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Supersymmetry

R-parity violation (RPV)

Searching for a long-lived light neutrino (missing-energy signature)
Searching for a long-lived light neutrino (displaced-vertex signature)
Potential applications of the method

Summary



Supersymmetry (SUSY)

Spin % Spin 1 Spin 0 Spin %2
Each SM particle has a ul ¢ Do 168
“superpartner” with the ' -
same gauge quantum :

numbers and mass:

SM particles Superpartners
Why SUSY is interesting:
 Elegant: extension of the Poincare group, with The neutrlainos 7Y_, are
operators that transform as spinors mass-eigenstate
 Needed for string theory superpositions of
«  Solves the hierarchy problem (next slide) B, WO HY, H),
« Better gauge-coupling unification superpartners of the SM
If SUSY exists, it is broken at low energies with 2 Higgs doublets:
* e¢.g.,wedon’tseea5ll keV selectron B, W, Hy Hg



The hierarchy problem

The hierarchy problem:
Since the Higgs iIs a fundamental scalar, its squared mass gets quantum
corrections to the scale of new physics

m? =m2(0) + Am2 _Q_ """"

If no NP up to Planck scale ~ 101° GeV = fine tuning of the bare mass
m?(0) to >30 orders of magnitude!

SUSY fixes this: equal-mass bosons and fermions cancel each other’s
contributions: \


http://www.darkenergysurvey.org/science/weaklens.shtml

The experimental status of SUSY

SUSY particles haven’t been found at LHC

But large parameter-space regions haven’t/can’t be explored experimentally
A ~GeV-scale neutralino is allowed in some scenarios

It has to decay to avoid too much dark matter

Since it’s the LSP, it must decay to SM particles

It can decay If we have R-parity violation (RPV)
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R-parity (Ry)

1 SM particles
° R -_
p —1 superpartners

e |f R, IS conserved:

— Assuperpartner must decay to a state with an odd number of lighter superpartners,
e.g.,b - bZ

— The lightest superpartner (LSP) is stable, since it can decay only to SM particles
But there is no requirement that R, should be conserved
— So it’s worth exploring scenarios with R,, violation (RPV)

In particular, I will focus on an RPV scenario in which
— The LPS is the neutralino 72,

which is mostly the “Bino’: superpartner of the SM hypercharge gauge boson B



RPV terms In the SUSY Lagrangian

1 !/ 145
Wepy = Z (2 Aiji LiLi@i + A LiQ;di += Al]k ;d;dy

/ RH (s)leptons ‘ o up type RH down-type
(s)quarks (s)quarks

|

Each term has dimension 4, i.e.,
« 2 quarks (fermions, dim = 2)
« 1 squarks (boson, dim = 1)

ijk

Generation indices
LH (s)leptons LH (s)quarks

These terms violate baryon number, so they must be suppressed - small couplings

10



RPV In B decays @ Belle Il

JHEP 02 (2023) 224, Dib, Helo, Liubovitskij, Neill, Soffer, Wang

144

 Focuson 4;;; # 0 (where ij = 1,2), so we have the decays BT - #¥ + baryon

I

We considered ;3 =

* M13:BT = 3] p (uud)

o A53:B% - 7Y AIZ° (uds), BT - 7Y =T (uus)

* 3131 BY = 7P AL /EE (udc), B® — J7 22 (ddc)
* Ajp3i BT - 77 EX (usc), B® - j7 E¢ (dsc)

11



_ower limit on M0

If Myo < My, the proton can decay, e.g., p — 7L etv

v +
u - W e
U b Ve
T - Lo
A113 b ey

Limits on the proton lifetime are greater than ~102° years

So we conclude m-~o > m
X1 b

(This condition applies even if we turn on only another RPV coupling via
SM flavor transitions)



Does the neutralino decay?

* Yes, eq., i — pe v,

~ u
R b g
/ —
u
TV
w <e+

Ve

 But it’s a 2" order process, so j; decays far outside the detector

« - The experimental signature is B* — baryon + missing

13



Form factor calculation

Due to boson (squark) propagator, we have :
1o\ 2
ij3\ _
Br « (m%) = GZ
q

Also « hadronic form factors for the B meson — baryon transition.
We base our calculations on form factors others calculated for proton decay
(e.g., p = m’e*) with proper adjustment.

