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Last lecture:

We discussed the conditions for Soft Supersymmetry Breaking
and
presented a general parametrization of the SUSY breaking Lagrangian

We discussed the MSSM Higgs sector

We derived the mass eigenstates and mass formulae
for Charginos, Neutralinos, Squarks and Sleptons




The Soft SUSY-breaking Lagrangian for the MSSM

1 o o o
Lot = —§(M399 + MWW + M, BB)

—myHQ'Q — myUU —m3,D'D —m3 LTL — mj,ETE
—m3;, Hf Hy — my, Hy Hy — (WBH Hs + cc.)
_(AuhuﬁQHQ -+ AdthQHl -+ AlhlEEHl) -+ c.c.

Trilinear terms are proportional to the Yukawa couplings

—> induce L-R mixing on the squark sector once the Higgs acquire v.e.v.
mixing proportional to fermion masses: relevant for 3rd generation

B —— soft SUSY breaking paramete determined from condition of
proper EWWSB




MSSM Higgs Sector

—Pp 2 CP-even h, H with mixing angle &

1CP-odd A andacharged pair H*

3m} M?2 X2
2 0 AS2 o2 t SUSY t
m; ~ Mzcos“23 + 12y [log ( m? ) + M, o (1

Dependence on SUSY breaking parameters

through the stop sector:
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Mgsysy — averaged stop mass and stop mixing : X; = Ay — u/ tan 8
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and my,




The chargino eigenstates are two Dirac, charged fermions with
masses:

2 _ 1
Mee, = 5 Maf+ f+omg

(M2P+ pP+2m2 )2-4jpM - m? snh2 P .

The neutralino eigenstates are four Majorana fermions with
masses that dependon M; M, p tanpf

The gluino masses are given by the Soft SUSY breaking parameter M3

The squark and lepton masses are determined by the soft SUSY breaking

parameters:
mQ.
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with i= family indices 1-3




Stop Mass Matrix

e The stop, and other squarks, acquire masses that are controlled by

the supersymmetry breaking parameters.

e Once the Higgs acquires a v.e.v., the mass matrix is

mg +mj mi(Ay — p*/ tan 3)
my(Af — p/tan 8)  m% + m?

M2 ~

t

e In general, the existence of A; and p denote couplings of the stops to
the Higgs bosons, that induce finite corrections to the quartic

couplings.

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




The SUSY Particles of the MSSM

Names Spin | Pr | Mass Eigenstates | Gauge Eigenstates
Higgsbosons | 0 | +1 | h'H A H* | HIHJH! H]
U, ug d dgr “r
squarks 0 -1 S, SR O & “7
b &b b b & bk
e, & e 7
sleptons 0 -1 UL, MRy “”
1 2 L R
neutralinos | 1/2 | -1 | X5 X9 )Zg X4 | B wo H H S
charginos | 1/2 | -1 X X5 Wt OH H;
gluino 1/2 | -1 g “




Unification of Gauge Couplings

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

couplings with energy da; , o? o; = g7 /AT
dinQ? ~ 4x b; = (8 function coefficient
@(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.

-
1 i . - _ . . '
chb A R >at A, =300MeV color is confined!
11 1
oep 3 « 3 / g::l, ug ,LlL\-‘,:‘lR ,dp

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




Unification Conditions

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

— — —_ — 11’1 —2
agur  o;(Maur) oi(Mz) 4w Mz
1 1 27
cur = e [(al(Mz) QQ(MZ)> by —b2] z

( bs — bg) 1 b — boy 1
—(1+ .
as(Mz) bo — b1 ) as(Mz) by —by ar(My)

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

the unification condition gives a specific relation between

asz(Mz) and  sin® 0w (Mz) = o™/ (oz‘lgM —|—oz§M)‘




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 =T3 +Y)

52 1
S0 = ng:YergES:){f

11N n n 2N
— / > 4 —— A

3+3+6 3

by =

Yts 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[Yl?,]




One can compute the coefficients both in the SM and in the MSSM and obtain

10 6 s
33
b{WSSM _ g béWSSM —1 béWSSM — 3
by — b \"M 1 3 1 1 1
<3 2) BRI S N 1511, ————|  ~85
by — by 2 109 2 as(My) a3(Mz) | ey

