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The Standard Model

A quantum theory that describes how all known fundamental particles interact
via the strong, weak and electromagnetic forces

A gauge field theory with a symmetry group SU(3). x SU(2), xU(1),

Force Carriers: ELEMENTARY
PARTICLES

12 fundamental gauge fields:
8 gluons, 3 W,'s and B,

and 3 gauge couplings: -8, 83

Matter fields
3 families of quarks and leptons with

the same quantum numbers under =
the I I III
gauge groups oo Blanizsthion IE Rtin

SM particle masses and interactions have been tested at Collider experiments
> incredibly successful description of nature up to energies of about 100 GeV

Crucial Problem: The gauge symmetries of the model do not allow
the generation of mass for the fundamental particles !
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The Higgs Mechanism

A self interacting complex scalar doublet with no trivial quantum numbers under SU(2), x U(1)y

The Higgs field acquires non-zero value
to minimize its energy

V(D)= 1*d P+ %((I)*(D) 2 u? <0

Im($)

Re(®) I Higgs vacuum condensate v ==> scale of EWSB

« Spontaneous breakdown of the symmetry generates 3 massless Goldstone bosons
which are absorbed to give mass to W and Z gauge bosons

 Higgs neutral under strong and electromagnetic interactions
exact symmetry SU(3); x SU(2), x U(1)y ==> SU3): x U(1),,, 4 -

» Masses of fermions and gauge bosons proportional to their couplings to the Higgs
My = g4, V/2 m,=h; v
: : : 2 -2 2
 One extra physical state -- Higgs Boson -- left in the spectrum |y, = v
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2012-2013:an amazing time for HEP:

“The” Standard Model Scalar Boson, or not ....

CMS: mn ~ 125.8 GeV (in ZZ); mn = 124.9. GeV (in YY)
ATLAS: mnh = 124.3 GeV (in ZZ); my = 126.8 GeV (in YY)

Observation with a significance > 5 O

In the ZZ channel
pw=17102 ATLAS p=091153, CMS

In the WW channel (m, ~ 125 GeV)
4u=15+06 ATLAS p=0.76 +0.21 CMS

In the YY channel
p=1.65+0.247022 ATLAS
u=1.140.31 CMS
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The Discovery of a Scalar boson like particle
puts the final piece of the Standard Model in place

and marks the birth of the hierarchy problem:
one of the main motivations for physics beyond the SM

The SM works beautifully,
no compelling hints for deviations

But many questions remain unanswered:

Dynamical Origin of electroweak symmetry breaking
Origin of generations and structure of Yukawa interactions
Matter-antimatter asymmetry

Unification of forces

Neutrino masses

Dark matter and dark energy

Hence, the “prejudice” (the hope) that there must be “New Physics”
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The Generation of big hierarchy of scales:
- The hierarchy problem of the SM Higgs sector -

Why v << M,,?

Quantum Corrections to the Higgs mass parameter diverge quadratically
with the scale at which the SM is superseded by New Physics

2 2 2
2 _ 442 2 Ny g T A" — n:g, -
W= (Ay)+ AL —  AY? = o L
to explain v = O(m,,) ) i::? W2, (W) i 2 E
either A < 1 TeV or extreme o B Re : J

fine tuning to give cancellation
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Quantum Corrections to the Higgs Mass Parameter

Quadratic Divergent contributions:

Nch? A2 A2
dms; = 10 2f —2A% + Smfc log <2> +2A% — 2m? log <2>
O m my
fL SL + Sr
h. -
o .thf < \
BE__ 2 ! f
E____‘l-.._.,,_.-LJ _____
fr hy

If the mass proceed from a v.e.v of H, the cancellation of the log terms is ensured
by the presence of an additional diagram induced by trilinear Higgs couplings.

The fermion and scalar masses are the same in this case: mf=ms = hg v

Supersymmetry is a symmetry between bosons and fermions
that ensures the equality of couplings and masses
Automatic cancellation of loop corrections to the Higgs mass parameter
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Supersymmetry

lesson from history: electron self energy==>fluctuations of em fields
generate a quadratic divergence but existence of electron antiparticle
cancels it

Will history repeat itself? Take SM and double particle spectrum
New Fermion-Boson Symmetry: SUPERSYMMETRY (SUSY)

PARTICLES THAT PARTICLES THAT
MAKE LIF MATTER MEDIATE FORCES
CHJARK ELECTRON PHOTOM GLLIOMN

CC

THEQRETICAL
PLANE CHVIDNNG
TWO AEALMS

THEIR
“SPARTICLE™ “SQUARK™ “SELECTROM"

No new dimensionless couplings
Couplings of SUSY particles equal to couplings of SM particles
For every fermion there is a boson of equal mass and couplings
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Why Supersymmetry?

® Helps stabilize the weak scale-Planck scale hierarchy

® SUSY algebra contains the generator of space translations

—> necessary ingredient of theory of quantum gravity

® Allows for Gauge Coupling Unification at a scale ~ 10'® GeV

® Starting from positive Higgs mass parameters at high energies,
induces electroweak symmetry breaking radiatively.

® Provides a good Dark matter candidate:
The Lightest SUSY Particle (LSP)

® Provides possible solutions to the baryon asymmetry of the universe.

Wednesday, April 10, 2013



Supersymmetry Generators
For every fermion there is a boson of equal mass and couplings

Supersymmetric transformations relate bosonic to fermionic degrees of freedom
the operator Q that generates that transformation acts, schematically

QB>=|F> Q|F>=|B> Q"B>=|F> Q'|F>=|B>

The SUSY generators, Q and Q'
are two component anti-commuting spinors satisfying:

(Qu, Oty =20 P, {Qa,Qp} ={QL.QL} =0 [Q.,P"]=[QL,P*] =0

where ot = (I,5), o = (I,—37), and o* are Pauli Matrices

P* = (H,p) is the generator of spacetime translations: part of the SUSY algebra

Two spinors may contract to form a Lorentz invariant:

P.x = W‘Xa — waeaﬁxﬁ @E = 14 >_C — % aﬁ_
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Hamiltonian of Supersymmetric Theories

@ Since there is a relation between the momentum operator and the SUSY
generators, one can compute the energy operator

o= H = (QuQ] + Q11 + Q01 +Q1Q»)

@ Two things may be concluded from here. First, the Hamiltonian operator is
semidefinite positive.

Q < H>= F>0

@ Second, if the theory is supersymmetric, then the vacuum state should be
annihilated by supersymmetric charges

Qa.l0>=0, QL0>=0 = < O0H|0>=0

@ So, the vacuum state energy is zero ! The vacuum energy is the order
parameter for Supersymmetry breaking.
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Preservation of SUSY

Spontaneous breakdown of SUSY

V(®)

!

N\

A non-trivial Minimum could lead

to the breakdown of gauge or

global symmetries but SUSY is
preserved, provided the value of the A massless fermion, the Goldstino,

effective potential at the minimum appears in the spectrum of the theory.

is equal to zero

V(®) |

o

o

If Vmin is non-zero, the vacuum state is
non supersymmetric and breaks SUSY

spontaneously.

In Supergravity (local SUSY), the
Goldstino is the Gravitino longitudinal
component.
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Four-component vs. two-component VWeyl| fermions

* A Dirac spinor is a four component object whose components are

VYp = ( 32‘; ) the hermitian conjugate of a (x )T _ XT- =
L.H.Weyl fermion is a RH.one .

ng = ( i_ﬁgj ) where: ¢C — C’@ET — —i72¢*

* A Majorana spinor is a four component object whose components are
C
Y = ( >_<3 ) Yy = Yum
X
*  Gamma Matrices (in Weyl representation)
0 ot 5 —I 0
Ho— —
= %) (T
ot =106 ot=1 -0

o 0
*  Observe that PL¢D=<XO > PR¢D=( a)
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* Usual Dirac contractions may then be expressed in terms of two
components contractions

IEDIDD = Yx + h.c. with ¥vp = (¥ X&) Up = ( 3;22 )

The antisymmetric tensor €%P = - €4p=i07 is used to define the invariant
scalar product of Weyl spinors or to lower and raise indices:

By — cab _B af

Xa = €a8X~ X X5 Xa = €46X° X = €7X5

Convention: repeated spinor indices contracted ¢ or . @ can be omitted
P P o &

In particular: YpyHp = Yot + xoty = —pat i + xoty
Observe that Majorana particles lead to vanishing vector currents

Hence, they must be neutral under electromagnetic interactions

Chiral currents, instead, do not vanish for Majorana fermions
Yoy 5D = oty — xat'x = —path — xat'x
They may couple to the Z boson

Other relations may be found in the literature
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Superspace

The existence of a generator superalgebra is connected to the existence of
a supergroup whose elements are obtained via exponential of the generators
times some arbitrary parameters

e Apart from the ordinary coordinates x*, one introduces new

anticommuting spinor coordinates % and 0y; [0] = [0] = -1/2.
e One can also define derivatives (similar to P, = —id,,)
{0,,05} =0; 000=0; [0Q,0Q] = 200c"P,

{04,053} =0
e \8 0

a = Ana) aeﬁ ::55' o 959 = 20,
Y 7 o’ 0 ( ﬁ)

A general group element of the graded Lie Group is given by:
S(xz,0,0) = expli(0Q + 0Q + X P, /2)]
Any cuadrivector V|, can be associated to a matrix Vg such that
Vig = Vol . = VFo g det Voo = VO — V2 =V, VH
Pol. =Poe X0t =Xope  XP,y =2XMP,
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Differential representation of SUSY generators

eSupersymmetry is a particular translation in superspace characterized by a
Grassmann parameter G

*Considering a Taylor expansion
exp” % f(a) = (2% + €2
expt % f(0) = f(0° +¢*) exp® % f(0) = £(0% + (%)

one can see that acting on superfields the generators can be given as
derivative operators

Pps = —100a = _ia,uo-gd (aOééé — 28/8&7@@)

Qo = —10y — 5‘5‘8@@ Qs = 104 + 09044
One can check that these differential generators fulfill the SUSY algebra

