Introduction to Supersymmetry and MSSM. Rohini M. Godbole

Corfu Summer Institute. Corfu, Greece, Aug-Sep 2010. page 1



Introduction to Supersymmetry and MSSM. Rohini M. Godbole

Introduction to Supersymmetry and MSSM

Rohini M. Godbole

Indian Institute of Science, Bangalore and CERN, Geneva
rohini@cts.iisc.ernet.in

Based on:
M. Drees, R.M. Godbole and P. Roy,
Theory and phenomenology of sparticles, World Scientific, 2005

Corfu Summer Institute. Corfu, Greece, Aug-Sep 2010. page 2



Introduction to Supersymmetry and MSSM. Rohini M. Godbole

&

<>

Y%
<
Y%

&

Current state of play in HEP. SUSY: why it is the Standard
Beyond the Standard Model Physics ideal!

Hierarchy problem : Raison de tré for SUSY?

SUSY algebra, Superfields, Construction of Supersymmetric
LLagrangians

MSSM, Higgs sector, Softly broken SUSY.
Connection of high scale physics to LgopT
Connection of parameters of Lgopr tO phenomenology

Current colliders and MSSM?
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Introduction to Supersymmetry and MSSM. Rohini M. Godbole

There is a lot that is soo...right with the SM and there is

a lot that is not so right!

Supersymmetry is an attractive cure for some of the

iis!

The idea of SUSY is theoretically so appealing that even
if SUSY had not provided this cure, theorists would have
still explored it. But because it does do so, it is likely that

it is realised at the TeV scale and hence relevant for the
LHC :-)
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Introduction to Supersymmetry and MSSM. Partial list of references

SUSY:

1) J. Wess and J.A. Bagger, Supersymmetry and Supergravity, Prince-
ton University Press, 2nd edition (Princeton, 1993).

2) P. West Introduction to Supersymmetry and Supergravity, World
Scientific (Singapore, 1990).

SUSY + MSSM + Colliders + DM expt + Cosmology

3)S.P. Martin, Supersymmetry primer: 9709356v5. Also in Perspec-
tives of Supersymmetry, edited by G. Kane et al.

4) M. Drees, R.M. Godbole and P. Roy, Theory and phenomenology
of sparticles, World Scientific, 2005.

5) H. Baer and X. Tata, “Weak scale Supersymmetry: From super-
fields to scattering events,” Cambridge, UK: Univ. Pr. (2006) .
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Introduction to Supersymmetry and MSSM.

The SM works very well

see http://lepewwg.web.cern.ch

Measurement Fit |jo™meas _ofit )y gmeas

(©) 1 2 3
m_ [GeV] 91.1875 + 0.0021 91.1875
. [GeV] 2.4952 + 0.0023 2.4958
op.y [Nb] 41.540 = 0.037 41.478
R, 20.767 = 0.025 20.743
A 0.01714 = 0.00095 0.01644
AP 0.1465 = 0.0032 0.1481
R, 0.21629 + 0.00066 0.21582
R, 0.1721 + 0.0030 0.1722
ALP 0.0992 + 0.0016 0.1038
AL:C 0.0707 = 0.0035 0.0742
A, 0.923 + 0.020 0.935
AL 0.670 = 0.027 0.668
A(SLD) 0.1513 + 0.0021 0.1481
sin“elSPY(Q,,) 0.2324 + 0.0012 0.2314
m,,, [GeV] 80.399 + 0.025 80.376
rw [GeV] 2.098 = 0.048 2.092
m, [GeV] 172.4 = 1.2 172.5

July 2008 (@] 1 2 3
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Introduction to Supersymmetry and MSSM.

The expts want Higgs to be light!

What do the EW precision
measurements mean for the
Higgs?

The loop corrections depend
on the Higgs mass. Since
that is the only unknown
these measurements indi-
rectly constrain the Higgs
Mass.

If all the current information
IS put together the Higgs
mass should be less than
150 GeV. (indirect exper-
imental limit!). Higgs is
LIGHT.
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Introduction to Supersymmetry and MSSM. Can the SM do it naturally?

Can the SM keep the Higgs ’'light’ naturally?

T heoretical and esthetic issue.

One of the strong motivations for BSM.

SUSY provides arguably the most elegant solution to this
deep problem!
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Introduction to Supersymmetry and MSSM. Reasons for BSM

e Dark Matter makes up 23% of the Universe.!
e Direct evidence for the nonzero v masses (RP violation)

e Baryon Asymmetry in the Universe! (CP violation)

e INstability of the EW scale under radiative correc-
tions.

e Need to get a basic understanding of the flavour problem
e Unification of couplings

SUSY offers attractive solutions to the item 4 and lends almost nat-
urally to 1 and 6. item 2 also can be accomodated in SUSY models.
For item 5, SUSY perhaps does not have any special advantages.
(talks by U. Niereste)
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Introduction to Supersymmetry and MSSM. Why SUSY?

e \Why TeV scale SUSY?

e A possible cold dark matter candidate

e A light Higgs boson consistent with indirect constraints from pre-
cision EW measurements and some more ease in satisfying precision
constraints.

e Unification of gauge couplings

e Esthetic beauty

Most important:

Hierarchy problem and stablisation of Higgs mass at EW scale.
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Introduction to Supersymmetry and MSSM. SUSY : special features

Supersymmetry (SUSY) is a case of experiments and theorists pur-
suing a very pretty theoretical idea, which has eluded discovery so
far!

Particle states classified according to the representation of the Poincare
group they belong to.

A supersymmetry transformation connects ferrmionic and bosonic
states.

Supersymmetry is the only possible extension of the known space time
symmetries of the particle interactions.

Non-renormalisation theorem: a simple statement is that the
vacuum energy does not receive perturbative quantum correc-
tions in a supersymmetric theory.

Supersymmetric quantum field theories are 'natural’ in spite of
the scalars in the theory.
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Introduction to Supersymmetry and MSSM. SUSY : special features

The last two points make it a particularly attractive solution to solve
'one’ of the ills of the SM and ’'stabilise’ the EW symmetry breaking
scale against radiative corrections.

A toy model to explain 'stablisation’ :

L= —)\fhff — )\f?)ff

Consider the corrections to the (mass)2 due to fermion loops.
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Introduction to Supersymmetry and MSSM. SUSY : special features

d*k 1 2m?2
ﬂih(o) = —2)\%/( { /

2m)4 | k2 — m? + (k2 — m?c)2

First term is quadratically divergent and independent of mg. Renor-
malising quadratic divergence gives corrections proportional to loop
factor Xm% (for GUTS 1032GeV?).

mg required to be bounded above by unitarity argument and hence
less than 1 TeV. Small mg not "'natural’ and thus destabilised by loop
corrections away from the EW scale.

Thus fine tuning to one part in 102% if we have GUTS.
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Introduction to Supersymmetry and MSSM. How to cure it?

