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Main Goal

Discuss theories for Joﬁysics Beyonc[
the Standard Model Jorec[icting
a Dark Matter candidate !




Su}oersymmetry

and
Dark Matter



SUSY

MSSM e  mj = Mz cos® 28 + omj(mf, X )
(mh = 125 GGV)
WD Y, QH, ¢ + Y,QH,d® + Y, LH.6° + uH, H,
W D elLH, + ALLéC + N OLd® + \ acd°d®

(Lepton and Baryon numbers are explicitly broken) </\//\” <1072 if mj ~ 1 TeV)

M = (_1)3(B—L) @M

RpV vs RpC: V. ‘Barger, PFP,S. S}n’nner, CPﬁyS. Rev. Lett.
The Fate of CR-T&m’ty, PFP,S. Syinner, Tﬁys. Rev. D
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SUSY DM (WIMPS)

)2(1) is the LSP and stable !
M= (-1)>B-L) . Neutralino DM
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SUSY DM
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Distribution of sampled pMSSM points as function of the DM relic density vs. DM candidate mass.
Points excluded by existing measurements (as implemented in SModelS, HiggsBounds, and MicrOMEGAS)
are shown in light gray. The remaining points are broken down by the electroweakino composition of the
DM candidate. The DM candidate is considered mostly pure if a single electroweakino comprises > 80% of
the admixture, and mixed otherwise.

https://arxiv.org/pdf/2207.05103
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- (Observed limits

https://arxiv.org/pdf/2403.02455 = = Expected limits
{s=8.13 TeV. 20.3-140 fb Data 15-18, ¥s = 13 TeV, 140 fb ™
;I 900 LA L L L N Y N N N Y L B B B I - monojet,'i—» bff' i?
8 ﬂTLAS [2102.10874]
O, 800 t.t, production, limits at 95% CL ~ 0 ~0 ~0
=== 0Lt =ty /t — bWy /t — bff'y
OA‘- o Q¥ 1 1 1
” * [2004.14060]
s 700 , 1L T, = 507 T, bW /T, — bff 3
E 1,t1—»t)(1 t,—b X, t,—b X,

[2012.03799]
== 1LNN, T, > %,/ T, > bWy,
[ATLAS-CONF-2023-043]
~ ~0  ~ ~0 ~ , ~0
— 2L, t1—»tx1/ t1—>bWx1/t1—>bff X,
[2102.01444]

Data 15-16, ¥s = 13 TeV, 36.1 fb ™
. t —*tx1 /t1—>bW)(1 /t1—fbff')(1

[1709.04183, 1711.11520,

1708.03247, 1711.03301]
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~ ~0 o~ ~0 o~ , ~0
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Collaborators

Mark B. Wise
(Caltech)

Clara Murgui Hridoy Debnath Kevin Gonzalez-Quesada
(CERN) (CWRU) (CWRU)

J. Butterworth
(UCL)
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Dark Matter
and

Neutrino Masses



Massive Neutrinos

’J\forma[ Q—ﬂemrcﬁy anertec[ g‘[i@?’&l?’Cﬁy




Massive Neutrinos

° Majorana Fermions (Lejﬂton Number is broken Ey two units)

° DII’ ac Fermi ONS (Le}mm Number is conserved or broken but

not effective Majorana masses )

o[ ) Mqu VK
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’Mag’omna Neutrino Masses

J} _\_V:C M., V.
2

Mechanics: Theories:
- Type I Seesaw . B-L
+ Type Il Seesaw - Left-Right Symmetry
- Type III Seesaw - Pati-Salam
- Zee’s Model . GUTSs

* Colored Seesaw
- Witten’s Model
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PF.P., M. BWise

Lepton Number as Local Gauge Symmetry

Anomaly
Cancellation

U(1)
+ | =) DM

[:> Low Scale Seesaw

Qpah? <0.12
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Lepton Number as Local Gauge Symmetry

?lnomafy Cancellation:

fLN(Z,—l/z,l) and eRN(l,—l,l),

A (SUB)EU(1),) =0,
A (SUQ)ZU(1),) = 3/2, I <
A;(U(1FU(1),) = -3/2
Ay (U(1)yU(1)7) =0,
As(U(1)3) =3, and As(U(1),) =3
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Solutions:

- Vector-like fe}owns

P. F. P, M. B. Wise, JHEP1108, 068
M. Duerr, P. F P.,, M. B. Wise, Phys. Rev. Lett. 110, 231801

- Four rejoresenmtions

P. F. P, S. Ohmer, H. H. Patel, Phys. Lett. B735, 283

- Minimal Model

P. F. P.,, Physical Review D 110, 035018 (2024)
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H. Debnath, P.F.P, K. gonzaﬁez-desac{a, ’Pﬁysica( Review D 109, 115030 (2024)

i —Vy = —3

Fields SU(3) SU(2), U(l)y U(l),

([ 1 : - 4
T (‘I‘z )

(% 1 2 - 8
r <‘PR)
”R 1 1 —1 fl
”L 1 1 —1 52
YR 1 1 0 £
P 1 1 0 £,

(1 =—l; =—-3/2 (Majorana DM)
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H. Debnath, P.F.P., K. gonzakz-%esada, Tﬁysica[ Review D 109, 115030 (2024)

SU3)e ® SU(2), @ U(1)y ® U(1),

— LDy VYRS + y,irnLS*

+ Y XRXLS™ + MXLCXLS™ + A XRCXRS + h.c.
S~ (1,1,0,3).
— —L, DY, zLFIVR-I—)\R l/;l:;C(ﬁI/R + h.c..

¢ ~ (1a 1,0, _2)
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H. Debnath, P.F.P., K. (jonza&az-(@tesacfa, ?ﬁysica[ Review D 109, 115030 (2024)

Neutrino Masses
'U(% —1T
M, = ?Y,,MN Y,

AR Mz,
V2 9

[? (9’0 -+ 4’U¢)

= My = \/§ARU¢ = cos [3.

M3, =

14

Since the scale for spontaneous L violation must be
below the multi-TeV scale one has a Low Scale Seesaw !
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H. Debnath, P.F.P., K. gonzakz-%esada, Tﬁysica[ Review D 109, 115030 (2024)

Dark Matter

X =xz + (x2)¢

X

X Zy N Z
N \J ) X:I,-\-I-\jJ
X 'o' i X ---- H,

R X:I----Hi "Hz >th "o
~‘Hj X ----Hj ‘Hj X ~‘H‘

I

J

©J
) X k4 7
. H; Z
+ -
T <J
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H. Debnath, P.F.P., K. gonza&ez-@tesacfa, CPﬁ_ysica( Review D 109, 115030 (2024)

Dark Matter

Majorana DM
20

15-

Oh? < 0.12

M Zs [TeV]

100
M, [TeV]

The scale for spontaneous L violation must be below the multi-TeV scale !
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H. Debnath, P.F.P., K. gonzaﬁez-Quesac{a, CPﬁysica[ Review D 109, 115030 (2024)

Direct detection:

LZ(2022)
]() o I~ 0O eesp e & on ¢ $eteo 4
o oo o0 @0 f o
I .y - X , X
Bz 15 c :
‘; 10 I @t retets st S o o Wetood : h? HZ
;. - . ﬂ.:.:....: ::. G © S0 © © G  Wep e S '
o v o Qe n —— n
10-* L
* gy, =0.3,sinf = 0.1 ® g, =0.3,sin6 = 0.01
gr = 0.8,8in6 = 0.1 ® g, =0.8,sin6 = 0.01
1()_'m | | 1 1
0.1 2 4 6 8 10

M, [TeV]
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H. Debnath, P.F.P., K. gonza&zz-desad’a, Tﬁysica[ Review D 109, 115030 (2024)
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Minimal Model

P. F. P, ?ﬁysica[iReview D 110, 035018 (2024)

Y, ~(1,-1,3/4), ¥r~(1,-1,-3/4),
x1~(1,0,3/4), and p;~(3,0,-3/4).