Superspace allows to represent fermion and boson fields by the same
superfield, by fields in superspace
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Chiral Superfields
The superfields defined by ®(z) = S(z)P(0) = CD(x,G,é) are not an irreducible basis

One can define differential operators

D, =0, + iédﬁad Dy = _502 — iHQUZdﬁu
Given that {Dda QB} =0 {Da, Qﬁ} =0 [Dd,Pﬁﬁ-] =0
it is easy to show that D, D4 commute with SUSY transf.[D, exp’(¢@+¢@)] = @

A Chiral Superfield fulfills D . ® = ( An anti-chiral superfield fulfills
D,® =0

anti-chiral fields are the hermitian conjugate of chiral fields, enough to concentrate on chiral fields

If a superfield is chiral, since D commutes with SUSY transformation, hence
the SUSY transformation is also chiral

SDy® = D5S® =0

Chiral Superfields form the basis of an irreducible representation of SUSY
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Chiral Superfields (cont’d)

To fulfill Ds® = (=04 — 0% .0,)® =0
implies that the chiral superfield must depend on 5, x in a specific way
yt =t — ié@agdﬁo‘ Dayt =
Hence a generic Chiral Superfield can be written staring from its value at § = (
o(x,0,0) = p(zt — ié’_é‘agdﬁo‘, 0) = exp’07" 0%k ¢(xz,0,0)
with ¢(z,0,0 =0) = A(z) + V2¥(z) + 0*°F(x)

e A, v and F are the scalar, fermion and auxiliary components.

e Under supersymmetric transformations, the components of chiral

fields transform like The F component of a
SA — /9 SF — —iv/9Es1 Chiral Superfield transforms
- ¥, = —IV2607 00 like a total derivative

o = —iV20MED, A+ V2UF => good for SUSY L
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Properties of Chiral Superfields:

e The product of two superfields is another superfield.

e For instance, the F-component of the product of two superfields ®;

and P, is obtained by collecting all the terms in 6%, and is equal to

(P1 P2 = A1 Fy + Ao Fy —- ¢11)o )

e For a generic Polynomial function of Several fields P(®;), the result is

POy = (04, P(A)F: — 5 (03,4, P(4)) it

e Finally, a single chiral field has dimensionality [A] = [®] = 1, [¢]=
3/2 and [F] = 2. For P(A), [P(®)]r = [P(®)] +1 ([0] =[0] =-1/2).

As we will see P(®) most generic polynomial, gauge invariant, of dimension 3
will be good to build SUSY L
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Expansion of a Chiral Superfield

*In the above, we only used the form of the chiral superfield at § = (

However, for many applications the full expression of the chiral superfield is
necessary:

®(x,0,0) = exp(—id,00"0) ®(z,0,0 = 0)

| l

O(z,0,0) = A(z) + 0" A(z)00,0 — i@zA(:{;)HQ@_Q

2
FV200(x) +i% 04 0(x)o, 0 + F ()

Important to construct the SUSY Lagrangian considering the 626 component
of the general superfield formed by the productp®
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Vector Superfields

*Vector Superfields are generic hermitian fields. The minimal irreducible
representations may be obtained by: (in Wess Zumino Gauge)

) ) 3% _ 3 1o~ |
V(r,0,0) = - (00"0) Vi, +i0°0X — i6°0A+ S6°6°D Vivs = S0°0°V, V"
) Vivz =0

*Vector Superfields contain a regular gauge vector field V,, its fermionic
superpartner )\ and an auxiliary scalar field D

Under supersymmetric transformations the components transform like:

a —— a \a = a [ —V a a
oV = —Eo, A" — X5 ,8 Ao = —5(0“0 §)alty, + 8D

6D = i(EaHV A — V A4 HE) with V,, = 9, +ig V& T*
The D component of a vector field transforms as a total derivative

o D=[V]+2:[V,]=[V]+1; [\ =[V]+3/2. If V,, describes a
physical gauge field, then [V] = 0.
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Superfield Strength

e Similarly to F},, in the regular case, there is a field that contains the
field strength. It is a chiral field, derived from V (W = —DDDV/4),
and it is given by

W(z,0,0 = 0) = —id* + (00,,)" F* +0*D — 6% (6" D, \)"
W is chiral:
D;W, =0 since {DQ'{DB} =0=> D% =0= Dg

and gauge invariant (ok to work in WZ gauge)
hence the F component of W%W( is good for SUSY L

Wa[y,0] and Wq([x,0] differ in a total derivative,
hence one can consider W[x,0]r for £

1 1 D2 i
Lyauge = FWaWIr +he =~ Fu FP 4 ©— 4 iXo" 0,7
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Gauge transformations

e Under gauge transformations, superfields transform like

® — exp(—igh)P, Wo — exp(—igA)W, exp(igA)

exp(gV) — exp(—igA)exp(gV)exp(igh)

where A is a chiral field of dimension O.

In the case of a non abelian gauge superfield, transformation laws can be

generalized with A being a matrix: /\ij =Tija AV

The gauge superfield Vijj = Tija Va has non trivial transformation in the
field components but still can be considered in the WZ gauge

The SUSY field strength can be generalized in the non-Abelian case:

1 _
Wa = _ZDD exp~ ¥ D, exp”
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Towards a SUSY Lagrangian

The aim —> construct a Lagrangian invariant under supersymmetric and
gauge transformations

The variation 0 £ should be a total derivative such that the action
S = /d4aj £ IS invariant

Recall: The F-component of a chiral field (or products of chiral fields)
& The D-component of a vector field
transform under SUSY like a total derivative

If renormalizability is imposed, the dimension of all terms in the Lagrangian:

On the other hand the dimensions of the chiral and vector fields are:

D] =1, (Wol =3/2, V] =0.

and one should remember that [V]p = [V] 4+ 2; [®]p = [®] + 1.
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The Supersymmetric Lagrangian

e Once the above machinery is introduced, the total Lagrangian takes

a particular simple form. The total Lagrangian is given by

Lsysy = (Tr W Wylp + h.c.) + Z (Cj) eXp(gV)CI))D

492
+ ([P(®)]p + h.c) (26)

where P(®) is the most generic dimension-three, gauge invariant,
polynomial function of the chiral fields ®, and it is called

Superpotential. It has the general expression

my;; ,Xi'
P(D) = ¢;®; + — 2 @;®; + S—Jf@icbkcbk (27)

e The D-terms of V* and the F' term of ®; do not receive any
derivative contribution: Auxiliary fields that can be integrated out

by equation of motion.
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The Supersymmetric Lagrangian

e Once the above machinery is introduced, the total Lagrangian takes

a particular simple form. The total Lagrangian is given by

g
+ (|P(®)]x+ h.c.) (26)

1 _
Lsusy = v (TrWeW4lF + h.c.) + Z (<I> exp(gV)CI))D

where P(®) is the most generic dimension-three, gauge invariant,
polynomial function of the chiral fields ®, and it is called
Superpotential. It has the general expression

77Zij

i
P(®) = ¢;®; + — 2 0;; + S—chpz-cp,{cbk (27)

e The D-terms of V¢ and the F' term of ®; do not receive any
derivative contribution: Auxiliary fields that can be integrated out

by equation of motion.
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SUSY Lagrangian in term of component fields

It contains the usual kinetic terms for boson and fermion fields, generalized
Yukawa interactions, and novel interactions between gauginos and the scalar
and fermion components of the chiral superfields

The last term is a scalar potential term that depends only on the auxiliary fields

SM fermion superpartners + Higgs

- SM fermions
_ DAZ-TD@ EMD@ h..)
Lsusy (Dui) i (Q‘M ¢ )+ Higgsinos
L, . \2 U<
— Z (G,ul/) —|— (2)\ O'MDM®—|— hC)

iﬂgAZ‘Ta%)\a + h-c-) _Vtscalar

— Gauginos

Yukawa —
interactions €«——

Novel gaugino-scalar-fermion

Gauge bosons in covariant derivatives and in G, iteraction

with the non-abelian covariant derivatives:
DAl = (0, +igVIT*)AJy DA = 02" — gfape VA
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Notation bookkeeping

e All standard matter fermion fields are described by their left-handed
components (using the charge conjugates for right-handed fields) ;

e All standard matter fermion superpartners are described the scalar

fields A;.There is one complex scalar for each chiral Weyl fermion

e (Gauge bosons are inside covariant derivatives and in the G, terms.

e Gauginos, the superpartners of the gauge bosons are described by the
fermion fields )\,. There is one Weyl fermion for each massless gauge
boson.

e Higgs bosons and their superpartners are described as regular chiral
fields. Their only distinction is that their scalar components acquire
a v.e.v. and, as we will see, they are the only scalars with positive
R-Parity.
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Scalar Potential

V(F.F;. DY) = SOFE + 53 (D

where the auxiliary fields may be obtained from their equation of
motion, as a function of the scalar components of the chiral fields:

- _9P(A)
A

D*=—g) (A;T"A)
Quartic couplings governed by gauge couplings, crucial for Higgs sector

The scalar potential is positive definite - This is not a surprise-
From the SUSY algebra one has:

H =

|

2
> (Q1Qa + QuQl)
a=1

e If for a physical state the energy is zero, this is the ground state.

e Supersymmetry is broken if the vacuum energy is non-zero !
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Couplings

. ij Aij
Recall the scalar part of the superpotential P(A) = %AiAj + TjkAiAjAk

* The Yukawa couplings between scalar and fermion fields

1 92P(A)
2 0A,04,

i the — g by Yy Ay !

Y

/ Ak

also mjj Vi ¥; (mass term)

are governed by the same couplings as the scalar interactions coming from

2
(aP(A)> — My Amjk A7 AjAg and Apjp A7 A A AT AT

0
8AZ- mi
AN /
g \ /
! AN if <A> non zero
| Y e ACA A X
also Mik Mij Ai A ik i v (mass terms)
/ N\
(mass term) SR SN % N

The superpotential parameters determine all non-gauge interactions
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Masses

The superpotential parameters determine the matter field masses
and give equal masses to fermions and scalars when the Higgs acquires a v.e.v

2

e Similarly, the gaugino-scalar fermion interactions coming from

— V29 A T A + h.c.
are governed by the gauge couplings

No new Couplings!

same couplings are obtained by replacing particles by their superpartners
and changing the spinorial structure
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Structure of Supersymmetric Theories
e The Standard Model is based on a Gauge Theory.

e A supersymmetric extension of the Standard Model has then to
follow the rules of Supersymmetric Gauge Theories.
e These theories are based on two set of fields:

— Chiral fields, that contain left handed components of the fermion
fields and their superpartners.

