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Motivation:

After a light scalar is discovered, how can
we test the role it plays in the EWSB ?



EVIDENCE FOR A LIGHT

 HIGGS-LIKE SCALAR
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EWSB sector described by the  SU(2)LxU(1)Y→U(1)em  Chiral Lagrangian:
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EWSB sector described by the  SU(2)LxU(1)Y→U(1)em  Chiral Lagrangian:

L = Lkin + Lmass ρ ≡ m2
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EWSB sector described by the  SU(2)LxU(1)Y→U(1)em  Chiral Lagrangian:

L = Lkin + Lmass

For           , in the limit         ,            , there is a 
larger SU(2)L x SU(2)R→SU(2)V  global symmetry: 

aT =0 g1=0 λu =λd
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The NG bosons      transform as a 
triplet under the custodial SU(2)V :

χa

MW = MZ for g1=0
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Data suggest the global coset:     SU(2) x SU(2)→SU(2)  SO(4)→SO(3)  



For                     the fit to LEP data is not goodaS,T (Λ) = 0
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Adding an extra scalar,  singlet of the custodial SU(2)V

a, b, c  are free parameters
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[ for a SM Higgs:  a=b=c=1]

see:  Barbieri et al.  PRD 76 (2007) 115008



Adding an extra scalar,  singlet of the custodial SU(2)V

━━━━━

━━━━━ MZ

Λ ∼ 1 TeV

L =
v2

4
Tr

�
DµΣ†DµΣ

� �
1 + 2a

h

v
+ b

h2

v2
+ · · ·

�
+ V (h)

− v√
2

�

i,j

�
u(i)

L d(i)
L

�
Σ

�
1 + c

h

v
+ · · ·

� �
λu

ij u(j)
R

λd
ij d(j)

R

�
+ h.c.

━━━━━ mh

∆�1,3 = −c1,3 a2 log
Λ2

m2
h

0.003 0.004 0.005 0.006 0.007 0.008

Ε 3

0.002

0.004

0.006

0.008

0.01

Ε 1

68%, 90%, 99% CL a"1

see:  Barbieri et al.  PRD 76 (2007) 115008



HOW `STANDARD` THE HIGGS MUST BE ?

Large deviations from a=1 still allowed for a light Higgs

Presently no constraint on b,c
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THE HIGGS AS A COMPOSITE 
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THE HIGGS AS A COMPOSITE PSEUDO-NG BOSON

Motivations:

• light Higgs  naturally

EWSB
sector︴ ︴
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[ Georgi & Kaplan, `80 ]

h
Higgs = NG boson of  G→G’  at the scale f

At tree level: mh = 0 mρ ≈ 4πf
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THE HIGGS AS A COMPOSITE PSEUDO-NG BOSON
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• contribution to EWPO from heavier 
resonances parametrically suppressed

THE HIGGS AS A COMPOSITE PSEUDO-NG BOSON

Motivations: EWSB
sector︴ ︴

 
︴Aµ 

━━━━ψ
G → G’

━━━━━

━━━━━
━━━━━

…

━━━━━
━━━━━
━━━━━

mW

━━━━━mh
h

mρ

[ Georgi & Kaplan, `80 ]

h

W 3

ρ

B

�H� �H�

∆�3 ≡ Ŝ ∼ m2
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A MINIMAL COMPOSITE HIGGS MODEL: [ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ]

SO(5) x U(1)X → SO(4) x U(1)X ~ SU(2)L x SU(2)R x U(1)X

W a
µ Bµ

Y=T3R+X
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�
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�
= 4 4 real Nambu-Goldstone 

bosons transforming as:

- a 4 of SO(4)

- a real (2,2) of SU(2)L x SU(2)R

- a complex doublet of SU(2)L



unbroken 
custodial 
SO(3)

A MINIMAL COMPOSITE HIGGS MODEL: [ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ]
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â ∈ Alg{SO(5)/SO(4)} π ≡

�
(πâ)2
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A MINIMAL COMPOSITE HIGGS MODEL: [ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ]
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



