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Fermi Satellite Experiment

B PO Fermi-LAT
pron B Observation of y-rays
E = 30MeV —500GeV

High energy resolution: < 15% at
energies > 100 MeV

large field of view 2.4 sr

) Anticoincidence
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Particle tracking
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e launched || June 2008

® running 5 - 10 years

Calorimeter
fermi.gsfc.nasa.gov

2/
Anibal D. Medina The University of Melbourne SUSY Implications from WIMP Annihilation into scalars at the Galactic Center 48 y


http://fermi.gsfc.nasa.gov/
http://fermi.gsfc.nasa.gov/

Analysis of y-rays from Galactic Centre

e Recent analysis c.o.croivener o900
e || <20° 2° < |b| <20°

e galactic disk removed

e using 284 weeks of data
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Astrophysical Background and Foregrounds

e point and extended sources

e galactic diffuse emission

e Cosmic rays generating 7’s
e CR e7: Bremsstrahlung, ICS
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Dark Matter Interpretation of Fermi GeV Excess
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Dark Matter Interpretation of Fermi GeV Excess
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Other Analyses of Dark Matter Interpretation
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Other Analyses of Dark Matter Interpretation

10725 p—r—r——
[ —— bb
: — 7t
® Hooper & Slatyer 2013
® Huang+ 2013 o 1
® Daylan+ 2014 .)‘9 -\l L e Fermi-LAT
b o A ij 2014 T ; .
\ bazaijan-+ 20 .DO/,~ Collaboration
& B  Gordon+ 2014 o~
E -2 | LT 4 recently
= A i ] confirmed
2 ]
) T ‘ ] excess
o~ ] L
y /3 | e butanalysis still
NS preliminary
10-27 . : —_——
10* 102
my [GeV]

Calore, Cholis, Weniger [1409.0042]

6
»

SUSY Implications from WIMP Annihilation into scalars at the Galactic Center

Anibal D. Medina The University of Melbourne




Dwarf Spheroidal Limits for annihilation into bb

® <abEU>0 < 5(791) X 10_26(31113/8 for mpypm = 25(50) GeV Ffermi Colaboration 2013

® Preliminary Fermi limit (o,;v)0 < 1.5 x 10726cm?® /s for my = 49 GeV
Andersen, Talk at Fermi Symposium 2014

Already mild tension

10" —er————————————
Measured intensity at 2 GeV: ]
10°? Fermi coll. (preliminary) 5 ® |arge uncertainties in Milky
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DM Fits: 30 Regions
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Uncertainties in DM halo
A= [0.17, 5.3] (J = [0.19,3])
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Annihilation into ha and aa in type || 2HDM

¢ Independent of additional scalar singlets (includes the NMSSM).

e Fits with a Higgs at 125 GeV with SM couplings and setting
tan § = 3.

e Consider the dominant decay channels bb, 7H7, cé, vy and gg
and simulate the prompt photon spectra using PYTHIA 8.201.

e For intermediate tan 8 =
Br(a — v7)/Br(hg,, — v7) ~ 1/(10 x tan* 3).

e Spectral line from a — 7y barely distinguishable from the
continuum for m, ~ 150 GeV and tan 5 ~ 1 using Fermi-LAT
resolution.

e 2-peak structure in ha may be detectable in future
experiments.
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Spectral Fit for ha
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Spectral Fit for aa
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Best fit regions for ha

e®e ha, m, =63 GeV
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Best fit regions for aa

eee aa, m, =63 GeV

L eee aa, m, =90 GeV s 1
eee aa, m, =120 GeV
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channel m, [GeV] m,,, [GeV] (ov)o[10726cm3/s] x2,, p-value

bb 49.57% % 1.8103 245 0.32
hh 125.04 2 49700 30.0  0.12
63 94.0452 4.2%0% 224 043
ha 90 107.55 54 4.370°% 25.3  0.28
120 122,555 4.5%09 30.3  0.11
150 Rt 47118 36.0  0.03
63 73.011570 3.1108 243 0.33
a 90 90.07 Y 3.7103 244 0.33
120 120.0475° 41158 31.0  0.10
150 150.04 5 4.5%79 414 0.01
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INTERESTING TO STUDY WELL-MOTIVATED DM MODELS IN
WHICH THESE CHANNELS NATURALLY ARISE.

