TeV Scale B-L extension of the
Standard Model

Shaaban Khalil

Center for theoretical Physics
British University in Egypt




Outline

Introduction

U(1)g.. Symmetry Breaking & Higgs Mechanism.

Neutrino masses and mixing.

Z’s; Phenomenology at LHC.
U(1);, Higgs Phenomenology at LHC.
Right-handed neutrino signature at LHC.

Leptogenesis.

Conclusions



Introduction

@ The SM, based on the gauge symmetry SU(3); x SU(2), x U(1)y, is in
excellent agreement with experimental results.

@ Three firm observational evidences of new physics beyond the Standard
Model :

1. Neutrino Masses.
2. Dark Matter.
3. Baryon Asymmetry.

@ These three problems may be solved by introducing singlet fermions.




TeV Scale B-L

The tremendous success of gauge symmetry in describing the SM indicates that
any extension of the SM should be through the extension of its gauge symmetry.

The minimal extension is based on the gauge group

Gg-L =SU(3)c x SU(2), x U(1)y* U(1)p-,
This model accounts for the exp. results of the light neutrino masses
New particles are predicted:

— Three SM singlet fermions (right handed neutrinos) (cancellation of gauge
anomalies)

— Extra gauge boson corresponding to B—L gauge symmetry
— Extra SM singlet scalar (heavy Higgs)

These new particles have Interesting signatures at the LHC




U(1)z; Model

iYg_ 0(X) iYg_ O(X)

Under U(1);_, we demand: v, —>e v, , Wy —> €

Derivatives are covariant if a new gauge field C, is introduced:
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‘ U(1)g; Symmetry Breaking

» The U(1)5_, gauge symmetry can be spontaneously broken by a SM
singlet complex scalar field x:

() =vi~2
= The SU(2),xU(1), gauge symmetry is broken by a complex SU(2) doublet
of scalar fll'eld O®:
() =v/v2

= Most general Higgs potential:

V(g )=MF' d+m ' x + A48 + 41 1) + A6 A %)

= For V(@,x) bounded from below, we require: A, > =244, 4,420

= For non-zero local minimum, we require

A <4hh,




U1y, Symmetry Breaking (Cont.)

= Non-zero minimum:

v 4A4,m> —2Am:
ﬂé _4]‘112
12 _2(m12 +Z’]V2)
%

= [Interesting scale: 0> //I3 > -2 /1112

= After the B-L gauge symmetry breaking, the gauge field C, acquires mass:

V

2 2,12
M, = 49"V "

= Strongest Limit comes from LEP II: —,-~0(TeV), g"~0(l) =Vv'>0(TeV)




B-L symmetry breaking scale.

@ The scale of B- L symmetry breaking is unknown, ranging from TeV to much
higher scales (GUT or Planck NP).

@ I[n SUSY, the electroweak and SUSY breaking scale are nicely correlated
through the mechanism of radiative breaking of the EW symmetry.

@ Radiative corrections may drive the squared Higgs mass from positive initial
values at the GUT scale to negative values at the EW scale.

@ The size of the Higgs VEV responsible for the EW breaking is determined by
the size of the top Yukawa coupling and of the soft SUSY breaking terms.

@ Analogously, in a SUSY see-saw scheme it is possible to radiatively induce the
breaking of B—L having the scale of such breaking directly linked to the soft SUSY
breaking scale.




SUSY and B-L radiative symmetry
breaking. S.K., A. Masiero, 2007
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TeV scale B-L from GUT

= Gg, can be obtained from SO(10) in the following branching rule:

30(1 0) AT sca_le ~ GUT though
'U' (1,1,1) in 54, or 210,
SU(4)c x SU(2), x SU(2)g Below GUT scale
U (15,1,3) Higgs
SU(3)c x SU(2), x U(1)yx U(1)g.,
’U’ At TeV scale via

(1,1,0,2) Higgs
SU(3). x SU(2), x U(1)y




Neutrino masses and mixing

Left and right-handed neutrino form 2x2 mass matrix:
0 m ,
( m, Mg j
o Mg Majorana mass (U(1)g_; symmetry breaking)
Mp = 4,V V' ~0(TeV), 4, ~O()= M, ~O(TeV)
o mp Dirac mass (Electroweak symmetry breaking)

m, = hyv

o Thus the light neutrino mass is given ~ mp?/ Mg




Neutrino Masses (Cont.)

o we adopt the basis where the charged lepton mass matrix and the
Majorana mass matrix MR are both diagonal.

