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Symmetries in the SM

# The Lagrangian of the SM is invariant under Poincare
group and SU(3)c x SU(2)yw x U(1)y gauge symmetry
transformations.

#® The Poincare group Is an extension to Lorentz group

that includes time and space translations
W >— exp{—iHt}|U >, W >— exp{iP - x}|¥ >,

» The transformations of Lorentz group involve rotations
about three axises and Lorentz boosts along them. Lorentz
transformations of spin J particle are given by

|J >— exp{iw!"" M, }J >, M, =—M,,.

s The translation operators P, = (H, P, P,, P3) and the
angular momentum operators A/, form a complete set of
generators of Poincare group.
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# The commutation relations between the generators of
Poincare group can be presented in the following form

[M,uw Mpa] =1 (gupM,ua - g,ule/a — gl/aM,up + g,LLaMl/p) )
[pm p,/} = O, [Muy,p)\} =3 (g,/)\plu — glu)\p,/) .
# The elements of SU(N) groups can be written as
UUut =1, detU =1, — U:exp{iw“T“},
T* =T, Tr(T*) =0,
where generators 7* obey commutation relations

[T“,Tb] — i T [TQ,PM} =0, [T M,]=0.

o There are 3 generators of SU(2) and 8 generators of SU(3).
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® SU2)yw x U(1)y symmetry is broken down to U(1)e¢y,.

o W=* and Z bosons that are associated with the weak
Interactions have been observed.

# Quarks and gluons that participate in the strong
Interactions are confined inside mesons and baryons.

» Theory of strong interactions based on SU(3)¢ provides a
good description for the spectrum of mesons and baryons,
eTe™ annihilation data, deep inelastic scattering and etc.

® Higgs boson plays a key role in the SM.

o Higgs field acquires vacuum expectation value (VEV)
breaking electroweak (EW) symmetry and generating
masses of all bosons and fermions.
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Supersymmetry

# |n order to achieve the unification of gauge interactions
with gravity we need to combine Poincare and internal
symmetries.

#® But according to the Coleman-Mandula theorem the
most general symmetry which quantum field theory can
have Is a tensor product of the Poincare group and an
Internal group, 1.e. ¢ ® Poincare symmetry.

® However Coleman and Mandula restricted themselves
to Lie algebras.

#® Graded Lie algebras have general structure
BBl =B, |BE|=F  {FF}=5

where B and I’ are bosonic and fermionic generators.
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Graded Lie algebras that contain the Poincare algebra
are called supersymmetries.

The simplest V = 1 supersymmetry (SUSY) involves
Weyl spinor operators ()., and Q¥ = @),

Qo|fermion >= |boson >, Q 4 |boson >= | fermion > .
The N =1 SUSY algebra is Poincare algebra plus
{Qaa@a} — QUdew {QomQB} — {@avaa} =0,
P Qa| =0, [M7,Qu] = —i(0")] Qs
Prg. =0 (Mm@ =-iem)iQ"
where oH? = % (ota? — ovat), o’ = i (cto¥ —avot), ot = (1,0%),
ot = (1,—0"), o are Pauli matrices.

The local version of SUSY (supergravity) leads to a
partial unification of gauge interactions with gravity.
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#® There are several conseqguences of the SUSY algebra:
#® SUSY multiplets have equal number of bosonic and fermionic
degrees of freedom;
» Members of SUSY multiplet have the same mass.

#® The particle content of the minimal supersymmetric
standard model (MSSM) involves:

Standard particles SUSY particles

Higgs Higasino

| Quarks . Leptons . Foree particles Squarks O Sleptons 0 SUSY force
particles
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SUSY models are defined by the field content, structure
of gauge interactions and superpotential.

The most general renormalizable gauge invariant
superpotential of the MSSM is given by

W = Wurssv + Wi,
Wirssu = €ij(y5,QuuiHs + yL Qudg HY + yh LiegHY + pH{H3),
Wik = €ij(NaaLu Ljel + Ao LaQidy + u, L H3) + AP, jué dgds.
Terms in 11/ violate either lepton or baryon number.

