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Outline:

>

Bino-dominated lightest neutralino with slepton (and/or wino) coannihila-
tion considered. This may satisfy the relic density as well as direct detection
of DM constraints.

» Compressed SUSY. Low mass of the LSP as bino is generally difficult to

detect at the LHC.

» The SUSY contributions to muon g-2 can be large for the above nature of

LSP as bino. The effect due to the present scenario of the SM result.
Typically with halo-only DM models, the indirect detection (via photon)
prospect in the above case of SUSY falls far below the experimental thresh-
olds from Fermi-LAT and HESS.

A boost can be generated due to astrophysically dense objects like super-
massive black hole (SMBH) like Sagittarius A* near the galactic center.
We assume DM exists. We will skip details of Minimal Supersymmetric
standard model (MSSM).

Brief description of DM density profile in presence of SMBH.

Considering a few characteristic Benchmark points (BMP) we will analyze
the effects on the SUSY parameter space.
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Motivation:

» Signature of supersymmetry is yet to be seen at the LHC. However, there
exists "compressed”’ SUSY scenarios with light superpartners which are
still beyond the reach of the LHC. In "compressed” scenarios the mass
gaps between certain superparticles can be small or very small. It would
mean low KEs of decay products that are difficult to be distinguished from
background. We will consider a SUSY model with bino type of lightest
neutralino, the lightest supersymmetric particle (LSP). e.g. Slepton pair

production and decay: pp — 11~ — T3~ %8 = 11~ Br.

A relatively pure bino LSP can evade direct detection (relying on Higgs
mediated effects).

» Relic Density of a light DM, as the sole candidate of DM can be satis-
fied only when certain conditions are fulfilled for DM self-annihilations and
coannihilations. A Bino DM in general produces overabundance, but in
certain situations like slepton-LSP coannihilation or bino-wino coannihila-
tion it can be interesting while these fall in the compressed SUSY category.

Indirect detection such as via photon signals may be explored since the rate
is proportional to p%y and this would be particularly enhanced for a strong
gravitational potential like that is available around a Galactic Center (GC).

CONTINUED
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Motivation: Bino dark matter, phenomenological status and
prospects:

>

A supermassive black hole (SMBH) Sagittarius A* (SgrA*) at the GC has
had time to possibly accrete DM in its proximity resulting into a "spike”
with density psp >> ppwm, with ppu referring to halo-only DM scenarios.
The resulting denser DM profile largely dominated by ps, may generate a
large annihilation signal (Gondolo and Silk, 1999).

In scenarios with light SUSY DM candidate, depending on the nature of
DM candidate the intensity of signal can be too low in traditional
halo-only DM based analyses in a BSM model like Minimal
Supersymmetric Standard Model (MSSM). Typically, here the photon
flux is a product of two separate quantities coming independently from
particle physics and astrophysics inputs.

We will consider a spiked DM environment around the supermassive black-
hole Sgr A* located near the center of the Milky Way, and investigate the
prospect of a boost that essentially does not allow factorization of the
above particle and astrophysical parts for photon flux. We will probe a

bino DM in relation to FERMI-LAT and HESS observations in two differ-
ent energy domains.

A light bino DM can produce large SUSY contributions to the anomalous
magnetic moment of muon; (g —2),,. In case of no deviation from SM, it

would still put constraint on some parameters like tan (.
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Minimal Supersymmetric Standard Model (MSSM)
IN A NUTSHELL

Supersymmetry (SUSY): A Boson-Fermion symmetry. It predicts
fermionic and bosonic partners for SM bosons and fermions respectively.
Equal masses of partners are not observed. SUSY must be a broken

symmetry.

» MSSM Fields: SM fields added with Sfermion fields (scalars corresponding
to SM fermions), Gauginos (fermions corresponding to SM bosons) and
Higgsinos (fermions corresponding to Higgs scalars of SM in an extended
Higgs setup).

MSSM Lagrangian Lyssm consists of all gauge invariant parts such as
i) SUSY preserving terms including SM Lagrangian, ii) SUSY preserving
interactions involving SM fields and fields of SUSY partners satisfying
certain conditions, and iii) soft SUSY breaking terms.

> Soft terms: Mass terms for superpartners of SM fields (bosonic and
fermionic) and trilinear interaction of superpartner fields. These are called
"soft” terms meaning they violate SUSY and produce only logarithmically

divergent terms (i.e. no dangerous quadratic divergence of SM Higgs). 5 /33



Gauge and Higgs Sectors:

Gauge Bosons :: Gauginos )
Qluons : :: Cluinos Higgs bosons :: Higgsinos
a . .. ~a ol o ¥ e
Gi(a=1.8) = Gi(a=1..8) Hy — ( Hld ) . lig
Weak Bosons :: Winos Hy Hy
Wi(wE wo o (WEWP) He 4 s
Abelian Boson(U(1)) B1110 D < H, ) D e
B = (B)

Gauginos are Majorona fermions (self-conjugate).

Charged Higgsinos are Dirac fermions and neutral ones are of Majorana type.
In SM, Electroweak Mixing: B and W° = ~ and Z.

In MSSM, Electroweak Mixing: E, WO, ﬁg, I:Ig = Four neutralinos (¥?)
W+, W~ (SM):: W*, Hj, H; = Two charginos (")

With an extended Higgs sector compared to SM after EW symmetry breaking
one has: 2 neutral CP-even Higgs h, H, 1 neutral CP-odd higgs (A-boson), 2

charged Higgs bosons (H¥); tan 8 = v, /va.
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Gaugino and higgsino mixing: Neutralinos and Charginos
> Electroweak Symmetry Breaking = m|xmg of gauginos and neutral hig-

gsinos: B, Wi, HY, HD = 4 neutralinos ¥°, i = 1,4. )
The lightest one % can be a DM candidate in R-parity preserving SUSY
framework. R-parity is a discrete symmetry that avoids proton decay. It
means superpartners are produced in pairs. Lightest SUSY particle is stable
(LSP) since it cannot decay to another superpartner (DM candidate)

My 0 — Mz cos Bsin Oy Mz sin B'sin 0y
0 My Mz cos 3 cos 0y, — Mz sin B cos Oy,
— Mz cos Bsin Oy, Mz cos 3 cos Oy 0 —
Mz sin Bsin Oy, — Mz sin B cos Oy, —u 0

» If 1 and M, are large wrt M; the lightest neutralino %9 is almost a bino

whose interactions would involve U(1), gauge coupling gi. Smaller y or
smaller M> would mean higgsino or wino like nature of %?.