0
0
0
0
1




=





sin(π/f)×





π̂1

π̂2

π̂3

π̂4





cos(π/f)





T
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The SU(2)LxU(1)Y gauging and the couplings to 
the elementary fermions break SO(5) explicitly:



A MINIMAL COMPOSITE HIGGS MODEL: [ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ]
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gauged SO(2) 
fully broken

A SIMPLIFIED EXAMPLE:    SO(3)→SO(2)
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A SIMPLIFIED EXAMPLE:    SO(3)→SO(2)
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EW CHIRAL LAGRANGIAN FOR  SO(5)→SO(4)
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HOW MUCH COMPOSITE THE pNG HIGGS CAN BE ?
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A LIGHT SCALAR FAKING THE HIGGS:     THE DILATON [Goldberger et al.  
   PRL 100 (2008) 111802]

EWSB
sector

︴ ︴
 
︴Aµ 

━━━━ψ

� �
= χa, φ, . . .

If the EWSB sector has a spontaneously broken 
scale invariance the corresponding NG boson 
(the dilaton) can be light :
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Invariance under dilatations fixes the couplings of the dilaton:

φ(x)→ φ(xeλ) + λfD χa(x)→ χa(eλx) ψ(x)→ e3λ/2ψ(eλx)x→ e−λx



[Goldberger et al.  
   PRL 100 (2008) 111802]
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By setting one has:

same as a light composite Higgs with: a2 = b = c2 a =
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fD

A LIGHT SCALAR FAKING THE HIGGS:     THE DILATON

If the EWSB sector has a spontaneously broken 
scale invariance the corresponding NG boson 
(the dilaton) can be light :



universal behavior (SILH)
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WW  SCATTERING
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No strong                        for a dilaton  (a2=b) WLWL → hh

In general a,b,c control three different sectors of the theory

only way to extract bWLWL → hh



Extracting a from  WW→WW  scattering
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Extracting a from  WW→WW  scattering

Cutting on events with central final W’s

2304

tmin ∼ s

dσLL→LL/dt

dσTT→TT /dt

����
t∼−s/2

∼ (1− a2)2 s2

M4
W

Still numerically larger than 
naive expectation  

Large pollution from transverse modes in hard scattering



Extracting a from  WW→WW  scattering
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Larger luminosity for longitudinal W’s makes 
the signal even harder to identify

PL(z) =
g2

A + g2
V

4π2

1− z

z

Mjj > 500 GeV

PT (z) =
g2

A + g2
V

4π2

1 + (1− z)2

2z
log

(pmax
Tj )2

(1− z)M2
W

same as in Weizsacker-Williams 
photon spectrum

pTj < 120 GeV

pTW > 300 GeV

~O(10) events in fully leptonic channel                           with 100 fb-1 for a=0

LHC at 14 TeV  sensitive to                 with 100 fb-1

σ(signal) = σ(a �= 1)− σ(SM)

W±W± → l±νl±ν

a2 � 0.5

[ Giudice et al.  JHEP 0706:045 (2007) ]



Extracting b from  WW→hh  scattering
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Naive estimate works well

dσLL→hh/dt

dσTT→hh/dt
∼ 1

8
(b− a2)2

a4 + (b− a2)2
s2

M4
W

No Coulomb singularity enhancement of transverse scattering 

Longitudinal scattering always dominating:  cleaner than WW → WW

model dependency
mh = 180GeV



V (h) =
1
2
m2

hh2 + d3
1
6

�
3m2

h

v

�
h3 + d4

1
24

�
3m2

h

v2

�
h4 + . . .

