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3.4� local significance

2.5� global significance

[ATLAS, arXiv:1506.00962]

Di-boson excess?



[Allanach, Gripaios, Sutherland: arXiv:1507.01638]

• W-fat jet: 69.4 GeV < m < 95.4 GeV  
• Z-fat jet: 79.8 GeV < m < 105.8 GeV

Tagging efficiencies

[ATLAS, arXiv:1506.00962]

• efficiency of jet invariant mass cuts
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combined fit only by ATLAS  
lack information on the correlation of the big systematic 
uncertainties
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Excess events
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Heavy vector triples



Heavy vector triples

• among the most well motivated particles 

• appear in composite Higgs models but also in weakly coupled theories 

• associated to the EW gauge symmetry 

• consider a 3 of SU(2)L
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• Couplings among vectors 
• do not contribute to V decays 
• do not contribute to single production 
• only effects through (usually small) VW mixing 

•            irrelevant for phenomenology               only need (cH , cF )

Phenomenological Lagrangian



LV = �1

4
D[µV

a
⌫]D

[µV ⌫] a +
m2

V

2
V a
µ V

µ a

+ i gV cHV a
µ H

†⌧a
$
D

µ
H +

g2

gV
cFV

a
µ J

µ a
F

+
gV
2
cV V V ✏abcV

a
µ V

b
⌫ D

[µV ⌫] c + g2V cV V HHV a
µ V

µ aH†H � g

2
cV VW ✏abcW

µ ⌫ aV b
µV

c
⌫

V =
�
V +, V �, V 0

�

    typical strength of V interactions gV

gV ⇠ g ⇠ 1

   Weakly coupled model    Strongly coupled model

    dimensionless coefficientsci

cH ⇠ cF ⇠ 1cH ⇠ �g2/g2V and cF ⇠ 1

1 < gV  4⇡

Phenomenological Lagrangian



0 1 2 3 4 510-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100

s̀ = MV @TeVD

dL
êds̀@

pb
D

WL
+ZL HV+L

WL
+WL
- HV0L

WL
-ZL HV-L

8 TeV

CTEQ6L1 Hm2 = MW
2 L

0 1 2 3 4 510-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
104

s̀ = MV @TeVD

dL
êds̀@

pb
D

uid j HV+L
uiu j HV0L
did j HV0L
diu j HV-L

8 TeV

CTEQ6L1 Hm2 = s̀L
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similar bounds for ATLAS

• excluded for masses < 1.5 TeV, unconstrained for larger  
• di-boson most stringent 
• in excluded region       ,         not reproduced  
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Heavy vector triples in the di-boson excess
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• experimental limits converted into                  plane (MV , gV )

• similar exclusions at low      , leptonic final state dominates 
• very different for larger coupling 
• weaker limits if decay to top partners open

gV

[Pappadopulo, Thamm, Torre, Wulzer, arXiv:1402.4431]  

New Physics?

yellow: CMS         analysis 
dark blue: CMS  
light blue: CMS 
black: bounds from EWPT

WZ ! jj
WZ ! 3l⌫

l+⌫

[Greco, Liu: arXiv:1410.2883]
[Chala, Juknevich, Perez, Santiago :arXiv:1411.1771]

LHC bounds
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• compare with weakly coupled vectors

[Pappadopulo, Thamm, Torre, Wulzer, arXiv:1402.4431]  

LHC bounds

yellow: CMS         analysis 
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black: bounds from EWPT
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   Strongly coupled model   Weakly coupled model

• strongly coupled vectors have weaker bounds



• neutral and charged components contribute to the various selection regions

SWZ = L⇥A⇥ [(� ⇥ BR)V ± BRWZ!had✏WZ!WZ + (� ⇥ BR)V 0 BRWW!had✏WW!WZ ]

• Once we fix the mass there is only one parameter gV
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[Thamm, Torre, Wulzer, arXiv:1506.08688]

SWZ = 7.0+3.8
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SWW 2 [2.2, 10.3] SZZ 2 [1.4, 6.6]
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HVT signal cross section



Thamm, Torre, Wulzer, arXiv:1506.08688
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Compatibility with other searches



Conclusion I

• perfectly agrees with some channels 

• could maybe even explain some small excesses 

• maybe slight tension in other channels 

• maybe this is exactly what we expect?