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

Instead, in the MSSM All done at one loop:
b _ b\ MSSM ¢ ! two-loop corrections give
372 _ Y = 85l slight modifications
b2 — bl 7 a3 (MZ)

Meaur ~ 2 x 101°GeV




SUSY particles around the TeV scale allow Unification of Couplings

SM: MSSM.:
Couplings tend to converge at Unification at gy =~ 0.04
high energies, but unification and Moy ~ 1010 GeV.

is quantitatively ruled out.
60 T T T T T T T

50 F

40

o

I b) Mgygy =1 TeV

02 0% 100 108 100 2 M g6
J(GeV) RiGeV)

Experimentally, as(Myz) =~ 0.118 £0.004 5, 4een. M.C.. Pokorski & Wagner
in the MSSM: a3(My) = 0.127 — 4(sin? Oy — 0.2315) 4 0.008
Remarkable agreement between Theory and Experiment!!




Understanding the origins of SUSY Breaking

To gain deeper understanding, let us consider how SUSY could be spontaneously
broken. This means that the Lagrangian is invariant under SUSY transformations,
but the ground state is not:

Q [0 = o, Qo = 0.

The SUSY algebra tells us that the Hamiltonian is related to the SUSY charges by:

0

H =P =20Q10;+Q;01+020,+ Q,;Q2).

Therefore, if SUSY is unbroken in the ground state, then H [0 = 0, so the
ground state energy is 0. Conversely, if SUSY is spontaneously broken, then the
ground state must have positive energy. (0| H |0) > 0

14

Recall the potential energy : v = F 'F;+ 2 D°D®
1 a
So, for Spontaneous SUSY breaking, one must arrange that no state
has all Fi =0 and all D2=0




Spontaneous Breaking of SUSY requires us to extend the MSSM

e D% = 0 are called “Fayet-lliopoulis models” or “D-term breaking models”

U(l) gauge symmetry, with a scalar chiral multiplet carrying its charges,

one can add a term:
LL=- D

with D the auxiliary field for the U(1) gauge multiplet
PROBLEM: no D-term breaking for any U(1) does the job for the MSSM

e I'. = 0 are called “O’Raifeartaigh models” or “F-term Breaking models”
Add a gauge singlet chiral supermultiplet, such that the superpotential
W=Lii+%Mijij+%yijkijk_)Fi=—Li—Mijj—%yijkjk

PROBLEM: no gauge singlet in the MSSM that could get <F>Z 0




Proposal: MSSM Soft SUSY breaking terms arise indirectly,

not through treel level, renormalizable couplings to the SUSY breaking sector

?)upelfymm?t{ry Flavor-blind MSSM
reaking origin M \V/\V/\V/\/ '\ (Visible sector)
(Hidden sector) Interactions

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 acquirea vev < F' >+ 0.

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, so will the soft SUSY breaking terms of the
MSSM (favored experimentally)

Flavor blind interactions: gravitational and ordinary gauge interactions




Gravity mediated SUSY breaking

The idea: SUSY breaking is transmitted from a hidden sector to the MSSM by the

new interactions, including gravity, that enter near the Planck mass scale M .

Moduli/dilaton fields interact with MSSM fields with gravity type interactions
Effective field theory non-renormalizable Lagrangian couples their F
component to MSSM scalar/gaugino fields

L £ F 2 @ k; FF ]
GMSB = — + C.C. -— -
oM M 2 *
ijk ij
- oy ikt F oy 3 + C.C.

6M p oM p

When F acquires a non-zero vey, the above yields the soft SUSY breaking
terms we proposed before, however, in principle, they are not flavor blind!!

Observe, if % ~ a few hundred GeV, and Mp ~ 2.4 x 10*® GeV

= /< F >~ 10" —10!2 GeV




SUSY Breaking and Flavour Changing Neutral Currents

e Two partcubrly consttanhng exam pks of fhvorchangng neutral
curnents hduced by offdagonalsoft supersym m etry breaking param eters

e Contrbuton t© the m Xnhg n the Kaon sector, as wellas to the ate of
decay ofa muon nt an ekctron and a photon.

oW hik the second B n good agreem entw 1th the SM predictons, the fist
one has neverbeen observed.

eR ate ofthese processes suppressed as a powerofsupersym m etric partce
m asses and they becom e neglgbk frekvantm asses are heavierthan 10 TeV

S d
-~ =
g
/a/.\e‘ﬁf ;
] ]
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Solution to the Flavor Problem

There are two possible solutions to the flavor problem

The first one is to push the masses of the scalars, in particular to the

first and second generation scalars, to very large values, larger than a
few TeV.

