
qV qqq

V= W/Z

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).

Previous 
ATLAS Results

Model ℓ, γ Jets† Emiss
T
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass
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*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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❖ Observable: 
❖ Transverse mass (MT) of the Z+MET 

system
❖ Advantage: 
❖ MET can largely suppress the Z+Jets 

background.
❖ Event selection
❖ Z boson: same flavor opposite sign 

lepton-pair with invariant mass nearest 
to the world average Z boson mass.

❖ Z mass window:   70 < |Mll} < 110 GeV
❖ Signal Region: Z boson pT > 50 GeV, 

MET > 50 GeV, dPhi(Z,MET)>0.5
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Muon Channel for example
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Figure 2: The p
Z
T distributions for electron (left) and muon (right) channels comparing the data

and background model based on control samples in data. The lower panels give the ratio
of data to the prediction for the background with only statistical uncertainties shown. The
expected distribution for a zero width bulk graviton resonance with a mass of 1 TeV is also
shown for a value of 1 pb for the product of cross section and branching fraction s(pp ! X !

ZZ)B(ZZ ! 2`2n).
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Figure 3: The p
miss
T for electron (left) and muon (right) channels comparing the data and back-

ground model based on control samples in data. The expected distribution for a zero width
bulk graviton resonance with a mass of 1 TeV is also shown for a value of 1 pb for the product
of cross section and branching fraction s(pp ! X ! ZZ)B(ZZ ! 2`2n). The lower panels
show the ratio of data to the prediction for the background. The shaded band shows the sys-
tematic uncertainties in background, while the statistical uncertainty in the data is shown by
the error bars.

10 6 Statistical interpretation

Table 2: Event yields for different background contributions and those observed in data in the
electron and muon channels.

Electron channel Muon channel
Data 9336 52806

Z+jets 8421±203 44253±336
Resonant 637±38 2599±164
Nonresonant 271±28 5961±211

Total background 9329±208 52813±439

predictions.
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Figure 4: The mT distributions for electron (left) and muon (right) channels comparing the data
and background model based on control samples in data, after fitting the background-only
model to the data. The expected distribution for a zero width bulk graviton resonance with
a mass of 1 TeV is also shown for a value of 1 pb for the product of branching fraction and
cross section s(pp ! X ! ZZ)B(ZZ ! 2`2n). The lower panels show the ratio of data to
the prediction for the background. The shaded bands show the systematic uncertainties in the
background, while the statistical uncertainty in the data is shown by the error bars.

Upper limits on the product of cross section and branching fraction for the resonance produc-
tion s(pp ! X ! ZZ) are evaluated using the asymptotic approximation [58] of the modified
frequentist approach CLs [59–61]. The same simultaneous combined fit is performed using
signal and background distributions after application of the SR selection, to extract the upper
limits for a given signal hypothesis. Statistical uncertainties in the background modeling are
taken into account by fluctuating the predicted background histograms within an envelope
according to uncertainties in each bin. Systematic uncertainties are treated as nuisance param-
eters, constrained with Gaussian or log-normal probability density functions in the maximum
likelihood fit. For the signal, only uncertainties related to luminosity and acceptance contribute
in the limit setting procedure. When the likelihoods for electron and muon channels are com-
bined, the correlation of systematic effects is taken into account.
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❖ Background modeling
❖ Z+Jets:  

❖ modeled using single photon data
❖ reweight photon pT to Z+Jets diff-xsec 

measurement using 2015 CMS data 
❖ hadronic recoil fine tuning of photon 

data MET to match dilepton data MET
❖ VV Z-reso. (ZZ/WZ/ttZ): 

❖ NLO MC + NNLO QCD and NLO EW 
corrections

❖ Non-Reso. (tt, single-t, WW, etc.):
❖ modeled using eμ-pair data
❖ using the side-band outside the Z mass 

window to get the absolute yields

Muon Channel for example

Z pT MET
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Figure 2: The p
Z
T distributions for electron (left) and muon (right) channels comparing the data

and background model based on control samples in data. The lower panels give the ratio
of data to the prediction for the background with only statistical uncertainties shown. The
expected distribution for a zero width bulk graviton resonance with a mass of 1 TeV is also
shown for a value of 1 pb for the product of cross section and branching fraction s(pp ! X !

ZZ)B(ZZ ! 2`2n).
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Figure 3: The p
miss
T for electron (left) and muon (right) channels comparing the data and back-

ground model based on control samples in data. The expected distribution for a zero width
bulk graviton resonance with a mass of 1 TeV is also shown for a value of 1 pb for the product
of cross section and branching fraction s(pp ! X ! ZZ)B(ZZ ! 2`2n). The lower panels
show the ratio of data to the prediction for the background. The shaded band shows the sys-
tematic uncertainties in background, while the statistical uncertainty in the data is shown by
the error bars.
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Z
T distributions for electron (left) and muon (right) channels comparing the data

and background model based on control samples in data. The lower panels give the ratio
of data to the prediction for the background with only statistical uncertainties shown. The
expected distribution for a zero width bulk graviton resonance with a mass of 1 TeV is also
shown for a value of 1 pb for the product of cross section and branching fraction s(pp ! X !

ZZ)B(ZZ ! 2`2n).
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Figure 3: The p
miss
T for electron (left) and muon (right) channels comparing the data and back-

ground model based on control samples in data. The expected distribution for a zero width
bulk graviton resonance with a mass of 1 TeV is also shown for a value of 1 pb for the product
of cross section and branching fraction s(pp ! X ! ZZ)B(ZZ ! 2`2n). The lower panels
show the ratio of data to the prediction for the background. The shaded band shows the sys-
tematic uncertainties in background, while the statistical uncertainty in the data is shown by
the error bars.
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10 6 Statistical interpretation

Table 2: Event yields for different background contributions and those observed in data in the
electron and muon channels.

Electron channel Muon channel
Data 9336 52806

Z+jets 8421±203 44253±336
Resonant 637±38 2599±164
Nonresonant 271±28 5961±211

Total background 9329±208 52813±439

predictions.
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Figure 4: The mT distributions for electron (left) and muon (right) channels comparing the data
and background model based on control samples in data, after fitting the background-only
model to the data. The expected distribution for a zero width bulk graviton resonance with
a mass of 1 TeV is also shown for a value of 1 pb for the product of branching fraction and
cross section s(pp ! X ! ZZ)B(ZZ ! 2`2n). The lower panels show the ratio of data to
the prediction for the background. The shaded bands show the systematic uncertainties in the
background, while the statistical uncertainty in the data is shown by the error bars.

Upper limits on the product of cross section and branching fraction for the resonance produc-
tion s(pp ! X ! ZZ) are evaluated using the asymptotic approximation [58] of the modified
frequentist approach CLs [59–61]. The same simultaneous combined fit is performed using
signal and background distributions after application of the SR selection, to extract the upper
limits for a given signal hypothesis. Statistical uncertainties in the background modeling are
taken into account by fluctuating the predicted background histograms within an envelope
according to uncertainties in each bin. Systematic uncertainties are treated as nuisance param-
eters, constrained with Gaussian or log-normal probability density functions in the maximum
likelihood fit. For the signal, only uncertainties related to luminosity and acceptance contribute
in the limit setting procedure. When the likelihoods for electron and muon channels are com-
bined, the correlation of systematic effects is taken into account.
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Figure 4: The mT distributions for electron (left) and muon (right) channels comparing the data
and background model based on control samples in data, after fitting the background-only
model to the data. The expected distribution for a zero width bulk graviton resonance with
a mass of 1 TeV is also shown for a value of 1 pb for the product of branching fraction and
cross section s(pp ! X ! ZZ)B(ZZ ! 2`2n). The lower panels show the ratio of data to
the prediction for the background. The shaded bands show the systematic uncertainties in the
background, while the statistical uncertainty in the data is shown by the error bars.

Upper limits on the product of cross section and branching fraction for the resonance produc-
tion s(pp ! X ! ZZ) are evaluated using the asymptotic approximation [58] of the modified
frequentist approach CLs [59–61]. The same simultaneous combined fit is performed using
signal and background distributions after application of the SR selection, to extract the upper
limits for a given signal hypothesis. Statistical uncertainties in the background modeling are
taken into account by fluctuating the predicted background histograms within an envelope
according to uncertainties in each bin. Systematic uncertainties are treated as nuisance param-
eters, constrained with Gaussian or log-normal probability density functions in the maximum
likelihood fit. For the signal, only uncertainties related to luminosity and acceptance contribute
in the limit setting procedure. When the likelihoods for electron and muon channels are com-
bined, the correlation of systematic effects is taken into account.
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7 Results
The expected and observed upper limits on the product of the resonance cross section and
the branching fraction for X ! ZZ are determined at the 95% confidence level (CL) for the
zero width benchmark model as a function of mX and shown in Fig. 5 for the ee and µµ chan-
nels combined. Expectations for s(pp ! X ! ZZ) are also normalized to the calculations of
Ref. [39] and shown as a function of the bulk graviton mass for three values of the curvature
scale parameter k̃ = (1.0, 0.5, 0.1). The hypothesis of k̃ = 0.5 can be excluded for masses below
800 GeV at 95% CL, while the current data are not yet sensitive to the hypothesis of k̃ = 0.1.
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Figure 5: Expected and observed limits on the product of cross section and branching fraction of
a new spin-2 heavy resonance X ! ZZ, assuming zero width, based on the combined analysis
of the electron and muon channels. Expectations for the production cross section s(pp ! X !

ZZ) are also shown for the benchmark bulk graviton model for three values of the curvature
scale parameter k̃.

The observed limits are within 2 standard deviations of expectations from the background-only
model. The largest upward fluctuations in the data are observed for mX ⇡ 900 GeV and weaken
the corresponding exclusions in this region. To explore this region in more detail, upper limits
are shown separately for the electron and muon channels in Fig. 6. The upward fluctuations at
mX ⇡ 900 GeV appear mainly in the muon channel, and additional fluctuations below this mX
can also be observed.

The analysis is repeated comparing to the more general wide width version of the bulk graviton
model described above. The initial state is fixed purely to either a gluon–gluon fusion or qq
annihilation process and the width of the resonance varied between 0 and 0.3mX. The 95% CL
limits for these models are shown in Fig. 7. Differences in the limits between the gluon fusion
and qq production processes arise from spin and parity effects, which broaden the mT peak in
qq production [41].

8 Summary
A search for the production of new resonances has been performed in events with a leptonically
decaying Z boson and missing transverse momentum, using data corresponding to an inte-
grated luminosity of 35.9 fb�1 of proton-proton collisions at a center-of-mass energy of 13 TeV.
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7 Results
The expected and observed upper limits on the product of the resonance cross section and
the branching fraction for X ! ZZ are determined at the 95% confidence level (CL) for the
zero width benchmark model as a function of mX and shown in Fig. 5 for the ee and µµ chan-
nels combined. Expectations for s(pp ! X ! ZZ) are also normalized to the calculations of
Ref. [39] and shown as a function of the bulk graviton mass for three values of the curvature
scale parameter k̃ = (1.0, 0.5, 0.1). The hypothesis of k̃ = 0.5 can be excluded for masses below
800 GeV at 95% CL, while the current data are not yet sensitive to the hypothesis of k̃ = 0.1.
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Figure 5: Expected and observed limits on the product of cross section and branching fraction of
a new spin-2 heavy resonance X ! ZZ, assuming zero width, based on the combined analysis
of the electron and muon channels. Expectations for the production cross section s(pp ! X !

ZZ) are also shown for the benchmark bulk graviton model for three values of the curvature
scale parameter k̃.

The observed limits are within 2 standard deviations of expectations from the background-only
model. The largest upward fluctuations in the data are observed for mX ⇡ 900 GeV and weaken
the corresponding exclusions in this region. To explore this region in more detail, upper limits
are shown separately for the electron and muon channels in Fig. 6. The upward fluctuations at
mX ⇡ 900 GeV appear mainly in the muon channel, and additional fluctuations below this mX
can also be observed.

The analysis is repeated comparing to the more general wide width version of the bulk graviton
model described above. The initial state is fixed purely to either a gluon–gluon fusion or qq
annihilation process and the width of the resonance varied between 0 and 0.3mX. The 95% CL
limits for these models are shown in Fig. 7. Differences in the limits between the gluon fusion
and qq production processes arise from spin and parity effects, which broaden the mT peak in
qq production [41].

8 Summary
A search for the production of new resonances has been performed in events with a leptonically
decaying Z boson and missing transverse momentum, using data corresponding to an inte-
grated luminosity of 35.9 fb�1 of proton-proton collisions at a center-of-mass energy of 13 TeV.
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Figure 6: Expected and observed limits on the product of cross section and branching fraction
of a new spin-2 bulk heavy resonance X ! ZZ, assuming zero width, shown separately for
searches X ! ZZ ! ``nn in the electron (left) and muon (right) final states. The median
expected 95% CL limits from the combined analysis (Fig. 5) are also shown.
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Figure 7: Expected and observed limits on the product of cross section and branching fraction
of a new spin-2 heavy resonance X ! ZZ based on a combined analysis of the electron and
muon channels. The more generic version of the bulk graviton model is considered, assuming
either gluon-gluon fusion (left) or qq annihilation (right) processes. Expected limits are also
shown for models having various decay widths relative to the mass of the resonance.
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❖ ATLAS VV at 13 TeV hasn’t come out yet. Compare ATLAS @ 8 TeV and CMS @ 13 TeV, both show a 2-sigma 
effect at around 2 TeV. A discovery potential adding up 2017-2018 datasets (120/fb)!
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7 Results
The expected and observed upper limits on the product of the resonance cross section and
the branching fraction for X ! ZZ are determined at the 95% confidence level (CL) for the
zero width benchmark model as a function of mX and shown in Fig. 5 for the ee and µµ chan-
nels combined. Expectations for s(pp ! X ! ZZ) are also normalized to the calculations of
Ref. [39] and shown as a function of the bulk graviton mass for three values of the curvature
scale parameter k̃ = (1.0, 0.5, 0.1). The hypothesis of k̃ = 0.5 can be excluded for masses below
800 GeV at 95% CL, while the current data are not yet sensitive to the hypothesis of k̃ = 0.1.
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Figure 5: Expected and observed limits on the product of cross section and branching fraction of
a new spin-2 heavy resonance X ! ZZ, assuming zero width, based on the combined analysis
of the electron and muon channels. Expectations for the production cross section s(pp ! X !

