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what all the excitement is about

VV search in all hadronic mode.  
Looks for 2 W/Z-‘tagged’ jets, form mJJ



why this excess?  there are plenty of anomalies out there 

(even just focusing on the high-pT results)

 

+ others in Ayana’s talk
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similar search in CMS shows same effect!

(plots & references taken from talk by C. Pollard at LesHouches ’15)



whenever a new excess comes out 
[AM, MC4BSM ’15]
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whenever a new excess comes out 

it’ll go away.. its 
just the SM.. 

statistical 
fluctuation.. 

backgrounds… 
doesn’t occur in 

‘nice’ models

[AM, MC4BSM ’15]



whenever a new excess comes out 

maybe its the 
beginning of new 
physics!! we are in 
this business to 
look for new 

phenomena, after 
all!


who cares if its a 
‘motivated’ model?

it’ll go away.. its 
just the SM.. 

statistical 
fluctuation.. 

backgrounds… 
doesn’t occur in 

‘nice’ models

[AM, MC4BSM ’15]
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similar search in CMS shows same effect!

(plots & references taken from talk by C. Pollard at LesHouches ’15)



Intro

All-hadronic VV resonances

3
10×

/d
m

 (
p

b
/T

e
V

)
σ

d

-310

-210

-110

1

10

210 Low-purity doubly W/Z-tagged data

Fit
 WW (1.5 TeV)→ RSG

 = 8 TeVs, -1CMS, L = 19.7 fb

 (TeV)jjm
1 1.5 2 2.5 3

D
a
ta

σ

D
a
ta

-F
it

-2
0
2

Resonance mass (TeV)
1 1.5 2 2.5 3

 W
Z)

 (p
b)

→
 B

(W
' 

× 
σ

-310

-210

-110

1
Observed
Expected (68%)
Expected (95%)

 WZ→W' 

 
 
 
 

 = 8 TeVs, -1CMS, L = 19.7 fb

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

2−10

1−10

1

10

210

310

410
Data
Background model
1.5 TeV EGM W', c = 1
2.0 TeV EGM W', c = 1
2.5 TeV EGM W', c = 1
Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

WZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

 [TeV]W' m
1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

 W
Z)

 [f
b]

→
 B

R(
W

' 
×

 W
') 

→
(p

p 
σ 

1−10

1

10

210

310

410 Observed 95% CL

Expected 95% CL

 uncertaintyσ 1±

 unceirtaintyσ 2±

EGM W', c = 1

ATLAS
-1 = 8 TeV, 20.3 fbs

CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12024

ATLAS: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-08/

Chris Pollard (Glasgow, MCNet) Diboson Resonances 2015 06 12 3 / 10

similar search in CMS shows same effect!

if th
ese really are W/Z in decay products, 

effect should show in other modes!

(plots & references taken from talk by C. Pollard at LesHouches ’15)
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1-lepton VV resonances

 [GeV]WWm
1000 1500 2000 2500 3000

Ev
en

ts
 / 

10
0 

G
eV

-310

-210

-110

1

10

210

310

410

510

 HP)νCMS Data (e W+jets

WW/WZ tt

Single t Uncertainty

100)× = 0.5 (PlM/k = 1 TeV,  G  MbulkG

 = 8 TeVs at -1CMS                                         L = 19.7 fb

 [GeV]GM
1000 1500 2000 2500

 W
W

) [
pb

]
→ 

bu
lk

 B
R

(G
× 

95
%

σ

-310

-210

-110

1
 observed

S
Frequentist CL

σ 1± expected 
S

Frequentist CL

σ 2± expected 
S

Frequentist CL

 = 0.5PlM/k WW), → 
bulk

 x BR(GTHσ

 = 0.2PlM/k WW), → 
bulk

 x BR(GTHσ

CMS  = 8 TeVs at  -1L = 19.7 fb 

800

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

ATLAS
-1 Ldt = 20.3 fb∫ = 8 TeV, s

 1 large-R jet≥ + ν l→W 

Data
W/Z+jets

+single toptt
Multijet
Diboson
Uncertainty
G*(1200 GeV)
W'(1200 GeV)

 [GeV]lvJm
800 1000 1200 1400 1600 1800 2000 2200 2400D

at
a 

/ B
kg

0
0.5

1
1.5

2

 [GeV]W'm
500 1000 1500 2000 2500

W
Z)

