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Strong VV Scattering
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EWSB at the LHC
Higgs boson is severely constrained by recent LHC data

Could have a 95% 
exclusion over entire 
mass range at winter 

conferences 

What if there is no 
Higgs ?
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EWSB and VV Scattering
The good news: we already know 3 components of the EWSB sector: 
W±

L
, Z

L
 , Goldstone bosons of broken SU(2)xU(1) generators

→ In Higgs mechanism, 
part of the Higgs sector:

ϕ ∼ ( ϕ++ ϕ−∗

ϕ
0
+ϕ '0 )

- 0 +
W+

W-

Z0
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→ Even if no Higgs, EWSB sector 
       should still provide those:
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Violates 
unitary for 
large s ?

V
L

V
L

V
L

V
L

V LV L →V LV L ∼ ΠΠ→ΠΠ ∼
s
v2

Equivalence theorem (s>>M
W

2) Low-energy theorems (s<<M
SB

2)

Consider 
V

L
V

L
→V

L
V

L
 : 

→ involves only the GBs, so important whatever the actual EWSB mechanism
→ can compute low-energy behavior in model-independent way:

? W+

W-

Z0

→ Even if no Higgs, EWSB sector 
       should still provide those:
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Large s behavior

Strong coupling

As is, violation of perturbative unitarity for Λ ~ 4√πv ~ 1.7 TeV.

A
(V

LV
L→

V
LV

L)

s

Low-energy 
theorems

(1.7 TeV)2
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Large s behavior

Strong coupling

As is, violation of perturbative unitarity for Λ ~ 4√πv ~ 1.7 TeV.

Higgs boson or other << 1 TeV resonance
→ cuts off the divergence << 1 TeV
→ V

L
V

L
→V

L
V

L
 always perturbative

A
(V

LV
L→

V
LV

L)

s

If no new physics << 1 TeV, 
unitarization by strong 
dynamics 
→ Can be with resonances or 
without, depending on Chiral 
dynamics and unitarization 
scheme

 

Disfavored by EW fits : 
like ~1-2 TeV Higgs
⇒ Need other new physics

Low-energy 
theorems

(1.7 TeV)2
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Large s behavior

Strong coupling

“No-lose” principle: one should either have 
→ new states below 1 TeV, or 
→ Strong WW scattering around 2 TeV 

As is, violation of perturbative unitarity for Λ ~ 4√πv ~ 1.7 TeV.

Higgs boson or other << 1 TeV resonance
→ cuts off the divergence << 1 TeV
→ V

L
V

L
→V

L
V

L
 always perturbative

A
(V

LV
L→

V
LV

L)

s

If no new physics << 1 TeV, 
unitarization by strong 
dynamics 
→ Can be with resonances or 
without, depending on Chiral 
dynamics and unitarization 
scheme

 

Disfavored by EW fits : 
like ~1-2 TeV Higgs
⇒ Need other new physics

Usually true, 
but  not 

guaranteed...

Low-energy 
theorems

(1.7 TeV)2
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The ATLAS Detector
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The CMS Detector
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Signature

Tagging jets from quarks 
emitting the Ws
→ Typically at large η in each 
hemisphere
→ Large ∆η between the 2 jets

Central Jet Suppression
→ No color flow between tagging jets
   ⇒ Hadronic activity in central region is suppressed
→ Useful to reject top background
→ Need to account for pileup

Same signature as VBF 
Higgs production

⇒ Extensive studies 
underway
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WZ→ lν l+l-

→ Fully leptonic, low bkgs (VV+jets)
→ Very small  σ.BR

ATLAS VV Searches
Search for resonances at 500, 800 GeV, 
1.1 TeV, and a non-resonant scenario.
Need at least 1 lepton to reduce hadronic bkg. 

WZ→ qq l+l- 
→ Z→ll reduces bkg levels. WZ+jets
→ Low σ.BR

WZ → lν qq
→ Same as above, considered together

~ 12 fb @ 1.1 TeV

~ 4 fb @ 1.1TeV

~ 1 fb @ 1.1TeV

Results from CERN-OPEN-2008-020), at 14 TeV
Signals generated with pythia

WW → lν qq
→ Largest σ.BR
→ Large backgrounds: top and W+jets

~ 17 fb @ 1.1 TeV
~ 10 fb non-resonant

VBS

L
H

C
 7

 T
eV

L
H

C
 1

4 
T

eV QCD

EW

top

Higgs
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Boosted hadronic W's

ATLAS-CONF-2011-103
in context of pp→WHATLAS-CONF-2011-073

• W→qq signature changes with resonance mass:

→ 500 GeV: 2 final state jets : “resolved” regime

→ 1.1 TeV: merged jets, “boosted” regime.