Coupling MCHM4 MCHM5

a = ghWW /gSM
hWW

√
1− ξ

√
1− ξ

b = ghhWW /gSM
hhWW 1− 2ξ 1− 2ξ

c = ghff/gSM
hff

√
1− ξ

1− 2ξ√
1− ξ

d3 = ghhh/gSM
hhh

√
1− ξ

1− 2ξ√
1− ξ

σ(pp→ hhjj) [fb] MCHM4 MCHM5

ξ = 1 9.3 14.0

ξ = 0.8 6.3 9.5

ξ = 0.5 2.9 4.2

ξ = 0 (SM) 0.5 0.5

dilaton v/fD = 1.5 3.3

mh = 180GeV



0 500 1000 1500 2000 2500
 

 

 

 

1

SM
MCHM4 (ξ = 0.5)
Dilaton (aD=1.5)

mhh  [GeV]

10

10

10

-1

-2

-3

-410

 [f
b/

48
 G

eV
]

d!(pp!hhjj)/dmhh

0 500 1000 1500 2000 2500
 

 

 

 

1

SM
MCHM4 (ξ = 1.0)
MCHM5 (ξ = 0.8)

mhh  [GeV]

10

10

10

-1

-2

-3

-410

 [f
b/

48
 G

eV
]

d!(pp!hhjj)/dmhh

500 1000 1500 2000 2500
0.2

0.4

0.6

0.8

1.0

1.2

mhh  [GeV]

(dσ/dmhh)|MCHM4

(dσ/dmhh)|MCHM5

dσ

dm2
hh

=
1

m2
hh

σ̂(WiWj → hh) ρij
W (m2

hh/s, Q2)

ρij
W (τ, Q2) = τ

� 1
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dx1
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dx2 fqA(x1, Q

2)fqB (x2, Q
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×
� 1
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dz1

� 1
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dz2 P i
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Breaking the model degeneracy

ξ = 0.5



Breaking the model degeneracy

0 200 400 600 800 1000 1200 1400

 

 

 

HT   [GeV]

SM
MCHM4 (ξ = 0.5)
Dilaton (aD=1.5)10-1

10

10

-2

-3

ar
bi

tra
ry

 u
ni

ts

0 200 400 600 800 1000 1200 1400

 

 

 

HT   [GeV]

SM
MCHM4 (ξ = 1.0)
MCHM5 (ξ = 0.8)10-1

10

10

-2

-3

ar
bi

tra
ry

 u
ni

ts
HT =

�

i=1,2

|pTHi |

Signal pure s-wave

More central Higgses
(larger HT)



Moral:  extracting (a2-b) requires studying events at large mhh / HT 

Problem:  very few events:

3 leptons 2 SS leptons 4 leptons

# Events with 300 fb
−1

signal bckg. signal bckg. signal bckg.

MCHM4

ξ = 1 4.9 1.1 15.0 16.6 1.3 0.08

ξ = 0.8 3.3 1.2 10.1 18.3 0.9 0.14

ξ = 0.5 1.5 1.4 4.9 21.0 0.4 0.23

MCHM5
ξ = 0.8 4.5 1.8 14.3 26.0 1.1 0.19

ξ = 0.5 2.3 1.2 7.6 18.4 0.6 0.21

SM ξ = 0 0.2 1.7 0.8 25.4 0.05 0.37

pp→ hhjj → 4Wjj →






l+l+l−l− �ET + 2j

l+l−l± �ET + 4j

l+(−)l+(−) �ET + 5j (6j)

# events:

Total 3 leptons
Acceptance 
cuts passed Final

2790 61 9.1 4.9
2.2% 15% 54% ∼ 3× 10−4[ last step for Bckg:                    ]



Efficiency of `standard` cuts drastically drops for energetic (boosted) events 

The larger m(hh), the more boosted the Higgses, 
the more collimated its decay products

J1

J2

H1

H2

These events are lost with 
a standard analysis

pTj > 30 GeV |ηj | < 5 ∆Rjj� > 0.7

pTl > 20 GeV |ηl| < 2.4 ∆Rjl > 0.4 ∆Rll� > 0.2

4 jets 3 jets (1 ‘fat’)

No cut on mhh 40% 17%

mhh > 750 GeV 36% 32%

mhh > 1500 GeV 18% 59%



LUMINOSITY VS ENERGY UPGRADE
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28 TeV

