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Role of the Higgs boson in EWPT and WW scattering

6 July 2010 My = 158 GeV
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L E
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M 2
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The Higgs boson unitarize the WW scattering provided that My < 700 GeV.
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Quantum Instability of the Higgs boson mass
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decimals in the bare squared Higgs boson mass has to be performed. This is

To have my ~ 100 GeV for A ~ 10'% GeV an extreme fine tunning of 34
the hierarchy problem of the Standard Model.
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Two paradigms for Electroweak Symmetry Breaking

There are two pictures of the Electroweak Symmetry Breaking (EWSB):

@ Weakly coupled, as the Standard Model (SM), supersymmetric
extensions of the SM, Little Higgs, Gauge Higgs Unification models.

@ Strongly coupled, as Technicolor, Composite Higgs, Strongly Interacting

Light Higgs (SILH), Composite Vectors, Randall-Sundrum (RS) models,
Higgsless RS bulk models.

The lack of direct experimental evidence of the Higgs boson together with the

hierarchy problem provides a plausible motivation for considering strongly
coupled theories of EWSB.
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Electroweak Chiral Lagrangian

The EWSB without the Higgs boson can be formulated in terms of the
Electroweak Chiral Lagrangian (EWCL) [5]:

EsB—*<D U (D*U) > Z( ) (A’f (’4)> +he, (1)

AddY
where:
i 0 \/§7T+
_ aift(x)/v - _ La-a_ T
Ux)=e , 1 (x)=1m <\/§rc 0 )

D,U=9,U—iB,U+iUW,, W, = §raWg, B, = 27380
Under SU(2), x SU(2)R, one has:
u=+VU— gruh' = hug} U— 9g.Ugr . 2)

where h = h(u, g;, gr) is an element of SU(2),, g. The local
SU(2); x U(1)y invariance is now manifest in the Lagrangian (1) with:

U—gi(x)Ugy(x),  gulx) =exp (i87(x)t?/2),
gy (x) = exp (i8y(x)13/2) . (3)
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In the unitary gauge (U) = 1, it is immediate to see that the chiral Lagrangian
(1) gives the mass terms for the W and Z gauge bosons with

M2
o= # =1. (4)
M5 cos 0y
A term like 5
C3 V2 <T3U+DHU> (5)

invariant under the local SU(2); x U(1)y but not under the global

SU(2); x SU(2)g symmetry is therefore forbidden. Its presence would undo
the p = 1 relation.

The effective Lagrangian

1
Legt = Egauge + Lsg, [rgauge 2 by <Wyv > @ <BVV BHV>

provides an accurate description of particle physics, beyond the tree level, at
energies below the ultraviolet cut-off:

A = 4nv ~ 3 TeV (6)
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SUR)LxU(1)y = U(1)q
SU(2)L x SU(2)g x U(1)p_L — SU(2).4r x U(1)p_

The EWCL suffers, however, of two main problems [5]:

@ The violation of unitarity in WW scattering, evaluated at the tree-level,
below the cutoff A. This is due to the fact that A(W W, — W, W) = %

and .A(WLWL — f?) ~ mfviéﬁ
@ The inconsistency of the electroweak observables S and T when

compared with the experimental data if evaluated at the one-loop level
with A as ultraviolet cutoff.

These problems point toward the existence of new degrees of freedom below
the cutoff. This motivates the introduction of new composite particles such as
composite scalars and composite vectors in the EWCL.
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Effective Lagrangian
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where we have set gy My = Gy.
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The various amplitudes have the following asymptotic behaviour:

2 3
S S?2
A(WLWL%VLVL)NTM\%: AW W, — VLVT)NVTMV (8)
A(GG — VV) ~ /\/7\2, with a small coefficient 9)
The scattering amplitudes for the processes W, W, — V, V, and
W, W, — V|, V7 will grow at most as . and the g — VV scattering
amplitude will go as a constant only when [1]:
g -1 fv =29 g——1 (10)
K v’ v Vs 3 2
1
91=02=04=05=0, 96 =5 (11)