Cure provided by SUSY:

W. Fischler, H.P. Nilles, J. Polchinski, S. Raby and L. Susskind, Phys. Rev. Lett. 47 (1981) 575;

R. Kaul and P. Majumdar, Print 81-0373 unpublished and Nucl. Phys. B199

Add two complex scalar fields and hence additional interaction terms
between these and h.

Lz, = MloPUTLI® + 1TrI?) + OpApefL IR 4+ h.c)
1. ~ ~ ~ ~ ~
= AT + TRl + o3 gh(IFLl? + | FRI%)

h r rx
+ﬁ()\fAffoR +hc)+---.
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Introduction to Supersymmetry and MSSM.

How to cure it?

h h h -~ S h h . . h

fL,R fR,L

T he contributions due to fermion loops
are cancelled by those from the scalar
loops, if certain conditions among the
couplings are obeyed, along with equal
masses of the scalars and the fermion f.

SUSY gurantees the equalities and
thus Higgs mass will not be desta-
bilised by loop corrections.

Quadratic divergence
cancelled if

T 1\2
Ap = —Af
Independent of me’mfR’Af

In addition logarithmic di-
vergence also cancelled if
mg, = my and
Af = 0.

p— m~
fr

Corfu Summer Institute. Corfu, Greece, Aug-Sep 2010. page 15



Introduction to Supersymmetry and MSSM. How to cure it?

As long as A\; = —)\]%

o If m g = mg o= Mg A # 0, the loop corrections have a logarithmic
divergence. Renormalise.

e The loop corrections to mass then should be of the order (TeV)?
if the scalar has to be 'naturally’ light.

e Some symmetry should gurantee the equality of couplings!
e Criticism: introducing more particles to cure the problem!

But this is not the first time we did it. Recall the positron
which was postulated due to the space time invariance.... Also
cured a divergence.
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Introduction to Supersymmetry and MSSM. QED: self energy of the electron

Analogy : highlighted by Murayama : hep-ph/9410285, hep-ph/0002242.

Correction to electron mass due to self energy:

3 0.86 x 10~ Ometers
Egle‘hc = 5(62/4777“6) = 1(M€V/62) ( - )

Smaller the value of r. more the fine tuning needed to have the
physical mass of 0.511 MeV.

If re ~ 10— 17 meters, fine tuning of the elecron mass to one part in
100.
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Introduction to Supersymmetry and MSSM. Self energy in QED

1.1 (a) 1.1 (b)
2
quant. __ 3e“me
Eself — m In(me'r'e)

Linear divergence cured by positron contribution to logarithmic diver-
gence. Lorentz invariance reduced the degreee of divergence.

Proportional to me which is 'naturally’ small due to chiral symmetry!

Even with replacing re by Ap; = M;ll, the Quantum correction will
be only 10% of me.
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Introduction to Supersymmetry and MSSM. Supersymmetry

Supersymmetry transforms Bosons to Fermions and vice versa.
Q|boson, fermion) = |fermion, boson)
Q is an anticommuting spinor.

Easy to check:

[Q, M,w] # 0 where M, are the generators of the homogeneous
Lorentz group

Form of theory restricted by Haag [Lopuszanski, Sohnius extension of
the Coleman-Mandula theorem.
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Introduction to Supersymmetry and MSSM. SUSY algebra

Poincare algebra gets extended:

[Qa, Qpl+ = —2(4*C)qpPu,  [Qa, Pu] = 0
(M, Qal = —(Zw)apQpb,  [Qa, Bl = (75)ap Q0

a is the spinorial index, R is the additional U(1) invariance that the
algebra has.

Schematically,
[T;,Ql = [T;,Q1] = 0

1; are generators of the gauge group.
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Introduction to Supersymmetry and MSSM. Supermultiplets

Single particle states of this theory are described by irreducible repre-
sentation of this algebra, called supermulitplet.

P, and gauge generators commute with Q.

All members of a supermultiplet will have the same (mass)? and gauge
quantum numbers for unbroken supersymmetry.

SUSY breaking will split the masses of different members of a given
multiplet.

The number of fermionic and bosonic degress of freedom should be
equal in a given supermultiplet.

Will mention only chiral(matter) and vector (gauge) supermulitplets

here.
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Introduction to Supersymmetry and MSSM. SUSY Notation

Physical interpretation of scalar field: spin = 0 and

o(x) :  particle
#'(z) : antiparticle
1

Physical interpretation of spinor fields: spin = 5 and
E4(x) : left-handed fermion
ftzl(w) = (£4(z))T:  right-handed antifermion
€4(x): left-handed antifermion

EJL-‘(:U) = (EA(:I:))Jr . right-handed fermion
Physical interpretation of vector fields:spin = 1 and

A, p(z):  particle
(AAB)T(a:) . antiparticle
A 1 denotes complex conjugation but a denotes an independent
field.

SUSY : bosons and fermions belong to the same multiplet.
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Introduction to Supersymmetry and MSSM. Supersymmetry : free fields

Consider the free massive action for a complex scalar and a Majorana
fermion of the same mass:

L= 0up "l —m2p ¢l + Leohd, el — D(ee+¢lel)
This action is invariant upto a total derivative under the infinitesimal
variations:

0Q €&
6§ = —iolou¢ el — mqu €

where € is a (constant) anticommuting spinor.

This is a (free) supersymmetric theory with the physical fields ¢, £ of
a chiral multiplet.

Note that the propagating degrees of freedom are 2 bosonic + 2
fermionic, equality being a precondition for supersymmetry.

Use of auxiliary fields necessary so that algebra closes off shell as well.
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Introduction to Supersymmetry and MSSM. Superfields

To discuss Supersymmetric theories with interactions necessary to
talk in the Superfield language where SUSY is manifest.

For this, adjoin to the spacetime coordinates z* the anticommuting
. ]LA
coordinates 6 4,0' .

A general superfield is a field f(z,0,607) depending on all the coordi-
nates (commuting and anticommuting) of superspace. and will be
a Taylor expansion in H,GJr with a finite number of terms. A given
superfield will involve lots of ordinary fields with different spins.

Combined invariance under SUSY and Lorentz transformations means
the superfields need to satisfy some constraints.

Two types of Superfields: Chiral Superfield and VVector Superfield.
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Introduction to Supersymmetry and MSSM. Superfields

The Taylor expansion of a chiral superfield is:

D(y,0) = ¢(y) + V20£(y) + 00F (y)

where y# = zH — i9oH67.

If £ represents a conventional fermion (quark/lepton) then ¢ will be
a sfermion (squark/slepton).

Similarly the Taylor expansion of a vector superfield in the Wess-
Zumino gauge is:
V(z,0,0") = 00"0TA,(x) + 000\ (z) + 07070 (2)
+ 1000'0TD(x)
Since A, is a gauge field A is a gaugino.