— Vector fields, containing the vector gauge bosons and their

superpartners.

e Right-handed fermions are contained on chiral fields by means of
their charge conjugate representation

(Yr)© = —iy*Pryp’
Pr(vr)® = (¥r)°

e Higgs fields are described by chiral fields, with fermion superpartners

. . . 0 092
with ¥© = ivya1)* Y2 = .oy 0

e The equality of fermion and boson couplings are essential for the
cancellation of all quadratic divergences, at all oders in perturbation
theory.
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Types of supermultiplets

Chiral (or “Scalar” or “Matter” or “Wess-Zumino”) supermultiplet:
1 two-component Weyl fermion, helicity :I:%. (np = 2)
2 real spin-0 scalars = 1 complex scalar. (ng = 2)

The Standard Model quarks, leptons and Higgs bosons must fit into these.

Gauge (or “Vector”) supermultiplet:
1 two-component Weyl fermion gaugino, helicity :I:%. (np = 2)
1 real spin-1 massless gauge vector boson. (ng = 2)
The Standard Model v, Z, W, g must fit into these.
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The SUSY extension of the Standard Model (MSSM)

e Apart from the superpotential P|®|, all other properties are directly

determined by the gauge interactions of the theory.

e To construct the superpotential, one should remember that chiral
fields contain only left-handed fields, and right-handed fields should
be represented by their charge conjugates.(this means by left handed fields as well)

e SM right-handed fields are singlet under SU(2). Their complex

conjugates have opposite hypercharge to the standard one.

e There is one chiral superfield for each chiral fermion of the Standard
Model.

e In total, there are 15 chiral fields per generation, including the six
left-handed quarks, the six right-handed quarks, the two left-handed
leptons and the right-handed charged leptons.
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The Minimal Supersymmetric Standard Model

Chiral Supermultiplets

Names spin 0 spin 1/2 SU3)c, SUR2)L, U(l)y
squarks, quarks | @ (ur JL) (ur dr) (3,2, 3)
(X 3 families) U Up (uS)z (3,1, —§)
D di (45)z (3,1, 5)
sleptons, leptons | L (v er) (v er) (1,2, —3)
(x3 families) | E e (%)L (1,1, 1)

The superpartners of the SM particles are written with a ~
Scalar Superpartners are generically called squarks and sleptons
short for scalar quarks and scalar leptons

b, =1+ V20US + 0*F., ¢ =5 +V20((0%)) L + 0°FF
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Gauge Supermultiplets

Names spin 1/2 spin 1 SU3)c, SU2)L, U(1)y
gluino, gluon g (8,1, 0)
winos, W bosons w* wo (1, 3, 0)
bino, B boson BY (1,1, 0)

The spin-1/2 gauginos transform as the adjoint representation of the gauge
group. Each gaugino carries a . The color-octet superpartner of the gluon is
called the gluino. The SU(2), gauginos are called winos, and the U (1)y

gaugino is called the bino.

The winos and bino are not mass eigenstates, they mix with each other and
with the Higgs superpartners, called higgsinos, of the same charge
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The Higgs Sector

e Problem: What to do with the Higgs field ?

e In the Standard Model masses for the up and down (and lepton)
fields are obtained with Yukawa couplings involving H and HT
respectively.

e Impossible to recover this from the Yukawas derived from P|®], since
no dependence on ® is admitted.

e Another problem: In the SM all anomalies cancel,

> Y = 0; > Yi=0;

quarks left

Y Y8 = o Y'Y = )

e In all these sums, whenever a right-handed field appear, its charge
conjugate is considered.

e A Higgsino doublet spoils anomaly cancellation !
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Solution: two Higgs Supermultiplets with opposite hypercharges

1) Anomaly Cancellation

Y? =0 - 1y
SMfe;rnons ! 2 2

This anomaly cancellation occurs if and only if both ﬁu and I:Td higgsinos are

present. Otherwise, the electroweak gauge symmetry would not be allowed!

2) Quark and Lepton masses
Only the H,, Higgs scalar can give masses to charge +2 /3 quarks (top).
Only the H; Higgs scalar can give masses to charge —1 /3 quarks (bottom) and

the charged leptons. We will show this later.
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The Higgs Sector: two Higgs fields with opposite hypercharges

2 Higgs doublets necessary to give mass to both up and down quarks and
leptons in a gauge/SUSY invariant way
2 Higgsino doublets necessary for anomaly cancellation

Names spin 0 spin 1/2 SU3)c, SU2)L, U(l)y
Higgs, higgsinos | H, | (H, HY) (ﬁj ﬁg) (1, 2, —|—%)
Ha | (Hi Hp) | (Hi Hy) (1,2, -3)

e Both Higgs fields acquire v.e.v. New parameter, tan § = vy /v;.

Both Higgs fields contribute to the superpotential and give masses
to up and down/lepton sectors, respectively [T
1 = 114

f]é EE_[{U

Pl¢] = hyQUHs + hyQDH; + hLEH,

With two Higgs doublets, a mass term may be written 0P|¢| = pH 1 Ho

Interesting to observe:
The quantum numbers of H| are the same as those of the lepton superfield L.
One can add terms in the superpotential replacing H| by L
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Dangerous Baryon and Lepton Number Violating Interactions

e General superpotential contains, apart from the Yukawa couplings of
the Higgs to lepton and quark fields, new couplings:

Par—1 = 2 MijrLi L Eyx+ N inLi QD+ pi Li H,
PAle — %)‘Zyk UZDjDk

[(I)]ne'w 7

e Assigning every lepton chiral (antichiral) superfield lepton number 1
(-1) and every quark chiral (antichiral) superfield baryon number 1/3
(-1/3) one obtains :

— Interactions in P|®| conserve baryon and lepton number.
— Interactions in P|®|,. violate either baryon or lepton number.
e One of the most dangerous consequences of these new interaction is

to induce proton decay, unless couplings are very small and/or

sfermions are very heavy.
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Proton Decay

In Prew there are two type of couplings which violate either

lepton number (AL = 1) or baryon number (AB = 1).

If both types of couplings were present,

and of order 1, then the proton would 5% o
decay in a tiny fraction of a second P N N~

through diagrams like this:

One cannot require B and L conservation since they are already known to be
violated at the quantum number in the SM.
Instead, one postulates a new discrete symmetry called R-parity.

PR _ (_1)3(B—L)—|—25

All SM particles have Pr = 1
All Supersymmetric partners have Pr = —1
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Important Consequences of R-Parity Conservation

Since SUSY partners are R-parity odd (have Pr = —1)
every interaction vertex must contain an even number of SUSY particles

® All Yukawa couplings induced by P(®)necw are forbidden
(have an odd number of SUSY particles)

® The Lightest SUSY Particle (LSP) must be absolutely stable

If electrically neutral, interacts only weakly with ordinary matter

LSP is a good Dark Matter candidate

® |n collider experiments SUSY particles can only be produced in
even numbers (usually in pairs)

® FEach sparticle eventually decays into a state that contains an LSP
==> Missing Energy Signal at colliders
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Supersymmetry Breaking

If SUSY were an exact symmetry, Mg, = Mgy = Me = 0.511 MeV
the SM particles and their Mg, = Ma, = My
superpartners would have the

mg = Mgluon = 0 + QCD-scale effects
exactly same masses

etc.
e No supersymmetric particle have been seen: Supersymmetry is

broken in nature

e Unless a specific mechanism of supersymmetry breaking is known, no

information on the spectrum can be obtained.
e Cancellation of quadratic divergences:
— Relies on equality of couplings and not on equality of the masses —

of particle and superpartners.

e Soft Supersymmetry Breaking: Give different masses to SM particles
and their superpartners but preserves the structure of couplings of
the theory.
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SUSY must be broken in nature

Back to SUSY corrections to the Higgs mass parameter:

Cancellation of quadratic divergences in Higgs mass quantum corrections has to do
with SUSY relation between couplings and bosonic and fermionic degrees of freedom

AU? = ng?[m; — m%]ln(Agﬂ / m,f) not with the exact equality of
! fermion and scalar masses
¢ I r
R Tt .
’I \“ x - X
: tl h \\ ’, * /1{
h __h ho fo T y AL
‘. N 1
hf hf ........ ".)a...c.-,.) ....... h2f \\ R4 h2f
h> = h;‘ S=-
L

In low energy SUSY: quadratic sensitivity to A off replaced by quadratic
sensitivity to SUSY breaking scale

The scale of SUSY breaking must be of order | TeV, if SUSY is
associated with the scale of electroweak symmetry breaking

The breakdown of SUSY must be “SOFT”
this means it does not change the dimensionless terms in the lagrangian
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If SUSY is realized in nature, why have we seen none of the SUSY
particles while we have already seen all the SM particles!?