To prevent rapid proton decay R-parity is normally

Imposed
R — (_1)3(B—L)—|—2S .

R-parity forbids all terms in Wiy k.
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If R—parity Is conserved the lightest SUSY particle is
absolutely stable and can play the role of dark matter.

Softly broken supersymmetry ensures the cancellation
of quadratic divergences stabilising mass hierarchy.

In order to avoid the degeneracy between bosons and
fermions SUSY must be broken at low energies.

Q/ boson /~ fermion
AZ

gauge
.~ boson // gaugino

g g 0
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The supersymmetry breaking couplings should not spoill
the the cancellation of quadratic divergences (soft
breakdown of SUSY).

The Lagrangian of SUSY models based on the softly
broken supersymmetry can be written as

L= Lsusy + Lsoft -

In the MSSM the set of the soft SUSY breaking terms
Includes

_£SOft — Zz m?’%’Q + (% Za Ma;‘aj‘a + Za,b[Agbyc%@aﬂin
+AD YD QudsHy + ALyl L,e¢Hy ] + BuH Hy + h.c.),

where o, are scalar fields, )\, are gaugino fields.

To avoid fine—tuning SUSY breaking mass parameters
should be in the TeV range.
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# Gauge couplings in the MSSM converge to a common
value at My ~ 10'° GeV that allows to embed the SM
gauge group into Grand Unified Theories (GUTs) based
on SU(H), SO(10) and etc.

Unification of the Coupling Constants
In the SM and the minimal MSSM
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#® The fundamental representation of SU(5) can be
chosen so that
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#® Then other quarks and leptons fill in antisymmetric
55 = Vi = %V{ij} + %V[ij] = 15 10,
)) ® ((37 17 _%> D (17 27
( 1
(17 27 %) & (37 ) _%) — (37 17 _%) & (17 27 %) — (37 27 %)7
(1,2, 3)® (1,2, 3)=(1,3, )& (1, 1, 1),

10=(3,1,-2)® (3,2, 5)® (1,1, 1) =uf + Q" + ¢,
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Thus GUTSs provide a simple explanation of electric
charge guantisation in the SM.

Each family of quarks and leptons fits into one spinor
representation of SO(10).

# 16 dimensional spinor representation of SO(10) decomposes
under the SU(5) subgroup as follows

16 1106 5.
® S0(10) predicts the existence of right—handed neutrinos.

If the breakdown of SO(10) to the SM group takes place
at very high energies the right—-handed neutrino may be
superheavy.

Then the three known left—handed neutrinos acquire
small Majorana masses via the seesaw mechanism.
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EWSB Iin the MSSM

#® The Higgs potential in the MSSM can be written as
2
V = m2|H, |2 + m2|Ha|? — m2(HiHo + h.c.) + % (Hif 0 Hy + Hi 0,H,)’
/2

+% (\Hl|2 — \H2\2>2 + AV,

where m? = my; + p?, m5 =mj;, + p*, ms = —Bp and AV is

a contribution of loop corrections.
# [n the leading one—loop approximation

3 m2 3 mt—2~2 3 2 3

where 7, , = ; (mé +mi o+ 2mi = f(md —m#)? + 4m%X3)
and X; = A; — pu/tan .

#® At the tree level the MSSM Higgs potential contains
three independent parameters: m7, m3, m3.
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#® The stable vacuum of the MSSM Higgs potential exists
only if

m3i +m3 > 2|ms|? .

# Higgs doublets acquire non-zero VEVs when

m%m% < |m3|4.

# At the physical vacuum of the potential

1 v 1 0
< H{ >= — !