SUSY COMES TO MIND ...
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Minimal Supersymmetric SM (MSSM)

The known world of The hypothetical world of
Standard Model particles SUSY particles
U C 1 . C 1 Y o
d S ’—1 Higgs d s [ Higgsino
MACA D A (
& V.) Vix V‘)
[a] [ (o] ;
e} p I T )
quarks squarks
® leptons ® sieptons
@ force carriers ® sSusY force carriers

QuantumDiaries
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SUperSYmmetry (SUSY)

e The MSSM contains the minimal supersymmetric particle
content compatible with the Standard Model (SM), N = 1
SUSY (one SUSY charge generator).

e Gauge couplings unify in the MSSM = strong hint towards
GUT theories.

e |f R-parity is conserved: avoid proton decay constraints, SUSY
particles produced in pairs and LSP is stable =— DM.

Anibal D. Medina The University of Melbourne



SUperSYmmetry (SUSY)

e SUSY avoids quadratically divergent quantum corrections to
the Higgs mass involving a physical cut-off A (If softly broken).

7z
f N\
e _ !
h 4
h N

___ [ —

e Quantum corrections still generate large logarithms
~ log(A/m;) = Summed up via RGE (/3-functions).
e Finite corrections via effective action,

Seff = /d% {Z 728,010 0 — > vn}
n=0 n=0

e At one-loop we recover the Coleman-VWeinberg formula which
in the DR scheme is

1 A M2\ 3
V= gt i () -3
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R R R R R R R R R IR

Energy scales involved:

A Scale at which SUSY breaking
is transmitted
from hidden sector to visible sector

Msoft Scale at which EWSB happens

my ~ VEw Pole Higgs mass
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e In the best fit regions for the annihilation channels bb, ha and
aa imply a somewhat light m, < 150 GeV = Hard to

accomplish in the MSSM for m;, ~ 125 GeV and constrained by
LEP and LHC measurements (particularly h,a — 7777).

e Also in tension with flavour physics (B-meson decays) due to
light charged Higgs.

FURTHERMORE . ..
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Higgs Mass in MSSM

Rely on loop corrections to Higgs mass from (s)top sector

3 3 1
m; = m? cos’ 23 <1— 3 2yt >+47T2yt2 [QXt—I—[—i—..l

with ¢ = In -

’

M2’

mg = /Mg, Mg,

X, = 2(A/,—n,L;§ot,6’)2 (1 . (Az,—,ucotﬂ)2>

< 12m?
t t
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Higgs Mass in MSSM
Rely on loop corrections to Higgs mass from (s)top sector
3 3 1

Xt (At_,rl;;QCOtﬂ)Q (1 _ (At—MC?t/B)2>

< 12m?2
% i

with £ = In -

M?’
’H),g = . /Tll,f1 rll,t2

Large contribution to m7, from RG evolution in the
supersymmetric theory

’

‘ 3y? . A
mfiu (my) = m%{u (A)fﬁ [mf);(K) + mi:;(z\) + Af(A)} In [ml +...
7

Tree-level minimisation conditions
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Higgs Mass in MSSM
Rely on loop corrections to Higgs mass from (s)top sector
3 3 1

Xt (At_,rl;;QCOtﬂ)Q (1 _ (At—MC?t/B)2>

< 12m?2
% i

with £ = In -

’

M?’
’H),g = . /Tll,f1 rll,t2

Large contribution to m7, from RG evolution in the
supersymmetric theory

‘ 3y? . A
mfiu (my) = m%{u (A)fﬁ [mf);(K) + mi:;(z\) + Af(A)} In [ml +...
7

Tree-level minimisation conditions = Cancellation Required!!

O
m2 = Mo, — My _ m2 —m2 —2u
d cos 23 e Ha
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Fine tuning in the MSSM

One way to quantify the tuning is with the measure cis sasier Gudice,

0lnv?
aIne(h)

* How much does v change when infinitesimally moving the
independent parameters at the high scale A.
e In the MSSM
&= (mH ,de,u,b mQa,mug,md3,At,Ab,Ml,Mg,Mg)
e Using the chain rule,

YU = max

dv?  d&;(my)

gz( mess)
2]: v2 d§; (mg) d&i(Amess)




Fine tuning in the MSSM

¢ Neglecting the Coleman-Weinberg corrections in the MSSM
and in the regime tan 8 > 1

dv? 202 1
Ty =+ 0
dm#;, (my) m tan (3
.. NO FREEDOM TO SUPPRESS DERIVATIVE AND REDUCE
TUNING!