» Similarly, one has two charginos.

Charginos : M—\i = ( Mz V2Myy sin B) 0
X V2Myy cos B n
If u is large the lighter chargino ili would be wino-like in nature. Its

interactions would be governed by gauge couplings. If p is small the
same will be higgsino-like whose interactions would be governed by Yukawa

couplings.
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Sfermion sector: Squarks, Sleptons and Sneutrinos

Fermions <=  Sfermions

)0 - () ()N

uj D UR, CR, tR — U; : UR, CR, tR

d; : dgr, SR, br = d; : dgr, Sg, br

(Y 2 ),

€

=

i i eR, MR, TR <= & :&R,HR,TR
L and R tags for scalars are inherited from their fermionic partners.

There is no mixing in the sneutrino () sector since there is no right handed
neutrino in SM.
» Mixing of scalar states namely squarks and sleptons.

e m%L + (% — %sin2 GW)M§ cos23 + mf m¢(Ar — pcot 3)
¢ m¢(Ar — pcot B) m?R = %sin2 QWM% cos2f3 + m%
M2 + (=5 + sin? 6y )M cos 25 + m} (Ae — ptan §)
A I—LQ + 3 + sin® 6y )M7 cos mg me(Ae W tan
Mz = .
s me(Ae — ptan B) MI;?Z — sin? GWMZ2 cos2f3 + mg

M2 =M +1M2c052,8
7= /'L2 5z
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Relic density of a Bino dominated LSP

Typically a Bino dominated LSP =- over-
abundance of DM. Correct relic density is
possible via i) Higgs mediation (h, H, A)
in the s-channel, ii) Coannihilations:
bino-wino and bino-slepton.

Higgsino and Wino dominated LSPs as

solo DM candidates have LSP mass values
at about 1 TeV and 2.5 TeV respectively.

Low mass higgsino and wino are candidates
for multi-component DMs (producing relic
under-abundance).

Our relevant diagrams:

Direct detection of DM:
eutralino-nucleon scattering and subse-

quent nuclear recoil. For small velocity

scattering the following two terms are im-
portant.

L = 0o XV’ Xy’ ai + 0iXxGiqi
The DM neutralino % that is almost a
pure bino is prone to evade direct detection
bounds from experiments like XENON1t
etc. However, even a moderate amount
of Higgsino mixing may not be allowed via
the bounds.

XY XY
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- U1
Anomalous magnetic moment of muon: a, = 3(g —2),

e The SM evaluation aiM has the most challenging parts involving hadronic
vacuum polarization and light by light diagrams. The old (2024)and present
(2025) status of the deviation namely, da, = a%® — a5 are widely different.

W i
The combined result of Fermilab and Broohaven Expts changed aj;"” mildly, but
a,SLM varied significantly due to Lattice evaluations (Ref: arxiv: 2505.21476).
2024:
= =11, 2025: (arxiv: 2505.21476)
SEEMW — 107 69( ]9711)' 5aEresent — 26:|:66(><10—11)
5aCMD3 _ 49 4 55(1c19-11) p . -
i
Because of similarity (no deviation from SM), our results labelled by 6aSMD3 will
be close to the situation of §ah" =",
SUSY: a; = day
"%
ANy
y2 X() y2
e The SUSY one-loops that contribute most are the ones with lighter chargino-
sneutrino and lightest neutralino-smuon. aEUSY receives larger SUSY contribu-

tions if the above particles are light.
e Light LSP as bino is a desired scenario for having a large aEUSY. Our

Bino-DM SMBH photon signal analysis when seen in the the present (g — 2)u

scenario would allow the bino to be little more heavier. Also, aiUSY x tan

means tan /3 cannot be too large unless with heavier masses in the loop. 10/33



Dark Matter Density Profile Near the SMBH Sgr A*

>
>

>

SMBH forms over time via accretion of matter as well as dark matter.
DM particles are gravitationally attracted toward the SMBH giving rise to
the DM density spike zone.

DM annihilation in the dense region balances the spike formation. Thus
the spike is flattened. However, the density remains much larger than the
typical halo density outside the influence zone of the SMBH. A large DM
density certainly enhances signals for indirect detection including that of
photon signal.

Halo region (outskirts of galaxy): r > r, with r, = GM/\¢, vo being a
non-relativistic velocity = generalized Navarro-Frenk-White (NFW) dis-
tribution : p(r) ~ r=7.

Spike region: rin < r < rp, p(r) ~ r=7*. One has Ysp > 7Yc. hn is defined
via DM density for high annihilation region close to the SMBH competing
with DM spike density.

Annihilation Plateau (4GM < r < rj;), where a spike gets flattened.
Gravitational capture zone: r < 4GM when p vanishes.
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Spike and halo DM density around Sgr A*.
>
DM Halo: Outside r, (r > rp, DM halo zone): | p(r) = p(rs)(2)™ |. The

cusp parameter v. is obtained by numerical simulation. pp = p(r) is

found via DM density near the Sun | p(r) = p@('r—?)% ro = 8.46 kpc,

po = p(re) = 0.3 GeV/em® Thus, | p(r) = po(“2)7° |, where r < ro.

NFW profiles can approximately be given by a suitable ..

» SMBH and DM: Actual DM density profile may differ from the above halo
profile because of interplay between DM and the supermassive blackhole
(SMBH) SgrA*. A DM structure appreciably steeper than the cusp may
be formed along with the growth of SgrA* (7 ~ 10® yrs) = DM Spike.