Vector superfield written in Wess Zumino gauge, using the Gauge

transformation freedom.
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Introduction to Supersymmetry and MSSM. Superfields

Thus a chiral supermultiplet contains fermions and their scalar part-
ners and vector supermultiplet contains the gauge bosons and the
gauginos.
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Introduction to Supersymmetry and MSSM. Supersymmetric Lagrangians

Supersymmetric Lagrangians: For this we need the rules for integrat-
ing over anticommuting coordinates:

/d9191=/d9292: 1

/d91=/d92=0

and similarly for the dotted coordinates.

Define d0 = 2df;df,. Then:

/d29 06 = /%d@ldQQ 260,01 = 1
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Introduction to Supersymmetry and MSSM. Supersymmetric Lagrangians

Under the supersymmetry transformations we described, the F-term
of a chiral superfield and the D-term of a vector superfield transform
as total derivatives. Therefore their variations vanish under [d*z.

Prescription for generating Supersymmetric actions is simple: fd29
on a chiral superfield, and fd29d29T on a vector superfield, pick out
the “last” terms (F-term and D-term respectively).

Combining the above facts, general actions of the form:

/d4xd29 (chiral superfield), /d4xd29d2m (vector superfield)

are automatically supersymmetric.
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Introduction to Supersymmetry and MSSM. Example Free field

e As the canonical dimension of 6 is —%, and that of a chiral super-

field @ is +1, one possible free (quadratic) action is:
Sh =/d4xd29d2m oyt 67 by, 0)
where recall that y# = z# — ifoH67.
e First shift y#* — z* in the integrand under fd4:v and thereby re-
move the of dependence. After this, ifd29 picks out the term

proportional to 660 as desired. With the equation of motion of an
auxiliary field, we arrive at the familiar action:

5= [d*e {0,006 — mPo ot + ot Buel — Blee + &1 e
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Introduction to Supersymmetry and MSSM. Interactions?

e [ he payoff is that we can now generalise this to an interacting
supersymmetric action.

e For a set of chiral superfields ®* i =1,2,---,n, the most general
action is:

S = /d4m 440 K (o, o) + /d4:c(d29 W(DY) + c.c.)

e Here K is an arbitrary real function of &% &1t called the Kahler
potential, and W is an arbitrary analytic function of P alone,
called the superpotential.
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Introduction to Supersymmetry and MSSM. Gauge Fields

Not presented details of writing the free gauge lagrangian as well as
the interactions.

Needless to say gauge invariance gave us interaction of matter fields
with gauge fields, here also gauge invariance and SUSY together,
predict precisely interactions of all the (s)particles with gauge fields
and among themselves.

Important: there are two sources of scalar self couplings and two
sources of the Yukawa couplings.
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Introduction to Supersymmetry and MSSM. Non-renormalisation theorem

In the SM, corrections to the Higgs mass are quadratically divergent.
This is the root of the naturalness problem in grand unified theories.

With supersymmetry, the non-renormalisation theorem says that per-
turbatively, superpotential terms receive no quantum corrections.

As an example, [d26m 2 is uncorrected.

This does not mean there is no mass renormalisation in these theories!
Rather, it means that the mass renormalisation is equal and opposite
to the wave-function renormalisation, which comes from D-terms and
IS logarithmic.
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Introduction to Supersymmetry and MSSM. MSSM

We can now introduce the Minimal Supersymmetric Standard Model
(MSSM).

The motivation, as said before, amelioration of the naturalness prob-
lem.

In the MSSM, all left-handed fermions and left-handed antifermions
of the SM are promoted to chiral superfields:

Li=|( "% )|, E{,Ny; Lo=| "), FEs,No: L= """ |, Es,N
1 <L>’ 1,4V1 2 (L) 2 2 3 (L) 3 3

e 7 T
Qu\ — — Qc\ — — Qi = —
— Ui.Dq1: Qo= Us, Do Q3= Ui, D
Q1 (Qd>’ 1,D1; Qo2 <Q3> 2,Do; Q3 (Qb) 3, D3

We will ignore the existence of left-handed anti-neutrinos N, since
technically they are not part of the MSSM.
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Introduction to Supersymmetry and MSSM. MSSM

The component expansions of these superfields are, for example:

Le(y,0) = &(y) +v20e(y) + -
E1(y,0) = &(y) +v20e(y) +---

The scalar components of these superfields are the left selectron e
and the left spositron e.

Being scalars they do not have a handedness. The term left refers
not to their chirality but to that of their superpartners.

Also, clearly e is not the antiparticle of é.

The antiparticles are found in the anti-chiral superfields:
_L%(yT,GT) = ﬂ(yT) + V20T el (yT) + -
El(yteh) = '@hH+v20tel )+

with &f being the right spositron and ET the right selectron.

Similarly we can write the superfields corresponding to quarks.
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Introduction to Supersymmetry and MSSM. MSSM

e Next we extend the gauge fields of the SM to vector superfields:
Bu(z) — Vy(x,0,0")
Wi(z) — V‘f{/(a:,H,HT), a=1273
QZI(QU) — Vga/(xaeaeT)a a/: 1727"'78

e The SU(2) and SU(3) vector superfields are converted to matrices
Vw, Vg as described earlier.

e [ he component expansions of these superfields contain fermion
partners called gauginos:
Vy (z,0,07) = 00101 B, (x) + 000TAL (2) + 070t 0Xp () + - -
Vi (z,0,0") = 010" W, (z) + 00 HT)JLW(a:) + 0T0T oAy (2) + - - -

® Ap, A\jy; Ag are known as binos, winos and gluinos respectively.
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Introduction to Supersymmetry and MSSM. Higgs superfield

Finally, we need to introduce chiral superfields for the Higgs boson.

e A novel feature of supersymmetry: while in the SM a single Higgs
doublet gives masses to all quarks and leptons, in the MSSM that is
not possible.

e [ he reason is that chiral superfields couple through a complex an-
alytic superpotential.

Thus out of the SM couplings:
~(q-¢) a—f*(q" - ¢h) @
—fD(g- ") d—f*D(ql )
where q is the first-generation quark doublet and ¢ is the Higgs
doublet, only the first line can be promoted to a superfield coupling.

e [ he second line, where ng couples to left-handed fermions, cannot
be made into a superfield coupling.