With a tenfold Luminosity upgrade (3 ab-1) our analysis predicts:

~ 50   three-lepton events
~150 two same-sign lepton events

even with a standard strategy should be possible 
to extract the energy growing behavior of the signal

With a higher-energy collider one can probe larger values of mhh

(dσ/dmhh)|√s

(dσ/dmhh)|14 TeV

dσ

dm2
hh

=
1

m2
hh

σ̂(WiWj → hh) ρij
W (m2

hh/s, Q2)

Luminosity upgrade as effective as a 
28 TeV collider to study the signal 

Full optimized analysis required to 
properly estimate the background



EFFECT OF RESONANCES IN 
WW SCATTERING

Amplitude for the scattering of four Goldstones: 

A(πaπb → πcπd) = A(s, t, u) δabδcd + A(t, s, u) δacδbd + A(u, t, s) δadδbc + B(s, t, u) �abcd

πa

πb

πc

πd

two kinematical functions

πi = χi + . . . (i = 1, 2, 3) , π4 = h + . . .

Violates LR parity

χi → −χi

h→ +h

Mediates:  WW	 →	 Zh



Consider the possibility: It must be included in the 
low-energy chiral Lagrangian

mρ � Λ ∼ 4πf

Quantum numbers of resonances:

of SO(4)

SO(4) SU(2)L x SU(2)R

= (1, 1) + [(1, 3) + (3, 1)] + (3, 3)ππ = 4× 4 = 1 + 6 + 9π = 4

spin=0 
isospin=0 

(    )

spin=1
isospin=1

(      ,       )

spin 0
isospin 0+1+2

(     )η ∆

ρL ρR

one resonance accidentally 
lighter than the cutoff scale 



Consider for example a light      = (3,1): ρL

The Callan-Coleman-Wess-Zumino 
(CCWZ) formalism is most convenient
to construct its Lagrangian:

U(x) = eiπâ(x)T â U†(x)∂µU(x) = i dâ
µT â + i Ea

µT a

dµ ∼ ∂µπ + · · · Eµ ∼ π∂µπ + · · ·

g ∈ GUnder a global transformation

ρµ → h(π, g)ρµh−1(π, g) +
i

gρL

[∂µh(π, g)]h−1(π, g)

L = −1
4
ρaL

µνρaL µν +
m2

ρ

2

�
ρaL

µ − 1
gρL

EaL
µ

�2

+ . . .

Eµ → h(π, g) Eµ h−1(π, g) + i [∂µh(π, g)]h−1(π, g)

dµ → h(π, g) dµ h−1(π, g)

h ∈ H( with             local )



from contact term
unitarizes for      

aρL =
2√
3

mρL ≡ aρLgρLf

B(s, t, u) =
1
4
a4

ρL
g2

ρL

�
u− t

s−m2
ρL

+
s− u

t−m2
ρL

+
t− s

u−m2
ρL

�

A(s, t, u) =
s

f2

�
1− 3

4
a2

ρL

�
− 1

4
a4

ρL
g2

ρL

�
s− u

t−m2
ρL

+ (u↔ t)
�

O

�
E6

m6
ρL

�
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Figura 4.8: Sezioni d’urto di scattering tra NGB in diversi canali con il contributo della ρL. I
parametri utilizzati sono: ξ = 0.5, MρL = 1.5 TeV, aρL = 2√

3
, da cui segue ΓρL = 123 GeV. La

linea nera continua rappresenta la sezione d’urto calcolata dall’ampiezza completa mentre la linea
rossa (grigia tratteggiata) quella ottenuta dalla Lagrangiana chirale a due (quattro) derivate.
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Figura 4.8: Sezioni d’urto di scattering tra NGB in diversi canali con il contributo della ρL. I
parametri utilizzati sono: ξ = 0.5, MρL = 1.5 TeV, aρL = 2√
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linea nera continua rappresenta la sezione d’urto calcolata dall’ampiezza completa mentre la linea
rossa (grigia tratteggiata) quella ottenuta dalla Lagrangiana chirale a due (quattro) derivate.

