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Introduction

Most phenomenological studies of SUSY assume gaugino mass unification:
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This is the case in mMSUGRA as well as in minimal gauge mediation (GMSB)

Not the case in more general schemes though, and it is useful to study
alternative theory-motivated relations:

e different signatures at colliders
* new possibilities for dark matter (very constrained in mSUGRA)

* fine-tuning of the MSSM can be improved



Example 1: gaugino masses from non-GUT-singlet F-term [Anderson et al.’96]
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e.g. SUB): (24®24), = 1&246 75 200

=> non-trivial gaugino mass relations for F = 24, 75 or 200

Example 2: general gauge mediation [Meade, Seiberg, Shih *08]

Here we will combine GMSB with unification = departure from gaugino
mass universality leading to non-standard SUSY spectra



Quick review of gauge mediation
[see e.g. Giudice, Rattazzi, Phys. Rept 332 (1999) 419]

Supersymmetry breaking is parametrized by a spurion field X with
(X) = M + F6°

X couples to messenger fields in vector-like representations of the SM
gauge group [often complete GUT representations, e.g. (5,5) of SU(5)]:

Wmess — AxX(I)(i)

=> supersymmetric messenger mass M + supersymmetry breaking mass
term F'¢o¢ + h.c. for the scalar messengers:
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|F'| < M? required (no tachyon among scalar messenger)

=> soft terms in the observable sector via gauge loops



Gaugino masses arise at one loop: (Fs)

Ma(:u) — QZETM) Np, Z QTG(R’L) % I\ /\

Ri = messenger representation, Ta(Ri) = Dynkin index, Nm = number of messengers

Scalar masses arise at two loops:

C, = second Casimir coefficient for the superfield x



Main advantage of GMSB: since gauge interactions are flavour blind, the
induced soft terms do not violate flavour

= solves the SUSY flavour problem

Dark matter: the LSP is the gravitino (unless M > oMp /4):
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If m3s2 > 100 keV, the gravitino behaves as a cold relic and can constitute
the dark matter; but its relic density depends on parameters that cannot
be measured at colliders (13,5, oc T ) # lightest neutralino

Furthermore, the late NLSP decays can destroy the successful predictions
of Big Bang Nucleosynthesis (depends on the NLSP and on map)



Combining gauge mediation with unification

In the MSSM, gauge couplings unify at 2 x 10'° GeV = GUT?

(P, iD) in a vector-like representation of Geur = can couple to the adjoint
Higgs field 3. involved in GUT symmetry breaking:

RR = 1@ Adj. © -

Writing Wiess = Ax X PP 4+ Ay X0

and assuming A x Xo < Ay (2)), one obtains a GUT-induced mass splitting
inside the messenger multiplets

= non-minimal gauge mediation




A first example: G=SU(5), 2 =24

Winess = AxX®P + AsX0d (X) = Xo + Fx0?
(32) breaks SU(5) down to the SM gauge group:
(¥) = V Diag(2,2,2,-3,-3) V=10 GeV
Assuming \x:(22) gives the dominant contribution to M:

E.g. for messengers in (5,5) and (10, 10) representations:

®(5) = {P31.1/3, P12-1/2} M = {2 sV, =3XxV},
®(10) = {¢d321/6, P3.1,-2/3, P1,1.1}, M = {AsV, —4AsV, 6AsV},
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Gaugino masses: M, (u) M, = 6 VY]
. 1 3 2 Ax Fx
=> bino mass: M, = — 2-Y. Y;
T A 2T vy 2.
= M, =0

But messengers are heavy = supergravity contributions to soft terms
cannot be completely neglected

UET I coupling 9 MaguT ~ (102 =107 1)

Mg loop tactor Mp
Thus M, ~ ms/o < (MQ,/L) ~ Meay

=> the LSP is a mostly bino light neutralino

(RGE effects give M7 ~ 0.5m3 /2 at low energy)



Superpartner spectrum: Mi = 0 is independent of the messenger
representation, but not the ratios of the other superpartner masses

— M3 - 30&3

5,D) : — | =— (=4at u=1TeV
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— M3 70&3
10, 10) : — | = ~1.5at u=1TeV

(5,5):  m@ :mpe :mpe :my :mpe ~ 0.79:0.70 : 0.68 : 0.14 : 0.08

(10,10) :  mQ : mfe : Mpe : M7, i Mpe ~ 8.8:5.6:5.5:3.3:0.17
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Phenomenology of the light neutralino scenario

Main distinctive features:

* light neutralino LSP (below 50 GeV)

* non-universal gaugino masses
e light singlet sleptons, especially for (10,10)

Late decays of the gravitino into )N((l)”y /x?qq should not spoil the successful
predictions of Big Bang Nucleosynthesis = T < (10° — 10°) GeV

=> disfavours baryogenesis at very high temperatures, like (non-resonant)
thermal leptogenesis

WMAP constraint Qpash® = 0.1109 + 0.0056 satisfied thanks to the
efficient annihilations X1X; — 777 mediated by the light 77 . Still
the relic density tends to exceed the WMAP value if Mo < 40 GeV

Direct detection: | or 2 orders of magnitude below present experimental
limits (cannot account for the two CDMS events)



Since mg/2/Mcaar ~ 0.1, the SUSY flavour problem is alleviated, but not
eliminated in the lepton sector (expect e.g. observable p—eYy)