: < Hy >= —
\/§ 0 ’ \/i (%))
® One can define: tan 8 = vo /v1, v = +\/v7 + v = 246 GeV.
# Higgs VEVs obey the minimization conditions

-2 -2
2, G2(.2 2 9 2, G2(2 .2 9
(’ml + % (v — 02)) v = m3vg, (’m2 + % (v3 vl)) Vg = M3v7 .
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#® The breakdown of EW symmetry in the MSSM can be
caused by the renormalization group (RG) flow
(radiative electroweak symmetry breaking).

® Inthe cMSSM (m?(Mx) = md, AF, (Mx) = A, M,(Mx) = M, 5)
m3(Mz) can become either small or negative.

Evolution of sparticle mass parameters
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At the tree level CP in the MSSM Higgs sector is
conserved.

The Higgs sector of the MSSM Iincludes:
one CP-odd state m?% = m? +m3 + Aa,

two charged states MZ, =m?% + M3 + Ay,
two CP-even states.

In the field basis
Re HY = (hcos B—H sin f+v1)/vV2, ReHY = (hsin f+H cos f+v2)/V2,

the mass matrix of the CP-even Higgs sector takes a
form

2 2 1 90*°V 1 9*V
M2 — M11 M12 o v2 020 v Ovop

2 2 1 9%V 9*V
M21 M22 v Ovop 02v
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The corresponding matrix elements are given by
M?Z =m% + M2 sin” 28 + Aqq ,
M2, = M2, = —%M% Sindf+ A
M3, = M2 cos® 283 + Aoy .

Since the minimal eigenvalue of a matrix does not
exceed its smallest diagonal element

m%l < M% cos® 23 + Ags .
The masses of the CP-even Higgs states are
1
m%u,hg — 9 (M121 + M3, F \/(M121 - M3,)* + 4Mfl2) :

At the tree level the masses of the CP-even Higgs

states obey mass relation
m%l +mi2 =m3 + M3 .
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# The Lagrangian, which determines the interactions of
the neutral Higgs states with the Z—boson, is given by

Lazy = %MZZMZ,JL + %Zu H(9,A) — (0,H)A| .

# The normalised R—couplings of the neutral Higgs states
to vector bosons can be defined as follows:

g

Rz an,.
o V2 Ah;

gvvh, = Ryvp, X SM coupling, 9ZAh; =
#® The R—couplings are given by
Ryvh, = —Rzan, =sin(f — a), Ryvh, = Rzan, =cos(B —a),

where
h1 = —(Re HY —vy)sina + (Re HY — v3) cos v,

ho = (Re HY — v1) cosa + (Re HY — vy) sina, tan a =
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# |n the MSSM the couplings of the lightest Higgs boson
to the Z pair can be substantially smaller than in the

SM.

#® As a result the experimental lower bound on the lightest
Higgs mass in the MSSM is weaker than in the SM.

# The inclusion of loop effects can give rise to
CP-violation in the MSSM Higgs sector.

s In this case all three neutral states get mixed.

» This makes the experimental constraints on the
lightest Higgs boson mass even weaker.

s The CP-violation in the Higgs sector might shed light
on the origin of the baryon asymmetry.
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The experimental lower bound on the SM-like Higgs
boson mass is rather stringent (114 GeV ).

At the tree level the lightest Higgs boson mass in the
MSSM does not exceed M, ~ 91 GeV

In order to satisfy the experimental constraints large
contribution of loop corrections to the SM-like Higgs
mass Is needed.

In the leading one-loop approximation we have
mj, ~ M7 cos® 23 + Ay,
3MY [ X7 1 X7 M?
AR = e 121 D2y (V)|
2mevs | Mg 12 M¢ ms;

Large Aglz) can be obtained for large 1/ and large
mixing parameter JX;.
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#® Due to the RG flow large stop scalar masses sz and

m?; induce large mass parameters in the Higgs
potential.