• General topic of interest for exotic physics (top 
resonances, high-p

T
 Higgs searches)

• Look at jet substructure:
→ Jet mass

→ For k
T
 jets, scale of last merging : √d

12

• Well described by MC in recent data

• Boosted analysis already does better at 800 GeV.

W W

resolved
boosted
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WW→ lνqq Selection
• Hadronic W candidate

– Single jet with mass 68<m<97 GeV, 
30 GeV/ET<√d12 <100 GeV/ET -or-

– Pair of jets with 67<m<106 GeV, 0.1<√d<0.45

– p
T

W > 200 GeV, |ηW|<2

• Leptonic W

– Use mass constraint to reconstruct p
z
ν

– p
T

W > 200 GeV

• Tagging jets

– 2 jets with p
T
 > 10GeV E > 300 GeV, |∆η|>5

• Central jet veto

– No jet with pT>30 GeV between tagging jets

• Top veto

– Veto events with 130 < Wj mass < 240 GeV

ε ~40 %

ε ~50 %

ε ~40 %

ε ~90 %

ε ~ 50 %
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WW→ lνqq Mass Spectra
500 GeV scalar 

resonance

800 GeV scalar 
resonance

Non-resonant 
case

1.1 TeV scalar 
resonance
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Results
Mass Channel Signal evts 

in 100 fb-1
Bkg evts 
in 100 fb-1

Significance 
for 100 fb-1

Lumi for 
3σ

Lumi for 
5σ

500 
GeV

WZ→ jj ll 28 20 5.3σ 30 fb-1 90 fb-1

WZ→ lν ll 40 25 6.6σ 20 fb-1 55 fb-1

800 
GeV

WW/WZ→ lν qq 65 87 6.3σ 20 fb-1 60 fb-1

WZ→ jj ll (resolved)
WZ→ j ll (boosted)

24
27

30
23

3.9σ
4.9σ

60 fb-1

38 fb-1
160 fb-1

105 fb-1

1.1 TeV
WW/WZ→ lν qq 24 46 3.3σ 85 fb-1 230 fb-1

WZ→ j ll (boosted) 19 22 3.6σ 68 fb-1 190 fb-1

WZ→ lν ll 7 2 3.6σ 70 fb-1 200 fb-1

Could start testing low-mass regions with ~20 fb-1
 
at 14 TeV 

⇒   ~40-50 fb-1 at 7 TeV ? ⇒  by 2015
Reaching 1 TeV and beyond will require full LHC lumi + HL-LHC (>2018)
→ Non-resonant scenarios are even less favorable...
→ Similar reach with high signal/high bkg and low signal/low bkg 

All numbers for 14 TeV
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CMS VV Searches

Similar to ATLAS 500 GeV 
and non-resonant cases 

N. Amapane et al. Study of VV-scattering processes as a probe of electroweak symmetry 
breaking, CMS AN-2007/005
Bo Zhu et al,  “Same sign WW scattering Process as a probe of Higgs Boson in pp Collision 
at Sqrt(s) = 10 TeV”, Eur. Phys. J. C71: 1514, 2011

Use the PHANTOM 2->6 fermion generator

Modes studied:
WW → lν qq, WW → lν qq
WZ → qq ll, ZZ → qq ll
WZ →µν µµ
W±W± → l±ν l±ν
     →2 neutrinos 
         ⇒ Cannot reconstruct WW mass
     →Feasible in same-sign signature 
         ⇒ low background levels

Scenarii considered:
→ M

H
=500 GeV

→ “no Higgs”
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CMS Analysis selections

Slide from P. Govoni
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CMS Mass spectra (60 fb-1)
ZZ→4µ