Some people have taken the extreme attitude of pushing them to
values of order of the GUT scale. This is fine, but supersymmetry is
then broken in a hard way and the solution to the hierarchy problem
is lost.

A second possibility is to demand that the scalar mass parameters

are approximately flavor diagonal in the basis in which the fermions
mass matrices are diagonal. All flavor violation is induced by either
CKM mixing angles, or by very small off-diagonal mass terms.

This latter possibility is a most attractive one because it allows to
keep SUSY particles with masses of the order of the weak scale.




Minimal Supergravity models (MSUGRA)

Assuming a huge simplification of the underlying theory

F
Mg e Ascalar® coupling prefactor: 2 4 =

® A common gauginomass:M1,, = £

| F [
M g

e A common scalar squared mass: m ¢ = k

e A scalar mass? prefactor B o = T
P

In terms of the four parameters Ml/z, m % Ay, and Bg:

These values of soft parameters are taken at the renormalization scale
Qo=Mgur, and then run down to the electroweak scale.




Renormalization Group Evolution

One interesting thing is that the gaugino masses evolve in the same
way as the gauge couplings:

d(M;/a;)/dt =0, dM; = —b;a; M; /4T, do; /dt = —b;a? [4m
t = In(Méyr/Q°) a

The scalar fields masses evolve in a more complicated way.

Adms [dt = +CLAMG o — [Yije?[(m3 +m3 +mj + A7) /4n

There is a positive contribution coming from the gaugino masses and
a negative contribution proportional to the Yukawa couplings.

Colored particles are affected by positive, strongly coupled
corrections and tend to be the heaviest ones.

Weakly interacting particles tend to be lighter, particular those
affected by large Yukawas.

There scalar field H5 is both weakly interacting and couples with the
top quark Yukawa. Its mass naturally becomes negative.




Low energy masses and EWSB in MSUGRA

Squark Masses: m% ~mé+6 ]\412/2 Wino Mass My = 0.8 M 5.
Left-Slepton Masses m?2 ~ m3 + 0.5 M? Gluino Mass Mz = &2 M,
Right-Slepton Masses m2 ~ m3 + 0.15 Mf/Q Bino Mass M; = <L M,

L 1/2
E Q2

e The above relations apply to most squarks and leptons, but not to

the Higgs particles and the third generation squarks.

e The renormalization group equations of these mass parameters
include negative corrections proportional to the square of the large

top Yukawa coupling.

e In particlular, the Hy Higgs mass parameter m3, is driven to negative

values due to the influence of the top quark Yukawa coupling.
e Electroweak symmetry breaking is induced by the large top mass !

e Also the superpartners of the top quark tend to be lighter than the

other squarks. This effect is more pronounced if M /o is small.




Electroweak Symmetry Breaking radiatively generated

Renormalization Group Running for m\SUGRA withm , ,, = 250 GeV,
my= 70GeV,Ay = —-300GeV, tan = 10, and sign(1) = +1

GauginomassesM 1 ,M 5, M 5

Slepton masses (dashed=stau) ?400 |
Squark masses (dashed=stop) é 300 |
Higgs: (mIfIu n 112)1/2, 2007 :
mg + p2)t/2 1007?’ ---------- -

p determined by EWSB but for its sign R 30910%%/1 ézeV) 41618

Electroweak symmetry breaking occurs because m 51 + 112 runs negative near
u

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




Resulting MSSM Spectrum:
Typical for MSUGRA models with M1 > mg .

® d; A,
g b,
ﬁR I&R —
b
+ - 1
2 N . A
0 0 =
H A N~3 C,
&
Mass
éL ~2
B O N » Ca Te ~
o Er =
N ; 1

Higgs Sector in the decoupling limit.
Neutralino is the LSP. The Gluino is the heaviest sparticle
The lightest squark is the stop. The lightest slepton is the stau.




