SUSY Scenarios for the Fermi GC Excess

] I ] I 1
. apip8 NFW, y=1.26 1
E ]
2
™, go10°8
§
=
.‘3. Lo-10-8
I]
-
-~
3 gb—————————--_1
11'-1 } l 4
—l..l}‘iﬂ‘_ﬁ | 1 (] I i ]
0.5 1.0 S 10.0 50.0
E, (GeY)
Daylan etal 1402.6703
3 —— - : - - F e R e S
—— bk, x*=26.4 - — —mass, ¥*=28.8
- - —ce, X'=22% - = - democratic, ¥*=31.4
PAEEERE 53, x3=24_5 . 2k charge, XZISE-E ra
un,dd, ¥*=33.1 ——B0% 1, ¥*=43.2 iz
da\ “i“ /{M
.. L= . 7 .
§: i §: /s
£ i £ i 7
g 10728 L = iz 10-26 . 3
3 Plocar=0.3 GeV/em?® - TF ﬂ Pl =03 GeV/em?
- =126 . - 7=1.28 3
5 | L 1 1 L 5 L 1 1 1 1 1
15 20 25 30 35 40 7 10 20 30
my (GeV) my (GeV)

arXiv:1409.1573 v3 + in progress /g 3/26/15

' i =1 Are~
M. Cahill-Rowley , J. Gainer, J. Hewett, T.D. Reuter & TGR = —=- =
y FLORIDA ‘e B W 127101 ELERAT



Model Building Assumptions

— Assume the Dylan etal interpretation/fits of the Fermi GC are ~correct
within a SUSY context. What ingredients do we have ?

The DM LSP mass is ~ 30-40 GeV but could be as large as ~70 GeV
Thermal freeze-out (cv) gives the observed DM relic density

A similar (but likely a bit smaller) value of (cv) today —» GC signal
The bb-bar final state is dominant

Assumption: only a s/ng/e annihilation mediator is active at all times

—— Ifthe LSP is above the W mass then the MSSM is OK
provided the WW etc. produce good fits. The low LSP mass +
the bb-bar final state makes the model building interesting &
challenging.

It certainly does appear that bb-bar gives the best fit.. ,
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* Non-bb-bar final states other than hh result in poor fits & require
LSPs to produce near-threshold final states with little boost. hh near
threshold makes mostly b’s similar to LSPs with masses ~60 GeV
directly annihilating to bb-bar

The WW, ZZ & tt-bar final states are easily obtained in the MSSM
so are somewhat less ‘interesting’ in the present context .

The true hh final state is helicity/p-wave suppressed for Majorana
LSPs & so is not relevant in typical SUSY scenarios

Our Goal: Can we find a ‘not too crazy SUSY model’ with the
ingredients above & satisfying all of the other experimental
constraints ? What are the pheno properties of such models?

It is useful to examine why some models fail to see that this is non-triyial



Where do we start? The (p)MSSM !

30-70 GeV DM/LSP in the pMSSM must be well-tempered : mostly too
light for co-annihilation (which is helicity/ p-waved suppressed), can’t be
~wino/Higgsino (due to the LEP + relic density constraints) & so only

~ Z/Higgs funnel regions are relevant

The relative bino-Higgsino content varies with LSP mass so that the Z/h at
freeze out can make (ov) large enough to give the measured relic density.
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pMSSM (cont.)

 However, the value of (ov) today is too small by ~100 or more to produce
the GC flux due its strong velocity-dependence as v is now much smaller
(Also recall: bb-bar is not dominant in Z-exchange scenarios)

 Hence the Z/h cannot be the lone mediators due to the strong velocity
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pMSSM (aside)

Typical Z-induced annihilation cross
sections for various LSP masses via
their Higgsino components show a
strong velocity dependence unlike,
e.g., in the case of pseudoscalar (a)
exchange as will be shown later.

Ratio (r) of freeze-out to present
day annihilation cross sections for
pure Z exchange . This gives us an
upper bound on the LSP Higgsino
component since the apparent
observed value of ris <~ 1



pMSSM (aside Il)

For Higgs-dominated annihilation the velocity dependence becomes
even stronger leading to typical values of r ~10°> Once 2m, is much
past the Higgs pole the coupling strength is too weak to yield the
observed relic density. Z/h exchange are inadequate — we need to go

beyond the MSSM..

107

108

ov(em®s™1)

104

103 PR R B R R B Lo
30 40 50 60

10—30 1 1 ||||||| 1 1 ||||||| I | |||||| m(GeV)
0.001 0.005 0.010 0.050 0.100 0.500 1.0t

v

Toast |



What Next ? : Dirac Gauginos

 Why? Dirac LSP co-annihilation is not p-wave /helicity suppressed.

» The Dirac LSP of this mass must be ~a very pure bino -- any Higgsino content
leads to a coherent vector Z-coupling conflicting with SI DD constraints .
(Squarks must also be >1 TeV to satisfy SI DD in this case). The LSP can only
rely on t-channel sfermion exchange to achieve the correct relic density:

XX — ff:

N. ¢*m? A
ov = 91 xﬁf( Yy z—i—L—}R)

2 _ 2 2
8 (ms3, mf+me)

* However only ~100 GeV staus can produce a large enough (cV) .
LEP, LHC & DD constraints — sbottoms are much too heavy to give a
significant rate due to their small hypercharge & cannot produce the

observed relic density

« More TOAST...