ZZ) are also shown for the benchmark bulk graviton model for three values of the curvature
scale parameter k̃.

The observed limits are within 2 standard deviations of expectations from the background-only
model. The largest upward fluctuations in the data are observed for mX ⇡ 900 GeV and weaken
the corresponding exclusions in this region. To explore this region in more detail, upper limits
are shown separately for the electron and muon channels in Fig. 6. The upward fluctuations at
mX ⇡ 900 GeV appear mainly in the muon channel, and additional fluctuations below this mX
can also be observed.

The analysis is repeated comparing to the more general wide width version of the bulk graviton
model described above. The initial state is fixed purely to either a gluon–gluon fusion or qq
annihilation process and the width of the resonance varied between 0 and 0.3mX. The 95% CL
limits for these models are shown in Fig. 7. Differences in the limits between the gluon fusion
and qq production processes arise from spin and parity effects, which broaden the mT peak in
qq production [41].

8 Summary
A search for the production of new resonances has been performed in events with a leptonically
decaying Z boson and missing transverse momentum, using data corresponding to an inte-
grated luminosity of 35.9 fb�1 of proton-proton collisions at a center-of-mass energy of 13 TeV.

10 6 Statistical interpretation

Table 2: Event yields for different background contributions and those observed in data in the
electron and muon channels.

Electron channel Muon channel
Data 9336 52806

Z+jets 8421±203 44253±336
Resonant 637±38 2599±164
Nonresonant 271±28 5961±211

Total background 9329±208 52813±439
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Ev
en

ts
 / 

50
 G

eV

3−10

2−10

1−10
1

10

210

310

410

510

610  (13 TeV)-135.9 fb

CMS

 (GeV)Tm
0 500 1000 1500 2000 2500 3000D

at
a/

Bk
g.

0
1
2

Z+jets
Reson. backgrounds
Nonreson. backgrounds
Data
1 pb bulk G, M = 1 TeV
Syst. uncertainty

Z+jets
Reson. backgrounds
Nonreson. backgrounds
Data
1 pb bulk G, M = 1 TeV
Syst. uncertainty

ee channel Ev
en

ts
 / 

50
 G

eV

3−10

2−10

1−10
1

10

210

310

410

510

610  (13 TeV)-135.9 fb

CMS

 (GeV)Tm
0 500 1000 1500 2000 2500 3000D

at
a/

Bk
g.

0
1
2

Z+jets
Reson. backgrounds
Nonreson. backgrounds
Data
1 pb bulk G, M = 1 TeV
Syst. uncertainty

 channelµµ

Figure 4: The mT distributions for electron (left) and muon (right) channels comparing the data
and background model based on control samples in data, after fitting the background-only
model to the data. The expected distribution for a zero width bulk graviton resonance with
a mass of 1 TeV is also shown for a value of 1 pb for the product of branching fraction and
cross section s(pp ! X ! ZZ)B(ZZ ! 2`2n). The lower panels show the ratio of data to
the prediction for the background. The shaded bands show the systematic uncertainties in the
background, while the statistical uncertainty in the data is shown by the error bars.

Upper limits on the product of cross section and branching fraction for the resonance produc-
tion s(pp ! X ! ZZ) are evaluated using the asymptotic approximation [58] of the modified
frequentist approach CLs [59–61]. The same simultaneous combined fit is performed using
signal and background distributions after application of the SR selection, to extract the upper
limits for a given signal hypothesis. Statistical uncertainties in the background modeling are
taken into account by fluctuating the predicted background histograms within an envelope
according to uncertainties in each bin. Systematic uncertainties are treated as nuisance param-
eters, constrained with Gaussian or log-normal probability density functions in the maximum
likelihood fit. For the signal, only uncertainties related to luminosity and acceptance contribute
in the limit setting procedure. When the likelihoods for electron and muon channels are com-
bined, the correlation of systematic effects is taken into account.
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❖ Compare CMS VV all-hadronic and ZZ->2l2nu at 13 TeV, advantage of ZZ->2l2nu:

❖ Can look at the mass region below 1 TeV, because of low background suppressed by MET 
❖ Current 2016 dataset (36/fb) still has low statistics at ~ 900 GeV (~ 2-sigma effect), potential discovery point adding up 

2017-2018 datasets (120/fb)!
❖ Current 2016 dataset (36/fb) has no data events yet at 2 TeV, if all-hadronic signature is real, adding up 2017-2018 datasets 

(120/fb) + low background, ZZ->2l2nu will have higher sensitivity at 2 TeV!

All hadronic decay
ZZ->2l2nu

ZZ->2l2nu
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Indirect Search: Precisely measure SM properties
❖ Precisely measure SM properties, compare with SM predictions, looking for differences. 
❖ The differences can come for contributions from new particles.
❖ Giving a particular new theoretical model, the difference can be translated to the upper 

limits of the new theory. 
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Fig. 2 Left: pull comparison of the fit results with the direct measure-
ments in units of the experimental uncertainty. Right: determination
of MH excluding the direct MH measurements and all the sensitive

observables from the fit, except the one given. Note that the fit results
shown are not independent

sponding profile curves excluding in addition the new MH

measurements are shown (gray bands). The results from the
direct measurements for each variable are also indicated by
data points at !χ2 = 1.5 The inclusion of the direct mea-
surement of the Higgs-boson mass substantially improves
the precision of the fit predictions.

The fit indirectly determines the W mass (cf. Fig. 3—
bottom left, blue band) to be

MW = (80.3593 ± 0.0056mt ± 0.0026MZ ± 0.0018!αhad

± 0.0017αS ± 0.0002MH ± 0.0040theo) GeV

R0
b . As a compensation of the missing value of R0

ℓ we provide a value
for αS(M

2
Z). Since the fit results are independent of the exact αS value,

we use our fit result 0.1191 ± 0.0028 in this case.
5We show the aforementioned result of the Tevatron combination of
the direct top-mass measurements [12], the top pole mass derived
from the measured t t̄ cross section at the Tevatron (mt = 173.3 ±
2.8 GeV), assuming no new physics contributes to this cross-section
measurement [32], the direct top-mass measurement of ATLAS deter-
mined in 1.04 fb−1 of pp collisions at

√
s = 7 TeV (mt = 174.5 ±

2.4 GeV) [33], the direct top-mass measurement of CMS based on
5.0 fb−1 of 7 TeV data (mt = 173.5 ± 1.1 GeV) [34], the aforemen-
tioned W mass world average [10] and the LEP/SLD average of the
effective weak mixing angle (sin2 θℓ

eff = 0.23153 ± 0.00016) [9].

= (80.359 ± 0.011tot) GeV, (2)

which exceeds the experimental world average in precision.
The different uncertainty contributions originate from the
uncertainties in the input values of the fit as given in the
second column in Table 1. The dominant uncertainty is due
to the top quark mass. Due to the weak, logarithmic depen-
dence on MH the contribution from the uncertainty on the
Higgs mass is very small compared to the other sources of
uncertainty. Note that in the Rfit scheme [17, 18] the treat-
ment of the theoretical uncertainty as uniform likelihood
corresponds a linear addition of theoretical and experimen-
tal uncertainties. Quadratic addition would give a total un-
certainty in the MW prediction of 0.008.

The indirect determination of the effective weak mixing
angle (cf. Fig. 3—bottom right, blue band) gives

sin2 θℓ
eff = 0.231496 ± 0.000030mt ± 0.000015MZ

± 0.000035!αhad

±0.000010αS ± 0.000002MH ± 0.000047theo

= 0.23150 ± 0.00010tot, (3)

which is compatible and more precise than the average of
the LEP/SLD measurements [9]. The total uncertainty is

Pull plot of SM global fit
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Abstract In view of the discovery of a new boson by the
ATLAS and CMS Collaborations at the LHC, we present
an update of the global Standard Model (SM) fit to elec-
troweak precision data. Assuming the new particle to be
the SM Higgs boson, all fundamental parameters of the
SM are known allowing, for the first time, to overcon-
strain the SM at the electroweak scale and assert its valid-
ity. Including the effects of radiative corrections and the ex-
perimental and theoretical uncertainties, the global fit ex-
hibits a p-value of 0.07. The mass measurements by AT-
LAS and CMS agree within 1.3σ with the indirect deter-
mination MH = 94+25

−22 GeV. Within the SM the W bo-
son mass and the effective weak mixing angle can be ac-
curately predicted to be MW = 80.359 ± 0.011 GeV and
sin2 θℓ

eff = 0.23150 ± 0.00010 from the global fit. These re-
sults are compatible with, and exceed in precision, the di-
rect measurements. For the indirect determination of the top
quark mass we find mt = 175.8 +2.7

−2.4 GeV, in agreement with
the kinematic and cross-section-based measurements.

1 Introduction

The discovery by the ATLAS [1] and CMS [2] experiments
at the LHC of a new particle with mass ∼126 GeV and
with properties compatible with those of the Standard Model
(SM) Higgs boson concludes decades of intense experimen-
tal and theoretical work to uncover the mechanism of elec-
troweak symmetry breaking and mass generation. If forth-
coming data confirm that the new particle is the SM Higgs
boson, this discovery exhibits another—possibly the great-
est ever—triumph of the SM, as not only the SM predicts the

a e-mail: roman.kogler@physik.uni-hamburg.de

Higgs couplings to the SM fermions and bosons, but it also
constrains the Higgs boson to be light compared to its uni-
tarity bound of roughly a TeV. This indirect information on
the Higgs mass was extracted from Higgs loops affecting the
values of Z boson asymmetry observables and the W mass.
Global fits to precisely measured electroweak data derived
95 % confidence level (CL) upper limits on the Higgs mass
of around 160 GeV [3– 6].

In this letter we interpret the new particle as the SM
Higgs boson and present the consequences on the global
electroweak fit. A detailed description of the experimental
data, the theoretical calculations, and the statistical frame-
work used in the analysis is provided in past publica-
tions [6, 7]. Here, we only briefly recall the most relevant
aspects of the analysis and highlight recent changes. The
main goal of this letter is to quantify the compatibility of the
mass of the discovered boson with the electroweak precision
data and its impact on the indirect determination of the W

boson mass, the effective weak mixing angle, and the top
quark mass. The implications of the discovery on the SM
with three and four fermion generations were also studied
in [8].

2 Experimental data and theoretical predictions

The experimental input used in the fit includes the elec-
troweak precision data measured at the Z pole and their cor-
relations [9], the latest world average values for the mass
of the W boson, MW = 80.385 ± 0.015 GeV [10], and
its width, ΓW = 2.085 ± 0.042 GeV [11], the latest aver-
age of the direct top-mass measurements from the Teva-

Under current plan, LHC will not go above 14 TeV. 
If no new physics discovered directly, indirect constraints can probe new physics 
at much higher energy scale!
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❖ The Standard Model (SM) predicts a relationship 
between the W boson mass and other parameters of 
electroweak theory:

❖ Contributions to MW through radiative corrections ∆r.

MW =
q

⇡↵p
2GF

1
sin ✓W

p
1��r

�r / M2
t

�r / lnMH

W mass related to Top 
quark mass: 

W mass related to SM 
Higgs mass:

e.g.
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Figure 1
The one-loop contribution to the W boson mass from top and bottom quarks. Reproduced from Reference
20 with permission.
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squark weak doublet mass splitting, the larger the contribution to MW . Supersymmetric particles
can induce a total radiative correction to MW of several hundred megaelectronvolts (MeV) (16).

In the framework of the SM, precise measurements of Mtop and MW can be translated into
a constraint on the mass of the as-yet-unobserved Higgs boson. The experimental uncertainties
!Mtop and !MW contribute equally to the uncertainty !MH on the predicted Higgs mass if
!MW ≃ 0.006 ·!Mtop (17). The uncertainties from experimental determinations of the other pa-
rameters (17) and from higher order corrections (17) will not be a limiting factor in the foreseeable
future. The current combined Tevatron results on Mtop have an uncertainty !Mtop = 1.8 GeV
(18), which is expected to be further reduced as more data from Run II are analyzed. For this
!Mtop, the equivalent !MW for equal contribution to !MH would be !MW ≃ 11 MeV (17),
which is smaller than the current experimental error on MW by more than a factor of two; the
latter is therefore the limiting factor in precision tests and must be reduced.
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Figure 3
One-loop squark contributions to the W boson mass. Reproduced from Reference 20 with permission.
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WW

H

Figure 2
Higgs one-loop contributions to the W boson mass. Reproduced from Reference 20 with permission.

squark weak doublet mass splitting, the larger the contribution to MW . Supersymmetric particles
can induce a total radiative correction to MW of several hundred megaelectronvolts (MeV) (16).

In the framework of the SM, precise measurements of Mtop and MW can be translated into
a constraint on the mass of the as-yet-unobserved Higgs boson. The experimental uncertainties
!Mtop and !MW contribute equally to the uncertainty !MH on the predicted Higgs mass if
!MW ≃ 0.006 ·!Mtop (17). The uncertainties from experimental determinations of the other pa-
rameters (17) and from higher order corrections (17) will not be a limiting factor in the foreseeable
future. The current combined Tevatron results on Mtop have an uncertainty !Mtop = 1.8 GeV
(18), which is expected to be further reduced as more data from Run II are analyzed. For this
!Mtop, the equivalent !MW for equal contribution to !MH would be !MW ≃ 11 MeV (17),
which is smaller than the current experimental error on MW by more than a factor of two; the
latter is therefore the limiting factor in precision tests and must be reduced.

WW

q~

WW

q
~

q'~

Figure 3
One-loop squark contributions to the W boson mass. Reproduced from Reference 20 with permission.
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Beyond SM, contribution from SUSY particles can 
induce a total radiative correction to MW of 100 to 
200 MeV.

❖ Precisely test the electroweek theory at the 
loop level.
❖ In case of SM, the precise W mass and top mass 

measurements can predict the SM Higgs boson mass. 
❖ By comparing the prediction and direct Higgs mass 

measurement, we can know how good is the SM 
prediction. If disagreement is big, we can infer 
contributions from theories beyond SM
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Fig. 3 !χ2 profiles as a function of the Higgs mass (top left), the top
quark mass (top right), the W boson mass (bottom left) and the effec-
tive weak mixing angle (bottom right). The data points placed along
!χ2 = 1 represent direct measurements of the respective observable
and their ±1σ uncertainties. The gray (blue) bands show the results
when excluding (including) the new MH measurements from (in) the
fits. For the blue bands as a function of mt , MW and sin2 θℓ

eff the direct

measurements of the observable have been excluded from the fit in
addition (indirect determination). The solid black curves in the lower
plots represent the SM prediction for sin2 θℓ

eff and MW derived from
the minimal set of input measurements, as described in the text. In all
figures the solid (dotted) lines illustrate the fit results including (ignor-
ing) theoretical uncertainties in the fit (Color figure online)

dominated by that from !αhad and mt , while the contri-
bution from the uncertainty in MH is again very small.
Adding quadratically theoretical and experimental uncer-
tainties would lead to a total uncertainty in the sin2 θℓ

eff pre-
diction of 0.00007.

