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SUSY-breaking and mediation

« SUSY iIs dynamically broken in a Hidden Sector of the
full theory and the effects of this SUSY-breaking are
mediated to the Visible Sector (MSSM) by some flavour-
blind interactions.

: Flavour-blind
Hidden SUSY SM sector
SUSY-breaking < > MSSM
sector Interactions ( )
(messengers)

« Soft SUSY-breaking terms in the MSSM arise as a result
of this mediation. They can be computed from the
underlying theory / mediation mechanism (if known).



SUSY-breaking and mediation

« Gravity mediation: SUSY-breaking is communicated to
the MSSM only via gravity-strength interactions

M messenger: M P

« Gauge mediation: Messengers are ordinary matter fields
coupled to the Hidden sector and to the SM gauge fields.
SM gauge interactions are responsible for the generation
of soft terms in MSSM. M, cssenger IS @ NEW scale.

« Extra-dimensional mediation: Gaugino mediation and
Anomaly mediation scenarios.



Gravity mediation and CMSSM

Supersymmetry breaking in MSSM arises from Mg ,.-Suppressed terms
In the supergravity effective lagrangian.

If one now assumes a minimal form with the canonical Kahler po-
tential together with a factorisation between the visible and the
hidden sector degrees of freedom one reduces the complicated de-
scription of the soft terms to just four parameters

(F) (B, (F)
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Gravity mediation and CMSSM

At the high scale, Mp (or in unified theories Mgyr) all the gaugino
masses are given by mj,» and all the scalar masses by mgo. There
are only four idependent parameters in the CMSSM,

This simple model (and its relatives) is a favourite SUSY realisation
of some theorists and most of the experimenters. The entire recent
analyses of the CMS and ATLAS collaborations is enterpreted in
terms of the CMSSM parameters, mo and my .

In spite of its universal appeal, the CMSSM is not derived from any theory,
It is an assumption within Gravity mediation.

E.G., Gravity mediation in general leads to unsuppressed flavour violation
which needs to be explained; in the CMSSM it is set to zero by hand.



CMSSM exclusion plots from CMS and ATLAS
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One of our main goals - apply the LHC results and data to SUSY models beyond the

CMSSM:
pure General Gauge Mediation
large set of previously proposed benchmark points
(and even CMSSM again)



ATLAS Constraints on pGGM parameter space
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Gauge mediation

messengers

Hidden sector < » susy SM sector

Messenger fields are coupled to the SUSY-breaking sector and to the SM
sector. Importantly, in the SM sector they are coupled only to the gauge
multiplets, not to the matter fields. => Pure gauge mediation.

Gauge mediation manifestly does not give raise to new flavour changing
processes since SM gauge interactions are flavour blind.

LSP of gauge mediation is gravitino. Contrary to gravity mediation the lightest
neutralino will always ultimately decay into gravitino and cannot be a dark matter
candidate. However this does not rule out a possibility of gravitino dark matter.



Gauge mediation

« Gaugino masses are generated by:
(Fy)
-—"*-._ < messenger loop
FI ‘\
{x)
e Scalar mass squared are generated by:

L «— messenger loo
(a) (h) (c) (d)
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Gauge mediation

These diagrams are computed at the messenger scale (high scale),
1TeV < Mmess < MguT. Gaugino and scalar masses are of the
form:

thz’(Mmess) A

M,’i’.(Mmess) = ki A

G

where k; = (5/3,1,1), k;a; are equal at the GUT scale.

let-z(Mmess)

AQ
(4m)2 " °

3
m%(Mmess) = 2 Z Cik;
1=1

where the (C; are the quadratic Casimir operators of the gauge
groups, C; = (Y?,3/4,4/3).

F
Mmess

Ordinary gauge mediation is a one-scale model Ag ~ Ag =



General Gauge mediation

A simple one-scale model does not capture important dynamics.
Scalar soft masses arise when supersymmetry is broken, i.e. F #* 0.
But non-vanishing Majorana masses for gauginos requre in addition
that a U(1) R-symmetry is broken.

Hence in a generic case, gauginos and scalars are described by
independent parameters, Ag and Ag.

Meade, Seiberg and Shih 0801.3278 showed that in most general
GGM settings there can be three independent Ag, scales and three
Ns, scales, one for each gauge group.

However, if one assumes that the theory grand unifies and further-
more that the messengers form unsplit GUT-multiplets, one finds
that there is a single Ag and a single Ag scale.