(ov) = 107em?/s, mgy = 100GeV, 7y = 2.1, 7. = 1.2

1016

o= GM/\§ | Pl

= I pant) | TP
with vel disp g Y i
w=105km/s v DN
1 pc = ' =

M = Mgu = 4 x 10°Mg;
T ~ 10% years.

3.08 x 10'°m e
rlem]

o = ~ 10'cm, re = 8.46 kpc, po = 0.3 GeV/cm?®.

ro = 8.46 kpc.
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Spike and halo DM density around the Sgr A*.
> Spike zone: rin < r < rp: spike profile: psp(r) = p(rs)(%2)"". Unlike 7c,
~sp €an be large and depends on formation history of the SMBH. For an
adiabatic growth 72 = (9 2%) (Gondolo and Silk 1999). Essentially we
will explore the effect of s in this work.

>
Annihilation Plateau (4GM < r < rj;): Annihilation plateau density
Pann(7) = mi?/(av)T (Gondolo and Silk 1999). At time T,
fin = r(7in); profile dependence: pin(r) = pann(7in) = (fin/r)"»

(with typically 4in = 0.5). At r = fin, Pin = Pann, At this critcal point:
‘psp ~ Pin = Pann ‘ psp and pin will combine appropriately to give a
smooth p(r). The free rise of DM density due to psp for decreasing r
becomes restricted for r < rin.

» For r £ 4GM p(r) = 0 (Gravitational capture of BH) .

(ov) = 10-em® /s, myg = 100GeV, 7 = 2.1, 7, = 1.2

3

(]
=
2 d

10*

Tin(T1)
Tin(72)

in(73)
(1)

107 10" 1077 10"
e 13/33



DM density around the Sgr A*.
» Spike zone: ri, < r < rp: spike profile: ps(r) = p(rs)(2)7P.
> Annihilation Plateau (4GM < r < rin): pann(7) = mgo/(ov)T.

pin(r) = pann(7in) - (fin/r)"".

p(r)

0
psp(r)pin(r)
= 4 pp(r) + pin(r)

(E)"/c
po

Here, r, = GM/v§ and p» = p(r) = p@(r,—i))%. Both psp(r) and pin(r) are
decreasing functions of r. In 4GM < r < rp, if pin(r) is large (i.e. small 7),

(r < 4GM),
(4GM < r <'n),

(< r<re),

p(r) = psp(r). If pin(r) small (large 7), p(r) = pin(r).

(ov) = 10" Zem®/s.

mgg = 100GeV.

=21, 9 =12

107

107

107

0"

101
101
5 101
[
S 10°

2 a0

10°
10

10!

(o) = 10" %emd /s, myg = 100GeV, 7, = 1.2

—— NFW Profile
Yp=18

101 10" 1077 101
7 [em]
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DM density for varying 7. and .

0 (r < 4GM),
psp(r)pin(r) (4GM S r S rb),

p(r) = < psp(r) + pin(r)

rp\ Ve
Pb (7) (o <r<re),

e Larger s, = steeper spike in the region rin, < r < rp.

e Larger 7 = Enhanced p(r) in the entire region 4GM < r < rg.

We use: 7. = 1.2, which is the maximum allowed value from DM simulations,
and we vary 7Ysp.

) (ov) = 10"%em? /s, mge = 100 GeV, 7. = 1.2 ) (ov) = 10"%em? /s, mgy = 100 GeV, 7y = 2.3
10" 10"
5 —— NFW Profile 5 e = 0.80
10 Yp = 1.8 10%F 7e = 1.00
Yop = 2.1 =101 e =120
100 — Y =236 g 100 . = 1.40
= =
1og <
w3 [T
10° =0t
10°F 10°F
1 1
10 10114 1015 1017 10]'1 10 1013 101’) 10]7 10]'1

7 [em] 7 [em]
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J-factor depends on < ov >
Photon flux at Earth:

dd 1 (ov) dN 2
TE’Y a 47 2m2.0 dEA/ ~/AQ a0 LOS dt pi?(r)

_ o >dN N
= ot < O gl = | oteyiear

N
j? is the differential photon spectrum per DM-DM annihilation.

L
For computing the line of sight (LOS) integral (over /) we note r* = I> + r2 —
2Ire cosp, Here rg is the Solar distance from the Galactic center, the included
angle ¢ = 0 at the Galactic center.

dN 0 ~
TE,Y = ZBT(Xl X1 — f)

f; refers to the final state particles in the jth annihilation channel.

For (4GM < r < np): ng(r) = %
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10'6

o(r) [GeVem™]

10"

J-factor depends on < ov > (contd)
psp(r)pin(r)
For (AGM < r < rp): peo(r) = ——————F.
‘ W ORNG
e Thus, pi?(r) depends on < ov > since, pin(r) = pann(7in) - (fin/r)”™™, where
Tin = T(fin), Pann(T) = mi?/(av)T = J decreases with 7 except for the early
time when it is quite flat.

e Presence of spike = 3 to 6 order of magnitude enhancement of flux compared
to the case of a halo-only DM profile.

(ov) = 10" % em®/s, myg = 100GeV, 7y =21, 7, = 1.2

(ov) =107 Fem’ s, mgy = 100GeV, 7 = 2.1, 7. =12

7); 7] [GeVZem™)

fmmm=m=F === ===~ current age -~

107 107 107 107
o) 10° 107 107 101 101
T [yrs]
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Differential Photon Flux in presence of a spike
with J as a functional of p(r).

d®  (ov) dN
dE, ~ 2m?, dE, ()]
e Unlike analyses Wilth various halo-only DM
profiles where J is segregated from particle
physics inputs, here in presence of a spike
around the SMBH J depends on (ov).
Below: In the mgo — (ov) plane J is shown as

contours.
e Rise in J for low (ov) and high DM mass.

Contours of J-factor [GeV?Zcm™?]