WZ→µν µµ WW→ lν lν

WW/WZ→µν qq

CMS
CMS

CMS
CMS

Supers
eded b

y n
ew 

analysis
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Results

Mass Channel Signal evts 
in 60 fb-1

Bkg evts 
in 60 fb-1

Significance 
for 60 fb-1

500 
GeV

WW,WZ→eν qq 309 ~2000 6.7σ
WZ,ZZ→qq ll 186 ~104 ~1.8σ

ZZ→ ll ll 6.6 5.5 ~2.4σ

no-
Higgs

WW/WZ→eν qq 26 187 1.9σ
WW/WZ→µν qq 111 ~104 1.1σ

WZ,ZZ→qq ll 15 ~1000 ~1.9σ

ZZ→ ll ll 0.36 0.50 0.5σ

WZ→µν µµ 2.7 2.3 1.5σ
200 
GeV

W±W±→ l±ν l±ν 6.5 
3.5 

2.4σ

no-
Higgs W±W±→ l±ν l±ν 5.4 2.8σ

Results for 
14 TeV

Significant improvement since these results (Particle Flow) ⇒ now better in hadronic modes

Results at 
10 TeV
Can also 

separate the 
m

H
=200 GeV 

and no-Higgs 
scenarii at 4σ  

with 6 ab-1
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Alternate scenario for EWSB physics discovery 

2011 2012 2013 2014 2015 2016

5 fb-1

20 fb-1

60 fb-1

150 fb-1

100 fb-1

Exclude SM 
Higgs boson

2017

H
L-

LH
C

3σ @ 800 GeV

5σ @ 800 GeV or 
3σ  @ 1.1 TeV

4.5σ  @ 1.1 TeV

30 fb-1

→ Discovery possible with “plain LHC”
→ High-mass scenarios and detailed 
  studies will requires HL-LHC

7-8 TeV Long shutdown 13-14 TeV

Assume: 
→ ~5 1033 cm-2 s-1 in 2012
→ ~1-2 1034 cm-2s-1 in 2015-2017
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Technicolor
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Technicolor

Technicolor: 
No Higgs boson

Introduce:
A new strong gauge interaction

→ typically some SU(NTC)

New fermions sensitive to TC ("techniquarks")
→ typically N isospin doublets
 

EWSB:
TC coupling becomes large for ΛTC ~ O(100 GeV): 
 ⇒ chiral symmetry breaking : 〈QLQR〉 ≠0, ~ ΛTC. 

〈QLQR〉 not invariant under SU(2)⊗U(1) ⇒ EWSB

EW precision constraints, FCNC:

→ "scaled-up QCD" models are excluded, but TC with a "walking" 
coupling is OK.
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Technicolor

T
e

chnico
lo

r

Q
u

techni-up

Q
d

techni-down

...
g

TC
techni-gluon

Technicolor: 
No Higgs boson

Introduce:
A new strong gauge interaction

→ typically some SU(NTC)

New fermions sensitive to TC ("techniquarks")
→ typically N isospin doublets
 

EWSB:
TC coupling becomes large for ΛTC ~ O(100 GeV): 
 ⇒ chiral symmetry breaking : 〈QLQR〉 ≠0, ~ ΛTC. 

〈QLQR〉 not invariant under SU(2)⊗U(1) ⇒ EWSB

EW precision constraints, FCNC:

→ "scaled-up QCD" models are excluded, but TC with a "walking" 
coupling is OK.
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Low-scale Technicolor

Mass 
(MeV)

135

770
782

980

330

300

200

LSTC

aT

ωT

πT

ρT

π0

ρ0

ω0

a0Low-scale Technicolor
→ SU(NTC=4)

→ ND=9 isospin doublets of techniquarks

→ ΛTC ~ 246GeV/√ND ~ 100 GeV
Chosen NTC, ND ⇒ walking coupling

Particle spectrum
  → technipions πT (except 3 that give mass to W,Z)
  → technimesons : near-degenerate ρT, ωT, aT, …

Walking decreases M(ρT)/M(πT)
⇒ V → nπT decays are typically forbidden
⇒ Narrow resonances

Main decay modes : 
→ πT → jj
→ ρT

0, ωT
0, aT

0 → l+l-, Zγ
→ ρT 

±, ωT
±, aT

± →W±Z, W±γ

QCD

Mass 
(GeV)

Lane and Eichten, 
Phys. Lett. B222, 274)
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LSTC limits from Tevatron

PRL 104 (2010) 061801,

→ For lower M(πT), look for ρT →WπT. Best limit from CDF : M(ρT)< 250 GeV
→ For higher M(πT), use ρT → WZ. Best limit from D∅ : M(ρT) < 400 GeV.