Finally, the top quark mass, cf. Fig. 3 (top right, blue
band), is indirectly determined to be

mt = 175.8 +2.7
−2.4 GeV, (4)

in agreement with the direct measurement and cross-section-
based determination (cf. Footnote 5).

The measured value of MH together with the fermion
masses, the strong coupling strength αS(M

2
Z) and the three

parameters defining the electroweak sector and its radiative
corrections (chosen here to be MZ , GF and !α

(5)
had(M

2
Z))

form a minimal set of parameters allowing one, for the first
time, to predict all the other SM parameters/observables.

A fit using only this minimal set of input measurements6

yields the SM predictions MW = 80.360 ± 0.011 GeV and
sin2 θℓ

eff = 0.23152 ± 0.00010. The !χ2 profile curves of
these predictions are shown by the solid black lines in Fig. 3
(bottom left) and (bottom right). The agreement in central
value and precision of these results with those from Eq. (2)
and (3) (cf. blue bands in the plots) illustrates the marginal
additional information provided by the other observables.

Figure 4 displays CL contours of scans with fixed values
of MW and mt , where the direct measurements of MW and
mt were excluded from the fit. The contours show agree-
ment between the direct measurements (green bands and
data point), the fit results using all data except the MW ,
mt and MH measurements (gray contour areas), and the
fit results using all data except the experimental MW and
mt measurements (blue contour areas). The observed agree-

6For αS(M
2
Z) we use the result from Table 1.

MeasuredPredicted
MH = 94 GeV + 25 GeV - 22  GeV MH = 125.7 GeV ± 0.4 GeV

Comparing SM predicted Higgs Mass 
with directly measured value.

A difference of ~1.3 sigma.

 [GeV]WM
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 80.41

2 χ
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σ1

σ2

σ3 measurementWSM fit w/o M

 measurementsH and MWSM fit w/o M

SM fit with minimal input

 world average [arXiv:1204.0042]WM

G fitter SM

Sep 13

MW = 80356 MeV ± 8  MeV MW = 80385 MeV ± 15 MeV
Predicted Measured

A ~1.3 sigma difference between the two MW 

central values.

The difference can come from new particles interacting with the SM bosons (Higgs, W, Z).
Giving a particular new theoretical model, the difference can be translated to the upper limits of the new theory. 
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A combined Tevatron+LHC effort
Tevatron LHC

pp̄ interaction, 1.96 TeV pp interaction, 7 TeV, 8 TeV, 13 TeV

D0 CDF ATLAS CMS
Integrated Luminosity 

used 5.3 /fb
electron channel
lepton |eta|<1.05

Integrated Luminosity 
used 2.2 /fb

electron and muon 
channels

lepton |eta|<1.0

Integrated Luminosity 
used:

 4.1 /fb at 7 TeV
electron and muon 

channels
lepton |eta|<2.4

Integrated Luminosity 
being used: 

4.1 /fb at 7 TeV

electron and muon 
channelsResults:

80375 +- 23 MeV
PRL 108 (2012) 151804 

Results:
80387 +- 19 MeV

PRL 108 (2012) 151803 
Results:

80370 +- 19 MeV
ArXiv: 1701.07240 (2017)  

submitted to EPJC

u d
P P

W+d u
P P

W-

Results:
work is on going

d̄ and ū mostly from valence quarks d̄ and ū mostly from sea quarks

u d
P P

W+
d u

P P
W-
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Analysis strategy in a nutshell

Measurement Strategy

The Tevatron was a pp̄ collider with 1.96TeV of energy. In a hadron collision, it is
impossible to know the parton system initial longitudinal momentum and, therefore,
to measure the longitudinal momentum of the neutrino from the W boson decay.
The transverse momenta carry part of the mass information. Both CDF and DØ
measurements use binned likelihood fits to extract the value of the W boson mass
from the following kinematical distributions:

Transverse mass mT =
p

2 (pT (⇥)pT (�)� ⇧pT (⇥) · ⇧pT (�))

Lepton transverse momentum pT (⇥)

Neutrino transverse momentum pT (�)

peT

electron

uT

/ET

pWT

Hadronic Recoil

Underlying
Event

peT

electron

pēT

po
sit
ro
n

uT

pZT

Hadronic Recoil

Underlying
Event

1
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Three observables:

Generate MC templates of the observables with different W mass 
hypotheses. Fit the templates to the data to extract W mass.  

A typical W→eν event

MW
T =

q
2P l

T 6ET (1� cos��)
MT , P l

T , 6ET 6

 (GeV)Tm
50 60 70 80 90 100

 !

-2
0
250 60 70 80 90 100

Ev
en

ts
/0

.5
 G

eV

10000

20000

30000

40000 Data
FAST MC
Background

-1(a) D0, 4.3 fb

/dof = 37.4/492!

 (GeV)e
T

p
25 30 35 40 45 50 55 60

 !

-2
0
225 30 35 40 45 50 55 60

Ev
en

ts
/0

.5
 G

eV

10000
20000
30000
40000
50000
60000
70000 Data

FAST MC
Background

-1(b) D0, 4.3 fb

/dof = 26.7/312!

 (GeV)TE
25 30 35 40 45 50 55 60

 !

-2
0
225 30 35 40 45 50 55 60

Ev
en

ts
/0

.5
 G

eV

10000
20000
30000
40000
50000
60000
70000 Data

FAST MC
Background

-1(c) D0, 4.3 fb

/dof = 29.4/312!

FIG. 2: The (a) mT , (b) peT , and (c) /ET distributions for data and fastmc simulation with backgrounds. The χ values are
shown below each distribution, where χi = [Ni − (fastmci)]/σi for each bin in the distribution, Ni and fastmci are the data
and fastmc template yields in bin i, respectively, and σi is the statistical uncertainty in bin i. The fit ranges are indicated by
the double-ended horizontal arrows.

TABLE II: Systematic uncertainties of theMW measurement.

∆MW (MeV)
Source mT peT /ET

Electron energy calibration 16 17 16
Electron resolution model 2 2 3
Electron shower modeling 4 6 7
Electron energy loss model 4 4 4
Hadronic recoil model 5 6 14
Electron efficiencies 1 3 5
Backgrounds 2 2 2
Experimental Subtotal 18 20 24
PDF 11 11 14
QED 7 7 9
Boson pT 2 5 2
Production Subtotal 13 14 17
Total 22 24 29

ble II also shows the MW uncertainties arising from the
backgrounds.

The uncertainties due to the production mechanism
are dominated by the uncertainties due to the PDFs.
These affect the MW measurement since a change in the
momentum fraction carried by the quarks in the p or p
results in a change in acceptance of the electrons from
W boson decay after application of the electron pseudo-
rapidity requirements. The uncertainties in the PDF are
propagated to a one standard deviation uncertainty in
MW by generating ensembles of W boson events using
pythia with the CTEQ6.1 [27] prescription. The other
production uncertainties have been discussed above.

The quality of the simulation is indicated by the χ2 val-
ues computed for the differences between the data and
fastmc shown in Figs. 1 and 2. We perform a variety
of consistency checks of the stability of our results. We
vary the fit ranges for the mT , peT and /ET distributions.
The data are also divided into statistically independent

categories based on instantaneous luminosity, time, elec-
tron η, and the projection of u⃗T on the electron direction.
The exclusion region near CC module edges is varied, and
the selection requirement on uT is varied. The results are
stable to within the measurement uncertainty for each of
these tests.
The total correlations among the three W boson mass

measurements are determined by combining the covari-
ance matrices for each source of uncertainty. For uncer-
tainties which arise from sample statistics, such as the
electron energy scale, the full covariance matrices are de-
termined using ensemble studies. For uncertainties which
are non-statistical in nature, such as the QED uncer-
tainty, the correlations among the three observables are
defined as 100% to prevent these uncertainties from being
decreased in the combination. The resulting total cor-
relations, including both categories of uncertainties, are
0.89 (mT , peT ), 0.86 (mT , /ET ) and 0.75 (peT , /ET ). When
considering only the uncertainties which are allowed to
decrease in the combination, we find that the /ET mea-
surement has negligible weight. We therefore combine
the mT and peT measurements using the method [28] and
obtain

MW = 80.367± 0.013 (stat)± 0.022 (syst) GeV

= 80.367± 0.026 GeV.

The probability to observe a larger difference than ob-
served between these two measurements is 2.8%. The
probability to observe a larger difference than observed
when all three measurements are combined is 5%. We
combine this measurement with the earlier D0 measure-
ment [6] to obtain

MW = 80.375± 0.011 (stat)± 0.020 (syst) GeV

= 80.375± 0.023 GeV.

The dominant uncertainties arise from the available
statistics of the W → eν and Z → ee samples. Thus, a

MT pT(e)

Lepton energy calibration precision needs to reach 0.0002 !!!
Most difficult analysis at hadron colliders! 
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MC Simulation

• PDF: CTEQ6.6 
• Event generators:

• RESBOS: 
• generates only W/Z with 

• ISR correction
• QCD corrections: NNLL gluon resummation (for low pT) and perturbation (for high pT)

• RESBOS does not provide parton shower information, cannot be interfaced to Pythia for hadronization
• Photos: FSR

• Parametrized Fast Simulation:
• 1.) Hadronic Recoil: generated by smearing the W/Z true pT (from RESBOS) directly to get the 

reconstructed recoil including detector effects, (no parton shower, no hadronization intermediate steps).  
• 2.) all detector effects of leptons, such as energy scale and efficiency

D0/CDF

(generate templates for fitting to the data to extract W mass) 

Measurement Strategy

The Tevatron was a pp̄ collider with 1.96TeV of energy. In a hadron collision, it is
impossible to know the parton system initial longitudinal momentum and, therefore,
to measure the longitudinal momentum of the neutrino from the W boson decay.
The transverse momenta carry part of the mass information. Both CDF and DØ
measurements use binned likelihood fits to extract the value of the W boson mass
from the following kinematical distributions:

Transverse mass mT =
p

2 (pT (⇥)pT (�)� ⇧pT (⇥) · ⇧pT (�))
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Physics modelling corrections  

Electroweak corrections  

QCD corrections  
- pT distribution 
- polarisation 
- rapidity 

No single generator able to describe all observed distributions. 

Start from the Powheg+Pythia8 and apply corrections. Use ancillary 
measurements of Drell-Yan processes to validate (and tune) the model 
and assess systematic uncertainties. 

- QED FSR and ISR (included)
- missing higher order effects 

and FSR pair production 
(uncertainties) 

Physics Modelling

14
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Parametrized Detector Model (D0/CDF)

Measurement Strategy

The Tevatron was a pp̄ collider with 1.96TeV of energy. In a hadron collision, it is
impossible to know the parton system initial longitudinal momentum and, therefore,
to measure the longitudinal momentum of the neutrino from the W boson decay.
The transverse momenta carry part of the mass information. Both CDF and DØ
measurements use binned likelihood fits to extract the value of the W boson mass
from the following kinematical distributions:

Transverse mass mT =
p

2 (pT (⇥)pT (�)� ⇧pT (⇥) · ⇧pT (�))

Lepton transverse momentum pT (⇥)

Neutrino transverse momentum pT (�)
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electron
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Event
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The parametrized detector model has to simulate:

- Lepton energy response and smearing

- Hadronic recoil energy response and smearing

- Underlying energy: 

- additional ppbar interactions (pileup): 

- average number of primary vertices: 
                                 CDF ~ 2 ; D0 ~ 4  

- spectator parton interactions

- Lepton selection efficiency

- Background
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Energy gain due to pileup

Electron Model:

Response Resolution

1. Energy loss due to FSR
2. Recoil, spectator partons interactions and pileup 

contamination inside the electron reconstruction 
cone

3. Effects due to electronics noise subtraction and 
baseline subtraction (to subtract residue energy 
deposition from previous bunch crossings)

Ereco = REM (Etrue)⌦ �EM (Etrue) +�Ecorr
Energy contamination

ΔEcorr Model:

Hard Recoil,  
spectator parton interactions, and  

pile-up

electron

electron 
reconstruction window 

(the circle)

FSR

Lumi 
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Figure 39: Mean ∆E as a function of Inst.Lumi. comparing full MC (CAEP) and
predicted by our model in PMCS (Toy).
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Figure 40: Mean ∆E as a function of true P e
T comparing full MC (CAEP) and predicted

by our model in PMCS (Toy) with explicit modeling of ηphys. and ηdet. dependences. The
sharp rise at low true P e

T is due to the cut on reconstructed P e
T at P e

T > 25 GeV. Imagine
an electron whose true PT = 20 GeV, and its reconstructed PT > 25 GeV. The only way
to make this possible is a large ∆E.
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Challenge in Run IIb analysis

7
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RunIIb high instantaneous luminosity results in much higher energy deposition from 
additional        collisions (pileup) contaminating the detector and complicating the 
modeling of detector effects.