102

(A0 2\
P 10 % 42 % 10

R L0
1-0l=2 ST 3
10 10 10
mgy [GeV)

Dependence on halo profiles:

(ov) =10 em®/s, myy = 100 GeV/

101

Cored
NFW
1010

101 1016 10 102
7 [em]

Spike profiles for cored (y. = 0.4,
re = 1kpe, vsp = 2.1) and NFW
(e =2, Gl = 2adl))c
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Benchmark Points and Characteristics

B[I BW{I
BMP 1| BMP 2 BMP 3| BMP 4 BMP 5| BMP 6
MM, [GeV] 200 300 350 200 300 GO0
Mo [GeV] 1500 1500 1500 230 302 582
1 [GeV] 810 S800 S800 810 900 1200
tan 3 16 a7 a5 16 25 55
i i [GeV] 221 335 379 221 350 624
L min, [GeV) 225 340 381 225 357 635
772 A 3000 4000 4000 3000 4000 4200
rren [GeV] 122.7 123.3 123.3 123.6 123.8 123.7
Tre 9 [GeV] 199.4 300.3 350.5 199.40 300.4 603.5
megg [GeV] 831.9 829.5 829.1 241.2 323.0 618.5
T o [GeV] 831.7 829.2 828.6 245.3 323.1 618.4
e, [GeV] 206 303 351 206 319 606
me, [GeV] 244 363 405 239 373 643
125 [GeV] 210 308 353 210 327 617
g, [GeV] 248 369 407 243 380 655
e, [GeV] 231 354 397 226 364 638
e, [GeV] 235 359 399 230 371 649
Br(B — X.v) < 101 3.19 3.14 3.15 3.18 3.16 3.13
Br(B+t — 7+ 1,) < 10% 1.25 1.24 1.24 1.24 1.24 1.24
Br(B. —> gt~ ) =< 102 3.17 3.13 3.13 3.17 3.17 3.11
Br(B3 — X.rw) =< 10° 3.98 3.98 3.98 3.98 3.98 3.98
a$USY < 10° 1.77 2.14 1.59 2.82 1.94 1.51
QLoaa /2 0.119 0.122 0.121 0.121 0.119 0.118
of; [pb]>=<10't 2.40 3.77 5.46 2.95 4.16 8.88
(Gannv) [cm3 /s] < 1028 0.95 1.19 1.30 1.08 1.31 1.73

19/33



Benchmark Points and Characteristics

>

>

By By g

BMP1 | BMP2 | BMP3 | BMP4 | BMP5 | BMP6

M [GeV] 200 300 350 200 300 600

M3 [GeV] 1500 1500 1500 230 302 582

1 [GeV] 810 800 800 810 900 1200

tan 3 16 47 45 16 25 55

m  ml [GeV] 221 335 379 221 350 624

mir  mi [GeV] 225 340 381 225 357 635
ma [GeV] 3000 4000 4000 3000 4000 4200
mgo [GeV] 199.4 | 3003 | 350.5 | 199.4 | 300.4 | 603.5
Qpmh? 0.119 | 0122 | 0121 | 0121 | 0.119 | 0.118

All six BMPs satisfy all the constraints from LHC, precision tests and, DM
related data.

Main constraints: (g —2),, (the 50 deviation result), DM relic density,
SI-DD and SD-DD cross-sections, and LHC-data (relaxed for a compressed
scenario).

Our task is to find the threshold value of the spike parameter 7, for a
given BMP so that the photon signal just crosses the threshold detection
abilities of FERMI-Lat and/or HESS experiments while satisfying other
MSSM constraints. Then we extend the analysis to MSSM parameter
space in general.
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Benchmark Points and Characteristics

B
BEMP 2

BMP 3

BMP 4

Dy
BMP 5

BMP 6

Ay [GeV] 200

Qon i 0.119

1500
800

335
340
4000
300.3
0.122

1500
800

379
381
4000
350.5
0.121

230
810

221
225
3000
199.4
0.121

300
302
200

350
357
4000
300.4
0.119

582
1200

624
635
4200
603.5
0.118

e BMP1 TO BMP3 under By:

coannihilation with sleptons.

%3 and §3 are

dominated by Higgsinos with masses more than 800 GeV and decay to %2 and h

or Z bos

° BMP4 TO BMP6 under By ;: Coannihilation with lighter chargino and slep-
tons. X5 is Wino-like with masses very close to mgo.

a three-body process via an off-shell W to %2, u(c), d(3).

BMP 5 is consistent with

The BMPs refer to compressed spectra difficult for collider detections.
e (ov) is not large enough to produce sufficient photon flux for Fermi-LAT and

HESS under the halo-only DM profiles.

e To explore whether the presence of a DM spike around the SMBH Sgr A* can
raise the cross-sections sufficiently.
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Reach of (ov) for photon spectra from different channels

10 22
—— Fermi bb
. —— Fermi p*p~
1072 —— Fermi 777~
N —— Fermi WW
10-2F \‘\'\,\_\ - — T HESS bfi .
T \ T —-= HESS
« '~ === HESS 777~
®, 1125 ~. ~. .,
g 107 S T — —= HESS W1/~
= / HESS 17
£ jg-26f 4 BMP1
4 BMP2
A BMP3
—27
10 + DBMP4
. + BMP5
107 28L Y LI + BMP6
200 400 600
my[GeV]

Comparison of total (ov) values for BMP 1-BMP 6 with experimental upper
limits on DM pair annihilation cross-section to different final state particles.
The Fermi-LAT upper bounds (for the NFW profile) to different final state
particles assuming 100% branching ratio are from the observations of dSphs.
The HESS bounds (for the Einasto profile) are from the observations of GC.
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Dominant DM annihilation modes for BMPs of present era

BFI : BMP1: )Z?)Zg — 't yete T, yutuT,
BMP2: 9% — %, veTe ™, yutp™,
BMP 3 : )Z?)Zg — Tt yee , yutuT.

e For quarks final states = hadronization
= a large number of photons with varying
energy.

e FSR diagrams are helicity suppressed (o<
my) unlike an Internal Bremsstrahlung (IB)
diagram. In IB it is avoided at the expense
of a QED effect of O(«).

e For a bino LSP with close sfermion
mass, the xx — ff~ IB cross-section (3-
body) becomes large via a logarithmic term
(Bringmann, Bergstrom et al 2008 and ear-

lier works). peaking at . All

our BMPs have masses > 200, thus E,

peaks fall in the HESS zone.