Standard Model quark, leptons and gauge boson masses are protected by
chiral and gauge symmetries
==> they acquire mass through EVVSB, hence their masses are at most of

order v~ |75 GeV

SUSY particles can acquire gauge invariant masses, same as SM Higgs
==> this explains why it is possible that we have not seen SUSY particles
at high energy colliders yet

One can probe that after adding

Gaugino masses, Squark and Slepton squared mass terms, and trilinear and
bilinear terms proportional to the scalar parts of the superpotential,

the cancellation of quadratic divergences is not spoiled
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The Soft SUSY-breaking Lagrangian for the MSSM

1 Mi for i=1,2,3 are the gluino,
~ = T T ~ = / 1 .
£soft = — 5 (Mggg + MWW + Z\leB) wino and bino mass terms

3010 — mA T — mb DD~ m3ITL— mLE B

—m3y, Hy Hy — m%, Hy Hy — (P Hy + cc.)
—(AuhuﬁQHQ + Adth@Hl -+ AlhlEj)Hl) -+ C.C.
&
ai =A i hiare trilinear terms proportional to the Yukawa couplings
(complex 3x3 matrices in family space)

induce L-R mixing in the sfermion sector once the Higgs acquire v.e.v.
(mixing proportional to fermion masses: relevant for 3rd generation)

B —> SUSY breaking parameter to be determined from condition of proper EVVSB

mé, m%], m%, mZL, mZE, are 3x3 complex hermitian matrices in family space

MSSM: 105 new parameters not present in the SM

Most of what we do not really know about SUSY is expressed by the question:
“How is SUSY broken?”
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Understanding the origins of Spontaneous SUSY breaking:

Soft SUSY breaking terms arise indirectly,
not through treel level, renormalizable couplings to the SUSY breaking sector

Supersymmetry Flavor-blind MSSM
breaking origin VAVAVAVAVAV

(Hidden sector) interactions (Visible sector)

Spontaneous SUSY breaking occurs in a Hidden sector of particles,
with none or tiny direct couplings to the MSSM particles,

when some components of the hidden sector acquireavev < F' >~ ()

One can think of Messengers mediating some interactions that transmit
SUSY breaking effects indirectly from the hidden sector to the MSSM
If the mediating interactions are flavor blind ( gravity/ordinary gauge interactions), the
MSSM soft SUSY breaking terms will also be flavor independent (favored experimentally)

Many alternatives: Gravity-type; Gauge; Extra Dimensional mediated, ...
—> different boundary conditions at an specific SUSY breaking scale
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Gaugino/Higgsino Mixing

e Just like the gauge boson mixes with the Goldstone modes of the
theory after spontaneous breakdown of the gauge symmetry,

gauginos mix with the Higgsinos. of equal charge

e Mixing comes from the interaction \/2gA7T,1;\%, when one takes

~

Ai — Hi, and \¢ = Wa’ B, and Zﬂz = [:L

e Charged Winos, W; + iWs, mix with the charged components of the

Higgsinos H; 2. The mass eigenstates are called charginos YT,

e Neutral Winos and Binos, B, W5 mix with the neutral components of

the Higgsinos. The mass eigenstates are called neutralinos, y".

e Charginos form two Dirac massive fields. Neutralinos give four

massive Majorana states.
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Charginos

Consider the chargino Lagrangian in terms of Weyl spinors, in the

Wino- Higgsino basis, with 7+ _ (W1 iZWQ) N

- Ms  gavo W+
L:c arginos — W~H ~ h.c.
e ( 1)<gzv1 z ><H§>+ )

My is the soft SUSY breaking gaugino mass term, [ is the Higgsino mass
parameter which comes from the superpotential, and the off diagonal
terms come from the gaugino-Higgs Higgsino mixing and are always < Mz

Defining;: w;-r — (W, HJ) and v, — (W™, Hy)
Chargino Mass Matrix is diagonalized by two unitary matricesV, U such
that:

2 = V* Mgz U

. . _ + - -
The chargino mass eigenstates are: XZ- — z‘jwj Xi — zﬂb
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One can always write two mass eigenstates, Dirac, charged fermions:

~+ ~+
Dirac __ X1 Dirac _ X2 ~—\C _ . ot
wiI—L T ( (521—)0 ) wfét ( (22—)0 ) (Xl )z Ze%leJ

_ 1
Mes = Mo + [l +2m}y

o (Maf? + uf? + 2m3,)2 — 4lublz — m3, sin25]2).

o If 1 is large, the lightest chargino is a Wino, with mass M, and its
interactions to fermion and sfermions are governed by gauge

couplings.

o If M5 is large, the lightest chargino is a Higgsino, with mass u, and
the interactions are governed by Yukawa couplings.
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Neutralinos

Consider the neutralino Lagrangian in terms of Weyl spinors, in

the Bino-Wino-neutral Higgsino basis, with

1
£neutralinos — _§(¢O)TM>~<0 w() + h.c.

Defining: zb? — (iB°, iW°, HY, HY)

M, 0 —g1v1/V2  g1va/V2
Voo — 0 My QU1 /V2  —gava/V2
—q1v1/V2  gav1/V2 0 — U
g1v2/V2  —gove/V/2 — 0

Neutralino Mass Matrix diagonalized by a unitary matrix Z

— M3 = Z"MypZ ™
: : . 0 7. 0
The neutralino mass eigenstates are: X; = Z4j; ij

M __
They form 4 Majorana mass eigenstates: wi? - ( (
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Neutralino Spectrum

e The eigenstates are four Majorana particles.

e If the theory proceeds from a GUT, there is a relation between M,
and ]ij_, ]V{Q ~ (X;g(]&f?g),/(y]_(]Vf;;)‘ﬂdﬁl ~ iZ]Vfi.

e So, if y is large, the lightest neutralino is a Bino (superpartner of the

hypercharge gauge boson) and its interactions are governed by ¢;.

e This tends to be a good dark matter candidate.

Qepy ~ 1/ [y (oav)de r=2 [ooso<q,, i’ <0.131 WMAPat3 o

. : i — i i : ~0) =0 1.3 K ) e
Many processes contribute to the i xj annihilation cross section: (o4 v)
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Gluinos

The gluino is an SU (3) ¢ color octet fermion, so it does not have the right
gquantum numbers to mix with any other state. Therefore, at tree-level, its mass is

the same as the corresponding parameter in the soft SUSY-breaking Lagrangian:

Fr =17

However, quantum corrections can be quite large, because it is a color octet.

This correction can be of order 5% to 25%, depending on the squark masses!

It tends to increase the gluino mass, compared to the tree-level prediction.
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Squarks and Leptons

To treat these in complete generality, we would have to take into account arbitrary

mixing. So the mass eigenstates would be obtained by diagonalizing:

2

e a6 x 6 (mass)? matrix for up-type squarks (Ur, Cr, t1, UR, CRr, LR),

e a6 x 6 (mass)? matrix for down-type squarks (JL, Sr, ZL, éZVR, SR, ZR),
e a6 x 6 (mass)? matrix for charged sleptons (€1, /i1, 71, €R, LR, TR),

e a 3 X 3 matrix for sneutrinos (v, v, V)

If we assume that soft SUSY breaking parameters are flavor blind:

The first- and second-family squarks and sleptons have negligible Yukawa
couplings, so they end up in 7 very nearly degenerate, unmixed pairs (53, ﬁR),

(Ve, ), (€L, ir), (g, Cr), (dr, 3r), (UL, L), (dL,5L).
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Stop Sector

tr,tr Mixing effects relevant due to large Yukawa coupling
lightest mass eigenstate {1 may be the lightest visible sparticle

M2 — ( mg, +mi + D, my(Ay — p/ tan 3) ) _ mi My g
¢ mt(At — ,u/ tan 6) m%«g -+ m% -+ DER

Only for the 3rd generation the Left-Right mixing effects are relevant
since they are proportional to the quark masses

The mass eigenstates are given by

- £ N O-F 22
t1 = cosOit;, +sinbitp tan 26, — — tLRQ
t ' f r m= — m?
to = —sin Ozt + cosOitr i tr
. 2 2
With masses: m?2 + m? m2 — m?2
t1,2 2 \ 2 t2

In the Sbottom/Stau sectors, the mixing is proportional to:
my, - (Ayp . — ptan 3) and becomes relevant for large tan
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The specific pattern of SUSY sparticle masses depend on the SUSY
breaking scenario. The crucial question is how much can we learn about
it from collider and astroparticle physics experiments

The SUSY Particles of the MSSM

Names Spin | Pr | Mass Eigenstates | Gauge Eigenstates
Higgsbosons | 0 | +1 \ho HY A° H* | HY HY Hf H;
Ur g dr dp
squarks 0 —1 | S, Sp ¢L Cr “r
(&1 fa by bo ir tr by br)
€1, €ER Ve “
sleptons 0 —1 AL AR Uy
T To Us T, TR Vs
neutralinos | 1/2
charginos 1/2
gluino 1/2 | -1 g “

Wednesday, April 10, 2013




What about the Higgs in Supersymmetry?

* Minimal Higgs Sector: Two Higgs doublets

* One Higgs doublet couples to up quarks, the other to down quarks/leptons

only: —— Higgs interactions flavor diagonal if SUSY preserved

e Quartic Higgs couplings determined by SUSY as a function of the
gauge couplings
-- lightest (SM-like) Higgs strongly correlated to Z mass (naturally light!)
-- other Higgs bosons can be as heavy as the SUSY breaking scale

e Important quantum corrections to the lightest Higgs mass due to
incomplete cancellation of top and stop contributions in the loops

-- also contributions from sbottoms and staus for large tan beta --
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The Higgs Scalar potential derived from:

oP |?