E,SSM : Z’ Plus SM Singlets

» SUSY E; has a TeV-scale Z', with couplings determined by a
mixing angle, 0, as well as two new SM singlet fields (S, v¢)
which might be either a Dirac or Majorana LSP. Note that
everything is completely fixed by group theory except for the Z'
mass and 0

« The Z' mass is far above that of
the LSP so no DM ‘running up the
pole’ issues & no DD problems

10R9
10_30 —

10731 |-/

 However, for an LSP mass of
~30-70 GeV & a Z' satisfying the
LHC constraints we find that (cV)
during freeze out is too small to
obtain the observed relic density
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The NMSSM with Z,

Witigee = AS H, - Hy + 25
3 - The parameter space is actually
1 rather limited & there are a large
= Aluon = A3 H, - Hy S+ SkA, S* +he.. number of experimental constraints
given our assumption of only a single
mediator.
/ Jadr] 0 _Hl'”; g\l;%u 0 \
M, 27 =2z 0 « The ~singlino is the LSP and the
M= 0 —pesr  —Avy ~isosinglet CP-odd a (as noted by
0 —AUg many authors) is a good mediator.
\ 265 +4#°)  The coupling to the SM is via mixing

& requires large tan 3 to get bb-bars

« We know that the Higgsino content of the LSP must be kept small to
avoid coupling to the Z & its influence on the relic density. (Single
mediator only!) . Av, ; must be small to avoid this mixing .

11



The NMSSM with Z, (cont.)

 However: pg =As >100 GeV (LEP) & ALSO 2ks ~ 30-70 GeV is the
LSP mass. Furthermore, k contributes to the overall scale of the yyxa
coupling (see below) so can’t be too small

 Then we need to arrange a smallish a mass, a somewhat larger A
mass and also keep h ~125 GeV from loops while avoiding the LHC
search constraints

 We performed both an algebraic study of these requirements as well
as a scan of the parameter space (generating > 107° points ) finding
no solutions

— There is not enough parameter freedom to satisfy all of these
requirements (& those on the rest of the spectrum) simultaneously
with only a single mediator. (But Z + a will work in a small region.)

Toast ! .



The General NMSSM Without Z,

o - 1 - .
Witigse = AS Hu - Ha+ 5 + 5005 + %q’* ,

1 1
= ALuon = My Hy - H S + 3rA, S* 4+ m; Hy - Hy + Emf.;? S* 4+ £5 S+ he

* The extra 5 parameters, e.g.,

(M 0 -2z &= 0 W , resolve these problems !
My e g
M = 0 —jer =\ We studied the general NMSSM
0 —\vy by performing a parameter scan
\ 25 K0 employing a modified version of

NMSSMTools4.3.0 ™ — ‘features’
(new version 4.5.1 out now)

» To simplify we set slepton masses to 1 TeV and all squark masses to a
common value mg with A, ; = 6 m, to get an observed Higgs mass of
12513 GeV (stop mixing) which we assume is the lightest CP-even state

« Furthermore we also set 2M, =M, =M;/3=1TeV & A =1.5TeV =



Parameter Value Lower Bound | Upper Bound
M, 500 GeV — —
M, 1 TeV — —
M 3 TeV — —

Mi(&)2a I TeV o o
m% 0 — —
m2, 0 — —
A 1.5 TeV — —

tan 3 Scanned 1 60
A Scanned 0 0.7
K Scanned —0.7 0.7
Ay Scanned —30 TeV 30 TeV
A, Scanned —30 TeV 30 TeV
[loff Scanned —5 TeV 5 TeV
mg; Replaced — —
Aip Replaced — —
Ep Replaced — —
£s Replaced — —
i Replaced —
Parameter | Value | Lower Bound
My Scanned 122 GeV :
Mg Scanned 80 GeV 800 GeV
14 Scanned 500 GeV 5 TeV
[m 0l Scanned 30 GeV 40 GeV

— These parameters are fixed

™ These are flat scanned

J\

These ‘solved for’ numerically
. to obtained desired value of
the physical quantities in the
ranges given here

m, >2m, so that (cv) is smaller
now than during freeze out

Large M, helps with flavor & LHC
direct search constraints 14



And So...

— We generated 6x108 sets of points in this parameter space & applied
all the requirements above + stability, no tachyons, etc. Our goal was
to find viable solutions & not to do a detail parameter study !

Of course all the DM, flavor & LHC search constraints are also applied***

~52.8 k ‘models’ = sets of parameters remain

Some useful definitions:

The mixing angle 6, measures the isodoublet content of the lighter CP-odd state

The mixing angle 6, measures the isosinglet content of the ~125 GeV Higgs

— We can now make a lot of plots that examine various model properties

. . . 15
*** see paper for an extensive discussion



\ DM
X b annihilation

via the
pseudoscalar

~ kK C0S 0, Z;5 ~ sin 6, tan B

~1/m,?2

— The values of the various parameters must compensate
each other to obtain the correct relic density 16
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questions to answer

Number of Models

Some -

—

Can it be observed in DD experiments?