~0~0 < 4+ — I
BMP4: x;X; — tt, ye'e ,yu p ,

BMP5: %0%0 — &, wrw ™, yefe™,

BMP6: %0%0 — wrw™, %, bb.

1
07 BMP 3 (mgy = 350 GeV)
BMP 6 (mgy = 600 GeV) ‘
107! 10° 10! 10%
E, [GeV]
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Comparing with Fermi-LAT and HESS data

Ei
max do do (ov) dN
d) F= E ,Y; ST — T b
@)= [T F e, % A7)
min s
where, ith bin's span = E/.. — EL;., = Br(x?

For all the BMPs and bins we compute:

(Emed(b)f =V ExininEIiHaX IElllnax dE’Y ffz’y p Where (Emed)i — Erlnm Elfnax-

Energy flux values are computed at each bin identical to those used in the
Fermi-LAT and HESS data for Sgr A*.

=21 T =22 =23
-'HU‘T‘\_\I “‘7‘\—\,_,7 m"\_\_‘ ”””
E 10" - 10 = 1 1079 ,-J»/ ”””” L - [Flr;::léw\xlr:~
i e e I
Em i L | I We use data from
| ‘ | ‘ b Fermi-LAT and HESS
Fir B T (N T N T T L T T TN T observation con5|der|ng
BfGev] photon signal from Sgr A*
. 9 =23 for given spike parameters.
-
100 MeV < E, <100 GeV
o — Reri Bounds
" 4b o | — HESS Bowds 180 GeV < E < 79 TeV
1 1 -— BMP4
i BMP 5
0 i —— BMPG

| T TR T T

E(GeV] 24 /33




Photon spectra for BMP2 (& BH) except with varying p

BMP2

ATy [GeV] 300
A= [GeV] ' 1500
re [GeV] 800
o . tan 5 47
> For final states with quarks = i rnin [Gev] 335
hadronization =- large number of i it [GeV] 340
photons with low energy. dN;/dE, 7124 [[Gev]] 4000
o [GeV 300.3

eaks at a lower ener mgo); e 3
i gy (< X?) Qnah? 0.122

also true for channels with W-
bosons.

» Leptonic final state channels have
high energy photons with dN;/dE,
peaking near < Mmgo.

BMP2: 9% — ¢, yete , yutp~

N 1300
1077

» Thus BMP1 to BMP3 will have two 1200

peaks with the prominent second A 100
peak for Internal Bremsstrahlung to00
(IB) is covered by HESS. S ::::
» Low u = Less bino in LSP = Less - ‘:1:

IB or three body decay with pho- i

t H ith HESS that h : il
Eon 188nGCgVV\|I; effective. = Varymg [ Ysp = 2.2 and ye = 1.2,

For smaller/larger u values enhanced
signals occur in lower/higher energies and
are probed by Fermi-LAT /HESS expts.
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BMP2 (& B) with varying x and/or tan 3: allowed regions:

—— Upper limits on p
1200 H Excluded by HESS
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Bl Excluded by Fermi-LAT
. - . = 1000
Top figure: Allowed region: White area T | N o
between the two dashed lines for DM relic 5
S—— . S00F N SR
Points on the curved line refer to the
maximum £ and g™ values satisfying
the photon signal constraints. 600p ‘ ‘ ‘ )
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Tsp

BMP2 with p and tan 8 varying. Circles

. min
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Photon spectra for BMP5 (B,;5): with varying p and v,

e M, ~ M; = More low energy photons accessible

to Fermi-LAT. )
o With M, ~ M, smaller p values are likely to srars
exceed SI-DD limits. AT, [GeV] 300
e Larger u zones are likely to exceed the HESS M2[([;G$’\]/] ggg
s e
bound even for smaller values of 75, due to IB en- Pl iy
hancement. 2in | apin [GewV] 350
S i [Gew] 357
i Upper limits on g T > TI e
1200 e Trea [Sov] 4000
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Photon spectra for BMP5: with varying M, and ~,
e Bino-wino-slepton all having similar masses mean
lowering of DM relic density.
e BMP5: Larger M, regions are likely to exceed the o pips

HESS limit. AT, [GeV] 300
e Larger valid limit for o™ N2 [GeV] 302
i re [GeV] 200
600 — tan 5 25
N —— Upper limits on Ma iR | apin [Gew] 350
550 F Excluded by HESS = r cr=
'rrL::‘L . 'rrz,‘“ [GeVv] 357
500 F Tre A [GeV] 4000
o [GeV] 300.4
450 X0 =
XLona /e 0.119
400 F
350
~0.40 - g
30O [ 9 = 012 mm oo BMP5: Yixi — tt, wrw-— b YVee
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Yop
400 F 107 600
. I, coannihilations ‘\—\_'_,7 550
3901 XY / X+ coannihilations = 0
3801 z
J— 150 S,
= ool E
=, 370 100
£ 360 350
3501 107! 10 10" 10% 10* 300
. [ o E[GeV]
340+ %
8e e e b ®ae eima s 3 e pa
300 310 320 330 340 350
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MSSM parameter scanning:
» Random scanning subject to preserving hierarchy of Mi, M, and w such
that the LSP remains to be bino-dominated in nature.

» All the constraints are applied including da,, with both new/old scenarios.
The "CMD3" label is close to the present no deviation from SM picture.

» For each MSSM parameter point, 7sp is varied to find fy;}‘)i“ via Fermi-LAT
or HESS limits.

» Photon signal constraint is irrelevant if the LSP mass is in the 80 GeV
gap region between the Fermi-LAT and HESS experiments. Especially the
zone for IB effect will not be probed via HESS.

Bino-Wino-Higgsino :

Bino-Higgsino : M; is also being varied
M, = 1.5 TeV.
100GeV < M; < 700GeV, 100GeV < M; < 700GeV,
20TeV < My < 45TeV, 100GeV < M, < 1TeV,
500GeV < u < 1500GeV, 20TeV < My < 4.5TeV,
100GeV < my . < 1TeV, 500GeV < p < 2.0TeV,
5 < tanf < 55. 100GeV < m < 1TeV.
5 < tanfg < 55,
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MSSM random scanning: Bino-Higgsino:

>

>

Results with a small §a,, limit (referred
here as "CMD3").