OH,

1 ‘L 2
+§Z(H,L.Tinj) + Vioft

Vi |

a

Vsofc includes the soft SUSY breaking effects.
V(Hy, Hy) = m2H] Hy + m2H)Hy + m2(H it Hy + hec.) +

o (i) 5 (k) (i) (i) 4| (8 imt)|

2 _ 2 2 2 _ .2 _
where m; = my + || and m?, = m3 = uB

4

Soft SUSY breaking terms

With:  , _ ( i+ (Hg;l_ml)/ﬂ ) Hy = ( - (thfz'Ag)/\@ )

Q=T3+Y/2 hence and tan 8 = z—i
Y(H) =-1; Y(Ha) = |
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At tree level:

Quartic couplings given as a function of gauge couplings

2 2 2 2
_|_ -
)\1_)\2:914927 As 924917 A 922

The above effective potential is valid at the scale of the SUSY particle masses

At low energies the quartic couplings evolve with their Renormalization
Group (RG) equations
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Neutral Higgs potential

Analyzing first the neutral part of V[H|]
VIH, HY) = m3|HY P + m3|HS|2 — m3 (HOHY + HY HY')

2 2
A9 (|HgP — | 1Y)’

_F

Using the minimization conditions 8V/8H?‘<H§>:vi =0

2 2 M2 2 9 2
tE%I12 Kg — iig-::: 771% _+_ ég// 8111:2[3 — 5 s 2

Expanding V[HY] in terms of H; = vi+ (H] +i4;)/vV2 i=1,2

One can obtained the scalar and pseudoscalar mass matrices ==>
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Tree Level Mass Predictions

2 2 2
+ M2 cos2 A
VIA] = (4 A | TETE e T ()
ms mi — =% cos 20 2

Using the minimization conditions

= det M5 =0 Tr[M3] = m7 + m3

CP-odd neutral Higgs Sector:

One Goldstone boson with zero mass (eaten by Z boson)

O hysical state: _ Soft SUSY breaking
ne physicdl state. A = cos fA3 + sin fA, Higgs mass parameters

2 2 2 2 2 2
méy = mi +mi {miy, +mi )+ 2

Wednesday, April 10, 2013



CP-even neutral Higgs Sector:

2 .2 2 i 2 (A2 2 - 0
VIHY) — (1) ) M?% cos® B 4+ m?5 sin” 8 (M7 4+ m?5) cos Bsin 8 ] ( H; )

— (M2 +m?)cosfBsinf3  M2zsin? 8+ m? cos? 3 HY

h = cosaHY — sinaH}

Two physical states:
H = sinaHy + cos aHY

vV (m% + M2)2 — AM2Zm? cos? 23
2

2 ]V[Q
m%,H:mA_g Z +

Charged Higgs Sector: (Similar to CP-odd Higgs sector)

One Goldstone boson with zero mass = det Méi =0

One physical state: H* = cos H; + sin fH

Tr[M%Ii] — mi + m%v — m%i

All tree-level masses given as a function of tan 5, m 4 and gauge couplings
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The decoupling limit for the Higgs bosons

Ifm4 > mz, then: m% — M% C082 26

e /L has the same couplings as would a Standard Model Higgs boson of the

same mass
e ax(—m/2
e A ,H ,H™ form an isospin doublet, and are much heavier than h

H:I:
Isospin doublet Higgs bosons A
A H

Mass
SM-like Higgs boson h
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MSSM Higgs couplings to gauge bosons and fermions

At tree level: Higgs interactions are flavor diagonal

Higgs-Gauge Boson Couplings coming from (D, H;)* D" H,
hZZ, hWWW, ZHA, WH*H — sin(8 — a) Normalized to
HZZ, HWW, ZhA, WH*h — cos(3 — a) SM couplings
Higgs-Fermion Couplings:
H, couples to uu and H; couples to dd and leptons
(h,H,A) uu — cosa/sin3, sina/sinB3, 1/tang

(h,H,A) dd/ITl~ — —sina/cos3, cosa/cosf, tanp

— tanb enhanced
Htb o<|m,cot P, + m, tan P, |V, H1t'v_ecm tanP, —~ ( )

Normalized to
SM couplings
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Higgs Spectrum

e The two Higgs doublets carry eight real scalar degrees of freedom.

e Three of them are the charged and CP-odd Goldstone bosons that
are absorved in the longitudinal components of the W and the Z.

e Five Higgs bosons remain: Two CP-even, one CP-odd, neutral
bosons, and a charged Higgs boson (two degrees of freedom).

e Generically, the electroweak breaking sector (Goldstones and real
Higgs) is contained in the combination of doublets

$ = cos BHy + sin BiTo H,,
such that < ¢ > = v

while the orthogonal combination contains the other Higgs bosons
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Quantum Corrections «—> Evolution of Higgs quartic couplings
below the SUSY breaking scale

Parameters that one measures at low energies (large distances) are not the
fundamental ones, and they are modified by quantum corrections

Example: consider a charge in the vacuum, it polarizes the vacuum by
inducing production of virtual particles/antiparticles that screen the charge

Same with couplings and masses: RG equations allow to relate
fundamental parameters to those at low energies

Wednesday, April 10, 2013



Large tan (3 Limit

Given that my = hsvo and my = hpvy

|

vo large keeps h; perturbative

e If one makes h; large, of the order of h;, tan 5 is about 50
e For this limit to happen m3 ~ 0.

e Then, the doublet Hy contains the Goldstone modes and the
“physical” SM-like Higgs boson, while H; contains a scalar, a
pseudoscalar and a charged Higgs boson.

e Physical Higgs mass (m3 = —M%/2)

m; = 20> = M2
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Radiative Corrections to the MSSM Higgs Masses

Important corrections due to incomplete cancellation of particles and sparticle effects.
Mainly top & stop loops and sbottom loops for tanb > |0

e The RG evolution of \s is given by with ¢ = log(M?2;,6y/Q?).
dA 3
B ) Naemem

e For large values of tan 0 = vy /vy, the Higgs Hs is the only one
associated with electroweak symmetry breaking.

e The Higgs boson mass is approximately given by m? = 2\v?
3ms M? X? X?
m’QZZM%+4 Qt [log (—*;7(/]23}/>+—t <1 L )]

2 2 o 2
v - MSUSY 12MSUSY

[ e AN\

M3, ¢y — averaged stop squared mass X; = A; — p/tan 8 — stop mixing parameter

Log terms from RG evolution and A: terms from threshold effects at Msusy
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Top and Stop contributions to Higgs quartic couplings

Hs Hs Ho o Hs,
~ // \ y . .
s i D N These diagrams provide
t t
N\ /4 1 4 . . .
B2 v the dominant logarithmic
,‘ I . .
RN contributions below the
fur, & ! B stop mass scale.
-7 S y H \‘
H, Hjy-~ "H 2 If both masses were equal

the log will vanish

Stop Threshold contributions to Higgs quartic coupling

Hoy
- H
\\\htAt H2 ~ H2 //2 . .
U0 R ~o U - These diagrams provide
LS~ 2 L heAgr======" ThiAr the threshold corrections
Ul \\/t’ I !
@V, Ea Q! | after decoupling of the
1 // \\ | 1
- . top quarks superpartners
/?;/:4(]7@ H2 htAt ________ :\htAt P q P P
/// b /// U \\\\HQ
_liﬂz -fiﬁz
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Additional effects at large tan beta “ H, R
from sbottoms: .
S - r
h; ut L :
Am} ~Q=> L.
1612 Mgusy , b, T E
. L H o"’ --------- -~~“~
with  hp =~ I* .
vcos B(1 + tan SAh,) ~Hay

receiving one loop corrections that depend on the sign of ,uMg

hiy? et
. 2
and staus: Amj —e4é1r2M§
. m .
th h, ~ L Dep. on the sign of UM
W voosB(1+ tan k) T on ot

Both corrections give negative contributions to the Higgs mass
hence smaller values of ¢ and positive values of uM, and uM,
enhance the value of the Higgs mass

Maximal effect: lower m, by several GeV
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SM-like MSSM Scalar Boson Mass:

140
maximal

120

80

L M.C, Haber,’02

M, = 1755 GeV

Mgygr = My = 1 TeV 4
= —200 GeV

3 10 R0 a0

-'—"1140 T 1 T T 1T T 1T 1T 1 ©
> beS/a Bat aglla Djouaal Mahmoud| Quevi

QD
Q 135

5-
’ 3—

- J_
el oy

Y o W et el
1 Dﬂ_4 -3 -2 -1 1] 1 2

3 4
X,/M

For moderate to large values of tan beta and large non-standard Scalar boson masses

3 m' |1 - 1 (3 -
2 _ g2 2 |2 2
m; =M, cos 23+ 127 2 2Xt+t+16n2 > V2 —32750(3 (Xtt+t )
o 2X] X; _A . .
¢ = log(nggy/mf) X, == X, =A, —u/tan f —LR stop mixing
MSUSY 121‘4SUSY
<130 GeV | (for sparticles of ~ 1 TeV)
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MSSM Higgs Masses as a function of Ma

250 T I T T T T I T T T T I T 9 9 9 . 9, max ‘ 0
| meyimal mixing my cos™ (3 — a) + my, sin®(5 — a) = [my, " (tan 3)]°
| p=-200GeY
| Mgygy = 1 TeV

- sust N o cos?(8 — a) — 1 for large tan 8, low my
0 200 H* (——_—) — | | i
e — H has SM-like couplings to W,Z
]
nw | h  {—=i——=
o :
= - o 5sin?(8 — @) — 1 for large my
4]
%‘3 150 = h has SM-like couplings to W,Z
L L, 30 —
T T { for large tan 3:
F e A ) . . . .
100 (- / ____ e tan g = — always one CP-even Higgs with SM-like couplings to W,Z
P 1o g 1 1 ] 1 | 1 ] 1 2 I 1 1 1 1 and mass be]ow mmam < 135 Gev
100 150 200 250 h ~—=
m, (GeV) +
if ma >m"" —  omy, m;l””'" and  mpy >~ may My nearly degenerate
if my <m"r  — my, 2mgy and  mpy >~ m)tt with m, or my
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Radiative corrections to the Higgs couplings

|) Important effects through radiative corrections to the CP-even Mass matrix

can have relevant effects in the production and decay rates

M, = [ m? sin® 8 + M?% cos? B -(m"j,+M§)sinﬂoosB+

—(m?% + M3%)sin Bcos 8 @ m? cos? 8 + M2 sin? 8 + Loop,,

1Ay

)
AléCSY

4 )i /i hiy?
Loop,; = e a—— A —6‘-&- Ui

57 ain?
16m2v?sin® 8 Méysy | Miusy 1622 4

Radiative corrections to the CP-even mass matrix

affect the mixing angle alpha 5 \/ 5\ 2 )
that governs couplings of Higgs to fermions M/ (TrM ) —4detM

Normalized  Ghua, Hua, Aua — COsc/sin B, sina/sin3, 1/tanp
to SM ones

Invb. Hvb,Abp — —Sina/ cos 8, cosa/cosf3, tan 3 (same for leptons)

If off diagonal elements suppressed/enhanced: same occurs for sinX or cosX
==> suppression/enhancement of SM-like Higgs coupling to bb and TT
leads to enhancement/suppression of BR(h/H to WW/ZZ/yy) for mwyn < 135 GeV
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2) Important vertex corrections to Higgs-fermion Yukawa couplings through
loops of SUSY particles

relevant for large tan 3 > 20,

and can induce important flavor changing neutral and charged current effects

Recall:
In the SM, in the mass eigenstate basis, the Higgs interactions are flavor diagonal

Two Higgs doublet Models:

: : — Dij ok 10k
Yukawa interactions ==> d .(hy, ¢/+h,, ¢,) d, . *
¢1 = €;jH] Q2 = Ho
Different v.e.v.'s ==> m) =h] v, +hj,v,
Diagonalization of the mass matrix will not give diagonal Yukawa couplings

==> will induce large, usually unacceptable FCNC in the Higgs sector
Solution: Each Higgs doublet couples only to one type of quarks
==> SUSY at tree level

==> poth Higgs doublets couple to the up
and down /lepton sectors

After radiative
corrections:
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The neutral Higgs sector: radiative corrections induce FCNC

_Leﬁ. — C_Zghd [¢10 + ¢§ (éO + éYh:hu)]dZ + ¢gﬁlghuu2 + h.C.