™ 0 0
MR:MRS 0 r 0 [,
0 0 1
v
Where My :|}\r |_
- 5 ‘Ha \/Q
And ra = ﬂiiﬂl'z — )‘WR”
S Ma, | A,

M, is parameterized by 3 parameters ( v’ ~ TeV, ) & my is given by 9
parameters.

U(1)s, can not impose any constraint to reduce the number of these
parameters




Neutrino Masses (Cont.)

U The solar & atmospheric neutrino oscillation experiments imply at the 3% level:

Am3, = (7.94+0.4) x 10~°eV?,
|Am3,| = (2.440.3) x 1073%eV?,
f1o = 33.9° 4 1.6°,
o3 = 457,
sin® #13 <  0.048.

O An interesting parameterization for the myis: mp = UprvsV mﬂmgﬂ’ﬁ Mg,

U In order to fix the angles of R, one needs a favor symmetry.




Neutrino Masses (Cont.)

From the measured values of the quark and lepton masses:

Me mf

~ 0(107%), -
m, m, my M2

m, M,

!

~ 0(1073)

In the event of a favor symmetry that explains these ratios, the down quark
and neutrino sectors may also be subjected to this symmetry.

If the scale of this favor symmetry breaking (v ) is below seesaw scale

2
mMd My, Mg m

e ~ 0(1072) ~—2 ~ 0(107%).

2
mg mvg g mva




If the scale of the favor symmetry breaking is above the seesaw
mechanism scale

2
my mp e Mme M _
—4 2001077 ~ —22 0107
T g T s my mMp,

In case v <V’
/

3 i no\

H_
L U U
Consistent with the hierarchal
. ~ =
m,, > 0.05 eV’ 0 0.16 0 ansatz with m ~10-
() 0 1

The Dirac neutrino mass matrix (for r,~ r, ~ 0.1, Mp; = 5 TeV, and order one
angles/phases of R-matrix) is given by:

016 +0237 —-0.25+0.16: —0.19 —0.26
mp~107% | —0.22-034i 037—-0244i 030+0.381
—0.14 4+ 0477 —-0.53 -0.152 0.16 —0.68 7




75 Decay

> The interactions of the Z'boson with the SM fermions are described by

" - BR
ZYB—Lg Cﬂ f)/ﬂf 1;
f L
20
» Branching ratios
ng,,z 101 Z'—> bb,cZ 85
CEZ > 1)~ =M, e
2412 B
T'(Z' — bb,ct, s5) ~ M,.(1+25) ‘ -
a 10* 05500 700800 %00 1000 1100 1200 1300 1400
A
Nz -t)=- )“2[1 +O( s t))]

Z

» Branching ratios of 2’ Ff are relatlvely high
compared to £ - qq.

> Search for Z’ at LHC via dilepton channels are
accessible at LHC.




Z: . Discovery at LHC

Emam, Mine, (08) & Moretti et al (08)

In case of g” ~ O(0.1) then M., ~ O(600) GeV

ZB-L

In LHC, the neutral gauge boson Z;, can be
produced through  [gg==5=7

The SM background for this production
consists mostly of the Drell-Yan process

qq — y/Z2° - e'e”

Therefore, one expects a clear peak at M
boson in the M_, .. distribution

ZB-L

et+e-

Zg . boson could be discovered in the ete-
decay channel in the mass region 800<M, < 1000
GeV with an integrated luminosity of 10 fb~1.
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Higgs Sector

One complex SU(2), doublet and one complex scalar singlet
o Six scalar degrees of freedom

o Four are eaten by C,Z% W* after symmetry breaking

o Two physical degrees of freedom: ¢, x

Mass matrix: l M 2(¢ )= j,lvz AW'/2
2 ’ AW'/2  AV?