LSP mass is restricted within 200 GeV <
mgo < 370 GeV beyond which one finds

overabundant DM.

Parameter regions with closely spaced
slepton and LSP masses (compressed sce-
nario). An allowed parameter point via
photon signal (SMBH) constraint satis-

min

fies vsp < 7ep

700 w0
600
— 500 40
[
= 400 o 5
£ " 30~
= 300 a
w
200 20
005200 300 00 500 600 700
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25
— 500
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. 400 ; is
2 Py 23
= 300 o
= 22
200
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10g .
00 200 300 400 500 G600 700
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MSSM random scanning: Bino-Wino-Higgsino:

Besides LSP-slepton, additionally there is
LSP-lighter chargino coannihilations thus
reducing the DM relic density.

> A broader allowed LSP mass range:

120 GeV S mgo < 700 GeV.

> Irregularity of /2™ for 100 < My < 275

GeV is due to the 80 GeV gap between
the Fermi-LAT (E, < 100 GeV) and the
HESS (E, > 180GeV) data. Addition-
ally light bino, wino and slepton may
gotentially discard parameter points via
au.

> An allowed parameter point via photon

signal (SMBH) constraint satisfies vsp <

min
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Bino-Wino-Higgsino with larger da,,:

%
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CONCLUSIONS

>

Light bino dominated LSP in a bino-slepton or a bino-slepton-wino coan-
nihilation scenario can simultaneously produce (i) the correct relic density,
(ii ) a compressed SUSY scenario, and (iii) it can also produce large SUSY
contributions to (g — 2),,.

With p hardly too large, as in the BMPs the level of electroweak fine-
tuning is also low.

A bino dominated LSP can evade direct detection of DM limits because
of too little higgsino mixing in it.

On the other hand, a bino produces too little photon signals under halo-
only DM profile scenarios.

A supermassive blackhole like Sgr A* near the galactic center can have
a spiked DM profile and this can enhance the photon signals so that a
bino-LSP scenario can effectively be probed with appropriate values of the
spike parameter.
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Photon flux:

L
,_E, Different halo profiles
% 102 = NFW profile (NFW)
&) = L e Binney profile (BE)
a C Moore profile (Moore)
- e, aiaia PISO profile (PISO)
B === 240 profile (240)
10
1=
10"
10
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A few DM halo profiles:

Photon Flux from DM Annihilations
The annihilation rate in a small volume dV is given by:
dl' = 0 X ngvpe X ndV

Averaging over velocity distribution and removing double counting of DM pairs,

2 2
dl' = <Uamlv>n (r) dV = {Gannv) P (7;) $2dQds
2mx
Photon spectrum at source:
4V =gdQds
s dN AN {Tann¥) , 5
r d <7> =— p(r)s*dQds
/\ dt dE, dE, 2m2
. e Galcie | Photon flux at earth:
y AV d® (Tann?) / / (
5 : o p r
/ dE‘/ 87‘(77’73( dE AQ LOS
Ea:lh Galz::ﬂc
Centre
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MSS
>

>

M
The minimal supersymmetric standard model (MSSM) generalizes SM by
including SUSY.

The Lagrangian of MSSM consists of kinetic and gauge terms, terms
derived from the superpotential W, and a softly broken supersymmetry
part Leoft.

Superpotential W that preserves supersymmetry characterizes the theory.
In terms of superfields one has:

W = UYyQHy — DYpQHp — EYeLHp + MHUHD

The fields 0, @, Ay etc are chiral superfields that contain SM and
superpartner fields. Yy, Yp and Yg are 3 X 3 Yukawa coupling matrices
including all the generations of quarks and leptons.

W is dominated by the third generation because of large top-quark mass.

Unlike SM, SUSY requires two Higgs doublets Hy and Hp. This is due to
holomorphicity of the superpotential, and anomaly cancellation
requirements. With differing hypercharges Hy is associated with up type
of squarks and Hp goes with leptons and down type of squarks.
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MSSM, R-parity, and Dark Matter
W = UYU @/:IU = éYDQFID = EYEI:F/D + ,LLF’U,:ID

» W refers to a version of SUSY that assumes R-parity to be conserved.
Pr = (—1)3B~D+2 Al SM particles have P = 1 and superpartners
have Pr = —1.

» This means that superpartners are produced out of SM particles in pairs
or a superpartner will decay into a superpartner along with an SM
particle.

» = The lightest supersymmetric particle (LSP) is stable.
> If neutral, the LSP may be a candidate for particle dark matter (DM).

» Typically lightest neutralino is a candidate for DM weakly interacting
massive particle (WIMP).

» Conserved R-parity also avoids baryon and lepton number violations thus
giving stability to proton.
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MSSM

Superparticles need to be heavy = SUSY must be broken = we require Lsor.
Lsore contains explicitly SUSY breaking terms that may have origin in a hidden
sector based SUSY breaking framework. "Soft": because they will not cause
any severe divergences due to renormalization except the mellowed logarithmic
type of divergences.

1 _ - 5 5
~Loon = 5(Msgg + MWW + MiBB + h.c.)| gauginos |
+(Uau OHU -+ DaDC:)HD + EaEI:HD + h.C.)
+(©Tmé(~?—|—ﬁmf[+lzjmf,(:ﬁ—i—EmEET)
+miy, HyHu + miy, Hp Hp

+(bHuHp + h.c.)

Lsort has gauginos and scalars and but not their super-partners —violates
supersymmetry.

m? : 3 x 3 Hermitian matrices in family space.

a: 3 x 3 trilinear coupling matrices: For convenience: a = AY. The version
Lsofe Written here respects R-parity.

Large number of parameters for L.