E.g., for Bt - #?p there is a direct contribution and a pole contribution
from, e.g., Bt = A} p with A} - #V:

b
~ _ \//\V/\V/\ bes
d >/;
T b
Ca
d Need to add all the terms from
u

u all the diagrams with the right signs



Form factors suppress the signal decay
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Experimental analysis technique

* The “missing” neutralino 1s an experimental challenge.
To address it we use knowledge of the initial state,
.8, e"e” = BiygBsig
« B factories regularly study rare B
particles, e.g.,

B - K®yy B - 1V, B - DWWy, B - wfv

sig decays into missing

« 3 techniques:
— Hadronic tagging: fully reconstruct By, in a hadronic decay
(e.g., B = Dmn. Actually O(1000) decay modes are used)
— Semileptonic tagging: partially reconstruct the By,o In a semileptonic
decay B —» D™ ¢y
— Inclusive tagging: combine all the non- B, particles in the event and

use various techniques to separate signal from background
16



Experimental analysis technique

The 3 techniques typically have similar sensitivities.

We considered only hadronic tagging, where it is simplest to
estimate the background in a phenomenological study like this.

In hadronic tagging one can calculate the missing (neutralino) mass:

2 . 2
Mpyiss = (pee — Ptag — pbaryon)

So a signal looks like a peak in the m,;s distribution:

Signal
Back%found

l

M~0 .
Xi  Mpiss

Events

Bump-hunt analysis: look for such a peak (bump) 17



Background estimation for the
B - ¥?p bump hunt

The idea is to estimate the number of background events in a region of
Mmiss Whose width Is the m,;ss resolution oy, .

The resolution oy, . Is dominated by the resolution on the transverse
momentum of the proton. We used the Belle resolution,

olpr)\’ pr \2 1)’
( - ) = (0.0019 GeV) +(0.0035)

Propagating this to oy, . _: — T T T

| - FERI I S N S 1 1l L 1 1 |l T
1.0 1.5 2.0 25 3.0 3.5 4.0



Background estimation for the
B — ¥{p bump hunt

We used a B — K* vv study by BABAR (1303.7465)
We parameterized their background as a function of my,;ss:

_&J' L L R R R B
%10: B*—K*cc *
0] 5_ : i
c | Vo

F i .
-"E' O 05 1 15 2 25 3 35 4 45 5
LIJ Mpiss (GeV)

and reduced it by the the ratio of proton to kaon production,

Br(Bt -» p+ X) 1
Br(B* > K+ +X) 16

19



Belle 11 sensitivity to BT — #0p

Assuming Belle 11 will have an integrated luminosity of 50 ab™!, we
estimate that it can set this limit on Br(B* — 7! p) as a function of M0

X

.~ 5x10®" | Thekink is due to ]
'S | our parameterization ]
= 450701 of the background ]
S5 4aq0e | as2 straight lines

=) C

T 35x10% 1
+ L

a 3.x1078 - ]

= :

o 25x1078 : / ]

~

/ 1.5 2.0 2.5 . .
myg [GeV] Background increase with m

X3

Improvement of o, . with Mo

20



Belle 11 sensitivity to A7 5 /mé

» Since we calculated Br(B* — 7 p) as a function of 17;5/mZ, we can

calculate the expected limit on 175 /mé for each value of mo:
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 BABAR (2302.00208) obtained limits weaker by ~10.

 Expect 3 = 1004 from luminosity
« The restis from larger background / smaller efficiency wrt. my estimate :


https://arxiv.org/abs/2302.00208

Belle Il sensitivity to 175

» Convert this to the expected limit on A7, 5 as a function of m, for various
values of ms:

X -
Lower limits on m; from 2010.14293 0.500 |
(ATLAS) for
« 1 light squark >
« 8 degenerate 15t- and 2"d-generation b
light squarks ¢
0.050 |
= E 7 BT pil (mg =1 GeV)
There are no other relevant limits ~ ,
(more on that later) B = pXi (myy = 24 GeV)
0.010}
[ BT — px! (mge =4 GeV)
0.005 |-
| LHC (§ — q¢)) 8 deg. {'s
---- LHC (¢~ ¢%)) 1 4
0.001 L T T o T T A A T A I A I
0 1000 2000 3000 4000 5000 6000 7000

mg [GeV]



BABAR limits on 1,3 /m

W also obtained limits on 17,5 using older searches on BY — A + missing
« Used the tighter limits of BABAR (2302.00208) rather than Belle (2110.14086)

« \We estimate the sensitivity on
513, A553 10 be worse by about
a factor of 15-70, mostly due to
form factors and reconstruction
efficiency for charmed baryons

4,x1076

~50 times weaker than our prediction for
BY - 7lp atBelle ll:

(22)/2 from form factor
(125)%/# from luminosity 20

(1/0.64)Y/2 from A = pm

L L L | : P I | L [ L
1.0 15 2.0 2.5 3.0 3.5 4.0

myo [GeV] -



Limits from other processes are much weaker

- Ep — E) oscillations (LHCb 1708. 05808) USN0h 0 0 b <1}
We estlmate ly3/ms < 4 x107* GeV 2 z SO %
(for mso = 2.5 GeV) VoV

« Limits on n — n oscillations are much tighter, but are suppressed by 2 weak
loops due to lack of b content in the neutron:

u u
d >\\\E 0 E///< J
\\\ Xl // B
d —t \\//\V/\V/\/ t d
N b VN
«  The same holds for dinucleon decays: w w
u u
d._ b pf ) From these we estimate:
u 5 N d Nj3/m2 < 6 x 1074 GeV 2
w Nps/m2 < 2 x 1072 GeV 2,
u ~ Only this one beats
d>“l§“ b N\;\/) : Na/mj S 5 X 107°GeV=2, — o method

u d Moz /m2 < 2 x 1074 GeV 2 y



What if the neutralino decays inside
the detector?

« The tracks produced in the decay of a long-lived neutralino that
decays inside the detector form a displaced vertex (DV)

« The DV signature Is a great background suppressor
« \We can take advantage of an experimental idea:

25



Experimental i1dea

B->FD

~

\

 Fully reconstructed .
final state .

Heavy “displaced” particle decaying hadronically.
Not practical to reconstruct it in a clean final state
with high branching fraction.

So reconstruct only the DV from 2 or more tracks.

Can we reconstruct what we need?
We have:

8 unknowns:
— pd4ofDand B

8 constraints at an e¥e~ — BB machine:

— p4 conservation in the B decay
— Eginthe ete™ system

— pp from the location of the displaced vertex

26




Analytic solution for m

Pp
B 1
- 2(1-c2p?)

Z 2 Eb
— | 2ppcpp — 2ppcpB — 27.301)

2 2
4+ 2 z 2 & 22 2 2 @ 2,72 ﬂ z
T PrCrp — 2PpCpfBs — 2 y Bcp | —4(1 - cpB ) Mg + pr — v — Bpr” — 2 y Bpr

|

Ep = Ep — EF Terms that arise from the collider boost

2 _ 2 2
mp = Ef — pp

where £ is the speed of the e*e™ frame in the lab, y = (1 — %) ~1/2

Requiring a solution to the quadratic equation
removes >90% of the background and only 20% of the signal 27



Enable ¥; decay with A,,, # 0

To be submitted soon
Bertholet, Dib, Gandelman, Helo, Liubovitskij, Nayak, Neill, Soffer, Wang

 For the neutralino to decay in the detector, we need a second
nonzero RPV coupling:

X1
b 4“ ~0 ST/Z%CCZ
b s d X1 UQWQW&\ <
u
113 controls the 517 controls the
neutralino production rate neutralino decay rate (:1/17((1))
inB* - p x7 in y? — csd

Heavy csd final state well-suited to the experimental method 28



Why specifically A5,,7?

« We focus on 47, since other relevant couplings are strongly
excluded by nuclear-physics experiments

- E.g., 17, from dinucleon decays:

u u
d S 5 p
u AT, )?0 W\N
/4
AII
u 4112
d>__=__ - N\_A/) u
S S b _
u d

”12 /m? < 9.8 x 107'%/GeV? (dinucleon),
ho/mz < 6 x 107°/GeV? (dinucleon/collider),




Hadronization of the cds final state

* We consider 2-body decays to a
charmed baryon plus meson:™ 52(1) N Ac+ LK

* \We ignore decays to

D((;‘))+ baryon,
which we find to have

small form factors

* \We calculate the relevant
form factor & the neutralino
lifetime

0= SHKY, X - R+ K
e e S-S S

Table 1: Classification of the relevant baryons: quantum numbers, masses, and coupling
constants, extracted from Refs. [49, 50].

Notation Content JP S Mass (GeV) Coupling 3
(in units of 1072x GeV?)
AF clud] 1/2+ 0 2.28646 0.835
0 c{dd} 1/2% 1 2.45375 1.125
g clus] 1/2+ 0 2.46771 1.021
0 c{ss} 1/2% 1 2.6952 2.325

Table 2: Classification of the relevant mesons: quantum numbers, masses, and leptonic
decay constants, extracted from Ref. [38].