Gauge mediated SUSY breaking

The idea: SUSY breaking is transmitted from a hidden sector by the ordinary
SU 3)c x SU (2);, x U (1)y gauge interactions.

This makes them automatically flavor blind !

* Hidden sector singlet superfield S, analogous to moduli fields in SUGRA, has
an F-term with non-zero v.e.v. ==> induces SUSY breakdown

New, heavy chiral multiplets - MESSENGER superfields - which couple
to <F > ,and to the MSSM particles through ordinary gauge interactions

If the typical messenger particle masses are M |, o, the MSSM soft terms are:

a F 2/4 one loop factor for
4 M g ess diagrams with gauge
interactions

M sort

If mgope 2100 GeV = -1 ~ 100 TeV

(F) as low as 10* GeV if M,,.s; comparable




A Minimal Gauge mediated SUSY Breaking Model

For a minimal model, take a set of new chiral supermultiplets g, g, , ~ that
transform under SU (3)c x SU (2);, x U (1)y as

1 1 1 1
3111__ / [ 3111_ / 1121_ / 112/__)'
a 3 )ioa 3 ) ( 5 ) ( 5
These supermultiplets contain messenger quarks 4, g and scalar quarks Aq, Aq

and messenger leptons , —and scalar leptons Az, Al_

The messengers acquire heavy masses by coupling to the gauge- singlet
chiral multiplet S, whose auxiliary and scalar components acquire v.e.v’s

Wmess= Y2S _+ YBSqEI-

The effect of SUSY breaking is to split the messenger masses:

ro mfZermions =28 F, mécalars =8 [t e Fs |

q:q= m?ermions = |y3 S |2’ mécalars - |y3 S |2i |y3 FS |




Integrating the messenger sector gives mass to gauginos at one-loop

F
(Fs) a S
Ma= — where
< Az a '
o A/q,/ \\q 4 S
B.W.g / \
Wb i Gauge bosons do not get contributions since
9 q

they are protected by gauge invariance
(S) ==> successful SUSY breakdown

Scalar superpartner masses are generated at two-loops

Minimal GMSB model can be generalized by putting N copies of the
messenger sector. All expressions above multiplied by N




GMSB mass parameters

Gaugino masses arise at one-loop and scalar squared masses at
two-loops, hence they are comparable

Q However, different scaling with N,
Mi ~ma, ~ EA number of messenger!

A trilinear SUSY breaking mass parameter arise at two-loop and are

suppressed by an extra loop factor with respect to gaugino masses
Assumed to be zero at the SUSY breaking scale, but get renormalized at low energies

Mass hierarchies related to the strength of their gauge interactions

Mi % mg a3

M; a myp Q12

Lightest SM-SUSY partner tends to be a Bino or Higgsino, unless N >1




The Gravitino

When standard symmetries are broken spontaneously, a massless Goldstone

boson appears for every broken generator.

If the symmetry is local, this bosons are absorved into the

longitudinal components of the gauge bosons, which become massive.

The same is true in supersymmetry. But now, a massless fermion

appears, called the Goldstino.

In the case of local supersymmetry, this Goldstino is absorved into
the Gravitino, which acquires mass mg = F'/Mp;, with F' the order
parameter of SUSY breaking.

The coupling of the Goldstino (gravitino) to matter is proportional to
1/ VF =1 /+/maMpr, and couples particles with their superpartners.

['he gravitino is the LSP!  ms.  — Mo o=
P

m 3/, can be as low as 0.1 eVI




Gauge-Mediated, Low-energy SUSY Breaking Scenarios

e Special feature — LSP: light (gravitino) Goldstino:

~ F ~Y _6 _9
me ~ g = 1076 —1079GeV

If R-parity conserved, heavy particles cascade to lighter ones and
NLSP — SM partner + G

e Signatures: The NLSP (Standard SUSY particle) decays

_ m 2 5
decay length L ~107%em (5=5585)" % (Freey )

* NLSP can have prompt decays:
Signature of SUSY pair: 2 hard photons, (H’s, Z’s) + Fr from G

