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Motivations
°
The Standard Model in one slide

The Standard Model: Particle content

o Vectors (Forces): gauge group
SU (3) x SU (2), x U (1)y spontaneously
broken to SU (3)~ x U (1),

o Fermions (Matter): 3 generations of quarks
and leptons
o Scalars? (Higgs?): the Higgs boson
@ A scalar doublet under SU (2), interacting
with all other fields acquires a VEV
@ W, Z bosons acquire a mass with the
spontaneous breaking
SU(2), xU (1), = U(1),
© Leptons and quarks acquire a mass through
Yukawa couplings to the Higgs boson
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The Standard Model: Particle content

e Vectors (Forces): gauge group
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broken to SU (3)~ x U (1),

o Fermions (Matter): 3 generations of quarks
and leptons
o Scalars? (Higgs?): the Higgs boson
@ A scalar doublet under SU (2), interacting
with all other fields acquires a VEV
@ W, Z bosons acquire a mass with the
spontaneous breaking
SU(2), xU 1)y —U(1),
© Leptons and quarks acquire a mass through
Yukawa couplings to the Higgs boson

Leptons

Tevatron + R. T.

Unfortunately this is the only Higgs we have seen so far!
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Motivations
(]
The Higgs boson

Why do we need the Higgs boson?
o To generate the masses of all the massive particles (weak gauge bosons and
fermions)

o To keep S-matrix unitarity in longitudinal WW scattering

The W Wy — W W scattering without the Higgs boson

A(rm — 7m) = A(s, t,u) 87064 + A (t, 5,u) §2°6°% + A (u,t,s) §2%6%° (1)

v, = A(s,tu) = — )

As,tou) = — b % ®3)
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Without the Higgs
[ Je]
Heavy vectors in Higgsless models

Make it without an Higgs boson: an example

@ The masses can be generated by a non-linear sigma model based on the

non-linear field U = ¢** % containing the Goldstone bosons field

@ The exchange of a new massive particles, can turn the asymptotic amplitude for
WrWi — W Wy, to a constant up to a cut-off

o An effective field theory based on the SU (2) x SU (2)y /SU (2)1,, r global
symmetry containing a new massive vector triplet V7' can be constructed with a
cut-off A =~ 4wv = 3 TeV

One vector below the cut-off: the general Lagrangian

L LX + ﬁk!n + Lmt (4)
2

& rrrt _L vy L v

ﬁx T4 <DMU(D U) > 292 <WMUW > 2g’2 <BP”’B > (5)
1/ o\ ME

Lkm = _Z <VP«VVH > + TV <VMVM> (6)

Lo = lgv <V;W[“H V]> L <V;w (UW“VHT+MTB“”u)>

2
ZQK 2 TtV V1) = 5 Wi Vol D + 2 (], )

(™

’
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Without the Higgs
[ Je]
Heavy vectors in Higgsless models

Make it without an Higgs boson: an example

@ The masses can be generated by a non-linear sigma model based on the

non-linear field U = ¢** % containing the Goldstone bosons field

@ The exchange of a new massive particles, can turn the asymptotic amplitude for
WrWi — W Wy, to a constant up to a cut-off

o An effective field theory based on the SU (2) x SU (2)y /SU (2)1,, r global
symmetry containing a new massive vector triplet V7' can be constructed with a
cut-off A =~ 4mv = 3 TeV

An example: vector resonance exchange

nd ¢ nd e b ¢ b ¢
\ ’ S 7 \ ’ N 7
N 7 N
A + ]r \% + —A + =)
P N PLG / v \ / v \
’ AN - ~ / \ / \
) b ) b ) d 7@ d
2
s Gy, 2 s—u s—t
A(s,t,u)— |:’U72_UT 3S+MV (W"I‘m (4)
v

o For Gy = gy My = % the asymptotic amplitude reduces to a constant

@ However the unitarity is not formally restored up to all energies (the coefficients
of the partial wave expansion of the scattering amplitude grow logarithmically
with s even in the case Gy = %)
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Without the Higgs
oe
Heavy vectors in Higgsless models

Total cross sections for the pair production of heavy vector bosons

o The pair production of vector resonances is important since it is sensitive to
different couplings with respect to the single production (in particular the trilinear
coupling gx)

o Total cross sections at the LHC (1/s = 14 TeV) for Gy = 200 GeV, Fy = 2Gy
and g = 1/(v/2gy) as functions of the heavy vector mass have been obtained
with the matrix element generator CalcHEP

= zu
Se ~o(pp—VTV7jj) S0 o (pp— VOVT)
=0 (pp— VIV*j) . =a(p—VV)
s o (pp — VOV5j) o (pp — VOV)
=0 (pp— VOVTij) 8
. ~ o= V'V ) ’
o(pp = V7V7ij) 6
3 5
a
2 3
2
1
1
o - — 0 i
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
My (GeV) My (GeV)
Vector Boson Fusion (pr > 30 GeV, |n| < 5) Drell-Yan