Scalar ET (electron removed)  from W->e! events from W->e! events

~3 times larger 
in RunIIb

~2 times larger 
in RunIIb

The Parameterized Detector Model for RunIIa 
analysis is not sufficient to describe RunIIb data!

pp̄
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full MC
fast MC

D0 full MC
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Final electron energy scale
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electron and recoil system in the generated events. The
fastmc parameters are determined using a combination
of detailed simulation and control data samples. The pri-
mary control sample used for both the electromagnetic
and hadronic response tuning is Z → ee events. Events
recorded in random beam crossings are overlaid on W
and Z events in the detailed simulation to quantify the
effect of additional collisions in the same or nearby bunch
crossings.
The Z boson mass and width are known with high

precision from measurements at LEP [23]. These val-
ues are used to calibrate the electromagnetic calorimeter
response assuming a form Emeas = αEtrue+ β with con-
stants α and β determined from fits to the dielectron
mass spectrum and the energy and angular distributions
of the two electrons. The MW measurement presented
here is effectively a measurement of the ratio of W and
Z boson masses.
The hadronic energy in the event contains the hadronic

system recoiling from the W boson, the effects of low en-
ergy products from spectator parton collisions and other
beam collisions, FSR, and energy from the recoil par-
ticles that enter the electron selection window. The
hadronic response (resolution) is calibrated using the
mean (width) of the ηimb distribution in Z → ee events
in bins of peeT . Here, ηimb is defined as the projections
of the the sum of dielectron transverse momentum (p⃗ ee

T )
and u⃗T vectors on the axis bisecting the dielectron direc-
tions in the transverse plane [24].
The combination of event generator and fastmc is

used to predict the shapes of mT , peT , and /ET for a given
MW hypothesis. MW is determined separately for each
of the three observables by maximizing a binned likeli-
hood between the data distribution and the predicted
distribution normalized to the data. The fit ranges are
optimized as indicated in Table I.
A test of the analysis procedure is performed using

W → eν events, generated by the pythia [25] event
generator and processed through a detailed geant MC
simulation [26], which are treated as collider data. The
fastmc is separately tuned to give agreement with the
geant events in the same way as for the data compari-
son. Each of the MW fit results using the mT , peT , and
/ET distributions agree with the input MW value within
the 6 MeV total uncertainty of the test arising from MC
statistics.
During the fastmc tuning performed to describe the

collider data, the MW values returned from fits had an
unknown constant offset added. The same offset was
used for mT , peT and /ET . This allowed the full tuning
on the W and Z boson events and internal consistency
checks to be performed without knowledge of the final
result. Once the important data and fastmc compari-
son plots had acceptable χ2 distributions, the common
offset was removed from the results. The Z boson mass
from the fit to the data corresponds to the input that

was used in the determination of the calorimeter response
described above. The statistical uncertainty from the fit
is 0.017 GeV, quoted here as a quantitative illustration
of the statistical power of the Z → ee sample. Figure 1
shows a comparison of the mee distributions for data and
fastmc. The MW results are given in Table I. The mT ,
peT , and /ET distributions showing the data and fastmc

templates with background for the best fitMW are shown
in Fig. 2.

TABLE I: Results from the fits to data. The uncertainty is
solely due to the statistics of the W boson sample.

Variable Fit Range (GeV) MW (GeV) χ2/dof
mT 65 < mT < 90 80.371 ± 0.013 37.4/49
peT 32 < peT < 48 80.343 ± 0.014 26.7/31
/ET 32 < /ET < 48 80.355 ± 0.015 29.4/31

The systematic uncertainties in the MW measurement
are summarized in Table II. They can be categorized as
those from experimental sources and those from uncer-
tainties in the production mechanism. The uncertainties
on the electron energy calibration, the electron energy
resolution, and the hadronic recoil model arise from the
finite size of the Z → ee sample used to derive them.
The uncertainties in the propagation of electron energy
calibrations from the Z → ee to the W → eν sample are
determined by the difference in energy loss in the unin-
strumented material in front of the calorimeter. The en-
ergy loss as a function of electron energy and η is derived
from a dedicated detailed geant simulation of the D0
detector. The shower modeling systematic uncertainties
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FIG. 1: (a) The dielectron invariant mass distribution in Z →

ee data and from the fastmc and (b) the χ values, where
χi = [Ni − (fastmci)]/σi for each bin in the distribution, Ni

and fastmci are the data and fastmc template yields in bin
i, respectively, and σi is the statistical uncertainty in bin i.

After the correction and modeling of the non-linear energy responses, the final electron energy response is 
calibrated using Z->ee events assuming a linear response:
REM (Etrue) = ↵ · (Etrue � Ētrue) + � + Ētrue

M(ee)

MZ=91.193 ± 0.017(stat) GeV 

Scale and offset are determined in 4 inst. lumi. bins
Fit back to determine the Z mass:

Essentially, measuring the ratio MW/MZ , limited by the Z->ee statistics
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Hadronic recoil modeling

D0/CDF recoil 
model:

~uT = ~uHard

T + ~uSoft

T + ~uElec

T + ~uFSR

T

“pure” Hard Recoil 
balancing W or Z boson

Soft Recoil: pileup and 
spectator parton 

interactions
Recoil energy that 
falls in the electron 

reconstruction 
window, as well as 

electron energy 
leakage to the recoil.

FSR photons that fly 
outside the electron 

reconstruction 
window.

Also : u||l is the projection of the recoil along the W decay lepton direction 

Recoil Reconstruction

10

ATLAS: vector sum of the momenta of all clusters measured in the 
calorimeters

CMS: vector sum of the particle flow charged hadrons, loss in recoil 
response but more robust against pile-up 

fast Sim:
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Results
Results from D0:

DØ Results
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Method (4.3 fb�1) MW (MeV)

mT (e, �) 80371± 13(stat)
pT (e) 80343± 14(stat)

/ET (e, �) 80355± 15(stat)

Combination mT ⇥ pT (4.3 fb�1) 80367± 26(syst + stat)

Combination (5.3 fb�1) 80375± 23(syst + stat)

R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 14

CDF Results

Method (2.2 fb�1) MW (MeV) Method (2.2 fb�1) MW (MeV)

mT (µ, ⇥) 80379± 16(stat) mT (e, ⇥) 80408± 19(stat)
pT (µ) 80348± 18(stat) pT (e) 80393± 21(stat)

/ET (µ, ⇥) 80406± 22(stat) /ET (e, ⇥) 80431± 25(stat)

Combination (2.2 fb�1) 80387± 19MeV (syst + stat)

R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 13

Results from CDF:

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results
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Results from ATLAS:
D0 4.3 fb-1, e-channel
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Charged Lepton Kinematic Distribution Fit Result (MeV) χ2/DoF
Electron Transverse mass 80408 ± 19 52/48
Electron Charged lepton pT 80393 ± 21 60/62
Electron Neutrino pT 80431 ± 25 71/62
Muon Transverse mass 80379 ± 16 57/48
Muon Charged lepton pT 80348 ± 18 58/62
Muon Neutrino pT 80406 ± 22 82/62

TABLE I: Fit results and statistical errors for electrons and muons from the three kinematic distributions used to extract MW .

Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0

Recoil Energy Scale 5 5 5
Recoil Energy Resolution 7 7 7

u|| Efficiency 0 0 0
Lepton Removal 3 2 2

Backgrounds 4 3 0
pT (W ) Model (g2, g3, αs) 3 3 3

Parton Distributions 10 10 10
QED Radiation 4 4 4

Total 18 16 15

TABLE II: Table of systematic uncertainties for the transverse mass fits.

Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0

Recoil Energy Scale 6 6 6
Recoil Energy Resolution 5 5 5

u|| efficiency 2 1 0
Lepton Removal 0 0 0

Backgrounds 3 5 0
pT (W ) model (g2, g3, αs) 9 9 9

Parton Distributions 9 9 9
QED radiation 4 4 4

Total 19 18 16

TABLE III: Table of systematic uncertainties for the charged lepton pT fits.

Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 7 1 0

Recoil Energy Scale 2 2 2
Recoil Energy Resolution 11 11 11

u|| efficiency 3 2 0
Lepton Removal 6 4 4

Backgrounds 4 6 0
pT (W ) model (g2, g3, αs) 4 4 4

Parton Distributions 11 11 11
QED radiation 4 4 4

Total 22 20 18

TABLE IV: Table of systematic uncertainties for the missing transverse energy fits.



Hengne Li, 19 Dec. 2017 31

Summary of all Current Results

4

CDF [7] CDF [8] CDF [9] D0 [11–14] CDF [16] D0 [15] D0 [17]
4.4 pb−1 18.2 pb−1 84 pb−1 95 pb−1 2.2 fb−1 1.0 fb−1 4.3 fb−1

Mass and width
MW 79910 80410 80470 80483 80387 80400 80367
ΓW 2100 2064 2096 2062 2094 2099 2100
MW uncertainties
PDF 60 50 15 8 10 10 11
Rad. Corr. 10 20 5 12 4 7 7
ΓW 0.5 1.4 0.3 1.5 0.2 0.4 0.5
Total 390 181 89 84 19 43 26
MW corrections
∆Γ +1.2 -4.2 +0.6 -4.5 +0.3 +1.1 +1.2
PDF +20 -25 0 0 0 0 0
Fit Method -3.5 -3.5 -0.1 0 0 0 0
Total +17.7 -32.7 +0.5 -4.5 +0.3 +1.1 +1.2
MW (corrected) 79927.7 80377.3 80470.5 80478.5 80387.3 80401.8 80368.6

TABLE III: The inputs used in the MW combination. All entries are in MeV.

Measurement Relative weight in %
CDF [7] (4.4 pb−1) 0.1
CDF [8] (18.2 pb−1) 0.5
CDF [9] (84 pb−1) 1.9
D0 [11–14] (95 pb−1) 2.8
CDF [16] (2.2 fb−1) 60.3
D0 [15] (1.0 fb−1) 7.9
D0 [17] (4.3 fb−1) 26.5

TABLE IV: Relative weights of the contributions to the com-
bined Tevatron measurement of MW .

80200 80400 80600

Mass of the W Boson

 [MeV]WM

Measurement  [MeV]WM

CDF )-11988-1995 (107 pb  79±80432 

D0 )-11992-1995 (95 pb  83±80478 

CDF )-12002-2007 (2.2 fb  19±80387 

D0 )-12002-2009 (1.0+4.3 fb  23±80376 

Tevatron 2012  16±80387 

LEP  33±80376 
World Average  15±80385 

FIG. 1: The result from the Tevatron corresponds to the val-
ues in this Article (see Table III) which are corrected using
the same W boson width and PDF sets. The LEP result is
from Ref. [27]. The world average of the Tevatron and LEP
results, assuming no correlations between them, is also shown.
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FIG. 2: Contours of 68% and 95% C.L. obtained from scans
of fixed MW and mt [35]. The blue (grey) areas illustrated
the fit results when including (excluding) the recent MH mea-
surements [1]. The direct measurements of MW and mt are
always excluded in the fit. The horizontal and vertical bands
(green) indicate the most recent world average of MW in this
Article and the mt [4], respectively, with their uncertainties.

VIII. SUMMARY1

The latest precision measurements of MW performed2

at the CDF and D0 experiments, combined with pre-3

vious measurements by the Tevatron experiments, im-4

proves the uncertainty on the combined Tevatron MW to5

16 MeV. The combination of this measurement with the6

LEP average for MW reduces the uncertainty to 15 MeV.7

The improvements in the experimental precision on MW8

lead to tightened indirect constraints on the mass of the9

SM Higgs boson. The direct measurements of the mass10

of the Higgs boson at the LHC [1] agree, at the level11

of 1.3 standard deviations, with indirect constraints [35].12

This remarkable success of the standard model is shown13

in Fig. 2 from Ref. gfitter.14

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results
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Including the new ATLAS results, the new world 
average should be around 80379 +- 12 MeV

[Not official, based on self-running the 
combination codes.]
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Future expectation
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Fig. 5 Profiles of !χ2 versus MH (top), MW (middle) and sin2θℓ
eff

(bottom). In blue the present result and in light blue, green and orange
the present, LHC and ILC/GigaZ scenarios, respectively, all using the
future fit setup (reproducing MH ≃ 125 GeV) with corresponding
uncertainties. The impact of the theoretical uncertainties is illustrated
by the width of the coloured curves. See Table 3 for the numerical results
of these fits

almost a factor of 3 at the ILC/GigaZ. Again the current and
expected future direct measurements are also indicated on
the figure, keeping the central value unchanged. No improve-
ment in the precision of the direct measurement is expected
from the LHC, leaving the direct measurement a factor 5
less precise than the indirect determination. Only within the
ILC/GigaZ scenario a similar precision between the predic-
tion and direct measurement can be achieved.
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Fig. 6 Fit constraints for the present and extrapolated future scenarios
compared to the direct measurements for the observable pairs MW ver-
sus mt (top) and MW versus sin2θℓ

eff (bottom). The direct measurements
are not included as input measurements in the fits. For the future sce-
narios the central values of the other input measurements are adjusted
to reproduce the SM with MH ≃ 125 GeV. The horizontal and verti-
cal bands indicate in blue today’s precision of the direct measurements
and in light green and orange the extrapolated precisions for the LHC
and ILC/GigaZ, respectively. The ellipses receive significant contribu-
tions from the theoretical uncertainties parametrised by δtheo MW and
δtheo sin2θ

f
eff . For better visibility the measurement ellipses correspond-

ing to two degrees of freedom are not drawn

Figure 6 shows the allowed areas obtained for fits with
fixed variable pairs MW versus mt (top) and MW versus
sin2θℓ

eff (bottom) in the three scenarios. The horizontal and
vertical bands display the 1σ ranges of the current direct mea-
surements (blue), as well as the LHC (green) and ILC/GigaZ
(orange) expectations in precision. A modest improvement in
precision is achieved for the LHC, represented by the green
ellipses, when confronting the direct measurements with the
SM predictions. A much stronger increase in precision and
sensitivity is obtained with the ILC/GigaZ (orange ellipses).

3.3 Impact of the individual uncertainties

Table 4 shows a breakdown of the predicted uncertainties
of various parameters as obtained from the reduced elec-

123
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Summary/Outlook
❖ This talk gives an overview of the ways we search for new physics at Hadron colliders (LHC, Tevatron)

❖ Direct searches for “bumps”:
❖ Based on a theory hypothesis, looking for excesses. E.g. Heavy diboson resonance search. 

❖ Indirect searches, constraints on new physics:
❖ Precisely measure SM properties, compare with SM predictions, looking for differences. E.g. W mass.

❖ Discussion, if LHC is not go above 14 TeV:

❖ Indirect constraints from precision measurements will become more important at LHC experimentally. 
❖ In principle, the difference between measured and predicted values of SM parameters can be “translated” to 

the upper limits of a given new theory hypothesis. But it is much less straight forward than direct searches. 

❖ More theoretical developments are expected to interpret the SM measurements, such as a general SM 
Effective Field Theory framework.

33
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Backup Slides
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MC Simulation
ATLAS

(generate templates for fitting to the data to extract W mass) 

• PDF: CT10nnlo
• Event generators:

• Powheg: 
• W/Z 
• QCD/ISR/FSR corrections: 
• hadronic recoil parton showers 

• Pythia8: 
• parton shower hadronization tuned to 7 TeV Z data

• Note:
• Powheg does not use RESBOS’ technique (the ‘partial’ function of NNLL gluon resummation for low boson 

pT + perturbation for high boson pT) to do things in one single shot.
• ATLAS found the NNLL gluon resummation shows a big disagreement with the data.