which corresponds to the Gauge Model Scenario
(SU(2)L x SU(2)¢ x SU(2)p = SU(2)+R+C)-
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Pair production cross section by Vector Boson Fusion
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Figure 2: Total cross section at the LHC for pair production of heavy vectors via vector
boson fusion in a Gauge Model as a function of the heavy vector masses at v/S = 14 TeV.
The acceptance cuts pr; > 30 GeV and || < 5 for the forward quark jets have been
imposed. R. Barbieri, A. E. Carcamo Hernandez, G. Corcella, R. Torre, E. Trincherini, JHEP
3 (2010)068.
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Figure 3: Total cross section at the LHC for pair production of heavy vectors via vector
boson fusion in a composite model as a function of the heavy vector masses at /S = 14
TeV, pr; > 30 GeV and |57| < 5. Here all the parameters are kept as in the Gauge Model
except for gxgy = 1/+/2 rather than 1. R. Barbieri, A. E. Carcamo Hernandez, G. Corcella,
R. Torre, E. Trincherini, JHEP 3 (2010)068.
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Drell Yan Pair production cross sections
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Figure 4: Total cross section at the LHC for pair production of heavy vectors via Drell-Yan
qg annihilation in a gauge model as a function of the heavy vector masses at v/S = 14 TeV.

R. Barbieri, A. E. Carcamo Hernandez, G. Corcella, R. Torre, E. Trincherini, JHEP 3
(2010)068.
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Figure 5: Total cross section at the LHC for pair production of heavy vectors via Drell-Yan
qq annihilation in a composite model as a function of the heavy vector masses at v/'S = 14
TeV. R. Barbieri, A. E. Carcamo Hernandez, G. Corcella, R. Torre, E. Trincherini, JHEP 3
(2010)068.
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Same-sign di-lepton and tri-lepton events

Since the heavy vector have dominant decay mode into pair of SM Gauge
bosons (with branching ratio very close to one), the vector pair production by
VBF and DY will lead to 4 SM gauge bosons in the final state. The following
Tables show the Cumulative branching ratios and the number of events at
LHC for [ Ldt = 100 fo~! with at least two same-sign leptons or three leptons
(e or u from W decays [1]. The heavy vector mass is taken to be My = 500
GeV.

di-leptons(%) | tri-leptons(%)
voyo 8.9 3.2
VEVE 45 -
vEYO 45 1.0
di-leptons | tri-leptons
VBF (Gauge Model) 16 3
DY (Gauge Model) 5 1
VBF (Composite Model) 28 6
DY (Composite Model) 18 4
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The basic Lagrangian

The SUR)LxSUR)r Ghjrg| Lagrangian with vector and scalar resonances is:

SU(2)L+r
Lot = Ly+ LY +Ln+ Ly v, (12)
where:
v2 1 1
— M - vy Hv
L, = <D U’ - 5g2 W W) = 5 5 (BuB™) . (13)
v _1 (7uv Mfa U IgV () nov
£V = = (V) + (V) - 2f<v [, u']) (14)
_9v /y wt gty - L "oy
\/§<vw (uw ut+utB u)> 8<[VF,VV][U U
i 9k /¢
T uv b T puv (2 v
2<vv(uw ut+u'B u)> 4\f2<w[v V]>
2
+% ([, ] [u?, u']) (15)
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2 4

av
Lry =Y h(V,VHI). 17)
V= g (VuVH)

1 m2 v2 h
L= zduhdh+ 2L+ 2 (DU (D'U)T) (Zav + bV2> - (19)

The Lagrangian (12), for the special values

1 1 1 v
a—*, b—*, d—1, gK—a, g\/—m,

is obtained from a gauge theory based on SU (2), x SU (2)o x U(1)y
spontaneously broken by two Higgs doublets (with the same VEV) in the limit
my > A for the mass of the L-R-parity odd scalar H. The choice:

3G
a=\[1-—2" Gy = gvMy, Gy <v/V3. (19)

guarantees a good asymptotic behavior of elastic W; W, scattering, while
gvgk = 1 ensures that A (72? — VE V) grows at most like s/v2.