Corfu Summer Institute. Corfu, Greece, Aug-Sep 2010. page 36



Introduction to Supersymmetry and MSSM. Higgs sector..

e For this reason there have to be two Higgs doublets in the MSSM
(of course there could be more than two, but that would not be the
MSSM).

e One gives mass to the down quark (and down squark) while the
other gives mass to the up quark (and up squark).

e Thus: —f(W(g-p)u — — fW(Qy-Hy) Uy

where H» is a Higgs chiral superfield of hypercharge +1 (like the SM
Higgs). It is also called the “up-type” Higgs.

e Next, introduce a Higgs Hq of hypercharge -1 and couple it by
replacing:

—fD(g-¢Hd — — fDQq-Hy) Dy
Hq is also called the “down-type” Higgs.
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Introduction to Supersymmetry and MSSM. Higgs further

e T he component expansion of the Higgs superfields is:

Hr(y,0) = hy(y) +V20hi(y) +---, I=1,2

and the fermions h; are called Higgsinos.

e The Higgsinos hy and ho are chiral fermions of hypercharges -1,4+1
respectively.

e Being chiral, they contribute to the triangle anomaly for the hyper-
charge, but because they carry equal and opposite hypercharge, the
anomalies cancel out: Y5 YE3 =0

e T his provides an independent reason for two Higgs doublets, and
puts a constraint on extensions of the MSSM.
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Introduction to Supersymmetry and MSSM. MSSM further

e Anticipating the Higgs mechanism, the charge assignments of the

. HY H;
two Higgs doublets have to be: Hi = |, Ho= 0
Hy Hj
e Let the scalar components of the superfields Hy, H> be hi(x), ho(x).
The possible VEV's they can develop, consistent with charge conser-

vation, are: (h1) = \% (Uol> - (ko) = \% <v02>

e It is possible to rotate the fields so that both VEV's are real. Then
we define:
tan g = 22
v1

and this is the important @ -parameter of the MSSM.
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Introduction to Supersymmetry and MSSM. MSSM further

e We have discussed the results of the Higgs mechanism, but not yet
written down the Higgs potential that achieves this.

e Actually, except for a few terms, we haven't yet written down any
interactions of the MSSM!

e Partly this is because of supersymmetry breaking. Because super-
symmetry must be broken in nature, we need to consider interactions
that break it spontaneously or explicitly.

e Supersymmetry breaking will have some interplay with the rest of
the MSSM and in particular the Higgs mechanism.
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Introduction to Supersymmetry and MSSM. MSSSM..

Keeping that in mind, we start by writing down the action of the
supersymmetric part of the MSSM:

Ssusy = Sgauge + Smatter + SHiggs

Here,

1
while

Smatter = /aﬂaC d*0 dzeT(L;‘rngVYY+VWLi + E;'[L;rngVYY_FVWLi + EJ;LGQYVYYEi

_I_QIGQYVYY‘I'VW"'VQQZ. + UJ;LGQYVYY'FVQUZ- + ﬁ];ngVYY‘FVgﬁZ.)
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Introduction to Supersymmetry and MSSM. MSSSM..

e To conclude the SUSY part of the action we write down:
SHiggs = / d*x d?0 d26T(Hle= VY HVw iy 4 Hley VW +Vw my)
—|—/d4:z; d0 Wiussm
where
Wmssm = pHy - Ho — (e)(L Hy) E;
~159(Qi - H1) D, (’“)(Qz Hy) U,

The last three terms in Wyssm are evident from our previous dis-
cussions.

e T he bilinear interaction between the Higgs fields is new. This is the
famous pu-term.
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Introduction to Supersymmetry and MSSM. MSSSM..

e In principle there could be additional terms of the form:
L;-Hz, (Lj-Lj)Ey, (L;-Q;)Dy, U;D;Dy

e However they are forbidden by R-parity, a discrete symmetry under
which 6§ — —6.

e We can assign an R-parity to a superfield. This is equal to the
R-parity of the bosonic components, and minus the R-parity of the
fermionic components. In the MSSM it is natural to choose the
following R-parity assignments:

L’ia E’i) Q’ia U’i) EZ odd
Hy, Hy, Vyy, Vi, Vg even

e T his has the pleasant effect that all known particles have R = +1
while all superpartners have R = —1.

e It is easy to check that all the terms on the previous slide are allowed
by R-parity while all the ones at the top of this slide are forbidden.
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Introduction to Supersymmetry and MSSM. Supersymmetry breaking

e SUSY has to be broken.

e [ he supersymmetry algebra in the rest frame is:
[QA,QT5lL =25 , 5

It follows that:

Qal0), Qizl0) < E=o0.

LHS vanishes if and only if Supersymmetry is not spontaneously bro-
ken.

Supersymmetry breaking is then indicated by a vacuum which is not
SUSY invariant and nonero vacuum energy.

Non renormalisation theorem says that if Supersymmetry is unbro-
ken at the tree level then Supersymmetry breaking term can not be
generated in perturbation theory.
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Introduction to Supersymmetry and MSSM. Supersymmetry breaking

e It is possible to break supersymmetry spontaneously at tree level
using either F-terms or D-terms.

e Let us give an example of each one. The classic model of F-term
breaking is the O'Raifeartaigh model:

W(Pg, P, Po) = Py f1(Pg) + Pofa(Pop)

Here, f1, fo are two polynomials chosen such that f1(®g) = 0, fo(Pg) =
O, do not have a common solution for ®g.
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Introduction to Supersymmetry and MSSM. F—term SUSY breaking

The potential for the scalar components of these superfields is:

Yim01.2 |97 = 1611(60) + 625(60) 12 + [ 11(60)I2 + |f2(d0)

For the vacuum energy to vanish, all three terms in this potential
must vanish.

However the last two cannot vanish together since the relevant poly-
nomials have no common zero.

It follows that the vacuum energy is > 0 and supersymmetry is spon-
taneously broken. There is a massless fermion (“goldstino” ) in the
spectrum.
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Introduction to Supersymmetry and MSSM. F — term SUSY breaking

Note that the auxiliary fields, by their equations of motion, are set
equal to:

and therefore term by term, the potential above can be written:
[Fol? 4 |F1|? + | F>|?
Now we have just shown that at least one of Fy, F> develops a vev,

thereby illustrating the general principle that spontaneous supersym-
metry breaking is signalled by a vev of the auxiliary field.
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Introduction to Supersymmetry and MSSM. D-term SUSY breaking

Next we consider a model of D-term breaking.

Consider a theory with an Abelian gauge field and a single chiral
superfield ® of charge t = 1. Because of this choice Now the scalar
potential comes from the D-term, and is:

T+ g9T$)?

If n > 0, the vacuum configuration is ¢ = 0 and the vacuum energy
IS positive, so supersymmetry is spontaneously broken.
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Introduction to Supersymmetry and MSSM. D-term SUSY breaking

On the other hand if n < 0, the vacuum configuration is any ¢ satis-
fying

9o = .
In this case the vacuum energy is zero, and supersymmetry is unbro-

ken. However, since ¢ gets a vev, the gauge symmetry is sponta-
neously broken.