Notation Content JP Mass (GeV) | Decay constant fi; (GeV)
T du 0~ 0.13957 0.1302
K- su 0~ 0.493677 0.1557
KO ds 0~ 0.497611 0.1557
K° sd 0~ 0.497611 0.1557

30



Event selection

We propose to:

Reconstruct a proton (17;3) and at least 3 tracks that form a DV (15,)

— With 2 tracks we expect too much background, extrapolated from our HNL search at
Belle, 2402.02580

DV radial displacement: 1y > 1 cm
— Removes prompt background, keeps high efficiency

Invariant mass of the DV daughters mpy > 1 GeV
— Removes background from K —» n¥n~, K, —» ¢¥n*v, K, - n¥tn—n0, etc.
— Suppresses background from misreconstructed tracks and material interactions

31



Applying the cal

2 solutions (m,,m_)
for each event

Signal peaks in one of
the two solutions

We model the
background with a

proton and a K W
2.%.0

Background is
distributed in a
~triangle

We cut in (m,,m_) so
as to retain 90% of the
signal.

This rejects between
0.5% (for small mj«(g)

and 7% (for large mjv(g)
of the background.

4.0

O

~
'\J

=

E

2.5

mg = 2.7 GeV, Background = BB

BB
bgd

2.5 3.0 3.5 4.0
my (GeV)
3.8 -
: ?B myp = 3.5 GeV
3.71
<
QO
035
|
g
3
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330733 34 35 36 37
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3.8
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1.0

mg = 2.7 GeV, Background = s§

4.0

_—

qq
bgd
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3.0 '
2.5
2. : ‘ ‘ ‘
%0 25 30 35 40 45
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a 4.33 55
0.8°2
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PN
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063 <
R R 'i-
NS)
2 14.29
04% &
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=
E 497
025
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5 T T T T
4250 498 4.30 4.32
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e o =
D [0e) (e
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<
e~

=
o

o < =
(2] [o.e] [e=)
Signal density (arbitrary units)

<
NS

=
o
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Estimating the efficiency

E. Bertholet, A. Soffer, 2501.00857, to appear in Int. J. Mod. Phys. A

« GEANT4 MC can’t be used in a pheno paper-> hard to obtain efficiency of displaced tracks

« Solution: a truth-based package B2Track written by Emilie Bertholet:
— Atrack is reconstructed if it has at least 20 drift-chamber hits (user-tunable)
— The number of hits is estimated geometrically with simplified CDC cells.
— Acell produces a hit if the track passes a minimal distance inside the cell

e

00
>/ “ « /
track 1
track 2

DS

y [cm]

y [cm]
*

0 50 100 =50 o 50
x [em] z [cm]

=
=)

o
)
1+

Tuned the model parameters with
published Belle 11 tracking efficiency:

Efficiency

o
n

e BELLE2-NOTE-PL-2020-014 with linear interpolation
¢ n/"r=3,n,=3

+. n;nner =2,ns=17

4 pitner=2, ng=10

o
N

o
=)

20 40 60 100 120 140 33

80
6, [deq]


https://zenodo.org/records/13831999
https://arxiv.org/abs/2501.00857

Efficiency results

e*%!l for inclusive analysis

cTgo [cm]

2750 3000 3250 3500 3750 4000 4250

mgo [MeV]
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Estimated sensitivity

Belle II, £ = 50 ab™ !, inclusive
10—3 IR L L L

= g Né°' — mgo = 2.7 GeV
~ 10780 — my =316V
— my = 3.5 GeV

10790 —my =39 Gev

—10

0" 1007% 10" 100 107 10° 1077

1
72122 [Ge\/_Z]
g

We also estimate the sensitivity for fully reconstructing the neutralino decay in a
specific mode.
The resulting sensitivity to 15, /mé Is weaker by a factor of 10.

35



Applying the reconstruction idea to other
models

The same can be done with

— B* - K* + ascalar or pseudoscalar
— B* - ¢* + aheavy neutral lepton

Submitted a grant to explore this together with Uli Nierste, Monika Blanke,
Felix Kahlhoefer.

Others welcome to join as well!

36



Summary

SUSY hasn’t been found at LHC

But it has an allowed parameter space accessible at B factories:
GeV-scale neutralino with RPV

We proposed 2 methods for 2 cases:

4.28 4.30 4.32
my (GeV)

* Only Ai’; # 0 - B — baryon + missing IS

Aijz and 131, # 0 > B — baryon + DV partial reconstruction

The partial reconstruction method can be used for (pseudo)scalar or

tttttt

xxxxxx

heavy-neutral-lepton searches, but the models need to be refined.