(18)
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Associated production of Vh total cross sections
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Gy a d | VBF(fb) | DY(fb)
Vov/4 | 174 |0 0.10 0
Vov/4 | 174 |1 0.18 7.30
VEv/4 | 1/4 | 2] 128 29.20

v/2 /2 0| 033 0

v/2 172 |1 0.10 9.12

v/2 /2 | 2| 115 | 3648
v/vVe | 1/v2] 0| 043 0
v/vV6 | 1/vV2 ] 1] 017 | 1368
v/vVe [ 1/vV2 2] 182 54.72

Gy a d | VBF(fb) | DY(fb)
VvBv/4| 1/4 | 0] 005 0
VBv/4 | 1/4 [ 1] 0.18 3.03
Vov/a | 174 | 2 1.10 12.12

v/2 i/2 [0 | 0.16 0

v/2 172 |1 0.12 3.79

v/2 1/2 [ 2| 1.07 15.16
v/vV6 | 1/vV2 ] 0] 022 0
v/vV6 | 1/vV2 ]| 1] 020 5.69
v/Ve [ 1/V2 ] 2 1.66 22.76

Table: Total cross sections for the associated production of hV* final state by VBF and

DY at the LHC for /s = 14 TeV as functions of the different constants for My, = 700

GeVand My =1 TeV.
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Figure 6: Total cross sections for the Vh associated productions via Drell-Yan qg
annihilation as functions of the heavy vector mass at the LHC for V'S = 14 TeV, for

Heavy vector mass (GeV)

my, = 180 GeV, for different values of Gy, and for d = 1.
A. E. Carcamo Hernandez and R. Torre, Nuclear Physics B 2010.
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Figure 7: Total cross sections for the Vh associated productions via Drell-Yan qg
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annihilation as functions of the scalar mass at the LHC for /s = 14 TeV, for M,, = 700 GeV,
for different values of G, and for d = 1.

A. E. Carcamo Hernandez and R. Torre, Nuclear Physics B 2010.
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Same-sign di-lepton and tri-lepton events

Decay Mode di-leptons (%) | tri-leptons (%)
Voh — WHFW-WFWwW- 8.9 3.2
VEh - WEZWTw— 4.5 1.0

Where BR (h — Wt W~) ~ 1 is assumed. For a reference integrated

luminosity of [ Ldt =100 fo~! and for My = 700 GeV and M, = 1 TeV, we
obtain the total number of same sign di-lepton and tri-lepton events:

Gy a di-leptons | tri-leptons
V5v/4 | 1/4 102.4 30.3
v/2 1/2 128.0 378
v/V6 | 1/v2 192.0 56.7
Gy a di-leptons | tri-leptons
VBv/4 | 1/4 41.0 12.0
v/2 1/2 51.0 15.1
v/vV6 | 1/V2 76.6 22.6
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Conclusions

@ The phenomenology of EWSB by unspecified strong dynamics can be

described by a %)SLU;Z)” effective Lagrangian which preserves the
+

SU(2), x U(1) gauge invariance with massive spin one fields and one

singlet scalar.

@ The total cross sections at the LHC for the vector pair production by
Vector Boson Fusion and Drell-Yan annihilation are of order of few fb.
The numbers of same sign Dilepton and Trilepton events at the LHC with
an integrated luminosity of 100fb~" are of order of 10.

@ For a vector with a mass between 500 GeV and 1 TeV and for my, = 180
GeV, the main production mechanism at the LHC of a composite vector
together with a composite scalar is by Drell-Yan annihilation. The order of
magnitude of the cross sections is about 10 fb for a reasonable choice of
the parameters. The expected same sign di-lepton and tri-lepton events
are of the order of 10 — 100 for an integrated luminosity of 100 fbo~".
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From SU(2),, g invariance and Bose symmetry, the w27? — 779,
mrb — VEVE, n@nb — hhand n@nP — VFh scattering amplitudes are:

A(mor® 7o) = Ast,u)0%6% + A(t, s, u) 6205
+ A(u,t,s)s%dsbe
A(mor® 5 VEVE) = A(s tuy Y %o
+ B(s tu)7 YV sabsed
+ B(s,u,t)" VYV sabsed
A (nanb — hh) = A(s tu)Thgab,
A (nanb N th) = A(s t,u)TTVheabe. (20)
The choice:
3G2,
a= —7, GvEgva, Gng/\/g (21)

guarantees a good asymptotic behavior of elastic W; W, scattering, while
gvgk = 1 ensures that A (m2? — VE V) grows at most like s/ v2.
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u—-tp s 39v9k 1+M—2V