This illustrates an amusing, and generally complex, interplay between
supersymmetry and gauge symmetry.
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Introduction to Supersymmetry and MSSM. Some comments on SUSY breaking

e It is possible to break supersymmetry spontaneously at tree level
using either F-terms or D-terms.

e However it can be shown that spontaneous supersymmetry breaking
within the MSSM at tree level leads to sum rules on particle masses
that are in conflict with experiment.

o Let M2, M2 etc. be the square mass matrices for the charge —1,
for the charge 4% etc.

e We can show, STrMZ2 4+ STrM2 = STrM2 4+ STrM2 =0

Remember in Supertrace terms with different spins come with op-
posite signs. For the above equation to be satisfied, we would need
in each family some slepton/squark field lighter than lepton/quark.
This is in clear conflict with experiments.
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Introduction to Supersymmetry and MSSM. Soft breaking

e [ herefore the current attitude is to assume supersymmetry breaking
takes place by some other mechanism, usually involving extensions
beyond the MSSM.

e Without knowing the details of this mechanism, we can still dis-
cuss the impact of the breaking on the MSSM, in the form of soft
supersymmetry breaking terms.

e Even if SUSY is broken we still want to use the symmetry to give
a solution to the hierarchy problem. Recall we needed equality of
couplings indicated by the symmetry, not necessarily the masses.

e 'SOF T’ SUSY breaking.
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Introduction to Supersymmetry and MSSM. SUSY breaking in the hidden sector

e Spontaneous breakdown of Superrsymmetry, though theoretically
favoured, has to involve fields outside the MSSM.

e Phenomenologically such fields will have to be much heavier than
the EW scale and hence also the sparticles.

e Spontaneous Supersymmetry Breakdown (SSB) needs to be ef-
fected in a sector of fields which are singlets with respect to the SM
gauge group and known as the hidden or secluded sector. SSB can
take place there at a distinct scale Ag.

e Supersymmetry breaking is then transmitted to the Gauge nons-
inglet observable or visible sector by a messenger sector (associated
with a typical mass scale M, that could, but need not, be as high as
the Planck mass Mp;); this may or may not require additional gauge
nonsinglet messenger superfields.
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Introduction to Supersymmetry and MSSM. SUSY breaking

Transmission of SUSY breaking from
hidden sector to the observable sector.
Two broad classes of the messenger
sector

1] Higher dimensional operators sup-
Hidden Observabli pressed by inverse powers of the Planck
mass (gravity mediated). Ms ~ A2/Mpy.
or
2) fields with gauge interactions at
lower energy scales (Gauge mediated..).
Mg ~ (gauge coupling )2 A2/M,,.

Messenger transmissior

Corfu Summer Institute. Corfu, Greece, Aug-Sep 2010. page 53



Introduction to Supersymmetry and MSSM. Soft Supersymemtry Breaking

The basic idea is to allow non-supersymmetric interactions of scal-
ing dimension < 3, moreover restricted so that they do not induce
dimension 4 operators via loop diagrams.

e T his ensures that the non-renormalisation theorems of supersym-
metry continue to apply in an approximate, but still useful, form.

e [ hese are called ‘“soft terms”. The following types of terms qualify
as soft:

Ssoft = /d49’7( - ¢5“(m2)1,]¢']
+(Cr¢' — 3By ¢'¢’ + 2A K ¢ 07 d" +c.c)
—Z(Ma A2 4 c.c.))

where we have used the generic notation qu for all scalars, and \¢ for
all gauginos, in the theory.
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Introduction to Supersymmetry and MSSM. Deriving Vsopr

e Let us make the soft terms more explicit in terms of MSSM fields.
The first term becomes:

I 5 = =
—¢l (M3 )¢? — (T (MP)y; T + 2 (M2),;%;
+3q! (MZ)j @ + al (M2);; 3 + 3l (M2)y d;
+m3 hihy +m3 hhho)

and so on...

Lmssmv = Lsusy + LsoFT
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Introduction to Supersymmetry and MSSM. MSSM with Vgopr

Most of the discussion will center around terms in LsofET-

—LsoFT = @n(M2)id;1 + Gip(M3) ik + dig(M3)i;d;r + i (M32)ijt, 1
+&R(M2)Eir + [h L (f6A®) i8R + h1 Gip (F4AD); iR
+G;-ho(f*A")i;ii5 g + h.c] + m3|h1|® + m3|ho|® + (Buhiho +h

= —
= =

1 — _ — - 1 = =
+5 (M1XoPLAo + MiXoPrXo) + S(MaAPLA + M3XPRA)

1 o
+§(M39aPL9a + M3g" Prg®)

VsoeT + gaugino mass terms.
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Introduction to Supersymmetry and MSSM. MSSM with Vgopr

Recall:

er, for the right spositron. The antisfermionic fields denoted by con-
jugation of the sfermionic fields.

Assumes R, = (—1)BB-L)+25) — (_1)(3B-L+25) j5 conserved.

The p term from the Lgrrgy plays an important role as well.
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Introduction to Supersymmetry and MSSM. Two parts

There are two aspects:

1) Mass spectra for sparticles, mass bounds for the Higgs:

The mass bounds for the Higgs not crucially dependent on details
of SUSY breaking, but do depend on the breaking scale, that too
through loop corrections. The mass spectra for others depend on the
details of the SUSY breaking scenario.

2)Couplings of sparticles with the standard model particles.

SUSY equates couplings of the interaction eigenstates. They need
not be mass eigenstates as a result of SUSY breaking. Alternatively
mass eigenstates couplings depend on SUSY breaking parameters.
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Introduction to Supersymmetry and MSSM. MSSM Higgs sector

The raison de tré of SUSY is to keep the Higgs mass stable under
radiative corrections. How does it happen exactly in MSSM? In spite
of the breaking of SUSY there exist upper bound for the mass of the
lightest Higgs.

This is the only sector of Sparticles where theory has predictive power
for sparticle mass which is robust with respect to the details of Soft
SUSY breaking mechanism.

The scalar potential for the Higgs sector is generated from
terms in the Superpotential and the quartic coupling is deter-
mined in terms of the gauge couplings.
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Introduction to Supersymmetry and MSSM. MSSM Higgs sector

2
Vir = 262 + 93)(|h1|? = |h2|®)2 + 2|hlho|? 4+ m2, [h1]2 + m3, [ho|2 +
(m%5h1-ho + h.c.),

2 — a2 2 2
my op = mio+ \u|© and m{, = Bpu.

Vg comes from Voopr = —LgopT - 9augino mass terms from Wjysssas
and D terms.

Only three parameters compared to the six parameters plus one phase
for the general two Higgs doublet potential.
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Introduction to Supersymmetry and MSSM. Spectrum and bounds

The potential develops the 'wrong’ sign of the mass term required for
EW symmetry breaking through RG evolution (we will see below).

Two complex Higgs Doublets.
After EW symmetry breaking five physical Higgs boson states are left:

Three neutrals: Scalars h,H and a pseudoscalar A which couples to
fermions with a v5 and two charged Higgs bosons H=*.

The potential involving only the neutrals

VO — %(932/ + 9%)2(|h(1)|2 - |h(2)|2)2 + m%h|h(1)|2 + m%h|h8|2 — m%z(h?hg +
h.c.) ,
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Introduction to Supersymmetry and MSSM. Spectrum and bounds

Two conditions:

1)coming from demanding that VIQ must be bounded from below
m3), +ma, = mi +m3 + 2|ul? > 2[miy

Valid at all scales.

2)from requiring that EW symmetry breaking should happen:

mi, > m?2,m3, = (m% + |u|?)(m3 + |p|?) valid at and below the scale
where EW breaking is operative.

