‘ The Minimal Supersymmetric Standard Model (MSSM) l

Construction

* gauge symmetry: SU(3)c x SU(2) x U(1)y

B, — B> (\,B,Ds),
Wa, — WA > ()\A,WAM,DWA), A=1,23, and
gaun — .&A > (§A7GA,M7DQA)7 A= 17 e '78'

< matter content: 3 generations quarks and leptons
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where e.g.
e =er(2) 4+ iV20er (&) + 160 F. (&)
while

B¢ = &5 () +iV200ger (&) + 1001 Fpe (2).

SM Dirac fermions are constructed out of Majorana fermions via

e = PriY + Pripe.

where in chiral rep. of v matrices

(e )
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‘ The MSSM (part 2) l

Construction

* Higgs multiplets:

(4)

5+
u
7.0
u

Now spin % higgsinos with Y = 1 can circulate in triangle anomalies; cancel with
additional Y = —1 doublet:
. h
H, = Cé (5)
hq
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‘ The MSSM (part 3) l

Construction

* superpotential

f :uHaHda —+ Z [ zjeaanHzﬁ; + (fd)z'ngLﬁdaﬁ;‘: + (fe)ijigﬁdaEg .
1,j=1,3

The following terms are gauge invariant and renormalizable, but violate baryon

and lepton number. They are excluded if one requires R-parity conservation
R = (_1)3(B—L)—|—23 :

fy= 3" NimeaLeLEES + Njpea LEQLDE | + Z Wieay LOHD,
1,9,k

ZA S URIDEI D5
i,k

H. Baer, SUSY: Models, August 8, 2006



‘ The MSSM (part 4) l

* soft SUSY breaking terms

Lsoft {QTmQ QJ + alemedR7 + ukzm%wum

j ngL' + éRimEijéRj + m%lJHu‘Q + m%{d‘Hdﬂ

:M15\0)\0 + Madada + M3§B§B}

:M{S\Q’YE))\O + MiAaysha + MégB%gB]

(au)ijeasQ HOl, + (2a)i; Q% Haadly, + (a0)ss L Haally, + h.c.]
[bHZHda + hC] ,
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‘ The MSSM (part 5) l

— g1, 92, 93. Uocp
gaugino masses My, M, My, M5, Ms (M} absorbed into g)

k< count parameters

m%{u, m%{d, 1, b (phase of b absorbed)

5 X (6 + 3) = 45 in sfermion mass matrices
3 X (3 X3 x2)=>54in Yukawa matrices
3 X (3 x3x2)=>54in a-term matrices

a global U(3)® transformation in matter allows 45 — 2 = 43 phases
absorbed into matter sfermions

total parameters =9 +5+4+ 45+ 54 + 54 — 43 =124

* most choices are excluded: lead to FCNC or C'P violating effects

— solutions: universality, decoupling, alignment
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‘ The MSSM (part 6): electroweak breaking l

* construct scalar potential of MSSM: V' = Vi + Vp + Vi 14

* minimization conditions: OV/9hY = OV OhY = 0 has solution so (hY) = v,,,
(hY) = vq with tan 8 = v, /vg

e W=, Z, become massive as in SM

e SM fermions all gain mass e.g. m, = f.vq

* states with same spin/charge can mix

e predict many new states to exist!
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‘ The MSSM (part 7): new matter states l

spin = massive color octet: gluino g

spin = bino, wino, neutral higgsinos = neutralinos Z1, Zs, Z3, Z4

1

spin 5 charged wino, higgsinos = charginos /I/I71i, /WVQ—L

Spin_o SquarkS: /&'La /&’R) dL7 dR7§L7 §R7 6L7 éRa b17 b27 tl) lo
spin-0 sleptons: ey, €r, Ve, A, AR, Vyu, T1, T2, Vs

spin-0 higgs bosons: h, H, A, H* (h usually SM-like)
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‘ The MSSM: summary l

The MSSM includes the SM as a sub-theory, but also includes many new
states of matter

Unlike the SM, the MSSM s free of quadratic divergences in the scalar sector

Thus, the MSSM can accommodate vastly different mass scales, e.g. M eqk

The 124 parameter MSSM s likely to be the low energy effective theory of
some more fundamental theory, perhaps one linked to GUTs or strings

The MSSM provides for us the possible physical states and Feynman rules
needed for making predictions of physical phenomena

The MSSM parameters are highly constrained by bounds from FCNCs,
CP-violation, etc.
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‘ The MSSM: RGEs l

If the MSSM is to be valid between vastly different mass scales, then it is
important to relate parameters between these scales.