Mass eigenstates:
@, _ C?S@ —sin@\( ¢  tan20-— ‘;13‘\,\,' 2
&, sinfd cosf@ )\ y AN =V

Masses: m;, = Av:+,V°F \/(sz — AN + vV

Mixing is controlled by A;: 13 =0— m, = \//%Va m, = izvr




Higgs Sector (Cont.)

= Couplings to fermions and gauge bosons
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Higgs Sector (Cont.)

= Self-couplings
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Higgs Production

o [pb] S.K., Emam, EPJC 522(07)

Heavy and light Higgses are 10
produced through same S o e
processes. [ MRST/NLO
" = mg=1TeV
o gluon-gluon fusion
a vector boson fusion :
o associated production with W/Z/Z’ [ 4;:5_??
o associated production with heavy [ ™
quarks TE di-2H N
g Eqﬁ.gg— ftH "
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Higgs Decay BR

= bb WW
Branching Ratios of Light Higgs -
are very close to those of SM I
a Couplings are cancelled in the ratio - 5’6
o Decay width of H—Z’Z’ is very tiny -
o Low mass range M, < 130 GeV: 107
B -y
H —>bb BR=60-90% 0E
H —7"r7,cC,gg BR=afew % E”}fé
H—yy,”Z BR=afew % 10 “oq” m, (GeV)
o High mass range M, > 130 GeV: 1
1 VA
H >WW,ZZ(BR=21) e 3
33 10 g 7' \
- o 10°
H—->tt BR<20% wh 2 bb
Interesting mass range of Heavy 10° L \
Higgs (200<m,,.): e Sy \\R
o'l M~
o H—-WW/ZZ channel is dominant 10°
10°
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Signatures for v; at the LHC

S.K., Huitu, Okada, Rai PRL101(08)
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The decay modes, which go through the Higgs

H or H and Z boson, can be neglected ocorlii.iiiiiviiniiiiniin...,
100 200 300 400 500 600

compared to the main mode vp— W 1. M, (GeV)

These decays are very clean with four hard leptons in the final states and
large missing energy due to the associated neutrinos.




Number of Events/bin
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The transverse momentum distribution for the charged leptons and the missing
transverse momentum, for the <4/ 7 . signal at the LHC for M, = 200 GeV and
M\ = 400 GeV.

Integrated luminosity ~ 300 fb-' gives 71 events for the right handed neutrino
mass of 200 GeV while it gives 46 events for the right handed neutrino mass of
400 GeV.




Leptogenesis in B-L Extension

S.K., M. Abbas, JHEP 0804

0 The recent observations lead to the following baryon asymmetry in the Universe

Yp= 218 _ "B _ (6340.3)x 107,
S S

O This asymmetry may be originate through the CP violating decay of the heavy
right-handed neutrino is an interesting mechanism known as Leptogenesis

I’;R,i : 'C.-_'l)' | 'ECE

4 The lepton asymmetry is usually dominated by vy,

2 _ -
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I/Rl VRl
VR2,3 ‘ AN

SM like right-handed neutrino decay through tree, vertex, and self-energy diagrams

B-L new contributions through diagrams mediated by extra Higgs and extra
gauge boson.




The tree level contribution is given by
Ao(viy = ¢ 1a) = =i\ )ar (2(p) Pr w*(g)),
The contribution to the decay amplitude from the vertex correction is given by

| ; Mz
‘4?(le — Cj I&) = 16?2 . {}\p)ﬂ:i(}\l}\p)l ( (p) PR u (Q}) FI; ( 11’}_{ )
1 1

*" The self-energy diagram leads to the following contribution:

M?
16?"‘2 Z{}"v cﬂ,[:}‘;r;}‘ujlz(uto PR U {q}) FS (11—1%1)

AS(URl — (.‘3:!' )

= The extra Higgs contribution is given by

. 1 -'Hi'
A (vg — 0 l,) = 16720, (Avp)11( A )10 ge2y (T(p) Pr u®(q)) F, (”RI) _
* Finally, the extra gauge boson contribution is

1 _ﬂrfz.f
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Some Remarks:

1- The loop functions F,, & Fg5 are complex while F, & F, are real. New
Contributions interface with SM one loop amplitudes only, so their impacts are
small.