CDF

→ ρT, ωT technimesons are easiest target

→ Limits usually presented in (M(ρT), M(πT)) plane
πT mass affects allowed decay channels, BFs.

PRL 104 (2010) 111802
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PRL 106 (2011), 171801

Technicolor at Tevatron ?
Excess in Wjj production seen by CDF for
mjj = 144±5 GeV 

→ 4.8σ  deviation with 7.3 fb-1

→ width ~ detector resolution

CDF

CDF

PRL 106 (2011), 251803

Can be interpreted as ρT → W + (πT → jj)
→ M(ρT) ~ 290 GeV, M(πT) ~160 GeV

Not seen by D∅ (p-value = 0.53)
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ATLAS l+l- search

electrons

muons

11

ATLAS-CONF-2011-125 

→ Require 2 leptons with p
T
>25 GeV

→ Main background: Drell-Yan
→ Excellent agreement between MC 
and the data in "LSTC region" 
(mll ~ 200-600 GeV)
→ Quantify in terms of LSTC models 
with various M(ρT), M(πT) values

→ assume M(ωT) = M(ρT), ignore aT 

→ Since no excess observed, set limits 
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ATLAS l+l- search

Examples of expected signal peaks

electrons

muons

11

ATLAS-CONF-2011-125 

→ Require 2 leptons with p
T
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→ Excellent agreement between MC 
and the data in "LSTC region" 
(mll ~ 200-600 GeV)
→ Quantify in terms of LSTC models 
with various M(ρT), M(πT) values

→ assume M(ωT) = M(ρT), ignore aT 

→ Since no excess observed, set limits 
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Limit on M(ρT)
→ Assume M(πT) = M(ρT) – 100 GeV scan M(ρT) values

→ Set 95% UL on M(ρT) using the limit on production σ.BR(l+l-)



 

Nicolas Berger, APPS 2011, 2011-12-02

39

Limit on M(ρT)
→ Assume M(πT) = M(ρT) – 100 GeV scan M(ρT) values

→ Set 95% UL on M(ρT) using the limit on production σ.BR(l+l-)

M(ρT) > 470 GeV
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Limit in M(ρT), M(πT) plane
→ Same with scan on both M(ρT) and M(πT), limit in (M(ρT), M(πT)) plane

Significant 
improvement over 
Tevatron results
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Limit in M(ρT), M(πT) plane
→ Same with scan on both M(ρT) and M(πT), limit in (M(ρT), M(πT)) plane

LSTC interpretation of 
CDF Wjj excess 

Values for Wjj excess 
just inside excluded 

region

Significant 
improvement over 
Tevatron results
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CMS ρ
T
→WZ Search

CMS PAS EXO-11-041

Search in ρ
T
→WZ mode, dominant for 

heavy ρ
T
 (mρΤ < mπT

+m
W

)

Use WZ→lν ll decay mode. Main 
background: SM WZ→lνll 

Selection:
→ Z: 2 leptons with 60 < m < 120 GeV
→ W:1 lepton with p

T
>20 GeV, E

T
>30 GeV

Reconstruct WZ mass using W mass 
constraint.
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CMS ρ
T
→WZ Results

For final result also require 
H

T
 = Σ p

T
leptons > 160-280 GeV, 

with cut optimized for each point

Observed  limit at mρT
 > 382 GeV

Reach should improve with statistics 
(already ~5x more available)
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Conclusion
• Vector boson scattering is a powerful probe of EWSB 

whatever the underlying mechanism.

• Many experimental challenges, but already being adressed 
for other analyses.

• Small production cross-sections ⇒ will need high 
luminosities to reach interesting mass ranges

• If strong dynamics leads to narrow sub-TeV resonances, 
could be observed earlier. Technicolor models provide 
good benchmarks for these scenarii.

• Everything depends on the results of Higgs search results 
in 2012... Exciting times ahead!
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Backups
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CMS mass resolutions
Mass resolutions
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Chiral Lagrangian
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Full ATLAS Results
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W(qq)Z(ll)
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W(lν)Z(qq)
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Pythia/Whizard comparison
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Full CMS results (60 fb-1)
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