2M2 2 s

2 M2y 4M3 2M3
9y 4v <1+ v, M)
v s u

1) -1+

(gvak —

b—a)s+ (3 4a)
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IgVMV t*U [( >+a(M6—m,27)]
8g2vM2 vés

Llatt=u) (m? —203) (22)
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Gy a d | VBF (fb) | DY (fb)
VBv/4 | 1/4 [ 0| 005 0
VEv/4 | 1/4 |1 0.09 3.31
VBv/4 | 1/4 [ 2| 062 | 1324

v/2 i/2 [0 | 015 0

v/2 /2 |1 0.05 414

v/2 1/2 [ 2| 056 16.56
v/vV6 | 1/vV2 | 0] 020 0
v/Ve | 1/v2 |1 0.08 6.20
v/v6 [1/v/2 2] o089 24.80

Gy a d | VBF (fb) | DY (fb)
V5v/4 ] 1/4 |0 0.02 0
Vov/a | 1/4 |1 0.08 1.23
VEv/4 | 1/4 |2 0.49 4.92

v/2 /2 [0 | 007 0

v/2 172 |1 0.06 154

v/2 1/2 [ 2| 048 6.16
v/v6 | 1/v2 0] 0.09 0
v/v6 [1/v/2 1] 0.09 2.30
v/vVe | 1/V2 | 2 0.75 9.20

Table: Total cross sections for the associated production of hV~ final state by VBF and
DY at the LHC for /s = 14 TeV as functions of the different parameters for My, = 700

GeVand My =1 TeV.
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Table: Total cross sections for the associated
DY at the LHC for /s = 14 TeV as functions of the different constants for M,, = 700

GeVand My =1 TeV.

A.E. Carcamo Hernandez (SNS)

on of AV final state by VBF and

Gy a d | VBF(fb) | DY(fb)
VBv/4| 1/4 | 0] 0.08 0
VBv/4 | 174 |1 0.14 6.14
Vov/4 | 174 |2 0.99 24.56

v/2 1/2 [0 | 024 0

v/2 172 |1 0.08 767

v/2 1/2 |2 090 | 30.68

v/vV6 | 1/vV2] 0] 032 0
v/v6 | 1/vV2 ] 1] 013 | 1151
v/vVe [ 1/vV2 2] 142 46.04

Gy a d | VBF(fb) | DY(fb)
VBv/4 | 1/4 | 0] 0.04 0
VBv/4a | 174 |1 0.13 2.43
Vov/4 | 174 | 2 0.79 9.74

v/2 1/2 [0 0.1 0

v/2 172 |1 0.09 3.04

v/2 1/2 [ 2| 078 12.16
v/vV6 | 1/vV2 ] 0] 015 0
v/vVe [ 1/vV2 |1 0.15 457
v/Ve [ 1/V2 ] 2 1.22 18.28

product
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Composite versus gauge models

Considering the following SU(2), x SU(2)¢ x SU(2)g Lagrangian [1]:

]
gauge __ n~gauge
[oauge _ poa —@vaw 292<WWW vy — §<BWB vy, (23)

where

Vy = % VyT (24)

is the SU(2) s-gauge vector and the symmetry breaking Lagrangian is
described by

gauge v2 1 + v2 V t
Ly =% <DyZRc (D'ZpRe) > iy <DuZCL (D"%er) > (25)
Denoting collectively the three gauge vectors by
vy = (W, v, B,), 1= (LCR) (26)
one has for the two bi-fundamental scalars %,

DP‘ZIJ ZaVZ/J—iVLZ/J—f—iZ[JV;. (27)
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%1y = 007, where ¢ are the elements of SU(2),/H. As the result of a gauge
transformation

V;i—>0'/ U,—i—IU,ayU/ Q Z/J—>U,Z,JUJ—1 (28)

and after the gauge fixing cg = ¢ = uand o¢ = 1, one has

2
2 2 4 2
E%auge: % <(v,4—/r,4) >+Z<uy>, (29)

where ’

=0 - O Ty=2(Qf +Op), vy =V +iTy, (30)
by use of the identity:

“ , i 1
With the replacement V,, — % Vi, L3799 coincides with £V for
V= %90~ ok’ 3 2 6= 5 % v v c

with GV = g\/M\/.
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A well behaved theory at all energies