The gauge couplings, Yukawa couplings, i term and soft breaking parameter
evolution is governed by renormalization group equations, or RGEs

For gauge couplings, these have the form

dgi .
dgt = ((g;) with t=1logQ

g [11 2 1

B(g) = C(G) — ;nrS(Rr) — §”H5(RH)

1672 | 3 3

In MSSM, the gauginos, matter and Higgs scalars also contribute:
3

Blg) = 15— 3C(G) - S(R)].
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* Can use the precision values of g1, g and g3 measured at () = My at LEP2

as boundary conditions, and extrapolate to high energy

H. Baer, SUSY: Models, August 8, 2006 12



Gauge coupling evolution

T ‘ I ‘ I ‘ I ‘ T
1

*/ ‘ c) MSSM—4HD
! L1 L1 L1 L1

|
103 108 109 101%2 10ld
Q (GeV)
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‘ The MSSM: RGEs continued l

1

~ 3" cig?M; + 6 At+fbAb>

Z g2 M + 62 Ay + [ A, + |2 A)

Zc”g2M +3f A, +4f2A )

@My — 32 Mo + 3f2 A, + 3f2A4; + f2A )

%—392+3ft+3fb+f>
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3
— g S+ 3 X + fEXT) ,

3
39:M3 + 15915 + 3fEXt> ,

where mg, and mz,, denote the mass term for the third generation SU(2) squark
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and slepton doublet respectively, and

i + 3+, A2

b

méB + ng + m%{d + A7,

2 2 2 2
my, +mz, +my, + A7, and

m%{u—m%{d—l—Tr[mé—m%—Qm%]—ksz—l—mQ}.
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Soft term evolution and radiative EWSB for m; ~ 175 GeV

}iu/ m,=100 GeV
m; =200 GeV
Ay,=0; tanpf=4;

109
Q (GeV)
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‘ Supergravity l

* In SUSY transformation operator e ~*@? let a@ = a(x) so we have a local
SUSY transformation

* Just as for gauge theories, will need to introduce a gauge field to maintain

3

covariance: 9,(x), a spin 5 vector-spinor (Rarita-Schwinger) field

* To maintain local SUSY, will have to introduce bosonic partner: a spin 2 field
Gy ()
— v 1s massless, and in classical limit obeys Einstein GR eq'ns of motion:

it is the graviton field

— usually, g, () is traded for the equivalent vierbein field e, (z), where
a b

Guv = €€ where 1,3 is the Minkowski metric

* Can derive a Master formula for supergravity (SUGRA) gauge theories
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‘ Supergravity l

SUGRA is inherently non-renormalizable

SUGRA theories specified by Kahler function

G(81,8) = K(S8T,8) +1og | /(S)I%, (12)

and gauge kinetic function

A

fap(S5). (13)
SUGRA can be spontaneously broken just as SUSY can

Since SUGRA is local SUSY theory, have a super-Higgs mechanism, wherein
the gravitino field v, gains a mass ms3 /o while graviton remains massless

A

Can embed MSSM in a SUGRA theory along with gauge singlet field(s) A
with superpotential such that SUGRA is spontaneously broken (hidden sector)

SUGRA breaking communicated from hidden sector to visible sector via
gravity: induces soft SUSY breaking terms of order ~ mg /5!
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‘ Minimal Supergravity model (mSUGRA) l

Assume MSSM embedded in a SUGRA theory
SUSY broken in hidden sector with m3 /5 ~ Myear ~ 1 TeV

For simple choice of Kahler function and gauge kinetic function, will induce
universal scalar masses myg, gaugino masses m; /o and trilinears Ag

Inspired by gauge coupling unification, these universal choices usually taken
at Q = Maoyr >~ 2 X 1016 GeV

Evolve couplings and soft parameters from Mgyt to Myeak: m%{u —

negative, breaking EW symmetry.

All sparticle masses, mixings at () = M ,eqr calculated in terms of small
parameter set:

mo, M1/2, A07 tanﬁa szgn(,u) (14)

The mSUGRA model is paradigm SUSY model for phenomenological analysis,
but is not likely to be the complete story.
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‘ Sparticle mass spectra l

* Mass spectra codes

* RGE running: Mgyt — Myeak

e Isajet (HB, Paige, Protopopescu, Tata)
x >7.72: Isatools

/

e SuSpect (Djouadi, Kneur, Moultaka) 7
o SoftSUSY (Allanach) [ e
e Spheno (Porod) / et

| | |
106 109  101% q0ld

* Comparison (Belanger, Kraml, Pukhov) Q (Gev)

* Website: http://kraml.home.cern.ch/kraml/comparison/

H. Baer, SUSY: Models, August 8, 2006
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SU(5) SUSY grand unified theory