Constraints from Flavor Changing Neutral Current (FCNC) and CP-violating
effects strongly limit the parameters.
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SUSY breaking terms and Electroweak Symmetry Breaking

>

Two Higgs scalar doublet fields Hy and Hp with vacuum expectation
. v
values (VEVs) of their neutral components vy and vp. | tan 3 = —
VD

Neutral Higgs potential: Viyjges =
(1 + iy, ) Hu? + (4 + miy, )Ho? = (bHu Hp+ h.c) + 3 (g +&"*)(Hj — Hp)*

Minimization conditions of Vg at the EW scale:
}MQ_ m,%,DfmZHUtan2ﬂ_ 2
oW tan2 8 — 1

~—
S— ST preserving
SUSY breaking

2b

sin2f3 =
| ﬁ (2N2 i mf24u + m/24D)

In constrained models (CMSSM/mSUGRA) with unification scale inputs,
because of large m;, RGE running of mf.,u causes it to turn negative.
Thus EW symmetry is broken radiatively rather than via an ad hoc
negative mass-square term in the Higgs potential.

1 problem: In spite of their different origins, the SUSY preserving 1
parameter relates to SUSY breaking soft parameters. Various other
SUSY models (NMSSM etc) are able to address this issue.
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Electroweak Fine-Tuning
1
V = (m}), + p?)|H3P? + (mfy, + 1®)|HG* = b(HJHg + h.c.) + g(g2 +&?)(IH)? — |HI?)?

M2 m/2_,d — mj, tan’f3 5 ] 2h

DT |12l ) sin2f= ———————
tan2 3 — 1 de+mHu+2|u|

SUSY Preserving

SUSY Breaking

Electroweak Fine-tuning Ayt Perelstein and Spethmann,(JHEP-2007) :

dln M2(p;)
% Zm — ) AToml = E A%’ where Pi = {1“‘27 b7 my,, de}
dln p; i Pi
. 4H2
For valid tan 8 and i zones | A1ota =~ A(p) =~ —- | = a small value of Ay, means
m
Z

a small value of . A large o would mean a cancellation of two large quantities
requiring to produce a small quantity like M2 /2 = unnatural or finely-tuned scenario.
The measure is inspired by Barbieri-Giudice's measure of fine-tuning where p; refers to
unification scale soft breaking input parameters. This is also close to ,u2/l\/l§ of Chan,
UC, P. Nath, PRD 1998.

Typically, a desirable SUSY spectra is the one with less fine-tuning in keeping with the
motivation of SUSY.
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Charged and Neutral Higgs Bosons
> There are two CP-even neutral Higgs bosons (h, H) out of which h has typically
SM-like couplings, one pseudoscalar Higgs boson (A), and two charged Higgs
bosons (H™, H™). Typically, all other Higgs bosons except h are quite heavy.
> With X; = A — pcot 3, at one-loop: m% ~ M%cos2(2ﬁ) AL Am,z7

Am? — 3g5mi my, Mg, X? X?
myp, = 5 o In = + 1-—
8m MW my; m;l m;2 12m;1 m;z

Above its (Mpir0c) tree level value near Mz, a rather large amount of correction
is needed to reach my = 125 GeV. Thus LHC forces us to have quite different
levels of corrections from top-quark and top-squarks. =

‘ Little hierarchy problem ‘

» A: modulates my,. It is remarkable that observed higgs mass is below the
MSSM predicted upper limit of m;, < 135GeV.

T T

L | "
5 20 15 10 05 00 05 10 15 20 25
AM,

[Msusy = ,/mi; g, |; (Ref: Heinemeyer et. al. 2015)
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Phenomenological MSSM (pMSSM)

» Simplifying scenario with CP-conservation and R-parity.

» Flavor: Minimal flavor violation with degenerate first two generations of
sfermions (i.e. No more than CKM). These two generations are
associated with small Yukawa couplings.

P Trilinears for the first two generations are zero. Additionally, all the
non-diagonal entries of the mass parameters and trilinears are assumed to
be zero.
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Consequences of low energy SUSY: Example of Sparticle production:

Sparticle production at the LHC

WV —— ] e q.q
a — G ——— 7
q
Quark-gluon < ’ 7
fusion s > o~
e g
g q
k g S A A SR g [ R e TELTETTETEIN7
a RE () 9 &F (%)
Quark v/Z we
annihilation
@ =) a 2 (7)
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A clean SUSY Example: 3-lepton plus missing energy from )?fc — %9 pairs

» Decay via sleptons/sneutrinos:
/

;0 / l =
X \2 [‘(\ @ P2 Xg
p v - X
] vtz R T R
‘ % \'\,, g i
13
¢

P1 Xlii—‘:k‘\"_ X1
W

X1
X
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LHC (ATLAS limits):

m@,) = %x(m(aym(i?)] March 2023 Higgsno LSP Modet: T, procucion ) = G145 GeV, m) =410 GeV, March 2018
=5 TrT T LApARAN ol B A LAY AR LAARA A MR RS
. lepton: expected L Bes e UL
& 20001 ATLAS Preliminary opton: obeorved | O ssof- ATLAS Preliminary — geommmasiost - (vgeout
= §-> qaWz, lepton: expected T E (5=13Tev,364 ' BestObsonod i T, UL
?5"”0’5_ 13TeVv -lepton: observed | € sop 'S = 19 1€V, 36 Expected i 0L [1700.04183] E
€ 16001 " Run 1 expected 1 Al limits at 95% CL
140 fb Run 1 observed 450F- ATUAS hogano cksion (71208181 3
1400F 1 2 e Allimis at 9% CL 1 o 3
1200 E R T I 1
oo as0b- TebiaE, Gowr 3
E 2y
800) E BRUTO T~ E
250) T, smaltan i (s.10460% 3
600} E T largoan - 0339.39%
400| E 2005/ Ty (2s5025)% E
200) ) ¢ L. 3
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

o 0Bk b bbb Lo b b b L 3
40 50 60 700 800 90 1000 1100 1200 1300
m(g) [GeV] mfi) (GoV]

August 2023

ATLAS Preliminary
13, production, limits at 95°% CL

s 900, {5=8,13TeV, 203140 b

A ATLAS Preliminary
i, producton,kmis a195% 0L

200 400 600 800 1000 1200
m(T,) (GeV]

(i) [GeV]

Specimen exclusions from ATLAS 2023 SUSY Searches limits 13/22




Direct detection of Dark Matter

» Direct detection relies on neutralino-nucleon scattering and subsequent
nuclear recoil. For small velocity scattering the following two terms are
important.