# This leads to the fine tuning because m# and m3
determine the EW scale.

SM-like Higgs mass in the MSSM fortan 5 =2 and tan 5 = 3
[mQ = My — Ms, Xt — Ms(QMs)]
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°

Indeed, combining the minimization conditions we get

9 m3 — m3 tan? 3 5
tan“ 5 — 1

This implies ~ 1% tuning generically.
At the same time the fine tuning in QCD is much higher.
The 6-term in the QCD Lagrangian

Lo —QGHS—FMVCLFSW O = 0 + arg det Mq,

could lead to a neutron electric dipole moment of order
| = |Oegr| x 10710 cm.

Current experimental bound on d,, (d,, <3 —6 x 10~?¢ cm)
implies that |0 < 1077,
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One possible solution of the little hierarchy problem is to
Increase the the mass of the lightest Higgs boson.

This can be achieved by adding new gauge and Yukawa
Interactions.

One can also try to avoid stringent LEP bound by
allowing exotic Higgs decays that implies the inclusion
of new particles and interactions as well.

New interactions can be used to solve the so-called ;
problem.

The superpotential of the MSSM contain only one

bilinear term M(F[dﬁlu) and parameter u IS expected to
be of order of My — Mp;.

At the same time the correct pattern of EW symmetry
breaking requires p ~ 100 — 1000 GeV.
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Higgs sector of the NMSSM

#® |n the NMSSM the superpotential is invariant under Z
discrete symmetry, I.e.

W(H H,) — AS(HH,) + %‘SB .

® The NMSSM Higgs potential is given by
V=Vr+Vp+ Vs + AV,

VF = )\2|S|2(‘H1‘2 + ‘HQ‘Q) + )\2‘(H1H2)|2 + A [S*Q(Hlﬂz) + hC] + %2‘5‘4,

92 9 g/2 5
VD = g (Hf_O'aHl —I—H;_O'aH2> + ? (|Hl|2 _ ‘H2|2) 7

Vtsoft = m%\H1|2 + m%\H2|2 + m§|5|2 + [)\A)\S(Hlﬂg) + gA%Sg + hc} .

# |t contains seven fundamental parameters:

2 2 2
)\, %, ml, m2, ms, A)\, A%
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# At the physical vacuum of the potential

< Hy > ! . < Hy > ! ! <S§>=-"
1 = —— , 2 = —— , = —— ,
\/§ 0 \/§ V2 \/§
and effective 1, term is generated, i.e. ;1 = )\%.

» One can express soft masses m7, m3, m? via tan 8 = vy /v1, s
and v = \/v? 4+ v3 = 246 GeV using the conditions for the extrema

ov._ov. _ oV _
ovy Ovy Os

# Then Higgs boson spectrum can be parametrized in
terms of six variables:

0.

A
A, >, tan 3, = \/—%, A, Ay < z (0rm?),
1 ” 4° >
—— (A 2_)°2, 2 = (——'2).
x 21&( AT \ M) sin B oy 225 T — oy sin 15
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When )\ and sr are small, i.e. \v, v < My, new singlet
Higgs states decouple (MSSM limit of the NMSSM).

In the considered limit 5~ = 0 and $-=0 are
approximately the same as In the MSSM while

%—‘S/ S (m%+ %:/458+%232> ~ ().

In this case m?% > 0 and Higgs potential has always a
minimum in which s ~ v; ~ 0.

However the corresponding vacuum becomes unstable
for large values of A,..

When A2 > 9m% the global minimum is attained at
= 31(32) for negative (positive) A,, and vy, vy # 0,

where _A, £ /AZ —8m}
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o After the EW symmetry breaking three goldstone
modes are absorbed by 1"+ and Z.

#® When CP is preserved the Higgs sector of the NMSSM
Involves:
— two charged states m%[i ~ m? 4+ miy,

— two pseudoscalars  m% ~m%,  m, ~ —3; A,
— three scalars
m? o~ m? —|—M281n226—|—0(M4)
hs — """A Z m? )’
4
m% :M2008225+O<M ),
M
2 )\2 2 2)\2 2,,2 1 — 2
m% ~ 47 i 2124 Y rsi 29 — UQM< 7)
A2 A M? cos? 2[3

# In the considered limit the MSSM sum rules for the
Higgs masses and couplings are reproduced.
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°

The masses of new singlet states m 4, and my, are set
by £ 1 and grow with increasing s and s.