¢ In the CMSSM with current experimental constraints and
my, &~ 126 GeV, XY 2 1000.

1000

500
200
100}
e
s0F

A

8 9 100 110 120
Higgs Mass /GeV
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Scale Invariant NMSSM

¢ Introduce a gauge singlet chiral superfield S in addition to the
MSSM superfield content.

* No mass scale in the new superpotential piece (Z3 symmetry):

Wnmssmu = ASH H, + gS3

e Soft breaking terms:

Vst = migg, [Hu|* + mig, | Hal* + mg|S|*

A
n ()\AASHdHu n %53 + h.c)

Notice from W95 that:
I. If (s) ~vfor A ~ 1= solve the p-problem found in the MSSM.

2. Contributions to the Higgs potential of the form Fs 'S generate a
quartic coupling at tree-level proportional to \2.
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Scale Invariant NMSSM

Anibal D. Medina The University of Melbourne

CP-conserved Higgs-singlet sector = 3 CP-even states, 2
CP-odd states and | charged Higgs.

Neutral components: H? = v, + (hy + ihu1)/V2,
HY = vg+ (hg +ihar)/vV2and S = v, + (s +is;)/V/2.

CP-even sector useful to rotate to the basis

h sinf cosf 0 Iy
H = —cosf sinf 0 hq
] 0 0 1 S

only (h) = v # 0 (besides (s) = v, # 0) and

m3, = m% cos? 203 + \*v?sin? 2[3.

tan # = 1 to increase the tree-level Higgs mass (upper bound
on the tree-level Higgs mass).

If lightest eigenstate is mostly i, mixing with either H or s pulls
mass down (level repulsion).

SUSY Implications from WIMP Annihilation into scalars at the Galactic Center



Scale Invariant NMSSM

* We take the best case scenario for tuning:
|. Keep only 3" generation squarks and gauginos light. All other
sparticles have masses m ~ A.
2. Take a low ”messenger” scale (physical cutoff) A = 20 TeV, 100
TeV, 1000 TeV.
e Largest regions of parameter space consistent with low fine
tuning satisfying collider and flavor constraints.
e Low cutoff = large value of \(m;) 2 1 (if A = Mgyr =

A(m;) < 0.65).

Models of A-SUSY carbicri, tall Nomura, Ruderman, .

.. Loop corrections from Higgs-singlet sector become very
important and should be included.
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Large A helps

e Minimization conditions for the scale invariant NMSSM

my, — My
mzz :Tﬁd — m%{ m%{d — 2)\21)3.
2(AAyvs + Arv?
A2 = ( /\Sll)n ;_ﬁ ;) - m%,u — m%,d — 2)\21)?
AA 2
m?2 =Xkv?sin 268 — 26202 — A%? — Tw sin 28 — kA, s
Us

e |n this case we find
dv? K 1
dm3; (mg) = oot 26+0 ()\4>

.. Large X seems to help allowing for smaller tuning and/or
larger stop masses.
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Large A hurts

e All plots have 5 % vev tuning or better. For large \:
Avsin 23 > my, = cancellation required!

e Dominantly cancelled by loop corrections from Higgs-singlet
sector.

* New tuning measure ¥ = maxg, |dlogm; /dlog&;| and
combined tuning XV x ¥,

Anibal D. Medina




Neutralino LSPs

Superpotential

K
Wmssv = Warssuy + ANSHqH, + 553

Neutralino (B, W3, h9, hY, 5)

s Moy
M, 0 %vsinﬁ —%vcosﬁ 0
. M, —%vsinﬁ %vcos,@ 0
M;=| . i 0 — ot — v cos 3
0 —Avsin 3
2KV

Lightest Supersymmetric Particle (LSP) is stable

X = NigB + Ny W + Nijo bl + Nyjoh§ + Nis?
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Neutralino LSPs

Superpotential

K
Wmssv = Warssuy + ANSHqH, + 553

Neutralino (B, W3, k2, kY, 3)