 [p
b]

→
W

') 
x 

BR
(W

'
→

(p
p

σ

-310

-210

-110

1

10

210 ATLAS
 = 8 TeVs

-1 Ldt = 20.3 fb∫
Observed 95% CL

Expected 95% CL

 uncertaintyσ 1±

 uncertaintyσ 2±

EGM W' c = 1

CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO13009

ATLAS: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-01/

Chris Pollard (Glasgow, MCNet) Diboson Resonances 2015 06 12 4 / 10

Intro

1-lepton VV resonances
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semileptonic mode: V(ℓν) V(jj)
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semileptonic mode: V(ℓν) V(jj)
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2-lepton VV resonances

 [GeV]ZZm
1000 1500 2000 2500

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10  LP)µµCMS Data (
Background estimation
Z+jets

, VV)tOther Backgrounds (t
 = 0.5 (x100)PlM/k = 1 TeV,  G  MbulkG

 = 8 TeVs at -1CMS                                         L = 19.7 fb

 [GeV]GM
1000 1500 2000 2500

 Z
Z)

 [p
b]

→ 
bu

lk
 B

R
(G

× 
95

%
σ

-310

-210

-110

1

600

 observed
S

Frequentist CL

σ 1± expected 
S

Frequentist CL

σ 2± expected 
S

Frequentist CL

 = 0.5PlM/k ZZ), → 
bulk

 x BR(GTHσ

 = 0.2PlM/k ZZ), → 
bulk

 x BR(GTHσ

CMS  = 8 TeVs at  -1L = 19.7 fb 

Ev
en

ts
 / 

G
eV

-410

-310

-210

-110

1

Data
Z+jets
ZZ/ZW/WW

+Single Toptt
Sys+Stat Uncertainty
G*, m=1400 GeV

 10.0× Nominalσ

ATLAS
 = 8 TeVs

-1L dt = 20.3 fb∫
Merged Region

 Channelµµ ee, →Z 

 [GeV]llJm
0 500 1000 1500 2000 2500

D
at

a 
/ B

G

0
1
2
3
4

 [GeV]W’m
400 600 800 1000 1200 1400 1600 1800 2000

 Z
W

)  
[p

b]
→

 B
R(

W
’ 

×
 W

’) 
→

(p
p 

σ

-310

-210

-110

1

10

210
ATLAS

 = 8 TeVs
-1L dt = 20.3 fb∫

EGM W’, c = 1
Expected 95% CL
Observed 95% CL

 uncertaintyσ 1 ±

 uncertaintyσ 2 ±

CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO13009

ATLAS: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-06/

Chris Pollard (Glasgow, MCNet) Diboson Resonances 2015 06 12 5 / 10

semileptonic mode: V(ℓℓ) V(jj)
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CMS V(ℓν) H(bb)̅ ATLAS dijets
Intro

VH resonances; V ! leptons
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CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO14010

ATLAS: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-23/

Chris Pollard (Glasgow, MCNet) Diboson Resonances 2015 06 12 7 / 10

http://arxiv.org/abs/1407.1376

(V(ℓℓ) + H(bb)̅ shows no excess)

http://arxiv.org/abs/1407.1376


more accurate recap in LesHouches 2015 pre-proceedings, 
coming soon!
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Di-bosons – excesses 

!  Moderate excesses observed in some channels around 1.8 – 2 TeV 
!  Global significance 1.5 – 2.5 σ  

!  Excesses of 2σ not unusual, but ATLAS + CMS at similar place = excitement 
 

!  Not in all channels… 
!  Will know more after a few first fb-1 

of Run 2 data 

ATLAS: arXiv 1506.00962 
Interpreted in 
Heavy Vector 
Triplet (HVT) 

simplified model 

CMS: PAS EXO-14-010 

9 

excesses ~ consistent with:

~100 fb signal in dijets

~5-10 fb in hadronic VV

~0-3 fb in V(ℓν)V

~5-10 fb in V(ℓℓ)V

(roughly taken from 1507.00013)