A,. Is responsible for the splitting of m 4, and my, .
Vacuum stability requirement constrains A,,

7 2 >
-3 (5) 4. (5m) 50.
When ; << 1 extra singlet bosons can be the lightest

particles in the Higgs spectrum.

In the approximate Peccel—Quinn symmetry limit
(% 1 ~ \v) mj_tends to be negative resulting in
theoretical restriction on x

B V23 M 5 cos 23

I-A<zxz<1+A, A 2
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o o

If ¢ Is small variable x is localized nearby unity.

Stringent bound on = and LEP constraints lead to a
hierarchical structure of the Higgs spectrum.
» In order to avoid conflict with chargino searches
2> 100 GeV.
o The non—observation of the SM-like Higgs particle excludes
low values of tan 8 (tan 8 > 2.4).

The masses of the charged, heaviest CP-odd and
heaviest CP-even states are almost degenerate and
proportional m 4 ~ u tan j.

The SM-like Higgs boson and extra singlet states are
much lighter than the heaviest ones, i.e.

mMA;, Mpy, Mhy < m4y .
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# In general the mass terms in the Higgs boson potential
can be written as

H
- P
Vinass = Mg HYH™ + 2(P Ps)M? +2(HhS)M?*| h |,
Ps
S
where
H =G cosf+ H sinf, Hy = H" cosB— GTsinf,

ImHY = (Psinf+ G%cos B)/v2, ReHY = (hcosfB — HsinB+v1)/v?2,
ImHY = (PcosB — G°sinB)/v2, ReHS = (hsinB+ Hcosf3 +v3)/V?2,
ImS = Ps/V2, ReS = (s+N)/V2.

# The Lagrangian that describes the interations of the
neutral Higgs particles with the Z-boson is given by

Lagy = %MZZMZMh T gzﬂ H(8,P) — (9,H)P| .
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# Charged Higgs boson mass is

2.2
5 2_)\1)
Mg+ = My 5

+ My, + AL

# The mass matrix of the CP-odd Higgs states is

MQ _ M121 M122
M3, M3
M, = m} MP, = M3, = V2 op 274 + Ags,
’ A sin2f
~ 4 A, Nv?r
M3, = —SXA%ILL + 702 sin 23 + 5 Ago

#® The masses of Higgs pseudoscalars are

1/ - 5 . . .
MA, A = B <M121 + M, F \/(M121 — M3)? + 4Mf12> :
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#® The mass matrix of CP-even Higgs sector has a form
1 9’V 19%*V. 1 9°V
((ME ME ME D\ [ B5Y 1L L

2 _ 2 2 2 _ 1 9%V 92V A%
M= = M21 M22 M23 o v v 02v Ovos ?

2 2 2 1 8%V 0%V 9%V )
K M31 M32 M33 ) \ v 0508 Ov0s 02s

g X
M2, =m? + (Z _ 7) v?sin? 28 + Ay,
A2 g
MZ = M2, = (Z — g) v?sin4f + Aqa,
V2 \vux
M123:M321:_tan25 +A137
2

A
M3, = M2 cos® 23 + 502 sin® 23 + Agg,
M3y = M3, = V2 op(l — ) + Ags

272 » vl Ax ,
FM2—|—XA%/L—|— 5 — 5 U2SIH25—|—A33.
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# In the considered field basis the mass of the SM-like
Higgs is always less than

82‘/ o M2 2 )‘2 2 2.2

52 = 7 cos” 23 + 5 sin® 20 + Ao .

#® The requirement of validity of perturbation theory up to
the GUT scale constrains the allowed range of A and s«

N (Mgz) + »*(Mgz) <0.5.
Renormalization group flow of /x2 + A2 and /.