In the supersymmetric limit m?, = m3, = p?, the two conditions are
incompatible with each other. No EW breaking with unbroken SUSY.
Intimate connection between SUSY breaking and the EW symmetry
breaking in MSSM.
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Introduction to Supersymmetry and MSSM. SUSY breaking and EW breaking

What does the above result mean?
This means that the EW symmetry is unbroken when SUSY is broken.

With EW symmetry unbroken the SM particles are massless. In the
world with broken EW they should have masses ~ v = 174GeV .

The Sparticles (SUSY partners of all the SM particles) can be heavier,
receiving masses from SUSY breaking and not required to be light.

But if we want SUSY still to provide solution to the Hierarchy problem
some spartners must be around TeV, ie. LHC has a good chance to
find SUSY.
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Introduction to Supersymmetry and MSSM. Minimization conditions

For EW symmetry breaking to occur Vi should have a minimum for

_ 1 (w _ 1o
= (2). 0= (2

Consistency conditions that this be a minimum gives two relations
and thus constraints mentioned before:

—2Bu = —2m%, = (m% — m3)tan28 + M2sin 23

|2 = (cos2B)"1(m3sin? B — m% cos? 3) — SMZ .
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Introduction to Supersymmetry and MSSM. Minimization conditions

Example of the constraints from Higgs sector which reduces number
of parameters.

A relation between Supersymmetric paramter u, SUSY breaking mass
parameters and accurately measured mass M.

This is u problem so to say... if SUSY breaking parameters are large
then one needs to have a small tuning that this relation is satisfied.

Recall the logarithmic corrections to M2, when SUSY is broken.

Range of tan 8 values restricted to 1,tan 8 < 60 for radiatively induced
symmetry breaking to work.
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Introduction to Supersymmetry and MSSM. mass bounds on Higgs

The light higgs mass is bounded from above.

Discussion of Higgs mass spectra Non minimal SSM?

Partly in lecture by Djouadi.

Implications of the failure of LEP to find Higgs for
SUSY May be one transparency if time is left.
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Introduction to Supersymmetry and MSSM. Sparticle Mixings: general comments

What we discussed so far were interaction eigenstates. In reality we
need to deal with mass eigenstates.

Just EW breaking, even without SUSY breaking, will cause mixing
between the charged EW gauginos (A1, A\»>) and the charged higgsinos
( EI,E&"), to produce the mass eigenstates 521:,52% One needs the
two Higgs doublets also to make sure that there are enough degrees
of freedom to have two massive Dirac spinors.

EW and SUSY breaking = Xg, A3, A, R mix = x9,i = 1,4.
The mixing in this sector depends on u, M;,» = 1,2, tan .

For Rj, conservation %9 absolutely stable and a DM candidate.
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Introduction to Supersymmetry and MSSM. A bit more on chargino mixing

e The two doublet superfields Hqi, H, are left chiral ones and they
contain the left chiral higgsinos

poo (MY (R L (M _ (P2
1 1/ L 2 2/ L

e Conjugate superfields HI,HE contain the corresponding right chiral
ones.

e T he left chiral charginos comprise four orthogonal states: the pos-

itively charged >‘<‘1"L,5<‘5"L and the negatively charged X, Xor-

e Define charged gaugino (wino) fields
- 1 /- - - -
+ __ : _ 3+ +
= \/5()\1:|Zz)\2> =X +3%,

e Superscripts 1,2 are Cartesian SU(2), indices.
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Introduction to Supersymmetry and MSSM. A bit more on chargino mixing

e [ he massive QTL and QS'L are orthogonal linear combinations of X‘Ll'
and h"" while X7, and X5, are formed with A7 and hy;.

: 7 — 7+
e [ hereis no th or hlL!

e the right chiral charginos x;p, Xop and )21"R, 523_3 are orthogonal
linear combinations of the charge conjugates of the above pairs of
gauginos and higgsinos, viz. AR, th and A"‘, h"‘ respectively.

e Require both h"’ and EIL, as appear in the two Higgs doublets,
otherwise some chargino field, lacking a partner to make a Dirac
mass term in the Lagrangian density, would remain massless.
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Introduction to Supersymmetry and MSSM. Mixing further

The mass term in the Lagrangian looks like:

MASS = —T(v1>\+h + voAThE + h.c) — (MoATA™ 4+ ph3hd +h.c) .

_|_
oyt = (/\ ) ()T = (\F R Lo

- (2 ) wor=0 @)
2

B
o — L4595 = ()T XypT +he,

with

< Mo> V2 My sin 3 )
X = :
V2 My cos 3 u
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Introduction to Supersymmetry and MSSM.

Neutralino mass matrix

( Ml O _MZCﬁSW
./\/ln _ 0 M2 MZCﬁCW
_MZCﬁSW MZCBCW O
\ Mzgsgsyw — —Mygsgew — 1

The character and mass of the four neutralinos,

Xlo — Zlnwfl(?),

decided by M;,: =1, 3, u.
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Introduction to Supersymmetry and MSSM. Sfermion mixing

The SUSY breaking terms induce mixing in the sfermion sector too!
fr — fr, mixing decided by A, u,tang and my.
Sfermion generation mixing: mainly controlled by soft parameters.

M2 — m2 + (1/2 — 2/3sin? Oy ) M7 cos 23 + m7 —mi(AY + pcot B)
t —my (At + p* cot ) m2 + 2/3M% cos 23sin® Oy +m? )’
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Introduction to Supersymmetry and MSSM.

Table of all the Sparticles:

Sfermions Gauginos and higgsinos
Name Symbol | Name Symbol
(left, right) selectron €L R gluinos g
(left, right) smuon AL.R
(left, right) stau TL.R lighter charginos QI—L
e-sneutrino Ve
p-sneutrino Uy heavier charginos i%
T-sneutrino Ur
(left, right) u-squark | dr r | lightest neutralino %)
(left, right) d-squark dr, R
(left, right) c-squark CL.R next-to-lightest neutralino 5'(8
(left, right) s-squark SL.R
(left, right) stop tr R next-to-heaviest neutralino ig
(left, right) sbottom EL,R heaviest neutralino 5'(2

LSP: various candidates possible. But neutralino is the most common

one.
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Introduction to Supersymmetry and MSSM. Importance of Mixing.

These mixings decide the interactions of the mass eigenstates and
hence their decay patterns.

They also affect the indirect effects caused in the loops.

Since they are controlled by soft SUSY breaking parameters their
determination will also afford a handle on these parameters.