2- Im Fg(z) = Ve

1 —x

In the limit of quasi-degenerate right-handed neutrinos, x ~1, a resonant
enhancement for the lepton asymmetry is obtained.

3- The coupling g, is real since Jp2y = \/E-L-")\g.

_ 2V2Mg,

However, (Aup)11 -

4- Since the coupling g’ is real the Z’ contribution can be considered as
correction to the tree level contribution.




‘ If the new contributions are neglected, the lepton asymmetry is given by

]_ ]_ . 9 - ﬂrfz .ﬂffz
SM Im { (A A2 [Im Fy fq“) | Im Fy Ry } :
“1 Sn (}w/\p) Z {( v )ll'] ! Jfﬁl . ‘1”{1%1

11 z=2.3

> Therefore, the necessary condition for leptogenesis is

Im (A /\,,,) £0= 1111( Mg R ?nﬂ“‘*gR”Ldﬂch) L0, i =23

» Due to the unitarity of U,,s, leptogenesis does not depend on low energy phase
appears in the leptonic mixing matrix.

> If the matrices R and My are real the ¢, =0

> In B-L extension of the SM, the lepton asymmetry is given by
1 T Im{ (AT A, )3} }
(AT M2
8""‘ (}‘b’)“r})ll 1=2,3 (1 — —ngﬂFz.f (%ﬁf) — m}\g FX (%) )

M3 M2
[Im Fy- (ﬂfﬁ ) +Im Fy (M‘;")]
Rl - Rl




Thermal leptogenesis is realized by the out of equilibrium of vg, at
temperature below its mass scale.

To avoid washing out the asymmetry ¢, by inverse decay and scattering
processes, the total width of vy, decay should be smaller than the
expansion rate of the universe at temperature T = M, .

i C _ o x10™"°

Vp=—Y v -14x107e .

c—1 _ \

"r"t1 H'n

7 is the efficiency factor 7 \
which  parameterizes the 7 11
amount of washing out by 6 \
inverse decay and : \
scattering processes 44

Baryon asymmetry in B = L 2-
extension of the SM versus the | —
mass difference of the firsttwo

right-handed neutrinos. - | ' | h | ’ Log'.ﬁM

30




Summary
The SM gauge group can be minimally extended by adding U(1)g_,

Gg_, contains three right handed neutrinos, extra gauge boson, and extra
scai'ar Higgs.

Neutrino masses and mixing can be accommodate in this type of models.

Search for Z’ at LHC via dilepton channels is promising.

Extra Higgs phenomenology at LHC has been studied.

- Only production is affected, cross-sections are reduced by about 25-
40 % at the interesting mass range of 100<m,<250.

- Decay Branching ratios are not affected.

We explore the signature for a right handed neutrino at the LHC.

We computed the new contributions to the CP violating decay of right
handed neutrino to Higgs and leptons, due to the extra Higgs and extra
gauge boson.

Successful baryogenesis can be obtained by resonance leptogenesis.




Summary

UThe importance of the LHC for the future of high energy physics cannot be
overemphasized. Some of the most interesting/ well motivated topics
include:

Electroweak Symmetry Breaking (Higgs, Technicolor, ...)
Supersymmetry Dark Matter (LSP)

Extra Dimension Neutral gauge boson (Z’)

= Three Possible Scenarios for the future of Particle Physics, based on
LHC results:

= 1- Higgs and other particles, confirm physics beyond the SM, are found.
Very optimistic scenario

= 2- Higgs only is found. Very bad for particle physics future.

= 3- Higgs is not found but other (unexpected) particles are detected.
Interesting scenario
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