• GEANT4 Full detector simulation of all detector effects including both the leptons and the hadronic recoil

The Drell-Yan cross-section can be decomposed by factorising the dynamic 
of the boson production and the kinematic of the boson decay. An 
approximate decomposition is given by: 

dσ/dm is modelled with a BW parameterisation (+ EW corrections)
dσ/dy and the Ai coefficients are modelled with fixed order pQCD at NNLO
dσ/dpT is modelled with parton shower (tried analytic resummation)

QCD corrections

15
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Lepton energy scale at ATLAS/CMS

ATLAS

Muon Calibration (II)

8

CMS: calibrate muon curvature (k=1/pT) using J/𝜓 (dominates the precision) & 𝛶  

ATLAS: calibration of ID muons using Z Eur.Phys.J.C 74 (2014) 3130 
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Hadronic recoil modeling

D0/CDF recoil 
model:

~uT = ~uHard

T + ~uSoft

T + ~uElec

T + ~uFSR

T

“pure” Hard Recoil 
balancing W or Z boson

Soft Recoil: pileup and 
spectator parton 

interactions

Recoil energy that 
falls in the electron 

reconstruction 
window, as well as 

electron energy 
leakage to the recoil.

FSR photons that fly 
outside the electron 

reconstruction 
window.

Also : u||l is the projection of the recoil along the W decay lepton direction 

Recoil Reconstruction

10

ATLAS: vector sum of the momenta of all clusters measured in the 
calorimeters

CMS: vector sum of the particle flow charged hadrons, loss in recoil 
response but more robust against pile-up 

ATLAS: vector sum of the momenta of all 
clusters measured in the calorimeters 

CMS: vector sum of the particle flow 
charged hadrons, loss in recoil response 
but more robust against pile-up 

fast Sim:

full Sim:
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Systematic uncertainties at D0/CDF

D0 4.3 fb-1, e-channel

�⇥

, GeVTm
50 60 70 80 90 100

Ev
en

ts
/0

.5
 G

eV

0
5000

10000
15000
20000
25000
30000
35000

DATA
FAST MC

!"W->
Z->ee
MJ

-1D0 Run II, 4.3 fb

Fit Region
/dof = 37.4/492#

, GeVTm
50 60 70 80 90 100

#

-4
-3
-2
-1
0
1
2
3
4 -1D0 Run II, 4.3 fb

⌫⇡⇠⌃ �⌘ !*' ⌥� &+342+$54+0/ (02 &#4# #/& �� 3+.5-#4+0/ 7+4* $#%,)205/&3 #&&'& ⇤401⌅⇧ #/& 4*' ⇥ 6#-5' (02 '#%* $+/
⇤$0440.⌅⌃

 052%' �⇤⌥⇥ ⌅ �'" ⌥� �⇤⌥⇥ ⌅ �'" �⇤� �⇤⌥⇥ ⌅ �'" ⇤⌅�

�✏ ⇣⌦� �✓⌃↵
�-'%420/ �/'2)8  %#-' �� �� ��
�-'%420/ �/'2)8 �'30-54+0/   ⌦
�-'%420/ �/'2)8 ⌧0/-+/'#2+48 ↵ � �
⇧ #/& ⌃ �-'%420/ '/'2)8 ↵ ↵ ↵

-033 &+�'2'/%'3
�'%0+- �0&'- � � �↵
�-'%420/ �⇥%+'/%+'3 � ⌦ �
◆#%,)205/&3    
�✏ ⇣⌦� �✓⌃↵ ⇤�✓⌃↵ �✏  ⌥  ↵
⇧ ✏⇣��◆⌥✓⌦�� ⌃��
� ⌥⌃� ��� ↵
��⌫ �� �� �↵
��� � � ⇣
◆030/ ��  �  
⇧ ��� ↵ ⇤�✓⌃↵ �⌦ �↵ ��
⇤�✓⌃↵ ⇥�⌘✓ �⌃✓⌦⌥ ⌅�⌥ ⇣✓⌃⌦�✓�    ↵  ⇣
⇧  4#4+34+%3 �⌦ �↵ ��
⇤�✓⌃↵ ⌅�⌥ ⇣✓⌃⌦�✓�  �  ✏ ⌦⌦

!✓◆⇢� ⇡⇡⇡⌘  834'.#4+% 5/%'24#+/4+'3 0/ 4*' ⇧ .#33 2'35-43⌃ !*' &0.+/#/4 3834'.#4+% 5/%'24#+/48 %0.'3 (20. 4*' '-'%420/
'/'2)8 3%#-'⇧ #/& 4*+3 +3 &'4'2.+/'& $8 4*' 34#4+34+%#- 107'2 0( 4*' ⌃ '6'/4 3#.1-'⌃

CDF 2.2 fb-1, e- and μ-channels

9

Charged Lepton Kinematic Distribution Fit Result (MeV) χ2/DoF
Electron Transverse mass 80408 ± 19 52/48
Electron Charged lepton pT 80393 ± 21 60/62
Electron Neutrino pT 80431 ± 25 71/62
Muon Transverse mass 80379 ± 16 57/48
Muon Charged lepton pT 80348 ± 18 58/62
Muon Neutrino pT 80406 ± 22 82/62

TABLE I: Fit results and statistical errors for electrons and muons from the three kinematic distributions used to extract MW .

Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0

Recoil Energy Scale 5 5 5
Recoil Energy Resolution 7 7 7

u|| Efficiency 0 0 0
Lepton Removal 3 2 2

Backgrounds 4 3 0
pT (W ) Model (g2, g3, αs) 3 3 3

Parton Distributions 10 10 10
QED Radiation 4 4 4

Total 18 16 15

TABLE II: Table of systematic uncertainties for the transverse mass fits.

Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0

Recoil Energy Scale 6 6 6
Recoil Energy Resolution 5 5 5

u|| efficiency 2 1 0
Lepton Removal 0 0 0

Backgrounds 3 5 0
pT (W ) model (g2, g3, αs) 9 9 9

Parton Distributions 9 9 9
QED radiation 4 4 4

Total 19 18 16

TABLE III: Table of systematic uncertainties for the charged lepton pT fits.

Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 7 1 0

Recoil Energy Scale 2 2 2
Recoil Energy Resolution 11 11 11

u|| efficiency 3 2 0
Lepton Removal 6 4 4

Backgrounds 4 6 0
pT (W ) model (g2, g3, αs) 4 4 4

Parton Distributions 11 11 11
QED radiation 4 4 4

Total 22 20 18

TABLE IV: Table of systematic uncertainties for the missing transverse energy fits.
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Systematic uncertainties at ATLAS

39

EW

QCD

Summary of physics modelling uncertainties

21

Fixed-order PDF uncertainties are dominant: 
- PDF variations (25 error eigenvectors) of CT10nnlo applied simultaneously to the boson 

rapidity, Ai, and pT distributions.
- Envelope taken from CT14 and MMHT2014~3.8 MeV
The PDF uncertainties very similar between pTl and mT but strongly anti-correlated between 
W+ and W-
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FIG. 2: The (a) mT , (b) peT , and (c) /ET distributions for data and fastmc simulation with backgrounds. The χ values are
shown below each distribution, where χi = [Ni − (fastmci)]/σi for each bin in the distribution, Ni and fastmci are the data
and fastmc template yields in bin i, respectively, and σi is the statistical uncertainty in bin i. The fit ranges are indicated by
the double-ended horizontal arrows.

TABLE II: Systematic uncertainties of theMW measurement.

∆MW (MeV)
Source mT peT /ET

Electron energy calibration 16 17 16
Electron resolution model 2 2 3
Electron shower modeling 4 6 7
Electron energy loss model 4 4 4
Hadronic recoil model 5 6 14
Electron efficiencies 1 3 5
Backgrounds 2 2 2
Experimental Subtotal 18 20 24
PDF 11 11 14
QED 7 7 9
Boson pT 2 5 2
Production Subtotal 13 14 17
Total 22 24 29

ble II also shows the MW uncertainties arising from the
backgrounds.

The uncertainties due to the production mechanism
are dominated by the uncertainties due to the PDFs.
These affect the MW measurement since a change in the
momentum fraction carried by the quarks in the p or p
results in a change in acceptance of the electrons from
W boson decay after application of the electron pseudo-
rapidity requirements. The uncertainties in the PDF are
propagated to a one standard deviation uncertainty in
MW by generating ensembles of W boson events using
pythia with the CTEQ6.1 [27] prescription. The other
production uncertainties have been discussed above.

The quality of the simulation is indicated by the χ2 val-
ues computed for the differences between the data and
fastmc shown in Figs. 1 and 2. We perform a variety
of consistency checks of the stability of our results. We
vary the fit ranges for the mT , peT and /ET distributions.
The data are also divided into statistically independent

categories based on instantaneous luminosity, time, elec-
tron η, and the projection of u⃗T on the electron direction.
The exclusion region near CC module edges is varied, and
the selection requirement on uT is varied. The results are
stable to within the measurement uncertainty for each of
these tests.
The total correlations among the three W boson mass

measurements are determined by combining the covari-
ance matrices for each source of uncertainty. For uncer-
tainties which arise from sample statistics, such as the
electron energy scale, the full covariance matrices are de-
termined using ensemble studies. For uncertainties which
are non-statistical in nature, such as the QED uncer-
tainty, the correlations among the three observables are
defined as 100% to prevent these uncertainties from being
decreased in the combination. The resulting total cor-
relations, including both categories of uncertainties, are
0.89 (mT , peT ), 0.86 (mT , /ET ) and 0.75 (peT , /ET ). When
considering only the uncertainties which are allowed to
decrease in the combination, we find that the /ET mea-
surement has negligible weight. We therefore combine
the mT and peT measurements using the method [28] and
obtain

MW = 80.367± 0.013 (stat)± 0.022 (syst) GeV

= 80.367± 0.026 GeV.

The probability to observe a larger difference than ob-
served between these two measurements is 2.8%. The
probability to observe a larger difference than observed
when all three measurements are combined is 5%. We
combine this measurement with the earlier D0 measure-
ment [6] to obtain

MW = 80.375± 0.011 (stat)± 0.020 (syst) GeV

= 80.375± 0.023 GeV.

The dominant uncertainties arise from the available
statistics of the W → eν and Z → ee samples. Thus, a

Results D0/CDF
Results from D0:

DØ Results
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Method (4.3 fb�1) MW (MeV)

mT (e, �) 80371± 13(stat)
pT (e) 80343± 14(stat)

/ET (e, �) 80355± 15(stat)

Combination mT ⇥ pT (4.3 fb�1) 80367± 26(syst + stat)

Combination (5.3 fb�1) 80375± 23(syst + stat)

R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 14

Results from CDF:CDF Results

Method (2.2 fb�1) MW (MeV) Method (2.2 fb�1) MW (MeV)

mT (µ, ⇥) 80379± 16(stat) mT (e, ⇥) 80408± 19(stat)
pT (µ) 80348± 18(stat) pT (e) 80393± 21(stat)

/ET (µ, ⇥) 80406± 22(stat) /ET (e, ⇥) 80431± 25(stat)

Combination (2.2 fb�1) 80387± 19MeV (syst + stat)

R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 13

CDF Results
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R. Lopes de Sá (Stony Brook University) W Mass at the Tevatron March 2012 13
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Results ATLAS
W mass-sensitive distributions: pTl and mT 

23

The consistency of the results was checked in the different categories but also in different 
pileup, uT and u|| bins 

Consistency of the results

Fitting ranges: 
32<pTl <45 GeV, 
66<mT<99 GeV

24

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results

25
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The observables
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QCD corrections (ATLAS)

Parton shower MC Pythia 8 tuned to the 7 TeV data AZ 
tune (better description in rapidity bins than the AZNLO 
tune of Powheg+Pythia) JHEP09(2014)145

The accuracy of Z data is propagated and considered as an uncertainty 

The agreement between data and Pythia AZ is better 
than 1% for pT<40 GeV

Z transverse momentum

17

slides from Moriond EW 2017 W mass talk

parton shower Pythia tuned to Z data 

The rapidity distribution and Ai coefficients are modelled with NNLO predictions and 
the CT10nnlo PDF set. PDF choice validated on the observed weaker suppression 
of the strange quark in the W,Z cross-section data as published in arXiv:1612.03016

Satisfactory agreement between the 
theoretical prediction and the 
measurements is observed: 

χ2/dof = 45/34 

The predictions (DYNNLO) are 
validated by comparison to the Ai 
measurements in 8 TeV Z-boson 

data JHEP08(2016)159 

Rapidity and angular coefficients

16

rapidity and angular coefficients prediction 
have been validated

a hot topic discussed at Moriond EW 2017, to be followed
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QCD corrections (ATLAS)

slides from Moriond EW 2017 W mass talk

Understanding and uncertaintiesBut ATLAS found NNLL gluon 
resummation doesn’t predict the data well

Resummed predictions (DYRES, ResBos, 
CuTe) and Powheg MiNLO+Pythia8 were tried 
but they predict a harder W pT spectrum for a 
given pTZ spectrum

truth-level

data-driven validationNNLL resummed predictions and Powheg+MiNLO 
strongly disfavoured by the data however PS MC 
are in a good agreement; tested using Pythia8 , 
Herwig7 and Powheg+Pythia8

To validate the choice of Pythia8 AZ for the 
baseline, use u||l distribution which is very 
sensitive to the underlying pTW distribution

W transverse momentum 

Phys.Rev.D 50 (1994) R4239, Phys.Rev.D 56 (1997) 5558-5583, JHEP12 (2015) 
047, JHEP03 (2011) 032, JHEP10 (2012) 155, JHEP05 (2013) 082… 

18

The Pythia8 AZ tune is fixed by the pTZ data; extrapolate to W considering relative variations 
of the W and Z pT distributions under uncertainty variations.   

pTW  uncertainties

Uncertainty: heavy quark mass variations 
(varying mc by ±0.5 GeV), factorisation scale 
variations in the QCD ISR (separately for light 
and heavy-quark induced production)

Largest deviation of pT(W)/pT(Z) for the parton 
shower PDF variation: CTEQ6L1 LO (nominal) 
to CT14lo, MMHT2014lo and NNPDF2.3lo

19

Heavy flavour initiated production (HFI) introduces differences between Z and W and 
determines a harder pT spectrum, expect certain degree of decorrelation. 

