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| will mainly focus on framework to explore sterile neutrino in various
decays (B, D, K).
One or more right handed (RH) neutrinos appear in many well mo-
tivated extensions of the SM and they have been invoked to explain
many phenomena like neutrino masses, dark matter, portal to new
physics etc.
Sterile neutrinos are motivated to explain tiny neutrino masses. Seesaw
mechanism ( Majorana)

. 0
LZ(VL,VR)( m m > ( Z; > + hec.,

m, =~ —mDM,glmE m, ~ My

The neutrinos are Majorana and the heavy sterile neutrino can be pro-
duced or decay through mixing with the SM active neutrino: Example
in Meson decays M; — Myl — Myl N
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Seesaw mechanism (Dirac) Example is Mirror world Models (9503481,
2212.00737)

The model is Gsy X Gy :
1 9p = (v,e)T,er are doublet and singlet in Gsy and singlets in Gy,
Y = (vr,eR)T, €] are doublet and singlets in Gy and singlets in Gsp.

2 The sterile neutrino N = (N, Ng)T are singlets under both gauge
groups and v = (v, vR) is the light Dirac neutrino.

3 Mixing comes from ©yHNg in Gsp and ' H' Ny in Gyy.

I 0 m 1%
L = (g, Ng) ( T Mz ) < NLL>+h.c.,
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Sterile neutrino interaction with SM: Different Mechanisms.
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Sterile neutrino interaction with SM: Different Mechanisms.

New interactions of the sterile neutrino - Heavy Mediators.
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Sterile neutrino interaction with SM: Different Mechanisms.
New interactions of the sterile neutrino - Heavy Mediators.

Some examples, B — D*1~9,, B — D**7=,;, BY — K* + inv.
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Sterile neutrino interaction with SM: Different Mechanisms.
New interactions of the sterile neutrino - Heavy Mediators.
Some examples, B — D*1~9,, B — D**7=,;, BY — K* + inv.

New interactions of the sterile neutrino: light mediator, e.g. BT —
K™ + inv, MiniBooNE, andg — 2.
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Sterile neutrino interaction with SM: Different Mechanisms.
New interactions of the sterile neutrino - Heavy Mediators.
Some examples, B — D*1~9,, B — D**7=,;, BY — K* + inv.

New interactions of the sterile neutrino: light mediator, e.g. BT —
K™ + inv, MiniBooNE, andg — 2.

Conclusions.
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Sterile Mixing

3+1 Neutrino Mixing

e Simplest model is to add a single new neutrino mass state with correct mass difference.

e PMNS mixing matrix increases from 3x3 to 4x4.

V4

@

V2

o
@

Alakabha Datta (UMiss)

Amz? ~ O(103) eV?2

I Am2~ O(10-5) eV2

June 4, 2024 5/34



Sterile neutrinos might have new interactions via the exchange of light
or heavy mediators( Higgs, Vector Bosons, Leptoquarks). Heavy me-
diators can be integrated out to get an effective theory:SMNEFT.

To lowest order in SMNEFT, the dimension-six B and L conserving
SMNEFT Lagrangian is

Lsmnert D Lsn + Adn + >~ CiO; |

where C; are the WCs with the scale of new physics absorbed in them,
The 16 baryon and lepton number conserving (AB = AL =0 ) opera-
tors involving the field n in SMNEFT are shown in next slide.
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Effective Operators

SMNEFT = SMEFT + N

16 new SMNEFT operators at dimension-six AB = AL = (

(RR)(RR) (LL)(RR) (LR)(RL) and (LR)(LR)
(igyame) sy dy) (@) Rsy*1e) | Ofnee (Bnr)ejn(Ber)
(pryure) (s 0) Gmlr)(asym) | Oy | (Bno)eju(abdy)

() (eser) 02, | Boun)ein(@ o d)

(Rpyume) (Rsy¥ne) Otnug (Bn,) (@sg))

(i) (v ue)
PR ¥?¢?D v’X¢
(@19)Gned) i(61D,u6) (Rypy#n) @) W,

i($1 D) (myprter) (&0"n;) 3By
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5£int

mediator irrep
WCs
W/i (17 1)1
® (172)1/2
Uy (3,1)2/3
Ry (3,2)1/6
51 (3,113

g,(CqUR’deR aF CNZR’YMNR) w'e
YulrQLe® + yqdr QLT + yn N L e®
(cL@Livu QL + avalryudr) UfT +
aun (TR, NR) UY'
aLd(ZLdR)e@ == QQN(QLNR) /%2
Zu(UﬁgR)Sl j— Zd(JENR)Sl =F
2Q(Qfel)S:
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N can be produced from semileptonic decays of B, D, K, w at various
experiments such as Belle 2, LHCb, FASER, DUNE ND.

N can be Dirac or Majorana with different signatures. Depending on
the N mass dominant contributions come from different mesons.

N can be invisible or decay as N — ¢T¢~v through mixing or effective
operators.