L = caix V'Y’ X1’ ai + s xdiqi

» First and second terms: spin-dependent and spin-independent cross
sections respectively. ay; and as; are the appropriate couplings. The
above is to be summed over the quark flavors. The subscript i labels
up-type quarks (i = 1) and down-type quarks (i = 2).

P The scalar cross-section depends on t-channel Higgs exchange diagrams
and the s-channel squark diagrams.

» Unless, the squark masses are close to the mass of the LSP, the Higgs
exchange diagrams usually dominate over the s-channel diagrams.

» Spin-dependent cross section has t-channel Z exchange and s-channel
squark exchange diagrams.

T 0
X

— WA

~0 I
X Vi H

! X X
7 i z
N m %
f f

~
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Anomalous magnetic moment of muon
g-factor for a lepton magnetic moment to spin. jis = gi5-S; aj = %(g/ —2).
Large discrepancy from the SM (about 5¢):
as® =116 592 059 (22) x 10~ ™; a3 =116 591 810 (43) x 10~

w —

al® — 2" = (249 £ 49) x 1071 = gl oS

Simplified result in MSSM: When the loops that contribute most are the ones
with lighter chargino-sneutrino and bino-smuon fields:

AL @ mf pMatan B (e (M3/m3) — £+ (1% /mz)
J o 47sin® Oy m2 Mz — 2 g
v

@  _ oam Mi(utanB—A) <on(M12/m,?R) fx“(Mlz/m/gL)>

47 cos? Oy (m? — m?) 2 2
Ir It

a

—x

m T m A
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Flavor Physics Constraint: Br(b — sv)

» Br(b — s7v) limits may put severe constraints on SUSY parameter space.
The limits agree well with SM. Because of two Higgs doublets, MSSM s
vulnerable for flavor constraints, but there can be suppression of MSSM
contributions.

» At one-loop level MSSM diagrams include charged Higgs and charginos
and these two contributions may add each other constructively or
destructively depending on the signs of p and A;.

» The contribution from the charged Higgs boson (through the H™-t loop)
exhibits the same sign and comparable magnitude when compared to the

W™ -t loop contribution of the SM, which already accounts for the
experimental findings.

> 3.02x107* < Br(b — sv) < 3.62 x 10™*.
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=
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Anomalous magnetic moment of muon

Fermilab and Brookhaven: a;* =116 592 059 (22) x 1071

day=al® —apM = (249 £49) x 107" (50 dev1at10n)

K g
_ AR _ had
/2 22
Y2 ~© st

e There are large uncertainties in computing ai prlmarlly due to hadronlc
vacuum polarization and light by light scattering diagrams.
e Two other evaluations of the diagrams alter aiM =

§a"™ =107 + 69(x107™) and, 6a;MP? = 49 4 55(x 107 ).

e da, = a3YSY. The SUSY one-loops that contribute most are the ones with
I m P

lighter chargino-sneutrino and bino-smuon fields. More contributions if the above
particles are light. Also aSUSY o tan .

e We will choose a light b|no type of neutralino (¥) and light smuon scenario.
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Dark matter : Rotation Curve of Galaxies

>
Observed speed does not fall like 1/+/r as expected

from v = ,/@, rather it is quite flat over the

distance. This is even true for objects at the edge
of galaxies. Thus M = M(r) = 4 [) p(r')r'*dr’,

with p(r') = 1/r'? for flatness. = Dark Matter
DM).

Rotation curve of spiral
» Many candidates for DM. We focus on particle dark  galaxy Messier 33

matter. Neutrinos = hot DM. Structure forma-
tion issues may likely prefer cold dark matter (non-

relativistic).

Supersymmetry gives a candidate for DM that is a _—
weakly interacting massive particle (WIMP). Apart
from gravity, WIMPs may interact only by weak
Interaction.

» From Planck: DM: Q.h®> = 0.112, Baryons:
Qyph* = 0.022.
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Bullet cluster: two colliding galaxy clusters

o " . X [ . -

56’

-55'58

6"58M42° 65 ‘ 30° 240 18° 12* 6"58M42° 65 S 24° 18° 12°
Figure: The distribution of the star components of the cluster along with mass
density isocontours & the distribution of dust as seen in X-rays against mass

density isocontours.

Gravitational lensing does not follow the baryonic matter but show strongest
effects in two separated regions near the visible galaxies. = Existence of
collisionless dark matter.
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Thermal Equilibrium, Annihilation, Freeze-out and Relic
density

>

Thermal Equilibrium Era: (T >> my) in the
early universe. Annihilation of x's to SM par-
ticles and production of x's from SM particles
are similar = Thermal equilibrium.

Annihilation Era: (T >> m,/10). Annihila-
tion dominates since SM particles are not all
that energetic to create x's.

Freeze-out Era: (T ~ m,/25). Annihilation
is ineffective because of dilution due to expan-
sion of universe —Relic abundance: Q, h? ~

27
% ecm®/s.  Planck Data: Q. h* =

0.120 = 0.001.

One computes < gerv > where v is the rel-
ative velocity of two annihilating WIMPs.
< Oeffv > is the annihilation cross-section to
all final states.

Coannihilation effects needs to be incorpo-

rated. This arises from annihilation of WIMP
with another particle with nearly degenerate
mass.

x=m/T (time =)
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Neutralino Relic Density: Q, h?

One computes < oev > by including LSP annihilation and co-annihilation

Annihilation diagrams:
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Figure 3.1: A few of the dominant neutralino annihilation diagrams.

72

processes.
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Coannihilation Diagrams
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Nature of the lightest neutralino, either principally a bino, a wino or a higgsino
as well as its mass determines Q, h°>. PLANCK data: Q, h* = 0.120 4+ 0.001.

The above in turn constrains SUSY parameter space.
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