However higher-order QCD expected to be largely correlated between W and Z produced by 
light quarks 

W/Z pt ratio measurements can reduce this 
uncertainty

a hot topic discussed at Moriond EW 2017, to be followed
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The Large Hadron Collider
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CMS Detector
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ATLAS Detector
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Event display

48

W’/Z’->VH->di-jets Grav->ZZ->2l + MET
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CMS Particle Flow Algorithm
❖ The Particle Flow Algorithm 

(PFA) combining the information 
from all the sub-detectors.

❖ Using the 4-momentum that 
measured from most precise sub-
detectors.

❖ Reconstruct and identify final 
states particles:

❖ Result in a collection of PF 
objects of different types 

❖ Just like the MC true particle 
list out from the event 
generator =>

49

Clemens Lange - Diboson resonances searches at CMS31.05.2016

CMS particle flow reconstruction

> tracking detectors and calorimeters contained in magnetic field 

>particle flow algorithm makes use of sub-detectors with best resolution (both 
spatial and energy) 

>actual „particles“ enter jet clustering

11
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Jet and MET reconstruction
❖ Jet reconstruction:
❖ The Particle Flow objects are inputs for jet clustering
❖ Based on the following distance measures
❖ distance dij between two particles i and j:
❖ distance between any particle i and the beam (B) diB

❖ Compute all distances dij and diB, find the smallest:
❖ if smallest is a dij, combine (sum 4-momenta) the two particles i and j, 

update distances, proceed finding next smallest
❖ if smallest is a diB, remove particle i, call it a jet

❖ Repeat until all particles are clustered into jet
❖ MET reconstruction:
❖ Inverse vectorial sum of all Particle Flow objects 4-momenta

50

Philipp Schieferdecker (KIT)

Sequential Clustering Algs
• Based on the following distance measures:

★ distance dij between two particles i and j:

★ distance between any particle i and the beam (B) diB:

• Compute all distances dij and diB, find the smallest
★ if smallest is a dij, combine (sum four momenta) the two particles i and j, 

update distances, proceed findint next smallest

★ if smallest is a diB, remove particle i, call it a jet

• Repeat until all particles are clustered into jet

• Parameter D: Scales the dij w.r.t. the diB such that any pair of final 
jets a and b are at least separated by

• Parameter p: governs the relative power of of energy vs geometrical 
scales to distinguish the three algorithms: 2=kT, 0=C/A, -2=Anti-kT

�2
ij = (yi � yj)2 + (�i � �j)2dij = min

�
k2p
Ti, k

2p
Tj

⇥ �ij

D

diB = k2p
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Jet Reco/Grooming Algorithms
❖ Boosted large-R jets (R=0.8 or 1.0) can be easily 

contaminated by pileup interactions.

❖ “Grooming” is to remove those pileup 
contaminations, to achieve stronger 
discrimination power for boosted jets.

[1] JHEP10(2014)059.  
[2] JHEP09(2013)029,  JHEP05(2014)146,
[3] JHEP02(2010)084, 
[4] ATLAS-CONF-2016-035

❖ CMS: 

❖ PUPPI [1] algorithm: pileup mitigation algorithm 
identifying and assigning small weights to the 
pileup particles served as input to jet clustering.

❖ Softdrop [2] algorithm: dropping soft jet 
constitution particles.

❖ ATLAS: 

❖ Trimming [3] algorithm: re-cluster sub-jets with 
R=0.2 cone, and remove sub-jets with pTsubjet / 
pTjet < 0.05 

❖ New algorithm to calculate jet mass by 
combining calo-jet mass and track-jet mass [4].

The V-jets tagging variables and V/H-jet mass are calculated based on the groomed jets.

grooming
W/ZW/Z



Hengne Li, 19 Dec. 2017 52

Tagging Boosted W/Z/H Jets
❖ Boosted W/Z-jets have intrinsic sub-jet 

structure difference w.r.t. QCD jets

❖ The goal is to distinguish:

❖ W/Z jets (2-prong) vs. QCD q/g jets (1-prong) 

❖ Sub-jet structure discriminators:

❖ ATLAS: D2, energy correlation ratio [1]

❖ CMS: τ21, N-subjettiness [2]

5

the non-negligible signal efficiency with only moderate background contamination for large159

dijet invariant mass. Two further categories are defined according to the V-jet mass by split-160

ting further the mass interval. Events with V-jet mass closer to the nominal W mass value,161

65 < mj  85 GeV, belong to the W mass category, and those with 85 < mj  105 GeV fall into162

the Z mass category. Even if the W and Z mass peaks cannot be fully resolved, this classification163

allows a partial discrimination between a potential W’ or Z’ signal. The signal efficiency for the164

combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to165

21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.166
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background167

The background is largely dominated by multijet production, which accounts for more than168

95% of the total. The top quark pair contribution is approximately 3–4%, depending on the169

category. The remaining fraction is composed of vector boson production in association with170

partons, and SM diboson processes.171

The background is estimated directly from data, assuming that it can be described by a smooth,172

parametrizable, monotonically decreasing function. This assumption is verified in the V-jet173

mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power174

laws of the variable x = mVH/
p

s, where
p

s = 13 TeV is the center of mass energy, and the175

number of parameters p, including the normalization, is comprised between 2 and 5:176

2 parameters: p0 · 1
(x)p1177

3 parameters: p0 · (1�x)p1

(x)p2178

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)179

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)
180

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test181

is used to check at 10% CL if additional parameters are needed to model the individual back-182

ground distributions. For most of the categories, the two-parameter functional form is found183

Nikos Konstantinidis Searches for di-boson resonances at 13TeV with ATLAS

• EW bosons have masses O(~100GeV)

• Searches for resonances with mX in the range few hundred GeV to a few TeV
– Wide range of boson pT’s leading to distinct topologies for their hadronic decays:

Resolved: reconstruct as 2 anti-kt R=0.4 (akt4) jets for boson pT up to a few hundred GeV
Boosted: reconstruct as a single ant-kt jet R=1.0 (akt10) jet (large-R jet) for higher boson pT

(Notation: “j” for akt4 jets, “J” for akt10 jets)

Reconstructing W/Z/H → qq

3

boosted W/Z jet keeps the 2-prong 
sub-structure even after the boost

QCD q/g jet  
1-prong signature

W/Z jet 
2-prong signature
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Figure 10: a) Contours of the observable D2 in the e(�)2 , e(↵)3 plane. b) Sample D2 spectra

for boosted Z bosons and QCD jets, generated in Monte Carlo. Angular exponents ↵ =

� = 2 have been used.

the marginalization over the collinear and soft subjets). Stated another way, the contours

of D(↵,�)
2 must lie either entirely in the one-prong region of phase space, or entirely in

the two-prong region of phase space. This condition is also natural from the perspective

that D(↵,�)
2 provide good discrimination power, a point which has been emphasized in

Refs. [66, 67]. If the contours do not respect the parametric scalings of the phase space,

the marginalization cannot be performed within a single e↵ective field theory. A more

sophisticated interpolation between the di↵erent e↵ective field theories, along the lines of

Refs. [74, 75] is then required.

In Sec. 2, a power counting analysis was used to show that for 3↵/� > 2, the one- and

two-prong regions of phase space are parametrically separated, with the contour separating

them scaling as e(↵)3 ⇠

⇣
e(�)2

⌘3↵/�
. This implies that, parametrically, the optimal two-prong

discriminant formed from e(�)2 and e(↵)3 is

D(↵,�)
2 =

e(↵)3

(e(�)2 )3↵/�
. (4.2)

This extends the definition of Ref. [66], which considered the observable D(↵,↵)
2 , with equal

angular exponents. To simplify our notation, we will often not explicitly write the angular

exponents ↵ and �, referring to the observable simply as D2.

The D2 observable takes small values for a two-prong jet and large values for a one-

prong jet. Its contours in the e(�)2 , e(↵)3 phase space are shown schematically in Fig. 10,

along with illustrative Monte Carlo generated spectra for both boosted Z jets and massive

QCD jets in e+e� collisions. A more detailed discussion of the discrimination power of D2,

as well as the details of the Monte Carlo generation, will be given in Sec. 5.
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❖ Boosted H-jets tagging:

❖ ATLAS: b-tagging on ghost associated anti-kt track-jets with 
R = 0.2 [3]

❖ CMS: “double b-tagger” [4], dedicated discriminator to 
identify a pair of b quarks in a single jet.

CMS-PAS-B2G-002

q/g W/Z

tagging
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New ATLAS/CMS 2016 full dataset results!
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Only full hadronic 
channel results come 

out so far.

The Grav.->ZZ->2l2nu results 
from CMS have been 

approved already, to be made 
public soon. 

Will present the method today, 
but the results still cannot be 

shown in public today.
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VV/VH all hadronic analysis summary

54

all-hadronic VH ATLAS VH CMS VV/qV CMS
ATLAS-CONF-2017-018 CMS-PAS-B2G-17-002 CMS-PAS-B2G-17-001

Observable Invariant mass of di-jet system

Large-R (“Fat”) jet reco. anti-kt jets with R=1.0 anti-kt jets with R=0.8

Jet grooming “trimming” algorithm “PUPPI” + “softdrop” algorithms

V-tagging sub-jets energy correlation ratio (D2) N-subjettiness (τ21)

H-tagging 1 or 2  track-jet b-tagging “double b-tagger” —

Event selection

Lepton Veto
MET<150GeV or ∆φ(MET,H) < 2/3·π MET<250 GeV

two large-R jets with |η|<2.0,
leading mass jet is H-jet: pT > 450 GeV, 

subleading is V-jet: pT > 250 GeV

two large-R jets with
pT > 200 GeV and |η|<2.4

two large-R jets with
pT > 200 GeV and |η|<2.5

W/Z/H-jets fall in corresponding jet mass windows
75 < M(H-jet)< 145 GeV

pT-dependent V-jet mass windows
mutually exclusive W/Z/H jet mass windows:

65 < M(W-jet) < 85 < M(Z-jet) < 105 < M(H-jet)< 135 GeV

|∆yjj|< 1.6 |∆ηjj|< 1.3
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Due to the small number of events in the background prediction in the mJJ high mass tail, the backgrounds
are modeled using fits between 1.2 and 4 TeV with power-law and exponential functions. The multijet
background is modeled using the functional form

fMultijet(x) = pa(1 � x)pb(1 + x)pc x, (2)

while the tt̄ background is modeled using the functional forms

f 1-tag
tt̄ (x) = pd(1 � x)pe xp f , and (3)

f 2-tag
tt̄ (x) = pge�ph x (4)

for the 1-tag and 2-tag samples respectively. In these functional forms, x = mJJ/
p

s, and pa through ph are
parameters determined by the fit. These functional forms are used as they can model changes in the power-
law behavior of the respective backgrounds between high and low masses. The exponential function is
used for the 2-tag tt̄ sample because it was found to model the tail of the distribution well and because
a fit to the small statistics of the sample could not constrain a function with more parameters. Fits are
performed separately for the 1-tag and 2-tag background estimates, and separately for each background.

The background model is validated in the two regions denoted as VR-SR and VR-SB in Figure 1, each
also with two sub-regions. In all of these, the V-jet is required to have mass 50 GeV < mJ,V < 70 GeV
but the D�=1

2 selection is only applied in the subset regions. For the signal region-like validation regions
(VR-SR) the H-jet selection is unchanged, and for the sideband-like validation regions (VR-SB) the H-jet
is required to have mass 145 GeV < mJ,H < 200 GeV. Both validation regions are kinematically similar
but orthogonal to the signal regions (and each other).

Table 2 compares the observed data yield in the validation regions with the corresponding background
estimate. The modeling of the mJJ distribution in the signal region-like validation region is shown in
Figure 2 for the 1-tag and 2-tag samples. In both cases, the data are well described by the background
model in both normalization and mJJ shape. Other kinematic variables are generally well described.
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Figure 2: The mJJ distribution in the signal region-like validation region in the (left) 2-tag (right) 1-tag samples,
compared to the predicted background.
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VH, all hadronic, ATLAS
❖ Two categories: 1-btag and 2-btag

55

q/g

q/g

W ′/Z ′

W/Z

H

❖ Background modeling

❖ ~90% multijets, ~10% ttbar, <1% V-jets 
❖ Background shape: extract from 0-btag “SR” . 
❖ Normalization and kinematic reweighing 

corrections: extracted from sidebands.

1-btag category 

New 
Results!

ATLAS-CONF-2017-018

2-btag category 
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Due to the small number of events in the background prediction in the mJJ high mass tail, the backgrounds
are modeled using fits between 1.2 and 4 TeV with power-law and exponential functions. The multijet
background is modeled using the functional form

fMultijet(x) = pa(1 � x)pb(1 + x)pc x, (2)

while the tt̄ background is modeled using the functional forms

f 1-tag
tt̄ (x) = pd(1 � x)pe xp f , and (3)

f 2-tag
tt̄ (x) = pge�ph x (4)

for the 1-tag and 2-tag samples respectively. In these functional forms, x = mJJ/
p

s, and pa through ph are
parameters determined by the fit. These functional forms are used as they can model changes in the power-
law behavior of the respective backgrounds between high and low masses. The exponential function is
used for the 2-tag tt̄ sample because it was found to model the tail of the distribution well and because
a fit to the small statistics of the sample could not constrain a function with more parameters. Fits are
performed separately for the 1-tag and 2-tag background estimates, and separately for each background.

The background model is validated in the two regions denoted as VR-SR and VR-SB in Figure 1, each
also with two sub-regions. In all of these, the V-jet is required to have mass 50 GeV < mJ,V < 70 GeV
but the D�=1

2 selection is only applied in the subset regions. For the signal region-like validation regions
(VR-SR) the H-jet selection is unchanged, and for the sideband-like validation regions (VR-SB) the H-jet
is required to have mass 145 GeV < mJ,H < 200 GeV. Both validation regions are kinematically similar
but orthogonal to the signal regions (and each other).

Table 2 compares the observed data yield in the validation regions with the corresponding background
estimate. The modeling of the mJJ distribution in the signal region-like validation region is shown in
Figure 2 for the 1-tag and 2-tag samples. In both cases, the data are well described by the background
model in both normalization and mJJ shape. Other kinematic variables are generally well described.
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Figure 2: The mJJ distribution in the signal region-like validation region in the (left) 2-tag (right) 1-tag samples,
compared to the predicted background.
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Verify background prediction in VR-SR regions
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as a function of pT and |⌘| and because di↵erent multijet processes, in terms of quark, gluon, and heavy
flavour content, contribute di↵erent fractions to the 0-, 1-, and 2-tag samples.