The angular distribution of the decay products can reveal the Majorana
or Dirac nature of N.
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B and D decays at Belle 2

N production operator

- We assume N can talk to B quark and is at sub GeV scale
+ N can be produced via B meson decay

4GV

) (OfL + Z Co)fﬁ Ofﬁ)
X=S,V,T
a,B=L,R

_‘Ceff =

_ Onedu — OKR

Vo (ap H
Ogﬁ = (C’Y Pab_)(gﬂy Pﬂy) ’ Olnuq — OER
035 = (ePab)({Psv),

e

0L = 6ap(eo™ Pab)(lo,u Psv) .

1
Oén)qd - OI%R

0(3)

Inq

T
4 ORrgr
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B and D decays at Belle 2

N production from B meson decay B — D™*)¢X

¢ = (P + Px)
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B and D decays at Belle 2

N production from B meson decay B — D™*)¢X

¢ =P+P3)/ B

/
v

L=1L (q27mZ7mN70[7¢)
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B and D decays at Belle 2

D
Entries
Mean
AMS

1192347
02538602
0.1222

0‘5
Wv2(Gev2)
Mhv=0.75 GeV

5% SM d*Iv
Phase space
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B and D decays

B — D*(— Dn)tX

8m d'Tp-

Four-body deca o SSD
Y Y 3 dq?d cosyd cosOpdgp

= (Zis + Los c08 20, + Lo, cos Og) sin? 0

+ (Zie + Toc cos 204 + Lo cos O¢) cos? Op
+ (Z3 cos 2¢ + Ty sin 2¢) sin? O sin? 6,
+ (Z4 cos ¢ + Zg sin ¢) sin 20 sin 26,

+ (Zs cos ¢ + Ir sin ¢) sin 20 sin 6, ,

Angular functions

| Toa(®) + 1ae(g?)
TP ()

Tie(q®) — §Z2c(d®)

Ag}; ((12) = I‘?' ()

Fr(¢®) =

2Z’ZS (qZ) + ch(q2)
TP (¢?)

i=1{3,4,5,7,8,9}
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B and D decays at Belle 2

q2 binned angular observables  « BP1 1 BP2 v BP3
= SM

“ /——'
-5.x107%]
-1.x1072|
/l -15x107
—2.x1070
-2.x1072

a0t - - —— 7 AP Foo AP, AF
AAD,, AL, AAD,  AAD, SAAD, CAADL,  AAD, CAAD JAAD, AFiy AFLy AFps AFus AFrg AFiy AFLs AFiy AFpi

1.x10°
8.x10
6.x10

4.x10%

-1.4x102 -2.x10
AFiy AF s AFs AFLs AFre AFr; AFis AFe AFpy ASs; ASys ASsy ASys ASsg ASy; ASsy ASye ASay
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T/t _ B(B=D®r~ i)
Note presence of n might explain the RD(* = BESDI )

e,u) Ex: 1804.04135,1804.04642

In B — D**7~ i, there are additional signals in missing energy.

B> D nr, T o vt — SM., m, = 0. GeV
Muis = (o P SM + Oy 11y = 0.5 GeV

— SM + Oyetur My = 1.0 GeV.

Niin/Niot

M2, [GeV]

B — D*1tX where X = v, n with 7 — 7v;.
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For d; — d; +inv — d;nn - one can study in an effective field theory-
vSMEFT or SMNEFT:

(ipyur) (dsy"de), (G720 ) (7" 1), (Bpoynr e (Ge ot )

(&0 )ei(gEd,)

With the BT — K™ + inv measurement and other B — K* + inv
bounds scalar operators are preferred (arXiv: 2309.02940).Unique sig-
natures in the distributions.

But RGE effects can generate operators like Do, nF*” which can
contribute to neutrino scattering.
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The sterile neutrino can couple to a light mediator like a dark vector
boson or a dark Higgs.

Through mixing there are new production and decay mechanisms. Eg
:N — v X, where X is a light state which can decay to SM particles.

Different signatures and can lead to neutrino NSI.

Alakabha Datta (UMiss) Signatures of a sterile neutrino in B a



Motivated by the recent excess observed by Belle 2 in B — K + inv.

A dark Higgs, S , mixes with a general extended unspecified Higgs sector
and couples to a sterile neutrino state.

Ls D (a S)? ﬁm552 Z —rFfs
f=d,l

= 1
Z ﬁf%ffs — gDSljDVD — ZKLSFMVF‘LW, (1)

f=u,c,t

The sterile neutrino vp and the light neutrino mix and are taken to be
Dirac fermion.

a(L,R) = Z viLr) » (=epu,7,D), (2)

(Ut = UR = U). Here, we assume Ueq = Uyq ~ 0

Alakabha Datta (UMiss) Signatures of a sterile neutrino in B a



The scalar has a mass mg = 100 — 150 MeV and the sterile neutrino
has a mass ~ 400 — 500 MeV.

Both S and sterile neutrino are short lived.

The mixing of the S in the down sector is universal but not in the up
sector.

The production of S( B — KS,K — 7S) and its decay ( S —
ete™,yy,ov).

The production of vp( from mixing with light neutrino) and its decay
(vp = vuS = vpete vy, vuiuw,).
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B— KS and K — 7§
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If kinematically allowed: ms + m; < mg then K, — 7° + inv put bounds
on 7

3v2GE m%ms . m Ves VY
8d N gz, VsV |\ M F e 2Vtsvc*

If 7: ~ nc then predicted K; — 70 + inv violates the KOTO bound
(KOTO - arXiv: 2012.07571 ).