The parameters u,tan g, M1, M> and A for the third generations affect
the search strategies and determination of the mixing can be used to
get information on the Lagrangian parameters as well.
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Introduction to Supersymmetry and MSSM. Few remarks on MSSM.

e 124 total parameters and 105 are new :-)! Complex Gaugino masses:
6, sfermion mass matrices: 45, trilinear couplings : 54, bilinears: 4,
Higgs sector: 2

111 - 6 (constraints from Higgs sector) = 105!

e L uckily most processes, at tree level, depend only on a few of these
105 parameters.

e But severe phenomenological problems for 'generic’ values of these
parameters! FCNC, unacceptable CP violation (large electric dipole
moments for neutron (for example)). In radiatively driven EW sym-
metry breaking one gets colour/charge breaking vacua! Impossible to
get right values of M,..!
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Introduction to Supersymmetry and MSSM. Few remarks on MSSM.

e Discussions of the SUSY phenomenology tractable only in Con-
strained MSSM (CMSSM) where assumptions are made to reduce
the parameters drastically!

e [ he assumptions guided by SUSY breaking scenarios.

e Finally experiments will tell us. The day of reckoning is now at
hand!

e 44 of these are phases and they can NOT be rotated away by field
redefinition. In most discussions these are put to zero by hand, as the
constraints from low energy phenomenology are quite severe. But in
few cases large CP phases MAY be allowed. ¢P MSSM discussions
very interesting.

e R conservation assumed in most discussions.
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Introduction to Supersymmetry and MSSM. Phenom. MSSM!

Phenomenologically motivated choices:

e All new (P phases to be zero.

e Masses and trilinear coupling diagonal in flavour basis. NO FCNC.

e Universal first and second generation squarks. I.e no problems
with Kg—Kg mixing!
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Introduction to Supersymmetry and MSSM. Phenom. MSSM!

Now number of parameters:

Three gaugino masses: My, M, and M3 : 3,

Higgs mass parameters: m?,m3 : 2,

First two generation sfermion masses: Mg, My 5 parameters;
three trilinear couplings Ay, Ay, Ae: 3,

Third generation masses and Trilinear parameters: 8

Usually collider phenomenology insensitive to Ay, Ay, Ae (Which play
an important role in neutron edm, (g — 2), etc.)

Very often possible to justify using common value for the soft-SUSY
breaking terms. Such a CMSSM much more predictive.
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Introduction to Supersymmetry and MSSM. High scale physics, mMSUGRA.

Even more constrained: mSUGRA!!

Various SUSY breaking mechanisms give values of soft parameters at
a high scale of SUSY breaking and transmission to the visible sector.
These are boundary conditions on these parameters at some high
scale.

They determine the sparticle masses which are O TeV.

We need to know value of these parameters at the low scale to
test predictions of the high scale theory in experiments and also to
translate information on low energy constraints/values of the SUSY
breaking parameters to the highs scales to find restrictions/values at
high scale
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Introduction to Supersymmetry and MSSM. High scale physics, mMSUGRA.

RGE for gauge couplings can be computed only from vacuum polari-
sation (super)graphs.

Superpotential Yukawa couplings RGE too can be computed from
just two point functions.

Corfu Summer Institute. Corfu, Greece, Aug-Sep 2010. page 80



Introduction to Supersymmetry and MSSM. Few more observations

Gaugino masses evolve the same way as the gauge couplings at one
loop.

Even if one starts from m% = m3, the RGE for my will receive large
contributions from tt loops (recall H» was the 'up’ Higgs) and the
corresponding term in the scalar potential can be driven negative
triggering EW symmetry breaking.

So in supersymmetric theories the EW symmetry breaking is 'natural’,
with a heavy top quark. One does not have to choose the scalar
potential with the 'wrong’ sign.
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Introduction to Supersymmetry and MSSM. MSUGRA

As advertised in MSUGRA, all the scalar SUSY breaking parameters
are Universal.

m% — m% 52]7A2]k — Ao, \V/’i,j, k 7B’ij — BO i ’L,]

Of course the RGE’s will be different for different SUSY breaking
masses and A parameters. These involve gaugino masses!

The Gaugino masses need a boundary condition: one imposes GUT
scale unification on gaugino masses, following approximate unification
of the gauge couplings.
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Introduction to Supersymmetry and MSSM. MSUGRA

Parameters of mSUGRA: mo,Ml/z,Ao,BO. One trades off Bp for
tan 8, EW symmetry breaking condition determines Mz in terms of all
the others. Then the parameters are mg, My /5, Ag, tan 8 and sgn(w).

=7 D [
150000 E my= M,, =200 GeV 1
: A,=0, tang=3, 35

100000 |

50000 |

m? [GeV?]

—50000 |

—100000 |

1 1 1 I
103 106 109

1 1 1 J I-
1012 1015

Scale Q [GeV]
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Introduction to Supersymmetry and MSSM.

Sparticle spectra?

Main ideas discussed here:

Gravity meditation (mMSUGRA), modulii mediation,

GMSB and AMSB. 10 TeV < A, < My, < Mp; and My ~ A2/M,

Mediation Model Gravitino Gaugino Sfermion mass squared mf
mechanism Mass mg /> mass M,
MSUGRA | <O (TeV) (ga/g2)? M> m§ + G, M1/2—|— D-terms
cjg'mQ + Gg, M7 ,+ D-terms
I;: mz —|—G~M12/2—|— D-terms
Gravity CMSSM | <O (TeV) (ga/g2)%M> ér:mz + Gg, M7+ D-terms
mediated tig:mz + GQRM1/2+ D-terms
dr:m3 + Gg MZ,+ D-terms
AMSB | 20-100 TeV | (gaba/g2b2)2M> | m3 4 C;(167%)~?m3 ,
qr: M3 G’ + D-terms
I} M2 G’2—|— D-terms
Gauge MGMSB 107° eV — (ga/g2)?M> ER: M2 G’ + D-terms
mediated 1 keV UR: M2 G’ + D-terms

dp: M2 G’ —|— D-terms
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Introduction to Supersymmetry and MSSM. 5, X0

MSUGRA My : Mo : M3~1:28:7, mo,Ml/Q,A,tan G, sgn(,u)

MGMSB : similar, subject to some corrections depending on couplings
of the messenger fields. My, Ns, sgn(p),tan g, nqg, n; and mz/o.

AMSB: My : Mp 1 M3 ~2.8:1:8.3, mg, M3/, tan B, sgn(u).
MSUGRA: LSP is %¥.

MGMSB Gravitino is LSP, NLSP: {9,7,é,. NLSP can be long
lived and quasi stable! Cosmological constraints on mg3,, and
hence on scale of SUSY breaking.
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Introduction to Supersymmetry and MSSM. 5, X0

MSUGRA MGMSB: Once LEP constraints are imposed, >~<C1) is an al-
most pure U(1) gaugino and 558 ~ pure SU(2) gaugino. (|Mq] < |ul|).

Note : These things have important implications for viability of the
LSP as the DM. Higgsinos annihilate too efficiently and can be a
good DM candidate only if heavier than ~ TeV.

AMSB: Both ﬁ,;‘g? are pure SU(2) gauginos and degenerate. Loop
effects need to be included to lift the degeneracy.
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Introduction to Supersymmetry and MSSM. sfermion masses

Most of the constraints come in the form of inequalities.