0 / \ - Y € loop factors intimately

- hé - . h o, connected to the structure of
PN "Ry the squark mass matrices.
i i hur':: 3 hd

dy, g dr dy, B; ﬁf dp

* In terms of the quark mass eigenstates

L= VLZ (tan B’ — cbg*) A M, [VE RV, ]d + ...
_ 2 . . 33 _
and R= 1+ gtanf+¢, tanfh, = R diagonal with R =1+A,
Dependence . 2 1M, . UA
onSUSY —» &~ v
3T 2 2 2 2 2 2,2
parameters max[mﬁf’mcié’Mg] l6m maxlmﬂ 1 M ]

Higgs Physics strongly connected to flavor physics and to the S}J”o(Y mechanism.
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Flavor Conserving Higgs-fermion couplings
Looking at large tanf8 and V2., =1

m,tanf3 .~

=1
~Ltanp & d.M,—d, +h.c.= dpd, +hec.

—L
eff v, R (I+A,)v 1
~
R” =1+(g, +€&,h’ )tan B = 1

In terms of the Higgs ¢, =—sinah +coso H +i sin8 A
mass eigenstates: ¢, =coscth +sinoH - icosf A

and at large tanf3, m, > m,

cosa = sinf3; sino =—cosf3

m, tan 3
»  (8avy = 8Hpp = (I—T—A )
b

v

destroy basic relation

A I<<IA = = =m_tanp/v| —»
‘ T‘ ‘ b‘ Sar = Enm £ B/ 8t oo/ &arst = & M, [T,
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In general, Higgs -third generation fermion couplings

Ling = — Z [ghqqhch + 9HqqHqq — igAqchj’y{—;q} + [EgH_tgtH_ + h.c.] .
q=t,b,T
m 1 Aht my |: 1 i| }
LT ~ — cot 1 — t P —t P
JH~tb { v & { 1+ A hy anﬁ} R an 1+A,)] "

those involving

bottom quarks | g, ,; ~ - c_ozi;ﬁfﬁw (1 — Ap/tanatan f)

CcCos o my,

9H b = 3 cos B(14+Ay) (

1 — Ay tana/ tan 3)

gavy = 'U(1+Ab) tanﬁ

e strong suppression of coupling of hbb coupling if

tana ~ A/ tan — g =0 5 gnrr 2 —7 A, (similar for H)

— main decay modes of SM-like MSSM Higgs: bb ~80% 177 ~7—-8%
drastically changed —> other decay modes enhanced

—> Higgs phenomenology at colliders revisited!!
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Given the Discovery of a SM-like Scalar boson particle with
mass ~ 125 GeV

* Do we still expect SUSY (some type of low energy SUSY) ?
* If yes, what does it imply for SUSY models?

large mixing in the stop sector
or
new matter or gauge superfields

Both alternatives have important implications
for the Higgs production and decay rates

They also have implications for the flavor-Higgs connection within assumption of
MFV at the SUSY breaking scale

DM constraints less strongly correlated since predictions depend strongly on
gaugino soft masses, not very relevant for Higgs rad. corrections.
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Soft supersymmetry Breaking Parameters in the MSSM

A, and m; for 124 GeV < mj, < 126 GeV and Tan g = 60

500 s

A (GeV)

—— m;(GeV) R0 JY
500 1000 1500 2000 2500
mop, (GeV)

M. C,, S. Gori, N. Shah, C.Wagner 'l |
+L.T.Wang ‘12

Large stop sector mixing
At > 1 TeV

No lower bound on the lightest stop
One stop can be light and the other heavy
or
in the case of similar stop soft masses.
both stops can be below 1TeV

Large mixing also constrains
SUSY breaking model building

Similar results from
Arbey, Battaglia, Djouadi, Mahmoudi, Quevillon ’| |
Draper Meade, Reece, Shih’| |
Shirman et al.
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Can departures from the SM in the production/decay rates at the LHC
disentangle among different SUSY spectra?

The event rates: Bo(pp = h = Xsm)=o(pp — h)

e All three quantities may be affected by new physics.
 |f one partial width is modified, the total width is modified as well, modifying all BR’s.

T T T lgg
\s=7TeV ¢

o(pp — H+X) [pb]
o

—
IR 4 LA

107

102k

1 ! L L L . L L L
100 200 300 400 500 1000
M, [GeVT

* Main production channel:

Gluon Fusion

Main/first search modes:
decay into yy/ZZ/\WW

—

Higgs BR + Total Uncert
o

—
=
N

10°

How much can we perturb the gluon production mode?

Is it possible to change WW and ZZ decay rates independently?

P(h — Xsm)

1_"cotal

1 Ll ALl
LHC HIGGS XS WG 2011

100

200 300 400 500

Can we vary the Higgs rate into di-photons independently from the rate into WW/ZZ?

Can we change the ratio of b-pair to tau pair decay rates?

M, [GeV]
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Possible departures in the production and decay rates at the LHC

¢ Through SUSY particle effects in loop induced processes

g ~sosrseer.  Squarks squarks and sleptons s
N

S
|

| ;j>--*--- H

I -

g 0999000~~~

% Through enhancement/suppression of the Hbb and Htt coupling strength
via mixing in the scalar boson sector :
This affects in similar manner BR’s into all other particles

“*Through vertex corrections to Yukawa couplings: different for bottoms and taus
This destroys the SM relation BR(h —=»bb)/BR(h> t1) ~ mp?/m:?

“*Through decays to new particles (including invisible decays)
This affects in similar manner BR's to all SM particles

Wednesday, April 10, 2013



Gluon Fusion in the MSSM

Light stops can increase the gluon fusion rate, but for large stop mixing X

as required for mh~125 GeV mostly leads to moderate suppression
[light sbottoms lead to suppression for large tanf]

my, =125 GeV, my =1TeV, A, = 0.5 TeV, tan 8 = 60 5 m% ) 5 9
2.0 ‘ ‘ ‘ ‘ ‘ ‘ i
0Ay 99 € —5 {mfl +mg, Xt}
mz mr=
t1 12
15
|z Ellis, Gaillard, Nanopoulos '76
? i~ Shifman, Vainshtein,Voloshin, Zakharov’79; MC. Low, Wagner’ 12
T 10
Sol up .
Y & P - If one stop much heavier: mqg >> mu
” t
05§ 7 Admq >| ] and large tanf3
0/.
/ 2 2
L/ ‘ ‘ ‘ ‘ ‘ ; m A
"% 100 150 200 250 300 350 400 5 Afw 9g X —Zt _ _;
m; (GeV) ms e

M.C.,Gori, Shah,Wagner,Wang
See also Dermisek, Low’07. U(gg — h)BR(h — ’77)

Natural SUSY fit: Espinosa, Grojean, Saenz, Trotta ‘|2 0(gg N h)SMBR(h N '7’7)5M < (>)1
Squark effects in gluon fusion overcome o(gg — h)
opposite effects in di-photon decay rate: It < (>)1

PP P 4 o(gg — h)sm
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Higgs Production in the di-photon channel in the MSSM

Charged scalar particles with no color charge can change di-photon rate
without modification of the gluon production process

my=1TeV GeV, A, =0GeV

900 aigg = ) Brih = yy) 165/

o (gg = h)gy Brih = yy)sn
800 MLy = ME;,

tanf= 60

700

—
> Mh = 125 GeV
S o
=
S00
100
400 S
,’, ,, / 0%
’
’
300 ’
200 220 240 2600 280 300 320 340

M. G, S. Gori, N. Shah, C.Wagner; | | +L.T.Wang’12

mis-i-mf-—DL ‘ h,v(A,.oosﬁ-psin)l

2~
Mg [ h,v( A, cos 8 — psin §) Bt Dp l

2

-
0 Apyy X T2 m2
71 T2

(m3, +m3, — x7)

Light staus with large mixing
[sizeable py and tan beta]:
= enhancement of the
Higgs to di-photon decay rate

- up to 50 % with SM-like ZZ/WW -

For a generic discussion of modified Yy and Zy widths by new charged particles,
see M. C.,Low and C.Wagner’|2; for specific connection with light staus: Giudice, Paradisi,Strumia’| 2
MSSM scan: Benbrik, Gomez Bock, Heinemeyer, Stal, Weigein, Zeune’l2

Wednesday, April 10, 2013



Additional modifications of the Higgs rates into gauge bosons
via stau induced mixing effects in the Higgs sector

Important A:; induced radiative corrections to the mixing angle a

l Inbb,hrtr— X —sina/ cos 3
Mstau~ 90 GeV; mn~ 125 GeV

25— : —
o0 my = 90 GeV, tang = 60 ma = | TeV ,/.i
s - — == A,=1500 GeV Yy .
umy — - > 200 | = A=0 GeV ,‘/'
P == A =—1500 GeV ‘

500

1.5

o(gg = h)Br(h - VV)
o(gg = h)Br(h = VV)gy

) oW e mm—— -
500 Br (/i = bb) L 4_
1o Bl' (h — bb)SM

L L i 1 L " 1 L n __
=1000 150 200 250 300 350
m,, (GeV)
= 1500 .