X [ém]

Belle II, £ = 50 ab™", inclusive




Backup slides



Considerations on B® - #%%% and B* — #¢

 These probe 1/,, with larger form factors than B® — 7A:
So potentially advantageous.

0.00020 -

)IG?

~0
1

0.00015 -
0.00010 -

0.00005

Br(B - baryon + x

0.00000 ~
Bl L

m)z? [GeV]

* But:
— 2% > Ay ~100% of the time with a soft photon that is hard to detect

— 2t > pr? and nr*, each ~50%, with low efficiency and high
background
« - harder than B® — #?A with no advantage
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Greater suppression for charmed baryons:

Ratios

0.10

0.08

0.06

0.04

0.02

0.00

Br(=;)/Br(p)

Br(A})/Br(p)

0.0
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0.0025
0.0020
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0.0010
0.0005
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Br(Z0)/Br(p)

Br(=;)/Br(p)

Br(Z;)/Br(p)

0.0 0.5 1.0 1.5 2.0 25 3.0
m.o [GeV]

X1

We didn’t follow up on 22, =F, &'}
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Considerations on B* — 72 Af/=F

The best decay mode for A is AY - pK~n", BR =6.3%
The squared form factor is 0.02 —0.08 that of BT — 77 p

Most of the background is from random combinations of pK ~n™.
We estimate its level to be similar to that of BT — 70 p

- Expect ~15-35 weaker limits on 15 than for B¥ — #2 p (1{13)

Reconstruct Zf in, e, B - E ntn™, E- > An~ ,A - pn™,
BR = 2.9% X 100% X 64%

Form factor similar to that of B™ — 72 A}

We estimate the background to be similar

- Expect ~2.5 weaker limits on 15, than for Bt — 72 AT (15:3)
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Hadronization of the cds final state

*  We consider 2-body decays to a HO — ZO + KV, )2(1) — QB + KV,
charmed baryon plus meson: —— _ 5 _ .
0 — AT+ K™, ¥ - =+

. We ignore decays to

D ( ) + ba I'yon, Table 1: Classification of the relevant baryons: quantum numbers, masses, and coupling

Wh | Ch we fln d to h ave constants, extracted from Refs. [49, 50].

Sma” form faCtorS Notation Content JP Sy Mass (GeV) Coupling 3
(in units of 1072x GeV?)

AS cud] | 1/27 | 0 2.28646 0.835

I 0 cfddy | 12+ | 1 2.45375 1.125

N 212 C =F cus] | 1/2% | 0 2.46771 1.021
S -~ 90 c{ss} 1/2F 1 2.6952 2.325

-~
X - a
1 S Table 2: Classification of the relevant mesons: quantum numbers, masses, and leptonic

decay constants, extracted from Ref. [38].

2 Notation Content JP Mass (GeV) | Decay constant fi; (GeV)
14
212 — 2 T du 0~ 0.13957 0.1302
F(Xl - BM) X ( 2 ) =G K- sU 0~ 0.493677 0.1557
q K° ds 0~ 0.497611 0.1557
K° sd 0~ 0.497611 0.1557
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71 decay branching fractions

« The width of the neutralino decay to a baryon and meson final state

Phase space Matrix element
A2 (m2,, m%,m?,)
~0 X 2
K0 pol. , Baryon polarizations

> IMmP :{((mi‘f —mp)? - m?u) (X2 + YV?) + 2mpmyge (X — V)2 | 62

\/

Form factors
parameterize the hadronic transition

pol.
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M0 o -dependent cds form factors

g 3
Shown here in terms of 2 2
C(7 = BM) x10° ¢ T
/G¢

0

c

-
(%

+
c

0
-+ Q
- A

~0
1

=0
1

r
r

3.0 3.2 34 36 38 40 42 30 35 40
m. [GeV] m. [GeV]
X4 X1

G = 212
° " m2/Tev?

Figure 1: Two- body decay rates of the light bino multiplied by the factor 10°/G% x{ —
Y0+ K% and 9 — Q0 + KO transitions (left panel); X! — A7 + K~ and X} — = + 7~
transitions (r1ght panel).

£ v
r{" 500 -
The form factors and
phase space also
Impact the neutralino B A IR TR

mgs [GeV]

lifetime:

Figure 2: The proper decay length TR0 of the light bino multiplied by the factor G2, as
a function of Mgo. CTgo is saturated by the four dominant decay modes shown in Fig. 1.
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