M, 0 %v sin (3 —%v cos 3 0
. M, —%v sin (3 %v cos 3 0
M;=1 . ) 0 — et — v cos 3
0 —Avsin 3
2KV

Lightest Supersymmetric Particle (LSP) is stable

X = NigB + Ny W + Nijo bl + Nyjohl + Nis?
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Neutralino LSPs

Superpotential

K
Wmssv = Warssuy + ANSHqH, + 553

Neutralino (B, W3, h%, Y, 3)

M, 0 %v sin (3 —%v cos 3 0
. M, —%v sin 3 %v cos 3 0
M;=| . i 0 — ot — v cos 3
0 —Avsin 3
2KV,

Lightest Supersymmetric Particle (LSP) is stable

X = NigB + Ny W + Nijo bl + Nygohf + Nis3
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Mediators for LSP annihilation into bb

¢ Annihilation into fermions via CP-even Higgs sector is p—wave
suppressed

e Annihilation into fermions via  is helicity-suppressed in the
s—wave, however p—wave contribution can be important
during freeze-out near resonance:...... ais.

e CP-odd Higgs scalars suitable mediators (s—wave
contribution),

. N Av(Ay — 2Kvy)
CP-odd — . Av?sin2p (% + 2/1) —3kAvs |7

where m? = 2)\v (A, + kvs)/ sin 23. We write the lightest
C P-odd state as a = cos 04 H; + sin @ 4s;. A light singlet-like
scalar is now attainable!.
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Dark Matter Annihilation in the NMSSM

® Y — bb Annihilation

X b X b
>-9--< >\Kﬁ<
X b X b
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Annihilation to Bottom Quarks

* mg =30 — 70 GeV
Today Early Universes (5¢) = [1,5]- 10-26<2

sec

e Dominantly Bino LSP

v X e If annihilation today at
_ X resonance = not
related to annihilation
cross section in the
Early Universe

® p-wave suppressed
cross sections can be
relevant in Early
Universe
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Annihilation to Bottom Quarks

* mg =30 — 70 GeV
Today Early Universes (5¢) = [1,5]- 10-26<2

sec

x ’ e Dominantly Bino LSP
-Ha- v X e If annihilation today at
c X resonance = not
- related to annihilation
X b . .
cross section in the
X v Early Universe
e b ® p-wave suppressed

cross sections can be
relevant in Early
Universe
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Constraints [assuming my = 40GeV]

Invisible Width of Higgs
Phoxg = lenszl” 765 (1_@%)

® Br(h —inv)< 0.4
= |Ch)2)2 5004
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Constraints [assuming my = 40GeV]

Direct Detection o' = U3 2

e proton form factor:
Invisible Width of Higgs P
3
2 4m2. 2 a
Ph_>>~<X |ChXX| 1671' (]._Eh%) fp*mp Z qu—q+ f Z m_(;)
g=u,d,s g=c,b,t

e Br(h —inv)< 0.4 w.dS .

| ( - O)(,)Z ® Qygq = _y ,;\/152,11 0;2%

Chyy| S V.

o o LUX: 5! < 7 x 107%6cm?
‘Chi)? S 0.04
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Constraints [assuming my = 40GeV]

Direct Detection ¢! = %/ﬁ\;fg

P
e proton form factor:
Invisible Width of Higgs P
_ 2 m 4m2 \ 2 p @ 2 b a
Fhoxx = lonsl” Tom (1—55) fo=m( Y Sttt D )
q=u,d,s g=c,b,t
e Br(h —inv)< 0.4 ¢ auq = _yu,;,S\'/l;,u e
= |Ch)2)2 5004 SI —Zﬁ 9
* LUX: 0, <7 x10*cm
= Chyx S 0.04

= Limit on Higgsino fraction Ny;, calling ¢4, = 0.04:

Pure bino LSP: | N13| < ¢az/ g1 cos B, [ N14| S Cnax/g1 sin 5.
Pure singlino LSP: | N13| < ¢paz/v/2Asin 3,

’N14’ 5 Cma:r/ﬂ)\ COSﬁ
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Constraints [assuming my = 40GeV]

Direct Detection ¢! = %/ﬁ\;fg

P

e proton form factor:
Invisible Width of Higgs P

3
. 2 m 4m? \ 2 p @ 2 b a
Ph—)f(f( = |Ch>~<>~< 16—;_ (1—#) fp:mp( Z fTQm_iJFEfTG Z m—Z)
q=u,d,s g=c,b,t