Jaeckel, VVK, Wymant 1103.1843



General Gauge mediation

Meade, Seiberg and Shih 0801.2278: pure GGM without Unifi-
cation assumption has at most three independent Ag, scales and
three Ag, scales:

My (M) = k, j— Ar s

2

m2(M) = 2Zcz(f,r)k Ty

These two constraints glve two mass sum rules for each of the
three generations

/\

TrYm? =0 = Tr(B—L)m?,

or equivalently,

m% — Qm% + m% — m% + m% = 0, Qm% — m% — fm% — Qm,% + m% =0




General Gauge mediation

Meade, Seiberg and Shih 0801.2278: pure GGM without Unifi-
cation assumption has at most three independent Ag, scales and
three Ag, scales:

MAT(M) = ky, = AG,T‘&
47

3
2
a?"
m2(M) = 2% Co(f, 1)k e N
r=1

Do these sum rules hold at any scale, e.g. at the low scale?
Do they hold only for the first two generations, or not even that?

Can they be used as a "smoking gun’ signature for gauge Mediation?

m%—Qm%—l—m%—m%—{—m% = 0, Qm%—m%—m%—Qm%-f-m% =0



General Gauge mediation

Meade, Seiberg and Shih 0801.2278: pure GGM without Unifi-
cation assumption has at most three independent Ag, scales and
three Ag, scales:

MAT(M) = ky, = AG,T‘&
47

3
2
a?"
m2(M) = 2% Co(f, 1)k e N
r=1

If the sum rules were to hold to a good accuracy at any scale M,
then the messenger scale would appear to play no role in GGM

and would not be a parameter on the GGM model space. (?)

m%—Qm%—l—m%—m%—{—m% = 0, Qm%—m%—m%—Qm%-f-m% =0



Mass in GeV

Spectrum dependence on the Messenger Scale
keeping A(M, ) fixed and varying M, <
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Why should one keep Lambda’s fixed at M ,o.?
Can one keep fixed RG Invariants instead?
-That’'s what we’ do:

Instead of (or in parallel with) the mass sum rules we will also use

1-loop RG Invariants (RGISs)

d
E(RGI) = 0+ O(2-loop)

* These RGIs are known analytically and were listed recently in
Carena, Draper, Shah, Wagner 1006.4363 for a general MSSM case (next slide).

* RGIs hold to the first order in alpha SM

» Miss order alpha-squared

* Incorporate effects of the Yukawa coupling of the 3" generation
» Miss Yukawa effects of the first two generations (set to zero)

In pure GGM there are six non-trivial RGIs which are in one-to-one
correspondence with six Lambdas.



RGI

Definition in terms Soft Masses

GGM value
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Mass in GeV

Spectrum dependence on the Messenger Scale
keeping 6 RG-Invariants lg. and |, fixed
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GGM sum rules In terms of observable masses

Sum rules;

2 2 2 2 2 2
ITrYm® = 0 = mg — 2my +mp —mp +mp

~y

I'r(B—L)m* = 0= 2mg —mg —mp — 2mj + mj

and a linear combination

TrY m? — gTT (B—L)m? =0

express for simplicity first in terms of just the observable masses:

1

m2 = m2 m2. — m?2 m2 — —(m2 + m?
my = my ., Mp=my , Mg = 5 (m i + mbg).
2 2 2 1 2

2 2
mg = mz , mp= 5(-??172 +my_)



GGM sum rules In terms of observable masses

Yukawa effects and 2-loop gauge coupling effects are taken into account
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GGM sum rules In terms of observable masses

Yukawa effects and 2-loop gauge coupling effects are taken into account
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GGM sum rules In terms of soft masses
m(?g — 2’”’1% + ng — m% -+ ‘mQE = 0 = QHJ;‘; m;'j mf} Zrn% -+ mi

should be expressed in terms of the soft rather than observable
masses (harder experimentally). For up-type quarks we have:

'TT?-%?:’I 0 _ [(cosby, —sinbyg, A2 cosfy,  sinfy,
0 -mi , sinfly,  costy, Yo\ —sinf;, cosly, )’
2 (m? Jii +ma; + Nap M, ((Au)i — prcot )
i My, ((Au) —pcotB)  (mF)i +m2, + Ay

>
Il

(T3 7 — Qfsin 2 O ) cos(26)m7 .