2

2 2
mp, §M22 —

1 1.75¢

1 1.5) ]

1 o1.2s5) ]
i ] n ]
g 1 0.75] ]
’/’/ 0.5} ]

1 0.25¢

w
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[\S)
ul = (6] [\S) ul w (6] S
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o
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#® As aresult in the leading two—loop approximation the

mass of the lightest Higgs boson in the NMSSM does
not exceed 135-140 GeV.

# The analysis of RG flow indicates that (1) tends to
be considerably smaller than \(M ) resulting in the
hierarchical structure of the Higgs spectrum.

Exact and approximate solutions for the Higgs masses (GeV):
A=0.6, k=0.36, u =150GeV, tan =3 and A, = 135GeV

600

=

mA
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The hierarchical structure of the Higgs mass matrices

4 ~ 4 ~ “rd
2 2 M7 2 o 2 My, 2 NMQ My,
My, = Miy + 357, Mg, = M3 + N2, Ma, = Min = 32
2 1 2 2 M,
Mpyhy = 2 (M22 + Mgz — 377

4 2 2 2 2
i\/(M222 — M2, + %g) +4(M223 - M}@—é‘fﬂ) ) .

It is convenient to define the relative R—couplings of the
Higgs bosons to Z

g

g
9zzh, = sMzRzzp, , 9240 = 5

5 Rza;n, -

In general these couplings obey sum rules:

ZRQZZZ' =1, ZRQZAji =1, ZRZZiRZAjz‘ =0.
’ ij i

QFTHEP-2010, Golitsino, Moscow region, Russia, 8-15 September 2010 — p. 37/40



# In the approximate Peccei—Quinn symmetry limit the
R—couplings of the lightest Higgs scalars and
pseudoscalar satisfy

)\4 4
R2ZZh2 + RQZZhg ~ 1, RQZAghg + R2ZA2h3 ~ O ( U4 ) < L
4m’y
The couplings |Rzz;| and |R 4,:| of the lightest Higgs bosons:
A=0.6, k =0.36, u =150GeV, tan 8 =3 and A, = 135GeV

11— 7 0.1 . T

200 300 400 500 600 700 200 300 400 500 600 700
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Normally in the MSSM and NMSSM the lightest Higgs
boson decays predominantly into bb.

However the couplings of the SM-like Higgs boson to
the bottom quark is rather small ~ (m;/v) < 1/50.

In principle new light particles which could escape
detection at LEP can have relatively large couplings to
the lightest Higgs boson leading to the drastic change
In the strategy of Higgs boson searches.

In the NMSSM such scenario can be realized if new
singlet pseudoscalar state A; is light [Dermisek, Gunion].
In this case A, can decay into 77 (if A; Is relatively light
ma, < 10GeV) or into 77 and into bb resulting in four
fermion decay of the SM-like Higgs boson, i.e.

h— AiAr— fff'].
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Conclusions

& Supersymmetry is a very promissing extension of the
SM. It provides dark matter candidate, lead to the
unification of gauge couplings and stabilize mass scale
hierarchy.

# SUSY models predict relatively light SM-like Higgs
boson that can be discovered in the near future.

# The stringent experimental lower bound on the lightest
Higgs boson mass lead to the little hierarchy problem.

# In the extensions of the MSSM the heaviest CP—odd,
heaviest CP—even and charged Higgs states become
very heavy (mpy+ ~my ~mpy = 1TeV) if X is large.

# |n the nonminimal SUSY models new particles and
Interactions may give rise to new channels of Higgs

decays resulting in the drastic change in the strategy of
Higgs searches.

QFTHEP-2010, Golitsino, Moscow region, Russia, 8-15 September 2010 — p. 40/40



	Outline
	Symmetries in the SM
	Supersymmetry
	EWSB in the MSSM
	Higgs sector of the NMSSM
	Conclusions