* macroscopic decay length but within the detector:

displaced photons; high ionizing track with a kink to a minimum ionizing track

(smoking gun of low energy SUSY)
* decay well outside the detector: Fr like SUGRA




A sample sparticle mass spectrum for Minimal GMSB
withN = 1, = 150TeV, M pess = 300TeV, tan = 15, sign(y) = +1

po b
e dr '
t
5 A
H +
H%Aa® N, i i Mass
= c €L 2
N 3 2 "’e ~
N~2 C~1
h° N ér "1
1

The NLSP is a neutralino, which can decay to the nearly massless
Goldstino/gravitino by: N~1 G. This decay can be prompt, or with a

macroscopic decay length.

Interesting: The NLSP does not need to be neutral, can be the stau/slepton




Outlook

The SM Higgs mechanism solves the Mystery of Mass of all the fundamental particles
==> The Tevatron and ultimately the LHC will have the final word on the SM Higgs

Cosmology shows the universe is mostly made of Dark Matter and Dark Energy
All evidence comes from gravitational interactions:

how well do we really understand gravity?

The SM must be superceded by a more fundamental theory at the TeV scale
Many EWSB theories predict the existence of Dark Matter at the weak scale !
Supersymmetry is the leading candidate
It can also explain the Mystery of the Baryon asymmetry with EW scale physics

We are about to enter an exciting era in which {indings both in




Appendix on Higgs at Colliders




MSSM Higgs Boson Searches at colliders

|) Search for a SM-like Higgs responsible for EVVSB

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 5 enhanced couplings to the bottom quarks




The past: Higgs Searches at LEP

The most important constraints on SUSY parameter space come from searches
for the MSSM Higgs bosons at LEP2. The relevant processes include:

o .~ / h°
/
/
7 /
\
\
e+ e+ \\AO
wos (- )

The first diagram is the same as for the Standard Model Higgs search in the
decoupling limit, where st ( — ) 1. Many SUSY models fall into this
category, and the LEP2 bound (nearly) applies:

Mmyo > 1144 GV (95% CL)

General bounds in SUSY are much weaker, but “most” of parameter space in the
MSSM vyields a Standard-Model-like lightest Higgs boson.




Present Status of MSSM Higgs searches
95%C.L. limits

+ - z" : —
e'ee —=-—hZ HZ,Ah,AH main decay mode h —bb
LEP 88-209 GeV Prelimi - LEP 88-209 GeV 'Plrcli'n_lipgr]v' _
| E !mho-miaXL ...........
M, =1 Te.‘il
10 M =200 GeV
........... W=-200 GeV
mch"“=800 GelV
Stop mix:}(‘=2M
Excluded
by LEP SRR A B
1
Inaccessible
T i
0 20 40 60 80 100 120 2140 0 100 200 300 400 2500
m,, (GeV/c™) m,, (GeV/c)

LEP MSSM HIGGS limits: == m . >78.6GeV

m, >91.0 GeV;  m,, >91.9 Gev;  m" " >114.6GeV




Direct Higgs searches at the Tevatron

« Tevatron can search for a Higgs in most of

t Ho the mass range preferred by precision data

t

t " DO Preliminary, L=1.0 ' —— Apearved Limit

g g fusion

------ Expected Limit

B & &

with H - WW

q W,Z
_ (0]
3 H

W, Z bremsstrahlung

AWHZHH)=BR{H +bbW W)
m B OB

Limit / wipp
o

0

B R T R E R F N R T N T R [N TR
with H — bb, WW M,, GeV]

With ongoing improvement in sensitivity + two detectors
Probe of a Higgs with mass = 115 GeV —% 2.5 fb"

160 GeV —» ~3 fb""

Ultimate Tevatron Luminosity: 4-8 fb"— Quite challenging!
Evidence of a signal will mean that the Higgs has SM-like couplings to the W and Z




The search for the Standard Model Higgs at the LHC

* Low mass range m,, < 200 GeV

t

HO
t H — vy, tt,bb,WW ,ZZ
t
. ) i >
g g fusion _ * High mass range m,_, > 200 GeV
H—->WW, ZZ
HO
- ---- 5 Sigma Discovery
2 10 \ ---- 95%C.L. Exclusion
WW, ZZ fusion ¢ 5 All channels combined
(’,J«-*"t g
e @
0800090007 ¢ o < &
e H o A
9 " & 11— —| by 2009
BBV > \ \/\/w i
_ . S T (7) ‘. : //J
t t fusion _g ) R
q E c " PO A
W,Z W.Z 3 N ST
] HO 0| & : CMS + ATLAS
W, Z bremsstrahlung
100 200 300 400 600 700 my[GeV]

A Standard Model Higgs cannot escape detection at the LHC !




