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Outlook

In this talk, | will try to reignite your excitement for SUSY'

U(1)s_; -symmetric SUSY

—» Neutrino Masses
CMA, Ipek, JHEP 11 (2023) 085

—» Leptogenesis
CMA, Chowdhury, Ipek, ] Phys. Rev.D 113, 115046
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U(1), symmetric SUSY is great!

Gauginos are pseudo-Dirac fermions in R = R — L global symmetric SUSY!

Frugiuele, et.al. JHEP 2013, 156

Giudice, et. al., JHEP 12 (1998) 027
Randall, Sundrum Nucl. Phys. B557 (1999) 79

Anomaly mediation

Fox, et.al., JHEP 08 (2002) 035

Supersoft SUSY breaking

L DmgBB+mgWW+meSS+m;TT+ MzSB+ MzgT W

mB,W,S,T ~ @(m3/2) Gravitino mass

- T
we call them wi = (B, S) : “bivo”

Coloma, Ipek, Phys.Rev.Lett. |17 (2016) |1, 111803

U(1)p is approximate when my,, < Mz, My,

i, = (W, TT)T: “wivo” | H,

CMA, Ipek JHEP |1 (2023) 085

Superfields

SU2),

U(1)p
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Neutrino Masses

i g i
fiMp dgms),

Z D h B+ MzSB  + ¢h ST+ mzBB + mySS
Ay Ay birzo and wivo act as
fi~ My _ . A o RH neutrinos!
+2—"Zh W+ MyTW + —22h,T" + myWW + m,TT
Ay Ay
— e = e ———
U(1)g_;-conserving U(1)p_;-violating Hybrid Type [+l 1SS
The neutrino mass matrix 0 Y;v Yyv Gov G
o > B Twh ST BTVl Can generate three massive
in the (v;, B, W, 5, T) basis Ygv. o mg 0 Mz 0O light neutrinos with the
M,=|Yyy 0 my 0 My correct mass splittings!
T i
: swMew . dsrimap Gsv M 0 mg 0
YB,VV = AM GS,T — AM G%V O MW O mT CMA, Ipek,JHEP | | (2023) 085
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A Simplified Scenario

U(1)x_;-violating terms (Gg,T = () are turned off
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me + my ~ (0.1 — 10)MeV
CMA, Ipek, JHEP |1 (2023) 085
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| HC Phenomenology

Hybrid Mixing Scenario A;, 2 (500 — 1000) TeV

representative LHC final states

sin 912 = 0. 303+8 83

sin? 03 = 0.451+0:919 rr

sin® 6,3 = 0.02225% 5 5025

o &

04| < B,

|
0.2[ 7
N

0.0 S T A “i

I
1 3 4 O

mr/mg -
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Bino-antibino Oscillations

“Analogous to neutral meson oscillations

Bino-antibino oscillations™ can generate CP violation

with a frequency w ~ 2m

. 2singpx (1 —r?)
959s Mpm e~ — Am/T = ~ i
— ~ _ ~ r = Am/I's ~ 2m/I'5
g2 + g%~ M2 +m? (1 +2%) (1+1r?)
To have enough CP violation we require 71 + m¢ < Mz and Go/Yz ~ O(107> — 1)
Ipek, March-Russell, Phys.Rev.D 93 (2016) 12, 123528 Chowdhury, M.Sc. Thesis
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Baryon Asymmetry: Recap

Sakharov Conditions

7

e S
b s A

o R
G AND GF irreducible complex
VIOLATION N = phase in the CKM matrix,
violated via BARYON NUMBER INTERACTIONS though its very small
the triangle [BI VIO ON . OUTOF O _
anomaly 4>\ SiS0” THERMAL EQUILIBRIUM
n —~ -
aﬂjg,L ~ 32; <g2W;’UW’;’“ B g,zBﬂvBW)

non-conservation of B + L Absent!

imgflip.com

Sakharov, JETP Lett. 5 (1967) 24
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U(1), Symmetric SUSY vs Sakharov

Our model has enough freedom to explain both

light neutrino masses and the BAU! with a tweak™

“The tweak We consider a hierarchy m¢ < myand G; < G,

wino generates the neutrino masses

out-of-equilibrium decays of bino create the BAU!