WZ/ZZ favored over WW
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diboson excess 
(ATLAS, 2015)

not a lot of events…

we’ll know a LOT more with more data
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several searches rely on jet substructure

h

b

b ̄

signal

mj ≪ mb j

j

q

g

q
J

mij ∼ pTipTj ΔR

individual q/g massless, QCD jets build up 
mass from radiation

soft/collinear radiation 
enhanced

mJ ~ mH

h

b ̄

J

b

ΔR ∼ 2m/pT

R



at some point, signal jet will fall apart into ~2 subjets with similar 
properties. QCD background is dominated by asymmetric 
splitting,  
                                                   so it will rarely look like the signal.. 

substructure idea:  uncluster, seeing how jet changes at 
each stage/smaller scales
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at some point, signal jet will fall apart into ~2 subjets with similar 
properties. QCD background is dominated by asymmetric 
splitting,  
                                                   so it will rarely look like the signal.. 

substructure idea:  uncluster, seeing how jet changes at 
each stage/smaller scales

conditions: “mass drop” : mJ-1/mJ < #
asymmetry: min(pT,i, pT,J-i)/mJ > # 



start with jet R = 1.2, start unclustering

form mass from 3 hardest 
subjets 

if less than three, take mass of 
entire groomed jet

substructure for ATLAS signal

no mass drop condition, 
just asymmetry

once satisfied, 
recluster R = 0.3
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start with jet R = 1.2, start unclustering

form mass from 3 hardest 
subjets 

if less than three, take mass of 
entire groomed jet

substructure for ATLAS signal

no mass drop condition, 
just asymmetry

once satisfied, 
recluster R = 0.3

(CMS does this slightly differently, shouldn’t matter)
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for a heavy resonance (W/Z/H), 
the angle between decay 

products 

R ⇠ 2m

pT

for 2 TeV resonance, 1 TeV jets
R ∼ 0.16 

naively, W should appear 
within a single subject

so I’m confused why should there be a feature in mjjj

substructure for ATLAS signal
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Figure 4: The impact of the NLL constant C1, for R = 0.6 jets (on the left) and R = 1.0 (on the
right). The band is produced by suppressing the real radiation contributions with a quark or gluon
jet form factor, as explained in the text.

Our findings are plotted in Fig. 4, for R = 0.6, on the left, and R = 1.0, on the right4.

When C1 is included, we normalise the distribution to the total NLO rate, rather than the

usual Born cross-section. In order to avoid large NLO corrections [55], we put a cut on the

Z boson transverse momentum pTZ > 150 GeV. We have found that this leads to K-factor

K = 1.45 and K = 1.57, for R = 0.6 and R = 1.0, respectively. With this set of cuts, the

impact of C1 is not too big, but definitely not negligible. The complete calculation of this

constant is therefore necessary in order to be able to perform accurate phenomenology.

5.4 Comparison to Monte Carlo event generators

In this section we compare our resummed and matched result NLL+LO to three standard

Monte Carlo event generators: Sherpa [52], Pythia [56] andHerwig++ [57]. Monte Carlo

parton showers are powerful tools to simulate complicated final states in particle collisions.

When interfaced with hadronisation models, they are able to describe the transition be-

tween partons and hadrons. Moreover, they provide events which are fully differential in the

particles’ momenta. Also they provide models of other non-perturbative effects at hadron

colliders such as the underlying event where it is not possible to have phenomenological

estimates from first principles of QCD. As stated before however, despite their usefulness

and successes, it is quite difficult to assess the theoretical precision of these tools. For

this reason, comparisons between parton showers and analytic calculations, which have a

well-defined theoretical accuracy, form an important part of QCD phenomenology. For the

case of jet-mass it has been noted in recent ATLAS studies [12] for jet masses that Pythia

with hadronisation and the underlying event gives a reasonably good description of the

data. We would therefore expect our resummation to be in some accordance with Pythia

though we should stress that we do not include any non-perturbative effects. Hence we

4We have suppressed C1 with the full global resummed exponent, producing terms beyond our NLL

accuracy, which we do not control. A more precise analysis would involve the complete determination of

C1, suppressed only with double-logarithmic terms, together with an uncertainty band, assessing the impact

of higher logarithmic orders.

– 23 –

Dasgupta et al 1207.1640

jet mass is a tricky thing

for this size jet,  
mJ ∼ 0.1 pT ∼ 100 GeV..

right in the W/Z mass 
window

worry that forcing W/Z mass 
selects out 1 TeV jets, causing 

a feature in mJJ..