Heavy vector triples at future colliders



Composite Higgs models at future colliders
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[Thamm, Torre, Wulzer: 1502.01701]  

identify relevant background process

background rescales with parton luminosities



Limit extrapolation - assumptions

• limit only driven by background for a cut-and-count experiment of 
events within narrow window 

• shape analyses depend on background and signal kinematical distributions 
• however, no large deviations expected
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current 8 TeV LHC limits and extrapolated bounds

CMS search for 
• opposite sign di-leptons 
• fully leptonic WZ 

[CMS-PAS-EXO-12-061]  
[ATLAS 1405.4123]

[CMS 1407.3476]  
[ATLAS 1406.4456]

• constant at large masses  
(zero background events) 

• too conservative bounds at low 
masses 



Composite Higgs Model

• predicts direct and indirect effects

• modification of Higgs couplings 
(predictable in a fairly model-
independent way) 

• EWPT  
(sensitive to effects only computable in 
specific models) 

• Flavour

a = gWWh =
p
1� ⇠

• production of  EW vector resonances 
(here consider 3 of             ) 

• production of top partners  
(mass controls generation of Higgs 
potential and fine-tuning, 
very model dependent)

SU(2)L
[Pappadopulo, Thamm, Torre, Wulzer: 1402.4431]  

[Matsedonskyi, Panico, Wulzer: 1409.0100]  

• parameter space: m⇢ g⇢ ⇠ =
g2⇢
m2

⇢

v2

• for illustration focus on minimal composite Higgs model



Minimal Composite Higgs 

assume global symmetry: SO(5)/SO(4)
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Indirect measurements        
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Indirect measurements        

[CMS-NOTE-2012-006]
[ATL-PHYS-PUB-2013-014]
[Dawson et. al.1310.8361]
[CLIC 1307.5288]
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Results in         

• theoretically excluded  
• LHC8 at 8 TeV with 20 

LHC at 14 TeV with 300 
HL-LHC at 14 TeV with 3  

fb�1

ab�1

2 4 6 8 10
10-3

10-2

10-1

100

mρ [TeV]

ξ

TLEP / CLIC

LHC

LHC8

LHC

HL-LHC

HL-LHC

ILC

gρ=4π

gρ=1

1  g⇢  4⇡

95% C.L.

fb�1

[Thamm, Torre, Wulzer: 1502.01701]  

(m⇢, ⇠)



Results in         

• theoretically excluded  
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Conclusions

• CH is a very compelling framework 
• many ways to look for it:  

direct: vector resonance and top partners 
indirect: coupling modifications 

• excess: maybe exactly what a resonance at the edge of discovery should 
look like? 

• learn a lot from LHC RunII 
• … and if not, then at a future collider!



Backup



Limit extrapolation

Input: experimental bounds on               at                         with  
 for various search channels
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Limit extrapolation - equivalent mass

• extraction of equivalent mass
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⇢ ��ŝ/2,m2

⇢ +�ŝ/2]
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dŝ
(m⇢;

p
s)

X

{i,j}

cij
dLij

dŝ
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[Thamm, Torre, Wulzer: 1502.01701]  



Limit extrapolation - equivalent mass
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• need relevant background process and parton luminosities 
• sum drops for single partonic initial state 
• otherwise linear combination of parton luminosities weighted by cij



Limit extrapolation - equivalent mass

• Subtlety at low masses: 
lowest mass point of 8 TeV limit determined by sensitivity of specific analysis 

• arbitrary lowest equivalent mass depending on luminosity  
• smoothly raise luminosity of future collider 
• extrapolated limit is the strongest at each mass 
• low-mass limit conservative, not optimal 
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EWPT

• set some of strongest constraints on CH models 
• incalculable UV contributions can relax constraints
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•    and     constants of order 1 
• define                        and marginalise
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[Grojean, Matsedonskyi, Panico: 1306.4655]  



EWPT



EWPT

• define                        and marginalise 
• to avoid unnatural cancellations
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[Baak et al: 1209.2716]  
[Baak et al: 1407.3792]