We allow the following operator to appear™ For successful Ieptogenesis
dm [
d°0 ®, H,L; | Mz > 130 GeV
a new mass scale, m > ms), AM Z @(107 T@V)

* future work.
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Boltzmann equations

We use density matrix formalism to incorporate the oscillation dynamics

in the early universe
Tulin,et.al., JCAP 05,013 (2012)

Elor,et.al,, Phys. Rev. D 99,035031 (2019)
Aitken, et.al., Phys. Rev. D 96,075009 (2017)

Valid in the non-relativistic regime! Alonso-Alvarez, et.al.,JHEP03,046(2020)
dY | 1 _
H— =—i(HY-YH) - ) —[0.[0L,Y]] — L ={Y,0.YO0L} - Y2
1Y )= 35104105 ¥) = Y stov) (Y. 0704} -2,
_|_7_ —I_y_
Vacuum oscillations Scatterings Annihilations
CM?Z 3 C M2 1 C M2

<O’ v>scat ~

(0 V)blin ~ {0 V)gens =

blind = "4 Ms4f ) 52 blind — A Ms4f - A M;l-f
Ne 45 _ 3C(3) (Mz\°
Y’e — 9 _ 23/26 < Fscat _ B scat
! S A3/ 27 g, 277 2 (o)
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Bino-antibino Oscillations
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10

0.001

Results: Two Benchmark Scenarios

dAL(Z)

2H(z) -

€Fé

(Z(Z) — Zqu)

fixed decay rate z4.. ~ 0.8zg,,

A5 ~ 1010

1079

e

Anr ~ 3.4 x 10" TeV (M5 /TeV)’

Tgec = 162.5 GeV
Msf = 100 TeV
rsing = 0.2

Oscillations start below Tdecay

j
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M B (Te\/)
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Ap =0.348 x Ap(zepn) AL =YL - Y;

MB (Te\/)
CMA, Chowdhury, Ipek, ] Phys. Rev.D 113, 115046
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Baryon Asymmetry vs Majorana Mass

bino is relativistic x~ O(1 — 1000) bino-antibino oscillations are too fast
BN rsing = 0.2
N\
AR MB = 2'TeV Mzm
L 2 ’/‘ z

1.x10°8| 7 7 i M3 + 12

5.x107 \\ \\\l/
’ * S N Od}}
QEQ \s\‘ \5\‘\@L_
N
L2 Q\
1.x1077} \\\ \\ E
i *~ N 1l
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\‘\‘é\o N\
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Lx1o-l0p__observed S LN L N L
S L 2
5 %1011 I - Y e N N
10~ 0.001 0.010 0.100 1 10
m (eV) CMA, Chowdhury, Ipek, ] Phys.Rev.D 113, | 15046
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Summary of the Results

To generate the observed BAU, the leptogenesis scenario requires

Messenger Scale Bizo Dirac mass Majorana mass Sfermion masses

Ay 2 0(10° TeV) Mg ~afewTeV  m~(10*=10)eV  Mg250TeV

>\ long-lived bivo &

decays could result in displaced vertices In the FCC target range!
ATLAS, Phys.Rev.Lett. 133 (2024) 16, 161803  Current Future
ATLAS, JHEP 11 (2024) 036}
<M, JREP 05 (2924) 947 LHC MATHUSLA CODEX-b

CMS, Rept.Prog.Phys. 88 (2025) 3, 03780
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lakeaways

> The neutrino-bino/wino mixing follows a hybrid type I+l ISS pattern and can
generate non-zero masses for all three neutrinos in its most general form.

> Out-of-equilibrium decay of a long-lived bino in the early universe can explain
the BAU via leptogenesis.

> The smallness of the Majorana gaugino masses can be related to the U(1)_;
breaking and how it is mediated to the supersymmetric sector.

> Uneaten Goldstino and the gravitino could be a DM candidate.

> Branching fractions to different lepton families (e, u, 7) are determined by the
observed neutrino mixing structure.