00 800 1000 1200 1400 Values of the soft parameters larger than ~ 250 GeV
my (GeV) tend to lead to vacuum stability problems
M. C. Gori, Shah,Wagner; | | +Wang’|2 Small variations in BR [H to bb] induce

significant variations in the other Higgs BR’s

Similar results for example within pMSSM/MSSM fits:  Arbey, Battagllia, Djouadi,Mahmoudi ’12
Benbrik, Gomez Bock, Heinemeyer, Stal, Weiglein, Zeune’l2
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After SUSY breaking all fermions couple to both Higgs Doublets

!qg-

— _ 7 hdj 3

] dy, e

ghbb,hrr hp - sina + Ahp - cos a L: : R
dy, g dn

can change the relative strength of Higgs decays to b and tau pairs

Modification of the tree level relation between hy+ and mp ¢

}Zb,rt? <:
mp + ~ —— COS 1
b7 \/§ /B
My, + SIN o Ay, destroy basic relation
hbb.h — —
Ihbb, 7T veos B(1 4+ Ay ) tan 8 tan o ghHAbb/ &hH A &My [Ty

M.C. Mrenna, Wagner '98
Haber,Herrero, Logan, Penaranda, Rigolin, Temes 00

Radiative corrections ==> main decay modes of the
SM-like MSSM Higgs into b- and tau-pairs can be drastically changed
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Suppression of the h to taus to h to b’s ratio
due to different radiative SUSY corrections to higgs-fermion couplings

m; = 90 GeV, tanB = 60

m; = 90 GeV, tang = 60 2000 o |
2000+ I T T T T T T T T
i 0.95/ 0.97
1000 | 1000
] L
Br(h - 11
@ ok Br(h — bb) 1 @ oF ( )
- 2 Br (h - bb)SM [ ———— Br (l’l - TT)SM
< , <
| ] 1.1
I 1021 ]
~1000K 7 ~1000
I 1 1.15 |1
000 N N ,
600 800 1000 1200 1400 —2000 A
m, (GeV) 600 800 1000 1200 1400
A my (GeV)

Suppression of di-tau rate
not larger than 10%
due to metastability constraints

M. C., Gori, Shah, Wagner, Wang’|2
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Non-Standard Higgs Production at the Tevatron and LHC

* Important effects on couplings to b quarks and tau-leptons

g b g Gluon Fusion

ASSOCiated ProductiOn ..................... b
------- HA "---- HA _ m, tan 3
| ’ — oparg =
..... - - ( A, )V

b

» Considering value of running bottom mass and 3 quark colors

2
N 9 o(bbA)x BR(A — bb) = o(bbA)  x—ZMP~_ 0
BR(A%bb)=9+(1+Ab)2 = [o1bba)><BR( )=olha),, (1+4,)° (1+4,)°+9
BR(A—1'T)= (1+a,) > = |o(bb,gg = A)xBR(A — 17)=0(bb,gg > A) X tanﬁj
9O+(1+4,) M (1+A,) +9

There is a strong dependence on the SUSY parameters in the bb search channel.
This dependence is much weaker in the tau-tau channel
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MSSM Higgs Boson Searches at colliders

|) Discovery of a SM-like

liggs responsible for EVWSB

must have SM-like couplings to W-Z gauge bosons
and most probably SM-like couplings to the top-quark

2) Search for the non-SM-like neutral Higgs bosons A and H
they have tan 8 enhanced couplings to the bottom quarks
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Benchmark Scenarios for the Search of MSSM Scalar Bosons
with 125.5 GeV signal interpreted as h (or H)

MK scenario (updated with Mguino = [.5TeV, m¢= 1732 GeV)

60 60

m;

ax theo
m, " (no AM, )

50 M, =1255+3 i S0 M, =125.5+3

M, = 125.5+2 M, = 125542

LHC excl. . LHC excl.
40 LEP excl. 40 LEP excl.

20 20

10 10

_______ _ !

200 400 600 800 1000 Theor 200 400 600 800 1000
M, [GeV] No Am; "eory M, [GeV]

Green region favored by LHC observation

Lower bound on tanf3, Ma and M+

M.C., Hei , Stal, Wi , Weiglein ’| 3
(slightly relaxed if Msusy ~ 2TeV) SINEMEYER Stal YYagnen YYeigiein
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Benchmark Scenarios for the Search of MSSM Scalar Bosons
with 125.5 GeV signal interpreted as h (or H)

mr™d scenario (moderate stop mixing scenario)

d
mmo+

mod+
h m, """, M, = 2000

BR < 0.1
LHC excl.
e LHC excl. (M, =200)

° LEP excl.

M, = 1255+ 3

M, = 1255+ 2

e LHC excl.
L] LEP excl.

200 400 600 800 1000
M, [GeV] T~ M, [GeV]
IVI:[L:ier A/H Bﬁ XiXj
Additional Benchmark Scenarios: M.C., Heinemeyer, Stal, Wagner, Weiglein ' 3

Light stops, Light staus, t-phobic and SM-like H with mn ~125 GeV
with interesting phenomenology for the MSSM scalar boson sector
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Many Minimal SUSY models can produce my=125 GEV

Tan g =2

Extra singlet S with extra parameter A

M

N 2 K:A3

2 2 9 2 2 . 9 .
m; = M7z cos” 25 + Av°sin” 20 + rad. corrections

SM + singlet limit

M2 Nv2sin® 28 + M2 cos? 268 Mv(u, Mg, Ay)
B )‘U(Ma MSaA)\) m%’

3000¢

2000

2500}

= i
(0] L
O, 1500}
é—' L

1000/

500/

ll |
1=0,03,05,06,0.7
/ \

\
s /-\ ‘

m; < 100 GeV

X;/mg

Hall, Pinner, Ruderman’11

NMSSM :At low tan beta, trade requirement on large stop mixing by sizeable trilinear
Higgs-Higgs singlet coupling A\ —+a®re freedom on gluon fusion production

* Higgs mixing effects can be also triggered by extra new parameter A
* Higgs-Singlet mixing ==> wide range of ZZ/WW and Diphoton rates

e Light staus cannot enhance the di-photon rate (at low tanf3 stau mixing is negligible)
e Light chargino at low tanf3 can contribute to enhance the di-photon rate

Ellwanger’ 12; Benbrik, Bock, Heinemeyer, Stal, Weiglein,Zeune’|2; Gunion, Jiang, Kraml ’ |2
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Extensions with extra gauge groups: 125 GeV Higgs mass from D terms
plus chargino contribution to the quartic (plus usual top-stop)

17007
’ SU(2) x SU(2) Extension of the weak interactions

Third generation and Higgs charged under strongly coupled SU(2)

Enhancement of YY rate from new (strong) charginos
(~60% max. to avoid too large Higgs mass)

Huo, Lee, Thalapillil, Wagner’ 12

Models with mixtures of singlets, W’ 2Z’, triplets:
look at specific models

or consider an EFT approach if new physics beyond direct reach

Dine, Seiberg, Thomas; Antoniadis, Dudas, Ghilencea, Tziveloglou
M.C, Kong, Ponton, Zurita

Split SUSY: (no extra light scalars below 100-1000 TeV)
—» diphoton rate constrained to be about the SM value
Arkani Hamed et al.’ |2
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How are mn~125 GeV SUSY scenarios constrained by data?

--- Third generation direct particle searches (stau, stops, sbottoms, charginos)
more experimental efforts needed in these direction

¢+ LHC looks for staus produced through SUSY cascade decays

¢+ LHC looks at long-lived staus
¢+ Interesting channel to look for:

\ W % (pp — T v A
/ 1
\\%M 17 —F 653.&
,,,,, - Dy \
s ~950fb
/ N =

Physical background: Wy*, WZ*Final
Fake background: W+jets

M. C., Gori, Shah, Wagner, Wang

signature:
Lepton, 2 taus,
missing energy

Estimation at the parton
level shows promising
results at 8 TeV LHC

* In principle also pp — ## — (r LSP)(r LSP)can be interesting, but more challenging

1.0f

e Another interesting possibility:
Staus in “light” Stop decays

S
=

f; Branching Ratios

S
o

t1 — byt — bFv

S
)

S
)

S
&

T1bv;

XY Wb

100

150
m; (GeV)

200

250
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How are mn~125 GeV SUSY scenarios constrained by data?

-- Direct searches of other SUSY Higgs particles
more comprehensive searches/decay modes need to be considered

Example:
-- Strong constraints in MSSM on ma-tan beta from A/H to 11, however,
change of analysis/results if other channels open up; A/H to charginos/staus/...

-- NMSSM; many possible Higgs decay chains Hito AA

-- other extensions with different relations among Higgs masses

The channels A/H to hh and H+ to hW+ replaced by h/H to AA and H+ to AW+ in
BMSSM

-- spectra with quasi degenerate Higgs bosons?