What are the properties of the LSP/DM ?

Are the properties of the Higgs modified?

Are there other LHC, etc. signals?

DM properties

10}
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10° 10® 107 10° 10° 10* 102 107 10
BR(h—xX)

3 xy
104} bb
[

Number of Models
= 5

-6

103 10 10°

BR(h—X)

10 10 10

« The Higgs remains SM-like
but picks up a generally very
small BF (~ < 1%) for the
decays to the LSP. LC??

« The light CP-odd field, a,
decays almost entirely to

LSP pairs but with a small
bb-bar BF

Number of Models
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Heavy Higgs
Searches
@ LHC

95% CL limit on 6(ggo)B(o—11) [pb]

ATLAS Preliminary, 1s=8 TeV, h/H/A— 1t
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Heavy Higgs Search Impact

The usual LHC ‘A/H —tt’ searches
@ 7/8 TeV are quite easily satisfied
but do provide some constraints &

cut off the a mass distribution from
above @ ~500 GeV . Clearly 13-4

TeV data will have some significant
impact here..

Searches for bb-bar +MET can be
reinterpreted to look for a+bb-bar
associated production where then
a—>yx. Again, safely within current
constraints...but @ 13-4 TeV...

1404.2018 2
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016« Similar constraints are obtainable
008 for the direct gg-induced channel
0.00

200 300 400 500 but are easily satisfied for these
Mia) (GeV) points

10

» Interestingly the constraints
10 allow both pseudoscalars to

<
()] —_
c < be quite close in mass near
%S, = the top end of the range &
107 L] L] L] L] L]
with significant mixing
200 300 400 500 107

M(a) (GeV) 26



BR(B,—ptp )/SM
SI—'
Model Density
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Reduction in the uncertainties in
the NMSSM theory calculation
would be useful

Most model predictions lie quite
close to the SM value but there
are some tails

RC via sign of u splits models
into two subsets 27



LHC (cont.)

» The role of the ‘traditional’ part of the SUSY spectrum (& the associated
searches) has been relegated to a subsidiary position in our analysis by
picking ‘obviously OK’ points

Here to simplify our study as much as possible, we set gaugino masses
to fixed values & we chose squarks heavy to avoid the LHC constraints &
give the observed Higgs mass)/e wanted an existence proof!

= / « Of course we don’t need to make
10| g ;1 | these assumptions in a MORE

detailed study

 E.g., here we see that although we
placed a cut on the lightest stop mass
>(0.7 TeV very few models would have
much smaller values

Number of Models

10° 10

Mass (GeV) e
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RESTAURANT

Summary & Conclusions

It is a non-trivial model building challenge to find a SUSY scenario that
can incorporate the Fermi GC y-ray excess with a single DM mediator
while also satisfying all other phenomenological & theoretical constraints
assuming 30-70 GeV LSPs . Models can easily fail for many reasons.

The general NMSSM provides a successful proof of principle framework

This idea can be tested to a limited degree by DD, searches for heavy
Higgs partners (including bb-bar+MET), a possible small Higgs BF for
decay to LSPs, some changes in some flavor measurements and, of
course, direct SUSY searches. ID of DM signals from Dwarfs by Fermi
would verify this interpretation. Tension!

This scenario can be generalized to more complex SUSY spectra by
relaxing several of our simplifying scanning constraints

Hopefully we’ll soon find out more about this signal from FERMI 29
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The p(henomenologicallMSSM

— The MSSM has > 100 parameters --we *
make experimentally motivated assumptions
to reduce these to some ‘reasonable’ level :

The general, CP-conserving MSSM with R-parity

Minimal Flavor Violation at the TeV scale (the CKM controls flavor)

The lightest neutralino is the LSP

The first two sfermion generations are degenerate (type by type).

The first two generations have negligible Yukawa’s & A-terms.

The WMAP/Planck relic density is not necessarily saturated by the LSP

-2 the pMSSM with 19 TeV-scale parameters...

Goal: obtain many points (‘models’) satisfying existing data &
study them...going for ‘breadth not depth’. NO FITS!31



Tension With FERMI ?

10

Abazajlan+ 2014 (1)
Calore+ 2014 (2¢)
Daylan+ 2014 (24)

—  LMC {95% CL) (this work)
= Ackermann+ 2014 Dwarfs (95% CL)
——  Prelim. Pass 8 Dwarfs (95% CL)

-  Ackermann+ 2012 MW (30) Gordan & Macias 2013 (20)
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Fermi Dwarf DM searches constrain
the present day annihilation cross section
for DM but in a model-dependent way
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Tension With FERMI ? (l1)

DM DM - b b DM DM - b b
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There are really two unequal populations of models here
each with its specific sign of us . This sign contributes in
multiple places...in particular in the radiative corrections to
the Higgs couplings and in B, — pp
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