® Br(h —inv)< 0.4 Qg = _yu,;f’/lg,u s
= |engz| £0.04 I 46, 2

* LUX: 0, <7 x10*cm

= ‘Chi)?, S 0.04

= Limit on Higgsino fraction Ny;, calling ¢4, = 0.04:

Pure bino LSP: | N13| < ¢az/ g1 cos B, [ N14| S Cnax/g1 sin 5.
Pure singlino LSP: | N13| < ¢paz/v/2Asin 3,

’N14’ S Cma:r/ﬂ)\ COSﬁ

Bounds alleviated for ;1 < 0 due to cancellationsci.. e cor

Anibal D. Medina  The University of Melbourne
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Relic Density

3 e
26 €M Caxx

0.5

2
Cabb
Yo

(ov)o = 2 x 10~

N

2 ( myg )2 (120 GeV)2 — 4(40 GeV)? ?
40 GeV m2 — 4mf~( +m2T2
® (ov)r = (ov)g

e Rough estimate for SM-like Higgs, S13 < 1. In absence of accidental
cancellations and tan 3 = 3, for Bino

Cabb 2 Caxx 2 < 0.3 for cosfy =~ 1
Y | 1051 7 1(0.3+1.6x1072X)% for cosfs~1/v2.
and singlino,
Cabb 2 Caxx 2 < 0.3 for cos0y4 ~ 1
Yo 0.5 ~ 1(0.3+3]s|+8x1073/X)? for cosfs ~1/y/2.

= It is not possible to achieve the required cross section off-resonance
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Thermal Broadening of Resonances «- (L= )2
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Annihilation to Higgs and Pseudo-Scalar

X h
'o' === h
a* 0 -
R 0
\‘ B
_ p X ====a
X a
e Cross section can be large off-resonance: (ocv)y ~ (ov) 7,

e t/u-diagram p—wave suppressed for CP-even final state pair.
e Defining 5 = (2my — (ma +my))/2mg , S—Wave contribution,

1 1/2 m, 1/2
(OhaV)o =~ o 1-
T\ Mg 2myg

5 p-

CaahCaxx CazahCaz XX 2 Caxxre ChxXn
mp(dmg —mp)  4mZ —m2 + mg, T + Mg, — Mg
n(dmg — my, mZ —m2, +mg,T., mp, + mg, —mg

k=1
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Annihilation to Higgs and Pseudo-Scalar

e All channels contribute to the cross-section to accommodate
the GCE signal.

* For t/u-channel with \; # \, ¢, can be much larger than
those allowed by direct detection (Y5 = X) = for my, 2 my,
seizable cross sections can be accomplished.

e Happens for a Bino-like LSP ¥ and Higgsino-like 2"¢-lightest
neutralino X, with ¢4y, and c,y5, dominated by g; . .". Could
potentially also work in the MSSM!

e Light doublet-like a is highly constrained from LEP, LHC and
B-physics.
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Numerical Grid Scan

L] NMSSMTOOIS 440 Ellwanger et al. (2005)

L mlcrOMEGAS 30 Belanger et al. (2005)
For ha, with A, € [-100,100] GeV, fix Ay such that h is SM-like,
choose ;1 < 0 to avoid direct detection.

AAy [GeV]  pe [GeV] M [GeV] A K tan 8

[0614] [0.1,1.6] [25]

bino-like [-5050]  [-300,-100]  [60,170]
singlino-like ~ [-50,50]  [-600,-200] 2000 [0.614] [0.0505] [25]
For bb,

A [GeV] Ak [GeV]  |perr| [GeV]  M; [GeV] A K tan 8
range  [-1000,1000] [-300,300]  [300,600] [30,50] [08,14] [0814] [I4]
step 10 | 100 | 0.05 0.05 |
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Early and late time cross sections for ha case

4.0 ; ‘

- -+ dSph limit
G0k o c a2 ++« bino-like

+ » . singlino-like
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Direct Detection for ha case
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Resonance Condition for bb case
1.10
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Resonance Condition for bb case with Dsph bounds

1.10 ;
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(ov) today and at freeze-out for bb case
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Direct Detection and Invisible decay for bb case
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Direct Detection and Invisible decay for bb case
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Thermal sneutrino DM annihilation into aa