The 0-tag sample is normalized to the 1- and 2-tag samples, separately, using a signal-free high mass
sideband of the H-jet defined by 145 GeV < mJ,H < 200 GeV. This sideband (SB), illustrated in Figure 1,
is orthogonal to the signal region and has similar expected event yield to the signal region. The normal-
ization of the multijet events is set by scaling the number of events in each region of the 0-tag sample
by

µ1(2)�tag
Multijet =

N1(2)�tag
Multijet

N0�tag
Multijet

=
N1(2)�tag

data � N1(2)�tag
tt̄ � N1(2)�tag

V+jets

N0�tag
data � N0�tag

tt̄ � N0�tag
V+jets

, (1)

where N0/1/2�tag
data , N0/1/2�tag

tt̄ and N0/1/2�tag
V+jets are the number of events observed in data, and predicted from

tt̄ and V+jets MC in the 0-, 1-, or 2-tag samples, respectively. As the selection of track jets for H-jets in
0-tag events di↵ers when modeling the 1-tag and 2-tag regions (as stated above), N0�tag

Multijet di↵ers between

estimates of the µ1�tag
Multijet and µ2�tag

Multijet.

Higgs boson candidate mass [GeV]
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m

be
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0

Figure 1: Illustration of the sideband and validation regions, showing orthogonal slices through the space defined
by the masses of the two boson candidates and the number of b-tags.

Kinematic corrections to the multijet background template are applied by reweighting events from the
0-tag sample. This is performed only for the 2-tag sample, as the modeling of the multijet background
in the 1-tag SB and validation regions (described below and as seen in Figure 1) without reweighting
is observed to be adequate. The weights are derived in the SB region, from third-order polynomial fits
to the ratio of the total background model to data in two distributions that are sensitive to kinematic
and b-tagging e�ciency di↵erences between the 0-tag and 2-tag samples: the track jet pT ratio, defined
as plead

T
plead

T +psublead
T

, and psublead
T , both using the pT distributions of the leading two pT track jets associated

to the H-jet. The reweighting is performed using 1-D distributions but is iterated so that correlations
between the two variables are taken into account. After each reweighting iteration, the value of µ1(2)�tag

Multijet
is recomputed to ensure that the normalization is kept fixed. No explicit uncertainties are associated with
this reweighting as these are determined from comparison with validation regions, as described below.

8

“VR” : Validation Region 
“SR”:   Signal Region
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VH, all hadronic, ATLAS
❖ Exclusion of HVT Model B(A) mass window 1.10 – 2.5(2.4) TeV for WH, and 1.10 – 2.6(2.3) TeV for ZH.
❖ Largest excess at ∼ 3.0 TeV with a local significance of 3.3 σ and a global significance of 2.2 σ. 

56

New 
Results!

ATLAS-CONF-2017-018
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VH ! qq̄(0)(bb̄ + cc̄))3 are set in the range of 83 fb to 1.6 fb and 77 fb to 1.1 fb in the WH and ZH signal
regions, respectively. These cross-section limits are translated into excluded Model B signal mass ranges
of 1100 – 2500 GeV for WH resonances and 1100 – 2600 GeV for ZH resonances. The corresponding
excluded mass ranges for Model A are 1100 – 2400 GeV for WH resonances, and 1100 – 1480 GeV and
1700 – 2350 GeV for ZH resonances.
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Figure 4: The observed and expected cross-section upper limits at the 95% confidence level for pp! V 0 ! VH !
qq̄(0)(bb̄ + cc̄) in Model A and Model B in the (left) ZH and (right) WH signal regions. The red and magenta curves
show the predicted cross-sections as a function of resonance mass for the models considered.

9 Summary

A search for resonances decaying to a W or Z boson and a Higgs boson has been carried out in the qq̄(0)bb̄
channel with 36.1 fb�1 of pp collision data collected by ATLAS during the 2015 and 2016 runs of the
LHC at

p
s = 13 TeV. Both the vector boson and Higgs boson candidates are reconstructed using large

radius jets, and jet mass and substructure observables are used tag W, Z and Higgs boson candidates and
suppress the dominant multijet background. In addition, small radius b-tagged track jets ghost-associated
to the large-R jets are exploited to select the Higgs boson candidate jet. The data are in agreement with the
Standard Model expectations, with the largest excess observed at mJJ ⇠ 3.0 TeV with a local significance
of 3.3 �. The global significance of this excess is 2.2 �. Upper limits on the production cross-section
times branching ratio to the qq̄(0)bb̄ final state are set for resonance masses in the range between 1.1
and 3.8 TeV with values ranging from 83 fb to 1.6 fb and 77 fb to 1.1 fb (at 95% CL) for WH and ZH
resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.

3 The signal samples contain Higgs boson decays to bb̄ and cc̄, but due to the branching ratios and b-tagging requirements the
sensitivity is dominated by H ! bb̄.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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VH ! qq̄(0)(bb̄ + cc̄))3 are set in the range of 83 fb to 1.6 fb and 77 fb to 1.1 fb in the WH and ZH signal
regions, respectively. These cross-section limits are translated into excluded Model B signal mass ranges
of 1100 – 2500 GeV for WH resonances and 1100 – 2600 GeV for ZH resonances. The corresponding
excluded mass ranges for Model A are 1100 – 2400 GeV for WH resonances, and 1100 – 1480 GeV and
1700 – 2350 GeV for ZH resonances.
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Figure 4: The observed and expected cross-section upper limits at the 95% confidence level for pp! V 0 ! VH !
qq̄(0)(bb̄ + cc̄) in Model A and Model B in the (left) ZH and (right) WH signal regions. The red and magenta curves
show the predicted cross-sections as a function of resonance mass for the models considered.

9 Summary

A search for resonances decaying to a W or Z boson and a Higgs boson has been carried out in the qq̄(0)bb̄
channel with 36.1 fb�1 of pp collision data collected by ATLAS during the 2015 and 2016 runs of the
LHC at

p
s = 13 TeV. Both the vector boson and Higgs boson candidates are reconstructed using large

radius jets, and jet mass and substructure observables are used tag W, Z and Higgs boson candidates and
suppress the dominant multijet background. In addition, small radius b-tagged track jets ghost-associated
to the large-R jets are exploited to select the Higgs boson candidate jet. The data are in agreement with the
Standard Model expectations, with the largest excess observed at mJJ ⇠ 3.0 TeV with a local significance
of 3.3 �. The global significance of this excess is 2.2 �. Upper limits on the production cross-section
times branching ratio to the qq̄(0)bb̄ final state are set for resonance masses in the range between 1.1
and 3.8 TeV with values ranging from 83 fb to 1.6 fb and 77 fb to 1.1 fb (at 95% CL) for WH and ZH
resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.

3 The signal samples contain Higgs boson decays to bb̄ and cc̄, but due to the branching ratios and b-tagging requirements the
sensitivity is dominated by H ! bb̄.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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Figure 6: Signal acceptance ⇥ e�ciency as a function of resonance mass.
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❖ Event categorization (8 categories in total)
❖ V-jet mass: W (65<mj<85 GeV) or Z (85 < mj < 105 GeV)
❖ V-jet τ21: high purity (τ21<0.35), low purity (0.35<τ21<0.75)
❖ H-jet b-tag: tight (Hbb>0.9), loose (0.3<Hbb<0.9)

New 
Results!

q/g

q/g

W ′/Z ′

W/Z

H

❖ Background modeling
❖ Multijets (dominant), tt,̄ V-jets
❖ Fit to the data using an empirical function
❖ Fisher-test CL 10% to decide the number of parameters

W mass or Z mass categories

CMS confidential

CMS-PAS-B2G-17-002

Predicted 
background 
for category 

[Z mass, 
low purity, 
loose b-tag]
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New 
Results!

CMS-PAS-B2G-17-002

❖ Excluded HVT Model B(A) for mass regions 1.0-2.54(2.46) and 2.76(2.82)-3.3(3.1) TeV for WH, and 1.0-2.41(2.31) TeV for ZH. 
❖ The excess observed by ATLAS with a local significance of 3.3 σ at ~3.0 TeV is not observed at CMS.  
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New 
Results!

❖ Background modeling
❖ Multijets (dominant), tt,̄ V-jets
❖ Fit to the data using an empirical function
❖ Fisher-test CL 10% to decide the number of parameters

W or Z mass categories

V-tagging:

Daniela Schäfer B2G-17-001 Approval 09.03.17 9/61

V-tagging:

V-tagging using substructure of fat jet

high purity: ⌧21 < 0.35 cut re-optimized (backup)

low purity: 0.75 > ⌧21 > high purity

65 GeV  mgroomed < 85 GeV for W boson

85 GeV  mgroomed < 105 GeV for Z boson

LP category used to recover signal efficiency at high
resonance masses, where almost background-free

Double Tag: at least one jet needs to pass HP cut, the
other HP or LP depending on category

Single Tag: the W/Z-jet needs to pass HP or LP
depending on category
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Analysis Strategy

Daniela Schäfer B2G-17-001 Approval 09.03.17 4/61

Same strategy as B2G-16-021 PAS-only-PUB

resonance search for high masses > 1 TeV! dijet
final state ”bump hunt”

tag W/Z bosons based on substructure techniques

background estimation from fit to data

based on signal models: two tag categories

double W/Z tag: single W/Z tag:
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background estimation from fit to data

based on signal models: two tag categories

double W/Z tag: single W/Z tag:

Analysis Strategy

Daniela Schäfer B2G-17-001 Approval 09.03.17 4/61

Same strategy as B2G-16-021 PAS-only-PUB

resonance search for high masses > 1 TeV! dijet
final state ”bump hunt”

tag W/Z bosons based on substructure techniques

background estimation from fit to data

based on signal models: two tag categories

double W/Z tag: single W/Z tag:

Predicted 
background for 

category 
[WW,  

high purity]
VV qV

❖ Event categorization
❖ V-jet mass:  W (65<mj<85 GeV) or Z (85 < mj < 105 GeV)
❖ V-jet τ21: high purity (τ21<0.35), low purity (0.35<τ21<0.75)

❖ 6 categories for VV: 
❖ (WW/WZ/ZZ) x (low/high purity)

❖ 4 categories for qV:
❖ (W/Z) x (low/high purity)

6.2 Systematic uncertainties in the signal prediction 9
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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New 
Results!

W’->WZ

CMS-PAS-B2G-17-001

Excluded

❖ Excluded HVT Model B for mass regions 1.0-3.6 TeV for WH, and 1.0-2.7 TeV for ZH. 

CMS confidential
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New 
Results!

BulkG->WW BulkG->ZZ

CMS-PAS-B2G-17-001

❖ Compatible with SM, and no exclusion above 1 TeV yet for Bulk Graviton model with k̃ = 0.5

CMS confidential

CMS confidential
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New 
Results!

q*->qW q*->qZ

CMS-PAS-B2G-17-001

Excluded Excluded

❖ Excluded excited quark model q*->qV for mass regions 1.0-5.0 TeV for qW, and 1.0-4.8 TeV for qZ. 

CMS confidential CMS confidential



Hengne Li, 13 Dec. 2017 63

VH, all hadronic, ATLAS
New 

Results!

ATLAS-CONF-2017-018

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

8 Results

The results are interpreted using the statistical procedure described in Reference [1] and references
therein. A test statistic based on the profile likelihood ratio [54] is used to test hypothesized values
of µ, the global signal strength factor, separately for each model considered. The statistical analysis
described below is performed using the mJJ distribution of the data observed in the signal regions. The
systematic uncertainties are modeled with Gaussian or log-normal constraint terms (nuisance parameters)
in the definition of the likelihood function. The data distributions from the 1-tag and 2-tag signal regions
are used in the fit simultaneously, treating systematic uncertainties on the luminosity, jet energy scale, jet
energy resolution, jet mass resolution and b-tagging as fully correlated between the two signal regions.
Both the multijet normalization and shape uncertainties are treated as independent between the two signal
regions. In addition, the multijet shape uncertainties for mJJ above and below 2 TeV are treated as inde-
pendent. When performing the fit, the nuisance parameters are allowed to vary within their constraints to
maximize the likelihood. As a result of the fit, the multijet shape uncertainties are significantly reduced.
With the jet mass resolution, jet energy scale and multijet normalization, they have the largest impact
on the search sensitivity. Fits in the WH and ZH signal regions are performed separately. The pre- and
post-fit mJJ distributions in the signal regions are shown in Figure 3.
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Figure 3: The mJJ distributions in the VH signal regions for data (points) and background estimate (histograms)
after the likelihood fit for events in the (left) 2-tag and (right) 1-tag categories. The pre-fit background expectation
is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.

12

Z’->ZH, Data vs. Background Prediction, for two categories 2-btag and 2-btag



Hengne Li, 13 Dec. 2017 64

VH, all hadronic, ATLAS
New 

Results!

ATLAS-CONF-2017-018

W’->WH, Data vs. Background Prediction, for two categories 2-btag and 2-btag
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8 Results

The results are interpreted using the statistical procedure described in Reference [1] and references
therein. A test statistic based on the profile likelihood ratio [54] is used to test hypothesized values
of µ, the global signal strength factor, separately for each model considered. The statistical analysis
described below is performed using the mJJ distribution of the data observed in the signal regions. The
systematic uncertainties are modeled with Gaussian or log-normal constraint terms (nuisance parameters)
in the definition of the likelihood function. The data distributions from the 1-tag and 2-tag signal regions
are used in the fit simultaneously, treating systematic uncertainties on the luminosity, jet energy scale, jet
energy resolution, jet mass resolution and b-tagging as fully correlated between the two signal regions.
Both the multijet normalization and shape uncertainties are treated as independent between the two signal
regions. In addition, the multijet shape uncertainties for mJJ above and below 2 TeV are treated as inde-
pendent. When performing the fit, the nuisance parameters are allowed to vary within their constraints to
maximize the likelihood. As a result of the fit, the multijet shape uncertainties are significantly reduced.
With the jet mass resolution, jet energy scale and multijet normalization, they have the largest impact
on the search sensitivity. Fits in the WH and ZH signal regions are performed separately. The pre- and
post-fit mJJ distributions in the signal regions are shown in Figure 3.
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Figure 3: The mJJ distributions in the VH signal regions for data (points) and background estimate (histograms)
after the likelihood fit for events in the (left) 2-tag and (right) 1-tag categories. The pre-fit background expectation
is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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Empirical function to describe the mutijets background
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Due to the small number of events in the background prediction in the mJJ high mass tail, the backgrounds
are modeled using fits between 1.2 and 4 TeV with power-law and exponential functions. The multijet
background is modeled using the functional form

fMultijet(x) = pa(1 � x)pb(1 + x)pc x, (2)

while the tt̄ background is modeled using the functional forms

f 1-tag
tt̄ (x) = pd(1 � x)pe xp f , and (3)

f 2-tag
tt̄ (x) = pge�ph x (4)

for the 1-tag and 2-tag samples respectively. In these functional forms, x = mJJ/
p

s, and pa through ph are
parameters determined by the fit. These functional forms are used as they can model changes in the power-
law behavior of the respective backgrounds between high and low masses. The exponential function is
used for the 2-tag tt̄ sample because it was found to model the tail of the distribution well and because
a fit to the small statistics of the sample could not constrain a function with more parameters. Fits are
performed separately for the 1-tag and 2-tag background estimates, and separately for each background.