(2012, CMS found significance varies strongly with substructure method)

nothing wrong, jets are just complicated
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Z boson transverse momentum pTZ > 150 GeV. We have found that this leads to K-factor

K = 1.45 and K = 1.57, for R = 0.6 and R = 1.0, respectively. With this set of cuts, the

impact of C1 is not too big, but definitely not negligible. The complete calculation of this

constant is therefore necessary in order to be able to perform accurate phenomenology.

5.4 Comparison to Monte Carlo event generators

In this section we compare our resummed and matched result NLL+LO to three standard

Monte Carlo event generators: Sherpa [52], Pythia [56] andHerwig++ [57]. Monte Carlo

parton showers are powerful tools to simulate complicated final states in particle collisions.

When interfaced with hadronisation models, they are able to describe the transition be-

tween partons and hadrons. Moreover, they provide events which are fully differential in the

particles’ momenta. Also they provide models of other non-perturbative effects at hadron

colliders such as the underlying event where it is not possible to have phenomenological

estimates from first principles of QCD. As stated before however, despite their usefulness

and successes, it is quite difficult to assess the theoretical precision of these tools. For

this reason, comparisons between parton showers and analytic calculations, which have a

well-defined theoretical accuracy, form an important part of QCD phenomenology. For the

case of jet-mass it has been noted in recent ATLAS studies [12] for jet masses that Pythia

with hadronisation and the underlying event gives a reasonably good description of the

data. We would therefore expect our resummation to be in some accordance with Pythia

though we should stress that we do not include any non-perturbative effects. Hence we

4We have suppressed C1 with the full global resummed exponent, producing terms beyond our NLL

accuracy, which we do not control. A more precise analysis would involve the complete determination of

C1, suppressed only with double-logarithmic terms, together with an uncertainty band, assessing the impact
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so you want to fit the excess?

~30+ papers so far explaining the excess, though 
bulk of them fall into 2 categories

 “composite” or “elementary” spin-1 W’
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must be produced, must decay: key quantities

so you want to fit the excess?



W’ models to fit the excess

“composite” vs. “elementary”

differ in how W’ couples to fermions and how it 
couples to WZ

gW 0WZ = g ⇠ gW 0ff = g 

�(W 0 ! WZ) ⇠ g2 ⇠2 M5
W 0

192⇡m4
W

�(W 0 ! ff) ⇠ NC g2 2 M 0
W

12⇡



elementary models: 

⇠ ⇠ m2
W /M2

W 0 ,  ⇠ O(1)

both widths grow linearly with MW’, width to fermions is 
bigger due to multiplicity

 W’ produced via Drell-Yan, most decay to qq̅, but below 
the dijet limit. few % decay to WZ, form excess

VV jj



example:  
 SU(2)L ⊗ SU(2)R ⊗ U(1)X → SU(2)L ⊗ U(1)Y via SU(2)R triplet 

[Dobrescu, Liu 1506.08688, Brehmer et al1507.00013, …]

gR ∼ 0.8 gL 

both widths grow linearly with MW’, width to fermions is 
bigger due to multiplicity

 W’ produced via Drell-Yan, most decay to qq̅, but below 
the dijet limit. few % decay to WZ, form excess

elementary models: 

⇠ ⇠ m2
W /M2

W 0 ,  ⇠ O(1)



these models always have a neutral partner Z’

Z’ → ℓℓ has a 
significant BR, and Z’ 
bounds are O(100) 

stronger than W’→ WZ

way out is to make gX coupling large such that Z’ is heavier 
and evades existing limits
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FIG. 2. Dielectron (top) and dimuon (bottom) invariant
mass (mℓℓ) distributions after event selection, with two se-
lected Z′

SSM signals overlaid, compared to the stacked sum
of all expected backgrounds, and the ratios of data to back-
ground expectation. The bin width is constant in logmℓℓ.
The green band in the ratio plot shows the systematic uncer-
tainties described in Sec. IX.

correlations across bins, as well as the correlations be-
tween signal and background, are taken into account.