¢ Introduce three right-handed neutrino superfields

W = Whnxwmssy + ANSNN + ynLNH,
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Thermal sneutrino DM annihilation into aa

¢ Introduce three right-handed neutrino superfields

W = Whnxwmssy + ANSNN + ynLNH,

e Corresponding soft breaking terms,

1 ~ - . ~ _
»Csoft-seesaw = _im?(]NN* - (ANAANSNN'i‘yNAyNLHuN"‘hC) .
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Thermal sneutrino DM annihilation into aa

¢ Introduce three right-handed neutrino superfields

W =Wnyssm + ANSNN +yvLNH,

e Corresponding soft breaking terms,
1 o - o 5 -
»Csoft-seesaw = _im?vNN* - (ANA)\NSNN + yNAyNL . Hu N + hC) .

e Majorana masses my = 2Ayvs and
my, & ynAy Yk x v2sin? 8/(2v,) = |yn| < 107 6,
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Thermal sneutrino DM annihilation into aa
¢ Introduce three right-handed neutrino superfields
W =Wnyssm + ANSNN +yvLNH,
e Corresponding soft breaking terms,
o _%mzﬁmﬂs — WA SNN 4y Ay L-H, N +he).

e Majorana masses my = 2Ayvs and
my, & ynAy Yk x v2sin? 8/(2v,) = |yn| < 107 6,

e Sneutrino DM, LUX DD constraints via h-exchange =
Av S 0.1,
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Thermal sneutrino DM annihilation into aa

¢ Introduce three right-handed neutrino superfields

W =Wnyssm + ANSNN +yvLNH,

Corresponding soft breaking terms,

1 ~ - . ~ _
»Csoft-seesaw = _im?(]NN* - (ANAANSNN'i‘yNAyNLHuN"‘hC) .

e Majorana masses my = 2Ayvs and

my, & ynAy Yk x v2sin? 8/(2v,) = |yn| < 107 6,

Sneutrino DM, LUX DD constraints via h-exchange =
Ay < 0.1

Similar bound from dominant annihilation into hh or aa.




Ay [GeV] A, [GeV]  |uer| [GeV] A K

[-100,100] [-10,10]  [200,500]  [0.5,1.5] [0.2,1.4]

3.0

5
=)

(0aqv)o[10"*em® /5]

==
= Ut

tan 8 Amp, [GeV] AN my, [GeV]
[1.2,4] [0,30] [-0.1,0.11  [m,,400]

— LUX o S
10~49L| -~ LUX 300d toe :
XenoniT |.
Lz R IR
1070 = - 4 -
2 3 4 6 8 10 70 80 90 100 110 120 130 140 150
(ov) 7, [107%cm® /5] my, [GeV]
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Non-thermal x generation via late /V-decays

* Assume for the lightest sneutrino myg > my and yy < 1
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Non-thermal x generation via late /V-decays

* Assume for the lightest sneutrino myg > my and yy < 1

e N freezes-out before ¥ with abundances Q42 and Qgoh?
respectively.
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Non-thermal x generation via late /V-decays

* Assume for the lightest sneutrino myg > my and yy < 1

e N freezes-out before ¥ with abundances Q42 and Qgoh?
respectively.

o If yy is sufficiently small, N — v\ happens after {! are
frozen-out and diluted enough

(XX = X))s(To)Yeo S H(Th)
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Non-thermal x generation via late /V-decays

* Assume for the lightest sneutrino myg > my and yy < 1

e N freezes-out before ¥ with abundances Q42 and Qgoh?
respectively.

o If yy is sufficiently small, N — v\ happens after {! are
frozen-out and diluted enough

(XX = X))s(To)Yeo S H(Th)

e The final DM abundance is given by

m>~<(1) ’
Qpum = Qp + Q0
mpy 1
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Parameter Space for (my, m,) = (63,88) GeV

0.06

0.05} |

0.04}

= 0.3
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_aif
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dark gray: correct DM abundance
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Conclusions

Fermi GeV Excess stands all tests

Dark matter annihilations to bb as well as hh close to threshold
provide a good fit

We showed that annihilations to ha (and aa) also provide a
good fit and are naturally present in NMSSM

Required dark matter abundance can be generated
non-thermally via late sneutrino decays
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