The first two generation squarks can not be much lighter than the
gluinos.

(ma/m7) laamss > (mag/my) lmsucra
mg < mg for mMSUGRA;

mgz

&, =~ mg, for GMSB;

mg, < mg, for mMSUGRA.

Third generation sfermions are lighter than the other two due to the
larger Yukawa coupling contribution to the running.

It is already indicative that a lepton collider will be, in fact, a much
better probe to discriminate between different SUSY breaking ideas.
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Introduction to Supersymmetry and MSSM. Spectra

A representative spectrum. One of the benchmark points for LHC
analyses. In fact the UED models predict similar spectra. So one
needs to determine the spins then!

700 L
mGoV] SPS1a’ mass spectrum 650 650
L 1 _ g i
600 | g i
QL ———
qn b
500 L by .
2
H", A" —— H* X:[i )ﬂéit 600 - - Qq - 600
400 L X[; : = u bzt ]
—— ]
300 L =
200 L I F, o~ -4 550 - - 550
o 2 XY Xi _
f I — - W.Z
wol ™ i T
HO
A&l L Ta.Vor
0 H e T
500 |- 7 " 4500
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Introduction to Supersymmetry and MSSM. What do we want colliders to do?

e Discovery of sparticles and determination of their quantum num-
bers.

e Quantitative verification of coupling equalities implied by supersym-
metry.

e Measurement of the masses of scalars (including Higgs) as
well as gauginos.

e Determination of the gaugino-higgsino mixing parameters.

e Study of the properties of third generation sfermions including L-R
mixing.

One would then like to use these to reconstruct the lagrangian pa-
rameters of SUSY.

LHC can address highlighted points to some extent and also point 2
indirectly. To achieve the rest we need ILC and LHC + ILC.
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Introduction to Supersymmetry and MSSM. Production?

process final states process final states

process final states process final states

2¢
o 2v
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Introduction to Supersymmetry and MSSM. Signatures?

Missing transverse energy signature: Ht

Because of Rp conservation sparticles are produced in pairs and will
contain LSP which is neutral and stable. At ete~ colliders it can
be just missing energy: K

Decay patterns of 55,?/523[ very important.
Generically m jets, n leptons and K.

In case of GMSB: hard photons which come from decays of the NLSP
55(1) — ~G. Large life times of the NLSP can give rise to pointing
photons. So all the above + photons! If 71 is the NLSP, heavy
longlived charged particle tracks is the signature.
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Introduction to Supersymmetry and MSSM. Signatures?

AMSB : difficult. 165MeV < AM(m_+ —mgo) < 1 GeV and {7 —
1 1

jzcl) + 7. Stopping track in the vertex detector or the soft pion is to
be detected.

Rp © Even then due to very energetic neutrinos missing ET signal is
not gone 4+ large number of jets and leptons.
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Introduction to Supersymmetry and MSSM. Current Limits

Where do the limits come from?

Direct searches:

NEWS!! No sparticle has been observed yet!

Analysis done in the context of MSUGRA, Pheno. MSSM, mGMSB, AMSB, R,.

Tevatron: gluinos, squark searches. mgz > 300 GeV, mz > 260 GeV for all flavours
but top, my > 90 — 100 GeV. Stop different as it can not decay into a t and x:

LEP: direct searches for %,l, Supersymmetric Higgs. mg+ > 103 GeV, my, my 290
GeV.

Large My : my > 114GeV My~ Mz . my,myg > 92 GeV. This means a bound on
Mpy:. Can be relaxed in NMSSM.

Constraints from B — sv. Expt. agrees with the SM. Constraints on the mSUGRA,

may be alleviated with small amount of flavour violation.
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Introduction to Supersymmetry and MSSM. Some constraints.

Higgs limits can also be translated on limits on SUSY parameter
space which determines the Higgs sector, sensitively depend on my
used. T heoretical activity in calculating Higgs mass accurately to do
draw these conclusions. Limits from Higgs mass limits and precision
measurements.
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Introduction to Supersymmetry and MSSM. What LHC can do?

In general LHC can

1)give accurate information about sparticle Mass differences and some
not so accurate information on actual masses

2)discussions about how to establish spin have now started. May
be possible to get information on spin of sparticle involved in decay
chains.

3)But for anything more we have to turn to ILC.

4)Most of the analyses were in the framework of a model. Model
indep. analyses have begun now.
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Introduction to Supersymmetry and MSSM. A theorist’s vision

What LHC can do with 7 TeV and 1fb 1.
Baer, Barger, Lessa and Tata, 1004.3594 (JHEP XX)

LHC will tell if SUSY exists in this mass range! If it does so indeed
it proves relevance of SUSY for EW physics!

A= 0,tanB = 45,1 > 0,m = 172.6 GeV e 2 il
e ]t

LHC?7 - All Channels w— Q1 fiot

§ __________________________ 1000 3
] 900 £
g s00 E

LEP excluded

500 1000 1500 2000 2500

m, (Gev)
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Introduction to Supersymmetry and MSSM. TeV Scale, LHC and my,

LEP has ruled out existence of a Higgs lighter than M.

Does it mean MSSM is ruled out? no! large radiative Corrections due
to large top mass, proportional to mj

For last 15 years radiative corrections have been computed. Two loop
results are available.

For tan 3 > 1, the mass eigenvalue of h increases monotonically with

m 4, saturating to its maximum Upper bound m;, < (M2 cos?283 + ¢,)1/?

2
3Gpmf In my

V272 th )

with €Ep —

The upper bound is further relaxed when t; —tp mixing is included
and maximal when A! = \/6m51m52.

The absolute upper bound is 132 GeV in MSSM for Mg =1 TeV.

Relaxed in Non minimal SSM upto 165—170 GeV.
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Introduction to Supersymmetry and MSSM. Little hierarchy?

Recall:

If, m2 = mZ2, .+ dm?a the top loop (e.g.) gives

3G
52400 ~ — o _m2AZ ~ —(0.20)2.

24272
The light higgs is 'natural’ then only if A ~ TeV.

Current experimental bounds on Higgs mass very close to the theo-
retical upper bound.
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Introduction to Supersymmetry and MSSM.

Little hierarchy?

m®/u®

—_ 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

This can be achieved
only with heavy sparti-
cle masses.
Alternatively, the RG
scale Q¢ at which
higgs mass turns nega-
tive causing EW sym-
metry breakdown and
Mg need to be close to
each other.

Still alternatively fine
tuning required to sat-
isfy relation between
Mz and p and m? re-
quired by EWSB.
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Introduction to Supersymmetry and MSSM. LHC will tell

LHC will tell!

In the meanwnhile..
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Introduction to Supersymmetry and MSSM.

In the meanwhile....

To be able to understand
what LHC is telling us and
see things in more detail..
you can begin with:

Theory and Phenomenology of

Sparticles

An account of four-dimensional N=1
supersymmetry in High Energy Physics

Manuel Drees
Rohini M. Godbole
Probir Roy
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