Full

O(p4)

O(p2)

Contribution of the resonance to the 
scattering amplitude:

aρL =
2√
3



Effective W approximation

EFFECT OF RESONANCES AT THE LHC

Neglect 

We make the following simplifying assumptions:

5.1 Anatomia del WW scattering in un collider adronico 97

p

p

s = (14TeV)2 ŝ = sx1x2

x1p1

x2p2p2

p1

z1x1p1

z2x2p2

m2 = x1x2z1z2s

jet

jet

Figura 5.3: Schema dello scattering V V → hh all’LHC.

parte di un fermione è data dallo spettro di Weiszecker-Williams [55–58]:

P T (z) =
g2
A + g2

V

4π2

1 + (1− z)2

2z
log

�
p̄2

T

(1− z)M2
W

�
, (5.3)

PL(z) =
g2
A + g2

V

4π2

1− z

z
, (5.4)

dove z = pW /pq è la frazione di momento del bosone vettore rispetto a quella del

fermione e p̄T è il valore massimo di momento trasverso del jet finale. L’emissione

di bosoni polarizzati trasversalmente, analogamente ai fotoni, è distribuita logarit-

micamente in pT secondo ∝ p2
T /(p2

T + M2
W ). Nel caso di bosoni vettore polarizzati

longitudinalmente, invece, la distribuzione è ∝ 1/(p2
T + M2

W ), ovvero è piccata per

pT �MW . Imponendo quindi un taglio sul pTJ dei jet, in maniera tale da accettare

eventi in cui pTJ � MW , è possibile migliorare il rapporto segnale su fondo [45].

Le costanti gA e gV sono definite come le costanti di accoppiamento alle correnti

assiali e vettoriali.3 In particolare, per i bosoni W e Z emessi dai quark risulta:

gV
qW = −gA

qW =
g

2
√

2
, (5.5)

gV
uZ =

g

cos θW

�
1
4
− 2

3
sin2 θW

�
,

gV
dZ =

g

cos θW

�
−1

4
+

1
3

sin2 θW

�
,

gA
uZ = −gA

dZ =
g

4 cos θW
,

3Ovvero, in maniera tale che le regole di Feynman per il vertice siano i[gV γµ − gAγµγ5].

mh, mW � mWW

Effect of the resonance monitored through the ratio:

R(Φ, ξ,mcut) =
σ(Φ, ξ,mcut)

σ(LET, ξ,mcut)
mWW > mcut

kinematical cut:



Results for a           [ spin=1,  (3,1) of SU(2)L x SU(2)R,  isospin=1 ]ρL
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Figura 5.7: Curve di livello del rapporto R(ρ, Mρ, aρ) per ξ = 0.5 e mcut = 800 GeV. Le linee blu
tratteggiate sono curve con Γρ/Mρ costante.

ΓρL

mρL

mcut = 800GeV

ξ = 0.5

R =
σ(ρL)

σ(LET)

pp→ jj hh [ LHC at 14 TeV ]



Results for a           [ spin=1,  (3,1) of SU(2)L x SU(2)R,  isospin=1 ]ρL
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Figura 5.7: Curve di livello del rapporto R(ρ, Mρ, aρ) per ξ = 0.5 e mcut = 800 GeV. Le linee blu
tratteggiate sono curve con Γρ/Mρ costante.

pp→ jj W+W− [ LHC at 14 TeV ]



CONCLUSIONS

• Model dependency due to the trilinear coupling important

• LHC goal:    Unraveling the mechanism of EWSB

main question:  weak or strong ?

• WW→hh only process to probe the (hhWW) coupling

LHC reach (3σ) with 300 fb-1:

3 ab-1:

ξ ∼ 1

ξ ∼ 0.5

• Effect of resonances in general negligible for mres � 2 TeV

• For                       pattern of enhancement/suppression in the 
various channels gives information on the quantum numbers of 
the resonance and thus on the strong sector

mres � 1.5 TeV