Let us consider the following SU(2); x SU(2)¢ x U(1)y invariant non-linear
sigma model Lagrangian:

1
,C?/aUge = £§J(auge - E <Vyvvw/> - 2g2 <WVV WPW> o 292 <B?“/BIW> . (33)

where
Vy = SV, T (34)

is the SU(2)c-gauge vector and the symmetry breaking Lagrangian is
described by

V2 v2
E%auge _v <D;42YC (DVZYC)+> + 5 <Dych (DI‘ZCL)+> (35)

2
B h+H B i
Ypc = (1 + 2‘/) UYC: UHC = exp [2‘/ <7T+ O):| ' (36)
h—H i
Yo = (1 + o > Uet, UcL = exp {2\/ (- ‘7)} , (37)
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V (Zyc. Zey) is the scalar potential, which has the form

V(Zye ZcL) = @ <ZYCZ%> + @ <ZCL2+0L> - /\TV“ (<ZYCZJ§/0>>2

M ((zam)® - o (ByomhEale) (38)

where 7 = 7812 and ¢ = 412, with:
mé = 4v? (A +x) , mé; = 4v2 (A —x) . (39)
The covariant derivatives appearing in (35) are given by

Dy UYC = aﬂ UYC — IBV UYC + inch ,
Dy U = ay Uer — I.Vy UeL + iUg WI" . (40)

The U fields can be written as Uyg = aya’g and Ug, = aca’[ where the
oL,y are elements of SU(2), ¢ g /H respectively. These oy with I =L, C, Y

transform under the full SU (2), x SU (2); x U (1)y as oy — gjoh'.
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By applying the gauge transformation

/ ol - /
Vy = 01V, 0+ 00,0 = Q)

+
1 o U/J—)U,U/JO'J=1,

and after the gauge fixing oy = o} = 2 = U = e and o¢ = 1, which
implies that Uyg = Ug, (i.e. & = 0), so we have:

P+H  h : 1
L = 2 (1 tge T V) (<(Vy - 'FF‘)2> *3 <uyu”>>

1 .
— 5(2vH+hH)<uV (vu—1iTy)) (41)
where
u = Qf —0p =iu'D,Uu",
r. — l(QY+QL):1[u+(a —iBy)u+u(d —iW)uq (42)
I o] H Iz 2 B H # " '
Now by setting
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by using the identity

. i 1
Vi = Viw =1 [V Vo] + 7 [t w] + 550 (44)
where £, = uW,, u" + u" B, u, by redefining V,, — % V,,, and taking the
mass of the L-R-parity odd H given in (39) infinitely large, £9349€ coincides
with Lgg in (12) up to operators irrelevant for the processes under
consideration, only for the values of the parameters:

Y7290 gk 2My’ v v
1 _1 - _ Vv (45)
a_E, b—4, d=1, GV—2,

— — 1 _ v
My =gcv = 39kV = 2g,
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Preliminar results on Signals and Backgrounds

Signal o (fb)
pp — VIV~ jj — WTW~ZZjj — 1E7jjlljjjj — 316jF1 0(10-%)
Wzej — 316j £t 0(10~ Ty

fHj — (EWWjj — WWWW4j — 316jEr
202f — WWWW4j — 316jE;
fiH — 127 — WWZZjj — IEjillj2j — 316jE7 0(10-2)
WWZzZjj — | E7jjiljjj — 316jE1
fWjjj — WWW6j — 316jFr
fZ)j — WWZ4j — |Erjitdj — |ErjlErIETr4j — 316jET
WWWZjj — 1Erjjjjllij — 316jEr 0(10-3)
fEHjj — WWII4j — 1B jjll4j — 316jET
WZZj —s I1E7lTt2) — IEI2jEr2jEr2j — 316jET
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Signal o (fb)

Backgrounds
ttH — WWHjj — WWWWjj — 216/E7
ftW2j — WWW4j — 216jF+ o(10~1)
WWWW2j — 216/ Fr
HWW2j — WWW4j — 2I6jFr

HWA4j — WWW4j — 216jE+ 0(10-3)
HWZZ — WWWZZ — 216jE7
HWZ2j — WWZ4j — 216/ Fr 0(10~4)

HWWZ — WWWWZ — 216]E7
HWWW — WWWWW — 216/ F7 0(1075)
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