Non-Standard Higgs Production at the Tevatron and LHC

Ay depends on SUSY parameters

Mild dependence in the H/A — 77 channel




Direct Detection Dark Matter Experiments

* Collider experiments can find evidence of DM through ﬂT signature
but no conclusive proof of the stability of a WIMP

* Direct Detection Experiments can establish the existence of Dark Matter particles

¥ WIMPs elastically scatter off nuclei in targets,
producing nuclear recoils

R= ZNZ. n,{c,,)

Direct DM experiments: CDMS, ZEPLIN, EDELWEISS, CRESST,WARP.,...
sensitive mainly to spin-independent elastic scattering cross section ( 0, <107 pb)

==> dominated by virtual exchange of H and h

e tan 3 enhanced couplings of H to strange,

and to gluons via bottom loops




Indirect Non-SM-like MSSM Higgs searches via Direct Detection DM experiments
- the interplay with direct Higgs searches at Colliders -

H/A Higgs searches at the Tevatron and LHC and neutralino direct DM searches,
both depend on m, and tanf3

H/A — 17 at 'ievatron 4 fo! H/A — 77 at LHC 30 fb’'
60 E I ™ ’ ™—rTr "rr vvvvvvv Trrrrrror ’E
: ’ tan 3
) -;
- 305"; -
tan 3 / :
20f /¥ CDMS 2007
10k CDMS 2007 ‘_
Tevatron 4 fb~ ;
10 f[GeV] 200 300 400 500 m,[GeV]
For u =400,800,1200,2000 GeV M.C., Hooper, Skands 06

Smaller u values imply larger Higgsino component of the LSP ==> larger o,

Direct detection of DM € detection of A/H at the Tevatron and LHC




CDMS DM searches Vs the Tevatron and LHC H/A searches

==> Evidence for H/A at the Tevatron (LHC) implies neutralino cross sections
typically within the reach of present (future) direct DM detection experiments.
(strong 1 dependence)

Tevatron reach with 4 fb-1

10

1073}

10~

Oy (PD)

10°°

107"

107"

10-8 a1

-
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-
-
-----------
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-

-l
-
.
-
-

0

LHC reach with 30 fb-1

1074

T

1 0-5 . I. 3 | | . 7]

1™

1077 5

Oy (pb)

1078 E f ; “ A E'I.:.'_
107°

§0~1°

137 Bk

Ty (pb)

Myimp[GeV]

M.C., Hooper, Vallinoto 07




Appendices on SUSY breaking mechanisms




Appendix A:
D-Term Breaking: lliopoulis Model

Suppose a U (1) gauge symmetry is present, with some scalar supermultiplets
carrying its charges. There is a supersymmetric and gauge-invariant term:

L=-D

where is called the Fayet-lliopoulis constant, and D is the auxiliary field for the

U (1) gauge supermultiplet. The part of the potential involving D is:
X
1 2
V= D-3D"-gD G| i

i

|2

The g; are the U (1) charges of scalarXfieIds ;. The equation of motion for D is:

D= -g alif.
Now suppose the ; have superpotential masses M ;. (Gauge invariance
requires that they come in pairs with opposite charges.) Then the potential will be:
X X
V = MiP|if+2( -9 al:

i i

|2 )2

Note that V. = 0 is not possible for any ;. So SUSY must break. ..




D-term (continued)

£ 2 2 1 £ 2\ 2
V = [Mi||i|+§(—9 al i[)°.
If the superpotential masses are large enough (M 12 > gg; for each 1), then the
minimum of the potential is at:

i=0, D=, V=37

The scalar and fermion masses are not degenerate:

wTo= MI-9% gUSY is broken

2 2
m . = M i

1

One might hope that the U(l)y of the MSSM could get the D term v.e.v to break SUSY.