* How to disentangle between SUSY Higgs vs 2HDM'’s in the absence of obvious
SUSY partner effects!?
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CP-violation in the Higgs sector:

MSSM: Upper bound on Higgs mass same as in the CP conserving case
Similar requirement on the SUSY parameters
harder to achieve enhanced di-photon rate (?)
Other extensions: CP violation at tree level

Strong bounds on CP phases from EDM’s

Interplay between collider and EDM’s/MDM’s data
(only in model dependent scenarios) !
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The Higgs discovery and
the Higgs-flavor connection in the MFV MSSM
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Mn ~ 125 GeV and flavor in the MSSM

* B, — 7v transition MSSM charged Higgs & SM contributions interfere destructively

b
W 2
g' %) " » _ BR(B, =)™ . ( m, \ tan 3°
¥ ) Vi 7™ BR(B, = 1v)* k m; ) (1+ ¢, tan B)
607 “““““““““““ 7 3y
: (b) (@) (©) Bu — TV :
50} ] | B5°
| mu=4, 1, -1.5TeV ol 2a w M, s ha] i
40} 0 37 max[mgi,mgi’Mg] // \ -
1 2 dL § dl! R
% |
= 305
; Independent on stop mixing
20) Almost independent of
7 SUSY breaking scale
10§ it became less powerful than direct
Heavy Higgs searches for large tanf3

200 400 600 800 1000 1200

M, (GeV)
Altmannshofer, MC, Shah,Yu ’12.
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Mn ~125 GeV and Higgs-flavor connection in the MFV MSSM

Altmannshofer, MC, Shah,Yu '12

Bounds from Bs —u*u- Bounds from Bs —Xs y
60

50

40

tang

30

20

10

1000 1200

200 400 600 800 1000 1200

M, (GeV)

SUSY effects intimately connected to the structure of the squark mass matrices
Positive values of At less constraining for sizeable ma and large tan beta
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Low Energy Supersymmetry

If SUSY exists, many of its most important motivations
demand some SUSY particles at the TeV scale
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Unification of Gauge Couplings

Renormalization group evolution — allows to study the scaling of the gauge

couplings with energy doi a2 o; = g7 /4m
dinQ? ~ 4rm b; = (8 function coefficient
oz(Q)‘ - Abelian theories: 0, >0

Are only consistent as an effective theory
up to a cutoff scale

Non-Abelian theories: (May have 5, <0 )
May be asymptotically free at large energies,
but strongly interacting at small ones.

P———.-—-——.—.-

-
2 1’ == — 1 H '
Aqed A R >at A, =300MeV color is confined!
11 1
boep =——No+=N,==7 Ny;=3x 4
oep 3 ¢ 3 ! gen, LtR,LtLH:lR,dL

In the SM, U(|) coupling is non-asymptotically free but it blows up above Mg
All couplings seem to converge but quantitatively it does not work!
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Unification Conditions

Given the 3 RG equations for ¢; and assuming they unify at a
common value @guT at a scale Mgur

_ f— —_— n
aqQuT OéfL'(MGUT) Ozi(Mz) 47’( M%
1 1 27T
GuT 633]9 [(&1(Mz) &Q(Mz)> b1 — bz] z

1 ( b — bg) 1 bs — bo 1
— (14 .
as(My) bo — b1 ) as(Mz) by —by ar(Myz)

Depending on the specific model that defines the values of the b; coefficients,

the unification condition gives a specific relation between

Oég(Mz) and SiIl2 (gw(Mz) = an/ (OzigM + Ong)
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Rules to compute the beta function coefficients

The one loop coefficients for the U(1) and the SU(N) gauge couplings
are given by (recall Q =Tz +Y)

5) 2 1
AR DI AS DI

1IN n n 2N
4+ L5 — N A

b —
N 3 T3 T T3

Ys are the hypercharges of the chiral fermions and scalars fields
nis are the number of fermions and scalars in the fundamental
representation of SU(N), and na is the number of fermions in the adjoint

The factor 5/3 is for normalization so that over one generation:

Tr(T°T?) = gTr[Yg]
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One can compute the coefficients both in the SM and in the MSSM and obtain

41 19
bSM _ bSM _ Y bSM — 7
! 10 2 6 J
b{WSSM _ § béWSSM —1 béWSSM — _3
5
bs — 0o\ 1 3 1 1 1
(3 2) _1. 3 1 ~ 15! ~ 8.5
bg—bl 2 109 2 C¥3(Mz) Oég(MZ) exp

Although qualitatively possible, unification of couplings in the SM is ruled out !

Instead, in the MSSM

All done at one loop:
! two-loop corrections give

be — by \ MSSM ¢
< 3 2) _ > ~ 8.5 slight modifications
bo — by 7 CVS(MZ)

Mayr ~ 2 x 101°GeV
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SUSY particles at the TeV scale allow Unification of Gauge Couplings

SM: couplings tend to converge MSSM:
at high energies but unification Unification at Qg = 0.04
is quantitatively ruled out and M. ~ 1016 GeV
Tol vm Y e———
50 | | | >~ MSSM (=SUSY)
5 o b | '
30 53 _ S SR .. -
20 20 . il —
N ) FER 05--5"5i""1‘0'-"1;5
‘energy on alog scale) — p log Q _ IEI'eV Ylog Q

Experimentally, ag(My) >~ 0. 118 = 0.004 5, deen M.C.. Pokoreki & Wagner
in the MSSM: avg(My) = 0.127 — 4(sin” Oy — 0.2315) £ 0.008

Remarkable agreement between Theory and Experiment!!
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Electroweak Symmetry Breaking is generated radiatively

mSUGRA (CMSSM) example:

Renormalization group running of the soft SUSY breaking parameters starting
with common values mo and M, for sfermion and guagino masses, respectively

Gaugino masses M, Mo, M3y

Slepton masses (dashed=stau) E ) il
Squark masses (dashed=stop) % .

= N _
Higgs: (m%{u i M2)1/2, 200_ _

(m%—ld _|_IU’2)1/2 _________ 3 N

sleptons

6 8 10 12 14
Log, ,(Q/1 GeV)

Electroweak symmetry breaking occurs because m%{u + ,u2 runs negative near

the electroweak scale. This is due directly to the large top quark Yukawa coupling.
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Low energy Supersymmetry

® SUSY is well motivated on purely particle physics grounds
% Stabilization of the electroweak scale
% Radiative breaking of the EW symmetry
#* Unification of Gauge Couplings

® SUSY and Cosmology :

¥ Dark Matter :>

SUSY with R-parity discrete symmetry conserved —» R, =(=1)""""*

naturally provides a neutral stable DM candidate: LSP —p ¥

The LSP annihilation cross section is typically suppressed
for most regions of SUSY spectrum —» too much relic density

Cosmology excludes many SUSY models!

3% Baryon Asymmetry —
= New CP violating Phases can arise when SUSY is softly broken

» Electroweak baryogenesis possible in Minimal SUSY SM extensions

Can SUSY explain both Mysteries of Matter?

Wednesday, April 10, 2013



Cosmology data «»Dark Matter «» New physics at the EW scale

Being produced

Evolution of the Dark Matter Density i
and annihilating

>
S _ o (T2m,) Interactions

Heavy particle initially in thermal equilibrium - i/ 1 suppressed (T<m,)

- Annihilation stops when number density drops oo PXX N / —
H > FA = n% < GAV > "? iz:r XX _> ff /Increasing <o,v> 1

g 10"5 ' :

* i.e., annihilation too slow to keep up with 2 10 \L ________ 3
Hubble expansion (“freeze out”) E;Zﬁ \L ________

- Leaves a relic abundance: ] ~ ¢
QDMh = < GAV> 10-";- NEQ 1

: : ‘°"°§: olb and Turner :
If m, and ¢, determined by electroweak physms,l torw e nnd

x=m/T (time -)

o, = ko, /mi=afewpb thenQ,, h?~0.1for m ~0.1-1 TeV

Remarkable agreement with WMAP-SDSS —(Q, 4° = 0.104 £ 0.009
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Dark Matter density strongly restricts viable models:

-- CMSSM example --

Only green regions allowed

.|_
X W focus point

Focus point

region
mixed neutralino

rapid annihilation

funnel

=
s

co—annihilation region

|
- I 2, \\\
J Charged LSP
| ‘
|

my,

Bulk region
light sfermions

Funnel region
mg ~ 2m.,

Co-annihilation

region
degenerate
LSP and stau

X\_’L/T

7/

~ , "0.
T Y
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Baryon Asymmetry Preservation at the Electroweak Phase Transition

Kuzmin, Rubakov and Shaposhnikov, '85-'87
. - — Cohen, Kaplan and Nelson 93 Riotto, Trodden’99
* Start Wlth B_L_O at T>TC M.C, Quiros, Riotto, Vilja, Wagner, Moreno,Seco97-02

 CP violating phases create chiral baryon-antibaryon asymmetry in the symmetric
phase. Sphaleron processes create net baryon asymmetry.

* Net Baryon Number diffuse in the broken phase

If ny, # 0 generated at Tc

ny _ng(T}) exp| — 10" exp _Esph(TC)
s s T.(GeV) T

C

To preserve the generated baryon asymmetry:
strong first order phase transition:

v(T.)/T.>1 Shaposhnikov '86-'88

Baryon number violating processes (

out of equilibrium in the broken phase

<0>x0 <Op=>=0

Bubble Wal] =~
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Finite Temperature Higgs Potential

V=D(T’-T;)H*+E_,,TH’+ /(T) H*

/
A Wy
Vcll /
¢+ D term is responsible for the phenomenon of
symmetry restoration o /
+ E term receives contributions proportional to the =~ — < ot
. . 0
sum of the cube of all light boson particle masses |
v(T.) E , m; T<T.
and ( C)z — , with Aec—
T v

Since in the SM the only bosons are the gauge bosons and the quartic coupling
is proportional to the square of the Higgs mass

v(T,)
T

c

>1 implies m, <40 GeV = ruled out by LEP

* Independent Problem: not enough CP violation

Farrar and Shaposhnikov, Gavela et al., Huet and Satter

Electroweak Baryogenesis in the SM is ruled out
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Electroweak Baryogenesis in the MSSM : is it possible!?

New bosonic degrees of freedom: superpartners of the top quark, with strong
coupling to the Higgs = Egsy =8 Eg,
Sufficiently strong first-order phase transition to preserve the generated baryon asymmetry

m, < 10° TeV
120 T T T T T T T T T T
- | | | The window with (¢(T,)) /T, > 1
Br . c R for a gluino mass M3 = 700 GeV
N -
= B
CD 105 — F b ]
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Invisible Higgs decay into neutralinos must be open to compensate for enhanced gluon
fusion rate for light stop

CP violation in the Higgsino/Gaugino sector needed to generate the baryon asymmetry
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Conclusions:
The Higgs discovery is of paramount importance
but
We need more precise measurements of Higgs properties
and/or
direct observation of new physics

to further advance in our understanding of EVWSB
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