GGM sum rules In terms of soft masses

~

2 2 2 2 2 I 2 2 2 2 2
m("l) _2m{}f+mD_mL+mE —_— O —_ 2”»’{") ”e’lg j”;"} 2#‘”}.-‘ + ”';,-";'

should be expressed in terms of the soft rather than observable
masses (harder experimentally). For upg-type quarks we have:

oy 2 }
TT?.-,&?:J 0 (COh ‘9"11?;
a2 i O
0 mg. ., sin 0y,

cosfy,  sinfy, )

sin ;. cos 6y,

2 (-m.é)).,;i - -m.aﬂ-_ + Ag, -nz..uz((A.u,)i,_; 2— Lcot 3) |
Ui My, ((Au)i — pecot B)  |(mg; )i+ my ;+ Aap
Ay = (T35 — Qj sin® By ) cos(26)m7 .

for the down-type quarks substite u,cot 8 — d,tan 8 and for charged
sleptons one has Q,u,cot3 — L,e,tan .



GGM sum rules In terms of soft masses

Yukawa effects and 2-loop gauge coupling effects are taken into account
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Yukawa effects and 2-loop gauge coupling effects are taken into account
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Zoom of the previous slide... Also checked sum rule violations for low tan beta models



General Gauge mediation

Mass sum rules = 0 and do vary when one changes the high scale,
especially the hypercharge sum rule for the third generation
(due to a large Yukawa of the 3" gen.)

Mass spectrum varies as well either when A(M,,..s) IS fixed
or when RG Invariants are fixed at M, oqs

The messenger scale is a parameter of GGM



General Gauge mediation

Mass sum rules = 0 and do vary when one changes the high scale,
especially the hypercharge sum rule for the third generation
(due to a large Yukawa)

Mass spectrum varies as well either when A(M,,.ss) IS fixed
or when RG Invariants are fixed at Mo«

The messenger scale is a parameter of GGM

Thus most generally the GGM parameter space is described by:

3 values of A_ (Mpess), 3 values of A | (Mpess) » Mipess itself, tan 3

In the non-pure extensions of GGM where messengers are allowed

to couple to Higgses directly, there are additional soft contributions
To Higgs masses: 5, and d



General Gauge mediation

Mass sum rules = 0 and do vary when one changes the high scale,

especially the hypercharge sum rule for the third generation
(due to a large Yukawa)

Mass spectrum varies as well (both either when A(M,,..) IS fixed
or when RG Invariants are fixed at Mo«

The messenger scale is a parameter of GGM

Thus most generally the GGM parameter space is described by:
3 values of Al (Mess)s 3 Values of A (Miess) » Miess Itself, tan 3

However, if one assumes that the theory grand unifies and further-
more that the messengers form unsplit GUT-multiplets, one finds
that there is a single Ag and a single Ag scale as well as M,ess and

tangs.



GGM with Unification

Jaeckel, VVK, Wymant 1103.1843 and 1102.1589

In these unified GGM settings there are three input parameters,
Mpess and Ag, As (at M,.ess). In addition there is tan g.

Below the messenger scale, Ag scales remain constant, but the Ag

scales split due to RG evolution:

Here RGIs are kept
fixed at M ... and Ag are
reconstructed from them.
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If supersymmetry is discovered, and if (in remote future) all squark and slepton
masses of the first two generations will be measured, depending on the accuracy
of these measurements, one can in principle reconstruct the running A5 parameters

and check if Unification and Gauge Mediation take place.

This is more than the usual unification of gauge couplings.



Pure General Gauge Mediation

Abel, Dolan, Jaeckel, VVK 0910.2674 and 1009.1164

Studied GGM models defined in terms of three input parameters,

Na, Ng and Mp.ess . The value of B at the high scale is small in
pure GGM.

This is the gauge mediation analogue to the canonical CMSSM
(mlf23 mo).

Important to determine if any region in this parameter space is
favoured or excluded by experimental data in order to provide di-

rection for model building and investigate current and expected
LHC signals.
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log;o(Ag (GeV))

Pure GGM: finding the Parameter Space
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ATLAS Constraints on pGGM parameter space
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See the next talk:
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BSM theory input needs a
parameter space

pureGGM:=(M,esss Ag:As)

In progress:

l

BSM Theory Phenomenology
Mode|@ # Model @ #
E >>TeV E~TeV

Generate
BSM events
with
Monte Carlo

Extended GGM=(M,, ocs: Ag:As , tan B, d,, 8)

#

Comparison
with experiment

RG evolution
e.g. Herwig++

SoftSUSY or Sherpa
and PDFs

Experimental cuts
with RIVET

End of Part |
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Our implementation of ATLAS exclusion on
CMSSM and the standard benchmark points

Dolan-Grellscheid-Jaeckel-VVK-Richardson 1104.0585
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Implementation of ATLAS constraints on the
CMSSM overlaid with pGGM and benchmarks
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