R. Barbieri, A. E. Carcamo, G. Corcella, R. T., E. Trincherini, 2009
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The middle way
@00

Scalar and vector

Sharing the task of unitarizing Wy W, scattering

o If only a vector or only a scalar is relevant with a mass below the cut-off its
coupling to the Goldstone bosons is completely constrained by the elastic

unitarity bound
@ The presence of both a scalar and a vector with masses below the cut-off makes

it possible to relax these constraints

One vector below the cut-off: the general Lagrangian

Ler=LY + Ly +Lp_v. (5)
1 m?2 v2 h A2
—— Iz hp2 T m T = il
L= S0uhd*h 0 + = <DHU(D ) >(2av +bv2) : (6)
dv
Lp_v = 8—2h<VuV“> (7)
v
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o If only a vector or only a scalar is relevant with a mass below the cut-off its
coupling to the Goldstone bosons is completely constrained by the elastic

unitarity bound
@ The presence of both a scalar and a vector with masses below the cut-off makes

it possible to relax these constraints

An example: vector resonance exchange
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PN LR N N
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PRGN ’ \ ’ \
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s 5 39y M gy M. (u —s) (t—s)
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v v v t u

v

@ The elastic unitarity constraint reduces to a relation between the couplings a and
gv = Gy /My

scalar-vector system at the LHC
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The middle way
(o] le}

Scalar and vector

Asymptotic behavior of the relevant amplitudes

Asymp des
393, M3 2 M = =
As, )™ = a2 (g2 By My ) | ey My [ (u—3s) o (t—s) } (62)
v2 v2 v t u
Aoty )™ =VLVL & (24 1 (s —2m3) (6b)
T =\ 202 402 4
—# 3M3 2 M3 amM  2M2
B(s,t, )™ VLVL L[1+7V] _gyMyu (), AMy | 2My (6)
492 vt s u
As,t,u) T o L (b—a?)s+ ﬁ(372a) (6d)
v2 2
A(s, t,w) VLR igyMy (t—w) | a d
o v v2 SQ%/M‘Q/

igyMy (t—u) | a 2 2 d 2 2
+— = (My, —m + ———5 (m}, — 2M-
- .2 ( v h) 892 M2 ( L V)

(6e)
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The middle way
[efe] ]

Scalar and vector

Asymptotic behavior of the relevant amplitudes

For the choice of the parameters

Gauge parameters

1 1 v

- b==, d=1, - 7
a W= (7)

the theory reduces to the SU (2); x SU (2) x SU (2)p gauge theory spontaneously
broken by 2 Higgs doublets in the case of very heavy L — R-parity odd Higgs and all
the asymptotic amplitudes but B (s, ¢, u) turn to constants

Asymptotic amplitudes (the gauge case)

T (T P B
A(s, t,u)™"VLVL ~ 0 (”:Ti) , (8b)
B (s, t,w) ™" VLVL z—#—%(“t?’tu), (89)
A (s, t,u)TT R o —:%, (8d)
As, ,u)" VLR & W‘Ziizs_t) o (T—E) . (8e)
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Phenomenology of the associated production
[ ]

Scalar and vector pair productions

Scalar and vector pair productions

Wi Wi — W Wy, unitarity constrain

3g2 M2
a=14/1-— g 9)

@ Since the vector V' doesn’t contribute to the scalar pair production, the results
are the same we would have for example in the case of a Strongly Interacting
Light Higgs (SILH) (R. Contino, C. Grojean, M. Moretti, F. Piccinini and R.
Rattazzi, 2010)

@ The total cross section for the vector pair production is lowered with respect to
the case without a light scalar since the unitarity bound requires a lower Gy
value (Gy < v/+/3) and the exchange of the scalar doesn'’t suffice for
compensating this decrease

@ The associated scalar-heavy vector production with the constraint (9) depends on
2 parameters for fixed My and mpy: gy and d.
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Phenomenology of the associated production
L]
Associated production

Total cross section for the DY associated production at the LHC

@ The DY associated production is the main production mechanism at the LHC
o Total cross sections for the associated scalar-heavy vector production at the LHC
at 14 TeV for M} = 180 GeV and different values of the couplings gy and d
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——{—— pp->hV+ for GV=v/2 (a=1/2), d=1
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Figure: A. E. Carcamo and R. T, 2010

o A signal could be accessible to the LHC but...

o .. a careful study of the background is required to understand if the signal can
emerge
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Summary
[ o)

Summary

Summary

o If a “standard” light Higgs boson doens't exist, a strongly interacting dynamics
can be responsible for the EWSB and new degrees of freedom can become
relevant at the Fermi scale

@ We studied the case in which both a scalar and a vector are relevant with a mass
below the cut-off with a model independent approach

o The pair production phenomenology produced by such a spectrum can be
interesting at the LHC...

o ... but an analysis of the background is necessary

Thanks to A. E. Carcamo, R. Barbieri, E. Trincherini, S. Rychkov and G. Corcella
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Summary
oe
Summary
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