Hadron collider signatures of a light neutralino: not very different from
the mostly-bino neutralino of e.g. SPSla (97 GeV) — larger phase space, in
general slightly increased cross sections (e.g. for pp/pp — X1X1 + jet,
20% increase at LHC if massless), but no distinctive signature [Dreiner '09]

=> the distinctive signature is the M2/M3 ratio

Full model: couple the messengers to a SUSY breaking sector, e.g. ISS =
metastable vacuum [Intriligator, Seiberg, Shih], with X = ISS mesons

- ISS vacuum protected from decay to vacua with (P, i>> £0ifAx <1077

- quantum corrections induce a vev X, = 0, which helps in generating the
U and B terms from Planck-suppressed operators



G = SO(10), messengers in10

1010 = 1545, P 544
Both a 45 and a 54 can be used to break SO(10) [often in combination]

2 = 54 case:

21l6xe  Ogx4
Osxe —31ax4

(54) = v(

Since 10 = 5 @ 5 under SU(5), this is equivalent to a pair of (5, 5) of SU(5)
coupled to a 24 and gives the same SUSY spectrum

The 45 has two SM singlet vevs, in the B-L and T3R directions. The first one
is often used to break SO(10) and for the doublet-triplet splitting (missing
vev mechanism). Both can be used to obtain realistic fermion masses.

Viable spectra are difficult to obtain from 458-L (tachyons in stop sector)



Messenger superpotential:
Wness = AxX1010" + A451045 10’
Two 10’s are necessary, since 45 = (10 ® 10),

The vev (45) = Vi T3, does not contribute to the masses of the colour
triplets/anti-triplets in 10 and 10’ = wino mass suppressed with respect

to the bino and gluino masses (M7 < A\y5V3R) :
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=> wino NLSP (gravitino LSP)

Annihilations via gauge interactions and coannihilations inside the wino
triplet very efficient = small relic density:

My

100 GeV
BBN constraints alleviated, but still require m3 /5, < 1GeV

2
Qwhz ~ 2x 107 ( ) [Arkani-Hamed, Delgado, Giudice ’06]

[Covi, Hasenkamp, Pokorski, Roberts '09]
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Collider signatures

1-loop corrections induce a mass splitting M>~<+ — Mi&? > () slightly
1
greater than m .+ = neutral wino NLSP, dominant charged wino decay
~ ~0 . .
mode X1 — X1 T T leads to displaced vertices [Feng et al.’99, Gherghetta et al. 99]

The NLSP decays only gravitationally ()Z(l) — fyé/Zé ) = long lived:
5

- X4
X1 487T(m3/2MP)2

(reminiscent of anomaly-mediated scenario where the wino is the LSP)

m

— ’7'>~<(1) ~ 1048 fOI' m3/2 ~ 1 GeV

Very challenging at the LHC: look for )2;321_ production in association

with a jet, which leaves two displaced vertices + missing Er



G = SO(10), messengers in (16,16) ,2 = 45

Most interesting case: (45) = Vp_1T_1,

The mass of each component of the 16 is fixed by its B-L charge
=> cancellation in the formula for the gluino mass:

)\ F
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A nonzero gluino mass arises from SUGRA = assume M3 = m3

— gluino NLSP (gravitino LSP) [see Raby et al.’09 for an alternative scenario]

Since the gluino decays gravitationally (¢ — ¢ é), it is very long lived

5
M=
L/75 ~ = (mg/i MpE =T 107s for mg ~ 250 GeV, mz/5 ~ 100 GeV

Remiscent of split SUSY (except that gluino NLSP)
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Collider signatures

Long-lived gluinos hadronize and form R-hadrons

If the lightest R-hadron is neutral, it will escape the detector leaving only
a small fraction of the event energy

=> signature: monojet + missing energy (from gluino pair production in
association with a high pr jet). Lower bound from Tevatron Run Il data:

mg > 210 GeV

LHC should probe masses up to |.1 TeV [Hewett et al.’04, Kilian et al.’04]

Also possibility of stopped gluinos which decay in the detector not
synchronized with a bunch crossing [Arvanitaki et al.’05]

Bound from DO [arXiv:0705.0306]: m; < 270GeV for 75 < 3h

(assumes a neutral-to-charged hadron convertion cross section of 3 mb)



BBN constraints

A long-lived relic decaying hadronically can spoil BBN
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bound by the deviation from the Planck distribution of the CMB.



The condition Y;m; < few 107'* GeV for m; ~ 250 GeV can be satisfied
since gluinos annihilate efficiently through strong interactions

However, bound state effects (R-hadrons forming bound states with normal
nuclei) can affect BBN predictions. Kusakabe, Kajino, Yoshida, Mathews
[arXiv:0906.3516] estimate a much stronger constraint: 7x < 100s

Way out: lower Fx such that m3 /5 < 1 GeV, with M3 from subdominant
contributions to messenger masses

=> similar spectrum with unchanged collider signatures (however the DO
bound m; < 270 GeV now applies), but BBN constraints satisfied



Conclusions

If supersymmetry breaking is mediated by gauge interactions and there is
an underlying GUT, the dominant contribution to messenger masses may
come from the coupling between the GUT and messenger sectors

This leads to a non-minimal GMSB spectrum which is mainly determined

by the representation of the messengers and by their coupling(s) to the
GUT-breaking field(s)

Some of these spectra exhibit striking features such as a light neutralino
LSP, or a wino NLSP with a gravitino LSP. BBN constraints favour the
neutralino LSP scenario