Minimal number of ﬁefcfs to cancel

all [é]ownic and Baryonic gauge anomalies
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PF.P., M. BWise

Lepton Number as Local Gauge Symmetry

Anomaly
Cancellation

U(1)
+ | =) DM

[:> Low Scale Seesaw

Qpah? <0.12

% CASE WESTERN RESERVE P. Fileviez Perez
UNIVERSITY o6

the possible’




Dark Matter

and
@aryon Number



P.F.P., M. B Wise

Baryon Number as Local Gauge Symmetry

Anomaly
Y
@ = WAAAAAA<jvw“<:anceaton -

Relation between proton stability and DM |

The Proton is stable in these theories !
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Baryon Number as Local Gauge Symmetry

A(SU(3)6U (1)
AUM)yU(1)p) =

A(U()p) = 0, and A(U(1)B)



Solutions:

- Vector-like fermions

P. F. P, M. B. Wise, JHEP1108, 068
M. Duerr, P. F P.,, M. B. Wise, Phys. Rev. Lett. 110, 231801

- Four rejoresenmtions

P. F. P, S. Ohmer, H. H. Patel, Phys. Lett. B735, 283

- Minimal Model

P. F. P.,, Physical Review D 110, 035018 (2024)
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P. F. P, CPﬁysica[CReview D 110, 035018 (2024)

SUB)e @ SUR2), ULy @ U(1)p

Fields needed for anomaly cancellation |

U, ~ (1,1,-1,3/4), Ug ~ (1,1,—1,—3/4),

— XL ™~ (171707 3/4)7 and PL ~ (173707 _3/4)
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P. F. P, CPﬁysica[CReview D 110, 035018 (2024)

Yukawa interactions:

—L D ATr(piCpr)S + Ae VL URS + A\ x:Cx1S* + h.c.

— S ~(1,1,0,3/2),

AU rerd + h.c. = ¢~ (1,1,0,3/4)

The Proton Is stable
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P. F. P, CPﬁysica[CReview D 110, 035018 (2024)

Physical States:

T MZB ZSQBUS/Q
— h=hgcoslg — hgsinfp

— hg = hgsinflg + hgcosfp

e ¢ is a complex scalar field

C

e Two Majorana fermionic fields: x = xr + (xz)¢ and p° = p% + (p%)¢ with masses

M, = \/iAxfus and M = ﬁ)\pvs.

e Two charged fields: ¥~ = ¥, + ¥ and p~ = p; + (pf)C with masses given by

1

My- = =

Agvg and M, = M, + oM,



- 1. Butterworth, H. Debnath, P. F. P, Y. Yeh, ?ﬁ_ysiea[ Review ‘D110, O7§001(2024)

Collider Bounds

1.0
T I B e ATLAS 13 TeV 139 fb~!

CMS 13 TeV 137 b

. il
o T
0.6 = 1% B ----- ATLAS 13 TeV 29.3 fb™
™ AN
S \} ~~~~~ CMS 13 TeV 27 b~
B o NI SR D B < I CMS 8 TeV 18.8 fb~!
----- ATLAS ISR v/j 13 TeV 79.8 fb ™~
----- CMS ISR 7/5 13 TeV 35.9 fb~*
OO | | | | |
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“Cucuyo” 9—[1’3 S

hp

An insect very common in Cuba, Brazil, Guiana and Mexico. It may be seen at night in great numbers among
the foliage of trees. They sometimes are so numerous that they light up the dark forest.



-1. Butterworth, H. Debnath, P. F. P, Y. Yeh, CPﬁysica[ Review D110, 075001(2024)

“Cucuyo” Cl-[i’ggs cfecays hp = hosinfp + hg cosfp.

g = 0.25, sinflp = 0.001

WV

0.500

T T T T 11717

0.100
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I

0.010
0.005

|

100 150 200 250 300 350 400 450
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0.001
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P. F. P, G’ﬁysica[iReview D 110, 035018 (2024)

Dark Matter

x=x+ )"
Neutral and Stable
ZoixL = XL, ¢ > =9, ¥ = =V, Vp = —Vpg,pr = —pr
More relevant free parameters of the theory:

gp M,, M, .M, and 0p.
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Relic Density
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- H. Debnath, P. F. P., K. gonzafez-Quesada, arXiv:2409.17976
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Re I i C De ns i ty - H. Debnath, P. F. P., K. Gonzalez-Quesada, arXivi2409.17976

Majorana DM

— Qpuh? =0.1198 + 0.0022

[ Qxh2 > QDMh2

[ Excluded by Perturbative Bound

@ Excluded by Collider Bounds

- Excluded by Direct Detection

Majorana DM

g =1
— Qpuh® =0.1198 + 0.0022

M 7y [TeV]

] Qxh2 > QDAlh2

[ Excluded by Perturbative Bound




osr [cm?]