* SU(5): smallest simple gauge group that contains SU(3) x SU(2) x U(1)
— Georgi-Glashow, 1975
* Unifies 3 SM gauge couplings into just one

* Explains seemingly ad-hoc SM/MSSM weak hypercharge assignments
Some common irreps: ' =5, 1; =5, AY =10, SY = 15, w; = 24
Wi, 1 = 1 — 24 gauge superfields
De, Leb
Q, Uc, Ec €10
H, € I:]1 =5
H, € ﬁQ =5
3:(24) needed to break SU(5)

H. Baer, SUSY: Models, August 8, 2006 22



SU(5) continued
k superpotential
f o= pstr2?+ %Aztri}”’ + prHi Mo + XH1 S H,
b B IGRG  VE6F +
* soft terms

Lot —m3,, [Ha|?> — miy, [Ha|? — mEtr{ZTE} — m2|o|* — migtr{y Ty}

1
— Mgy A,
9 5

1
leugtTEQ —+ 614)\2 Agtrz?’ -+ BH,LLHH1H2 + A\\H 12X Ho

1 - -~
ZAtftéiijmW]wle? + V24, fop” ¢iH1, + hec.
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Sample soft term evolution

LILILIL T T lllllll

Minimal SU(5)

my=150 GeV
Ay,=0

m, ;=200 GeV
£,=0.534
f,=0.271

Mass (GeV)

T T T T I T T T T I T T T T I T T T T I T T

1 I 1 I

1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1

5 1017 5

[9)]

-

o}
-
D

Scale (GeV)

* Boundary conditions:

]
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*
*

*

SU(5): problems

extra gauge bosons can induce p-decay: analyses rule out 4-d SU(5)?

Color triplet Higgs in Hy, H> must decouple, but they are in same multiplet
as doublets (doublet/triplet splitting problem)

Synopsis: many believe some aspect of SU(5) must be right. Conventionally,
(SUSY)GUTs have been formulated in 4-dimensions, where large Higgs reps
are needed for GUT symmetry breaking, and can lead to problems. In past 5
years, SUSY GUTs have been formulated in 5 or more dimensions. The
compactification of the extra dimensions on appropriate orbifolds can be used
instead to break the GUT symmetry, dispense with large higgs reps, and
maintain proton stability. It is possible the GUT symmetry holds in extra
dimensions as a remnant of string theory, but is broken by further
compactifications. Recent work by Hall+ Nomura, Altarelli+Feruglio,
March-Russell+-Hebecker, Kawamura, show that extra dim’'l GUTs can solve
many problems associated with 4-d GUTs.

H. Baer, SUSY: Models, August 8, 2006

25



SO(10): synopsis

* SO(10) is a rank-5 Lie group which contains the SM gauge symmetry. It has
several important features:

e The SO(2n) groups have spinorial representations of dim'n 27"~ in
addition to the usual tensor reps of SU(n).

The 16-dim’l spinor rep of SO(10) is large enough to contain all the
matter in a single generation of the SM, plus a right-handed neutrino
state. This unifies matter as well as gauge groups.

The right-hand neutrino state is contained in a superfield

Nf = 0}, (%) + ivV200ner (2) + 900 Fve ().

Upon breaking SO(10), the N¢ fields become SM singlets, and can obtain
a Majorana mass M ;. The superpotential obtains the form

N A A A 1 A
f = fussm + (£)ijea LY HONS + §MNZ-NZ-CNZ-C . (15)
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SO(10): continued

e Upon EWSB, the neutrinos obtain masses via the see-saw mechanism, where
the (dominantly) right-handed neutrino obtains a mass m,r ~ My, while
the (dominantly) left-handed neutrino obtains a mass m, j, ~ (f” ”) . For

third generation, with f, ~ f;, then m,_~ 0.03 eV for My3 ~ 1015 GeV,
very close to Mayr!

Further, the group SO(n) (except n = 6) are naturally anomaly-free, thus
explaining the seemingly fortuitous anomaly cancellation in the SM and in

SU(5).

In the unbroken SO(10) theory, the superpotential is expected to have the
form

f 2 fihiediedio + ... (16)
with f being the single Yukawa coupling per generation in the GUT" scale

theory. The ellipses represent terms including for instance higher dimensional
Higgs representations and interactions responsible for the breaking of
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SO(10). Thus, naively, it is expected in SO(10) theories that the various
Yukawa couplings of each generation should unify as well. This should hold

especially for the 3rd generation. Yukawa coupling unification puts a strong
constraint on the phenomenology expected in SUSY models. See e.g. A.
Auto, HB, C. Balazs, A. Belyaev, J. Ferrandis and X. Tata, JHEP0306, 023

(2003), hep-ph/0302155.
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