XII. MODEL INTERPRETATION AND
RESULTS

As no evidence for a signal is observed, limits are set in
the context of the physics models introduced in Sec. II.
For all but the Minimal Z ′ Models, limits are set on σB
versus the resonance mass. The predicted σB is used
to derive limits on the resonance mass for each model.
Table VI lists the predicted σB values for a few reso-
nance masses and model parameters. In the case of the
Minimal Z ′ Models, limits are set on the effective cou-
plings as a function of the resonance mass to incorporate
interference effects of the Z ′ signal with the Drell–Yan
background.
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FIG. 3. Median expected (dashed line) and observed (solid
red line) 95% CL upper limits on cross-section times branch-
ing ratio (σB) in the combined dilepton channel, along with
predicted σB for Z′

SSM production. The inner and outer
bands show the range in which the limit is expected to lie
in 68% and 95% of pseudo-experiments, respectively. The
thickness of the Z′

SSM theory curve represents the theoretical
uncertainty from the PDF error set and αS , as well as the
choice of PDF.

A. Limits on narrow spin-1 Z
′

SSM, E6 Z
′ and Z

∗

bosons

For the Z ′
SSM, E6-motivated Z ′ and Z∗ bosons, the

model specifies the boson’s coupling strength to SM
fermions and therefore the intrinsic width. The param-
eter of interest in the likelihood analysis is therefore σB
as a function of the new boson’s mass.
Figure 3 presents the expected and observed exclusion

limits on σB at 95% CL for the combined dielectron and
dimuon channels for the Z ′

SSM search. The observed limit
is within the ±2σ band of expected limits for all MZ′ .

TABLE VI. Values of σB for the different models. The model
parameter M corresponds to the mass of the Z′, Z′

χ, Z
′
ψ, Z

∗

and G∗ boson. For the QBH models, M = Mth corresponds
to the threshold mass, while for the MWT model M = MR1

.
The value M = 3 TeV is not applicable for the MWT model,
as the range of the limits is up to 2.25 TeV.

σB [fb]
Model M = 1 TeV M = 2 TeV M = 3 TeV
Z′

SSM 170 3.4 0.21
Z′
χ 93 1.5 0.062

Z′
ψ 47 0.87 0.032

Z∗ 300 4.0 0.076
G∗, k/M Pl=0.1 190 1.8 0.044
RS QBH 56 0.40 0.0065
ADD QBH 11000 96 1.8
MWT, g̃ = 2 31 0.17 n/a

higher Z’ limits → larger gX …

if it’s an elementary W’ model: 



composite models

⇠ ⇠  ⇠ mW /MW 0 ⇠ g/g⇢

width to WZ grows as Γ ∼ M³W’, completely dominates  

smaller production cross section than elementary 
models, but 100% decay to W/Z

unlike elementary models, VBF production can play a role

small pdfs, but compensated 
by WL WL W’ amplitude

[Fukano et al 1506.03751, Franzosi et al1506.04392, 
Thamm et al1506.08688, Lane 1507.07102, …]



no dijet resonance. neutral Z’ → WW, so no dilepton worry

very tricky to get the rate high enough while keeping the 
resonance narrow (max few fb in hadronic channel)…

‘light’ resonance with mW/MW’ size couplings wreaks 
havoc with PEW and perturbative unitarity (though not 

sure I care in a strongly coupled model) 

if it’s a composite model

other resonances could help? [Lane 1507.07102]



if it’s a composite model

in composite models there are usually ‘top partners’

the W’ couple strongly to these particles, opens new decay 
modes, further increases the width…

W’ → WH mode (if observed) could provide some info 
about strong dynamics



side by side

elementary W’ composite W’



Conclusions
with all the searches done by ATLAS/CMS, there will be excesses. 

Exciting in that both have slight excesses in similar place

tantalizing, but: low statistics, analyses involve complex objects.. 

‘explanations’ focused on W’ models, either elementary or 
composite. 

we WILL know the answer soon, ~5 fb-1 at LHC 13
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tantalizing, but: low statistics, analyses involve complex objects.. 

‘explanations’ focused on W’ models, either elementary or 
composite. 

we WILL know the answer soon, ~5 fb-1 at LHC 13

regardless of diboson outcome: lattice studies of near-
conformal theories are interesting & important



wait...  Technicolor?!?!

[AM, USQCD 2012]

maybe, just maybe…
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