- H. Debnath, P. F. P, ‘K. gonzafez-Quesacfa, arXiv:2409.17976

Direct Detection

X X X —?— X X X
— s he, h + Zp
n n N ———p— 10 n n
1()_44 & B L T U L L) T U U L) T U U L T
107% & LZ Combined(2024)
—o * g =0.25, sinflzg = 0.001
107 * gp =025 sinfgz = 0.01
® gp =1, sinflg =0.001
10747
® g5 =1, sinflg =0.01
10-*

0.1

M, [TeV]



Gamma Lines

Flux
Flux

E. /Mpm E. [Mpwm

PF.P., C. Murgui



-H. Debnath, P. F. P, K. gonzafez-@esada, arXiv:2409.17976

Gamma Lines




av(xx — v7)[em?/s]

- H. Debnath, P. F. P., K. Gonzalez-Quesada, arXiv:2409.17976

AX =YY

* gp=1
® g = 0.25
Bl [ E.S.S.
----- CTA Projection
10-31 ./' . . . R
1000 2000 5000 104 M, = 150 GeV



ov(xx = Z7)[em®/s]

- H. Debnath, P. F. P., K. Gonzalez-Quesada, arXiv:2409.17976

XX —>vZL

* gp=1

® gp = 0.25

10728 ¢ ‘—ZJ BN HES.S.

----- CTA Projection

1000 2000 5000 10%
My, = 150 GeV



-H. Debnath, P. F. P, K. (jonza[bz-(@esac[a, arXiv:2409.17976

Total Flux

]O-8E T - T T T T T T T T . . . . : i i ' ' ] ' ' , '
E _ o - “
- g = 0.25 el 5oz
l N ’ > S0 mmmee Total Flux
. | O- ‘[hB 150 GeV , :
l ---------------‘
5 = XX 7
= 10710
o,

— XX — 99"

— XX 99

0.7 0.8 0.9 1.0 1.1 12 T XX~ 4y
E,/M,



-H. Debnath, P. F. P, K. (jonza[bz-(@esac[a, arXiv:2409.17976

Total Flux
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Collider Signamres

5000 —c -7
104} """""“":::'-3‘-::::-_-_._._: ____
2 i @ 2000}
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2 500 2 ! \:
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= = » \
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T ] iNbB”y‘"' 200 [ = — ",\Tli) . n—— ‘\rl{ |
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(a) (b)

FIG. 12. (a) Number of events for different signatures as a function of Zg mass when M, = 150 GeV. (b) same as (a), but now
M;,, = 300 GeV. The solid and dashed lines represent the number of events for gg = 0.15 and gg = 0.25, respectively. Here, we

assumed M, = 100 GeV, /s = 14 TeV, the luminosity is £ = 3000 fb~! and used MadGraph5 [68] to compute the cross section for
pp — Zphg.

- 1. Butterworth, ‘H. Debnath, P. F. P, Y. Yeh, ‘.Pﬁysicaf ‘Review ‘D110, o7€001(2024)
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S ummary
- We discussed theories for Joﬁysics Eeyorwf the Standard Model Jorec[icting

a C[OL?’Q matter CCIHC[’L’G[CLI'Q EQ[OW tﬁe mufti-’fe\/ SC&l[@.

- We discussed theories where the Baryon (or [éjoton) number is a local gauge symmetry
broken at the low scale. These theories Jarecfict a dark matter candidate from
anomafy cancellation. We have shown the constraints ﬁ’om the cosmofogica[ bounds

on the dark matter relic dénsity, dirvect detection and collider experiments.

- We have discussed in detail the jorecfictions for gamma [ines and show that

tﬁejo’redi’ctions COU[C[ 66 testec[ n tﬁe nearfuture at gamma-r Cly te[ésccyoes

such as CTA.

¥ Tﬁere isa ﬁOJOé to test tﬁese tﬂeories at CO[[l’C[QT’S. In tﬁeﬁrst case, one ﬁas a
tﬁeor yfor neutrino masses axrw[ C[&l?’é matter. ‘In tﬁe S@COT’LC[ case, one ﬁCLS a

fﬁéOTnyTJOTOI’OH Sfﬂﬁiﬁty omcf C[OH’E matter.