> Offers rich LHC phenomenology.
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Other Leptogenesis Scenarios

The most notable difference of our leptogenesis model is the production of

heavy neutral leptons, which are binos in our case

e

e

T e
o

Binos can be produced copiously through non-neutrino interactions with the SM

Out-of-equilibrium bino decay is governed by their mixing with neutrinos

Unlike the freeze-in scenario of ARS leptogenesis, we are always in
the freeze-out regime, as in resonant leptogenesis
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Gravitino/Goldstino DM with low Ty

For the range of gravitino mass, n1;,, ~ O(1 keV — 10 MeV)

A. Monteux and C. S. Shin,Phys. Rev. D92, 035002 (2015)

If the reheating temperature is |
sufficiently high, Ty ~ O(TeV), 0.001

gravitino/goldstino will

104
overpopulate the universe! N
107
10 20 30 40 50 100 200
TRH(GGV)
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Supersoft SUSY Breaking

SUSY is broken in a hidden sector PJ. Fox, A.E.Nelson and N. Weiner, JHEP 08 (2002) 035

SUSY breaking is communicated to the visible sector at a messenger scale A\,

Dirac gaugino masses are generated via D-term spurions.

v2esD - /\
2 o CB = (W’ ) : SUSY-breaking
l[d 6\/563 W Wbs = Ay BS = M BS vev of a D-term spurion field
2cwD .
szﬁ\/zcw “WWy D = \/;\W WT = MzWT
M
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Electroweak sector

After EWSB, $ and T participate in both neutralino and chargino mixing due
to the presence of U(1), symmetry.

The relevant part of the superpotential: G.D. Kribs,A. Martin and T.S. Roy, JHEP 01 (2009) 023

W =uHR, + uH,R,+ D (nguRu + /lngRd) + @, (A;ﬁVHuRM + /lgédeRd)

In the large tan f = v, /v4 limit, (Vg — 0), the mixing matrices in neutral and charged sectors:

MB 0 gyv/2 0
My —gwvlA\/2 O
MW _gzv/\/z 0 i~ OW g2V \/_ :
M = Q/z o2 w0 <~ Hu
0 0 Hy
0
Ha
In the basis (B, W", RO RO) X (S, T, ho ho) In the basis (W, R:[, R;) X (D7, 71,;, izg)
We further assume /ll’“; i = U such that bino, wino and Higgsinos do not mix
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EXperimental Bounds

u—ey U — e conversion in nuclel

% e~

Briu — ep)| <42 10°1 R,| <7x107" Br(x — ece) < 1.0x 10713
now now
MEG Collaboration, Eur. Phys.]. C 76 (2016) 8,434 SINDRUM Il Collaboration, Eur. Phys.]. C 47 (2006) 337 SINDRUM collaboration, Nucl. Phys. B 299 (1988) |
Br(y — ey) <107 R <6.2x1071°
future PN uture
MEG Il Collaboration, PoS NuFact2021 (2022) 120 Mu2e Collaboration. Universe 2023, 9, 54

strongest constraint
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Combined Constraints

A.Abada et.al, Phys. Rev. D 78 (2008) 033007

Type-l A.Abada, et.al., JHEP 12 (2007) 06|
2 2
Ve v
- |Cd_6‘a _
2 2
Stronger than type-|
T)’Pe'l | due to tree level FCNC
2 2
e = —
2 R
a,f=e, U,z
By far the strongest constraints are on the ¢ — i element
V2
(€d=6) = — |uiu’ + us u*
en A2 B B Ww
M
MEG Collaboration, Eur. Phys. |. C 76 (2016) 8, 434 SINDRUM I Collaboration, Eur. Phys. J. C 47 (2006) 337
MEG Il Collaboration, PoS NuFact2021 (2022) 120 Mu2e Collaboration. Universe 2023, 9, 54 SINDRUM collaboration, Nucl. Phys. B 299 (1988) |
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BINO Decays

. . ~ ~ m3/2 ~ 10 MeV MB ~ 500 GGV AM ~ 500 TGV
If kinematically allowed B— Gy

~

o Suppressed by the Planck mass

]

W=

]‘4~
Total decay width Botot = 2 Y?Mj ~ A_zB ~ (0.5 MeV  decays promptly at the LHC
; M
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WIno Decays

~ ~ ~ ~

If kinematically allowed

~
~
7 ~

ZJ
~ ~

D W—o Wt

) 2
These channels are suppressed by the mixing angle: 6> ~ (XZ ) ~ /‘;—2 ~ 1077
14
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Chargino Decays

If Kinematically allowed 77— W*B

X1

W

"~/

¥ = LT ¥7 = he™ 77— Wy

X1 X1 X1

\ A/ / 2
. yV v
These channels are suppressed by the mixing angle: ~ 62 ~ [ 22

W) v — ~ 1077
My | A
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