The background model is validated in the two regions denoted as VR-SR and VR-SB in Figure 1, each
also with two sub-regions. In all of these, the V-jet is required to have mass 50 GeV < mJ,V < 70 GeV
but the D�=1

2 selection is only applied in the subset regions. For the signal region-like validation regions
(VR-SR) the H-jet selection is unchanged, and for the sideband-like validation regions (VR-SB) the H-jet
is required to have mass 145 GeV < mJ,H < 200 GeV. Both validation regions are kinematically similar
but orthogonal to the signal regions (and each other).

Table 2 compares the observed data yield in the validation regions with the corresponding background
estimate. The modeling of the mJJ distribution in the signal region-like validation region is shown in
Figure 2 for the 1-tag and 2-tag samples. In both cases, the data are well described by the background
model in both normalization and mJJ shape. Other kinematic variables are generally well described.
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Figure 2: The mJJ distribution in the signal region-like validation region in the (left) 2-tag (right) 1-tag samples,
compared to the predicted background.
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Due to the small number of events in the background prediction in the mJJ high mass tail, the backgrounds
are modeled using fits between 1.2 and 4 TeV with power-law and exponential functions. The multijet
background is modeled using the functional form

fMultijet(x) = pa(1 � x)pb(1 + x)pc x, (2)

while the tt̄ background is modeled using the functional forms

f 1-tag
tt̄ (x) = pd(1 � x)pe xp f , and (3)

f 2-tag
tt̄ (x) = pge�ph x (4)

for the 1-tag and 2-tag samples respectively. In these functional forms, x = mJJ/
p

s, and pa through ph are
parameters determined by the fit. These functional forms are used as they can model changes in the power-
law behavior of the respective backgrounds between high and low masses. The exponential function is
used for the 2-tag tt̄ sample because it was found to model the tail of the distribution well and because
a fit to the small statistics of the sample could not constrain a function with more parameters. Fits are
performed separately for the 1-tag and 2-tag background estimates, and separately for each background.

The background model is validated in the two regions denoted as VR-SR and VR-SB in Figure 1, each
also with two sub-regions. In all of these, the V-jet is required to have mass 50 GeV < mJ,V < 70 GeV
but the D�=1

2 selection is only applied in the subset regions. For the signal region-like validation regions
(VR-SR) the H-jet selection is unchanged, and for the sideband-like validation regions (VR-SB) the H-jet
is required to have mass 145 GeV < mJ,H < 200 GeV. Both validation regions are kinematically similar
but orthogonal to the signal regions (and each other).

Table 2 compares the observed data yield in the validation regions with the corresponding background
estimate. The modeling of the mJJ distribution in the signal region-like validation region is shown in
Figure 2 for the 1-tag and 2-tag samples. In both cases, the data are well described by the background
model in both normalization and mJJ shape. Other kinematic variables are generally well described.
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Figure 2: The mJJ distribution in the signal region-like validation region in the (left) 2-tag (right) 1-tag samples,
compared to the predicted background.
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5

the non-negligible signal efficiency with only moderate background contamination for large159

dijet invariant mass. Two further categories are defined according to the V-jet mass by split-160

ting further the mass interval. Events with V-jet mass closer to the nominal W mass value,161

65 < mj  85 GeV, belong to the W mass category, and those with 85 < mj  105 GeV fall into162

the Z mass category. Even if the W and Z mass peaks cannot be fully resolved, this classification163

allows a partial discrimination between a potential W’ or Z’ signal. The signal efficiency for the164

combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to165

21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.166
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background167

The background is largely dominated by multijet production, which accounts for more than168

95% of the total. The top quark pair contribution is approximately 3–4%, depending on the169

category. The remaining fraction is composed of vector boson production in association with170

partons, and SM diboson processes.171

The background is estimated directly from data, assuming that it can be described by a smooth,172

parametrizable, monotonically decreasing function. This assumption is verified in the V-jet173

mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power174

laws of the variable x = mVH/
p

s, where
p

s = 13 TeV is the center of mass energy, and the175

number of parameters p, including the normalization, is comprised between 2 and 5:176

2 parameters: p0 · 1
(x)p1177

3 parameters: p0 · (1�x)p1

(x)p2178

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)179

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)
180

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test181

is used to check at 10% CL if additional parameters are needed to model the individual back-182

ground distributions. For most of the categories, the two-parameter functional form is found183

tau21 double b-tagger discriminator



Hengne Li, 13 Dec. 2017

VH, all hadronic, CMS

69

New 
Results!

CMS-PAS-B2G-17-0026 6 Estimated and observed background

to describe the data spectrum sufficiently well. However, in more populated categories, with184

loose b tagging or low purity, three- or four-parameter functions are preferred.185

The results of the fits are shown in Figs. 3 and 4 for the W and Z mass regions, respectively.186

The fit range is chosen such that it starts where the trigger efficiency has reached its plateau to187

avoid any bias from trigger inefficiency. The binning chosen to present the results is related to188

the detector resolution. The event with the highest invariant mass mVH = 4919 GeV is observed189

in the W mass, low purity, tight b tag category.190

 (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

bbq q→ VH →X 

W mass, high purity, tight b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (362)

Bkg. fit (2 par.)
Bkg. fit (3 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N

4−
2−
0
2
4 /ndf = 7.6/8     p-value = 0.482χ  (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

410

bbq q→ VH →X 

W mass, high purity, loose b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (2793)

Bkg. fit (2 par.)
Bkg. fit (3 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N

4−
2−
0
2
4 /ndf = 11.6/16     p-value = 0.772χ

 (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

410
bbq q→ VH →X 

W mass, low purity, tight b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (1899)

Bkg. fit (2 par.)
Bkg. fit (3 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N

4−
2−
0
2
4 /ndf = 12.6/16     p-value = 0.702χ  (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

410

510
bbq q→ VH →X 

W mass, low purity, loose b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (18101)

Bkg. fit (3 par.)
Bkg. fit (4 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N

4−
2−
0
2
4 /ndf = 18.9/20     p-value = 0.532χ

Figure 3: Dijet invariant distribution mVH of the two leading jets in the W mass region: high
purity (top) and low purity (bottom) categories, with tight (left) and loose (right) b tagging
selections. The observed data are indicated by black markers, and the potential contribu-
tion of a resonance with mX = 2000 GeV produced in the context of the HVT model B with
gV = 3 is shown with a solid red line. The main and alternative functions shown represent the
background-only fit. The bottom panels report the pulls in each bin, (N

data � N
bkg)/s, where

s is the Poisson uncertainty in data. The error bars represent the normalized Poisson errors on
the data and are shown also for bins with zero entries up to the highest mVH event.

Invariant masses of the 8 categories

7

 (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

bbq q→ VH →X 

Z mass, high purity, tight b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (462)

Bkg. fit (2 par.)
Bkg. fit (3 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N

4−
2−
0
2
4 /ndf = 11.9/8     p-value = 0.152χ  (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

410

bbq q→ VH →X 

Z mass, high purity, loose b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (3922)

Bkg. fit (3 par.)
Bkg. fit (4 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N

4−
2−
0
2
4 /ndf = 13.0/15     p-value = 0.602χ

 (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

410
bbq q→ VH →X 

Z mass, low purity, tight b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (1688)

Bkg. fit (2 par.)
Bkg. fit (3 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N
4−
2−
0
2
4 /ndf = 10.8/14     p-value = 0.702χ  (GeV)VHm1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts
 / 

( 1
00

 G
eV

 )

1−10

1

10

210

310

410

bbq q→ VH →X 

Z mass, low purity, loose b tag

  (13 TeV)-135.9 fb

CMS
Preliminary Data (14989)

Bkg. fit (4 par.)
Bkg. fit (5 par.)

=3)
V

HVT model B (g

 (GeV)VHm
1000 1500 2000 2500 3000 3500 4000 4500 5000

σ)/
bk

g
-N

da
ta

(N

4−
2−
0
2
4 /ndf = 18.3/22     p-value = 0.692χ

Figure 4: Dijet invariant distribution mVH of the two leading jets in the Z mass region: high pu-
rity (top) and low purity (bottom) categories, with tight (left) and loose (right) b tagging selec-
tions. The observed data are indicated by black markers, and the potential contribution of a res-
onance with mX = 2000 GeV produced in the context of the HVT model B with gV = 3 is shown
with a solid red line. The main and alternative functions shown represent the background-only
fit. The bottom panels report the pulls in each bin, (N

data � N
bkg)/s, where s is the Poisson

uncertainty in data. The error bars represent the normalized Poisson errors on the data and are
shown also for bins with zero entries up to the highest mVH event.
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Signal acceptance x efficiency vs. resonance mass
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5

the non-negligible signal efficiency with only moderate background contamination for large159

dijet invariant mass. Two further categories are defined according to the V-jet mass by split-160

ting further the mass interval. Events with V-jet mass closer to the nominal W mass value,161

65 < mj  85 GeV, belong to the W mass category, and those with 85 < mj  105 GeV fall into162

the Z mass category. Even if the W and Z mass peaks cannot be fully resolved, this classification163

allows a partial discrimination between a potential W’ or Z’ signal. The signal efficiency for the164

combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to165

21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.166
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background167

The background is largely dominated by multijet production, which accounts for more than168

95% of the total. The top quark pair contribution is approximately 3–4%, depending on the169

category. The remaining fraction is composed of vector boson production in association with170

partons, and SM diboson processes.171

The background is estimated directly from data, assuming that it can be described by a smooth,172

parametrizable, monotonically decreasing function. This assumption is verified in the V-jet173

mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power174

laws of the variable x = mVH/
p

s, where
p

s = 13 TeV is the center of mass energy, and the175

number of parameters p, including the normalization, is comprised between 2 and 5:176

2 parameters: p0 · 1
(x)p1177

3 parameters: p0 · (1�x)p1

(x)p2178

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)179

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)
180

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test181

is used to check at 10% CL if additional parameters are needed to model the individual back-182

ground distributions. For most of the categories, the two-parameter functional form is found183

CMS-PAS-B2G-17-002

Empirical functions with different number of parameters to describe the background shape, 
then use Fish-test CL 10% method to decide which one to be used. 
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Jet mass

6 4 Reconstruction and selection of events

An additional uncertainty to account for the extrapolation of the scale factor obtained from tt215

samples with pT ⇠ 200 GeV to higher momenta is calculated, with a resulting factor of 8.5% ⇥216

ln(pT/200 GeV) for t21 < 0.35. This is estimated based on the difference between PYTHIA8217

and HERWIG++ [78] showering models. For the 0.35 < t21 < 0.75 selection, this uncertainty218

is 3.9% ⇥ ln(pT/200 GeV) and treated as correlated with the uncertainty for t21 < 0.35. The219

W jet mass peak position and resolution are also extracted to obtain data-to-simulation scale220

factors on the soft drop jet mass as described in Ref. [36]. Because the kinematic properties of221

W jets and Z jets are very similar, the same corrections are also used in the case where the V jet222

is assumed to come from a Z boson.223

Table 1: Data-to-simulation scale factors for the efficiency of the t21 selection used in this anal-
ysis, as extracted from a top-quark enriched data sample and from simulation.

t21 selection Efficiency scale factor
t21 < 0.35 0.99 ± 0.1 (stat)± 0.04 (sys)
0.35 < t21 < 0.75 1.03 ± 0.2 (stat)± 0.11 (sys)

4.5 Final event selection and categorization224

After reconstructing the two vector bosons, we apply the final selections used for the search.225

Any V-boson candidate must have a pT greater than 200 GeV. If more than two such candidates226

are present in the event, the two jets with the highest pT are selected. The two jets are also227

required to have an angular seperation R larger than 0.8 from any lepton in the event. Leptons228

used for this veto need to have a pT greater than 35 (30) GeV, a pseudorapidity smaller than 2.5229

(2.4) and pass identification criteria which were optimized for high momentum leptons in the230

context of Ref. [79]. In addition, there are specific topological selection criteria for the analysis:231

We require the two jets to have separation |Dhjj| < 1.3, while the dijet system invariant mass mjj232

must be above 1058 GeV in order to be on the trigger plateau. Figure 1 shows the distribution233

of the softdrop jet mass and N-subjettiness for the leading jet in the event after this initial234

selection.235
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Figure 1: PUPPI softdrop jet mass distribution in MC and data (left) after preselections and
a t21 cut of 0.35 are applied as well as the PUPPI N-subjettiness t21 distribution for data and
simulated samples (right) after preselections and a softdrop mass cut of 65 GeV  mjet 

105 GeV are applied. The mjj cut has been raised to 1080 GeV from the analysis threshold of
1050 GeV, since no requirement on the substructure is made for the softdrop mass plot and
only HT-based triggers and no jet substructure-based triggers can be used.

To enhance the analysis sensitivity, the events are categorized according to the characteristics236

of the V jet. The V jet is deemed a W-boson candidate if its soft-drop mass falls in the range237

65–85 GeV, while it is deemed a Z-boson candidate if it falls in the range 85–105 GeV. This238

leads to three mass categories (WW, WZ and ZZ) for the double tag analysis and two mass239

tau21
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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Figure 3: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the qW and
qZ categories from top to bottom. The solid curve represents a background-only fit to the data
distribution where the filled red area corresponds to the 1 sigma statistical error of the fit. The
data are shown as black markers.
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Figure 3: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the qW and
qZ categories from top to bottom. The solid curve represents a background-only fit to the data
distribution where the filled red area corresponds to the 1 sigma statistical error of the fit. The
data are shown as black markers.