Unfortunately MSSM squarks and sleptons do not hace Superpotential masses, so they
will just get v.e.v’s to make Dy=0.

This would break SU(3)c and U(I)em but leave SUSY unbroken !!!

More generally, D -term breaking for any U (1) turns out to have
great difficulty in giving acceptably large masses to gauginos.




Appendix B
F' -term breaking: the O’Raifeartaigh Model

The simplest example has n = 3 chiral supermultiplets, with ; the required

singlet, and:
W=—k1+m23+21§
2
Then the auxiliary fields are:
Y
F1=k—§32, F2=—m 37 F3=—m >~ Y 1 13-

The reason SUSY must be broken is that ;1 = Oand F, = 0 are not
compatible. The minimum of this potentialisat , = 5 = 0, with 1 not
determined (classically). Quantum corrections fix the true minimum to be at

1 = 0. At the minimum:

F, =k, V = k* > 0.




F' -term breaking (continued)
If you assume m * > yk and expand the scalar fields around the minimum at
1= o= 3= 0,youwill find 6 real scalars with tree-level squared masses:

0, O, m2, m2, mz—yk, m2+yk.

Meanwhile, there are 3 Weyl fermions with squared masses

The fact that the fermions and scalars aren’t degenerate is a clear sign that SUSY

has indeed been spontaneously broken.

The 0 mass? eigenvalues belong to the complex scalar ; and its superpartner
1. The masslessness of 4 corresponds to the flat direction of the classical
potential. It is lifted by quantum corrections at one loop, resulting in:
2 Y4 k?
M= 45 ome

However, 1 remains exactly massless, even including loop effects. Why?




The Goldstino ((‘;)

In general, the spontaneous breaking of a global symmetry gives rise to a
massless Nambu-Goldstone mode with the same quantum numbers as the
broken symmetry generator. Here, the broken generator is the fermionic charge

Q , so the Nambu-Goldstone particle must be a massless, neutral, Weyl fermion,
called the Goldstino. It is always the fermion that lives in the same supermultiplet
with the auxiliary field that got a VEV to break SUSY.

The Goldstino is a consequence of spontaneously breaking global SUSY.
Including gravity, SUSY becomes a local symmetry. The spinor  used to define

the SUSY transformations is no longer constant.

The resulting locally supersymmetric theory is supergravity. In unbroken
supergravity, the graviton has a massless spin-% partner (with only helicities + %)

called the gravitino, with odd R-parity (Pg = - 1).




When local SUSY is spontaneously broken, the gravitino absorbs the would-be

massless Goldstino as its helicity + % components, and acquires a mass:

F

m3/o —
/ MPlanck

This follows by dimensional analysis, since m ;5 ,, must vanish if SUSY-breaking is
turned off ( F 0) or gravity is turned off M p 1anck ). The gravitino

inherits the couplings of the Goldstino it has eaten.

F-term Breaking directly coupled to the MSSM sector does not work

® There is no gauge-singlet chiral supermultiplet in the MSSM that could get a

non-zero F -term VEV.

Even if there were such an F , there is another general obstacle. Gaugino
masses cannot arise in a renormalizable SUSY theory at tree-level. This is
because SUSY does not contain any (gaugino)-(gaugino)-(scalar) coupling that

could turn into a gaugino mass term when the scalar gets a VEV.




Other ldeas: Extra dimensional mediated SUSY breaking

Rs
The Idea: Make the separation between hidden /
sector and visible sector a physical distance, for “the bulke
example along a hidden 5th dimension. The
MSSM field theory is confined to a 4d “brane”,
and SUSY is spontaneously broken on another,
parallel, 4d brane. MSSM brane  Hidden brane
(we live here) F =20

e Only gravity propagates in the bulk (Anomaly-Mediated SUSY Breaking)
One can show that the resulting soft terms are given in terms of the

renormalization group quantities (beta functions and anomalous dimensions) as:

Ma = (g./%)msz); (gaugino masses)

24\] d j 2
m<)] = -2 = m scalar masses
1 2 d(]n.Q ) 3/2 ( )

Problem: Slepton are predicted to have negative squared masses