K, — 795 is CP conserving and so rate ~ Re[V;s vy (m + ¢ m2 &z&*ﬁ]

and cancellation is possible to satisfy KOTO bound.

We find 1 ~ 0.005 and |nc| ~ 0.1 for B[S — vv] ~ 1.
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KT — 7 4+ inv Bounds

015 016
m, [GeVic?]
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The sterile neutrino vp and the light neutrino are taken to be Dirac
fermion.

4
Vo(L,R) = Z U,gj’R)Vi(L,R) , (a=epu,71D), (3)
i=1
(UL =UR = U). Here, we assume Ues =~ U4 = 0
Several experiments including PS191, NuTeV, BEBC , FMMF, CHARM II,

NA62, T2K and MicroBooNE have placed limits on U for long lived
HNL.

We avoid these bounds because both S and vp are short lived with
lifetime less than 0.1 ps.
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Bounds on U

1076 1077 1071 107 1072 107! 10! 10?
my [GeV]
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Observable

SM expectation

Measurement or constraint

B(BT — Ktvi)
B(B® — K*u7)
B(B* — K**vD)
B(B® — K*%et e )o.03-1 Gev
B(Bs — v7)
B(Bs — utu™)
B(K. — m0vi)
B(K, — mPete™)
B(K = 7%7)
B(Ks = %)
B(KT — ntyy)

B(K* — p*v et e )m . >140 Mev

AMg,
AMy

u

(5.58 +0.38) x 10~°
(92+1.0) x 10°°
B(B® — K*%ui) s
(2437549 x 1077
5x 107
(3.57£0.17) x 10~°
(3.4£0.6) x 10711
(3.2732) x 1071

(18.4797) ps—*
(47 £18) x 108 57!

(2.4040.67) x 107>
<1.8x107°
<4x107%
(31539702 £ 0.2) x 1077
<3.1x10°°
(3.52153%) x 107°
<4.9x107°
<2.8x10710
(1.273 +0.033) x 10~
(49+1.8) x 1078
(1.01 +0.06) x 10~°
(7.81 £0.23) x 1078
(17.765 £ 0.006) ps—*
(52.93 +0.09) x 108 s~!

116591810(43) x 10~

116592059(22) x 10~
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Model predicts new effect in neutrino scattering v, + Z — v4 + Z and
vg decay, vs — 1,S — v, + (eTe™, vy, vury).

Consider as explanation for the MiniBooNE Electron like events. arXiv:
2308.02543( for review).

P

Boosty Magnetic Decay Absorber  Dirt Detector
focusing horn  region
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There is an apparent v, — Ve conversion of neutrinos and antineu-
trinos at short baselines in the MiniBooNE experiment and the Liquid
Scintillator Neutrino Detector (LSND).

The MiniBooNE, excess is characterized by electron-like events in the
energy region between 200 MeV and 600 MeV and is coincident in
time with the (E,) ~ 0.8 GeV neutrino beam. Considered a 4.8 o
significance.

Many solutions, oscillatory( 341 oscillations) and non-oscillatory- like
additional new physics sources of eTe™ or vy pairs and we focus on
the later

MicroBooNE rules out some of the solutions but many solutions still
unconstrained.
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MiniBooNE- Distributions

== "
L _ _ Bestit
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MiniBooNE - S model
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The proton and neutron couplings are related to the quark-scalar couplings
by

m m
Co= =5 | nefl +mfy + zd:ndff o Go= = | nef e + Zd:ndfd"

7+ and 7 constrained from B — K + inv and K — +minv decays.

Ny determines coupling of S to electron pairs and so controls B —
Kete™ and K — mete™.

So all terms in the coherent neutrino scattering are constrained from
rare B and K decays.
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BP | B(S = v7) | B(S —wvp) | B(S — ete™) | B(KL — n%7) | B(Bs — v) | B(B — K*yy)
1 0.093 0.907 4.26 x 107> 1.71 x 1079 | 513 x 10~ 1.3x10°°
2 0.717 0.282 7.06 x 10~* 3.61 x 107 | 3.54 x 1077 3.7 x107°
3 0.496 0.504 5.93 x 10° 9.02 x 10710 | 4.14 x 1077 1.7 x 1075
4 0.165 0.835 1.10 x 1074 1.73x 1079 | 1.43x 107 2.65 x 107°
5 0.829 0.170 9.72 x 10~* 2.04 x 10710 | 1.72 x 1077 6.8 x 107°
6 | 458 x 107° 0.999 7.10 x 1074 1.89 x 1079 | 1.01 x 10°° 6.5 x 10711
7 |3.95x 1074 0.997 2.14 x 1073 2.84x107° | 4.86 x 1077 7.6 x 1077

Alakabha Datta

K; — 7° + inv can be close to the KOTO bound.

Resonance in B — K®*)y~ is the main prediction.

The branching ratio of S to electron-positron pair is tiny and so b —
stt0—(B — K" ¢t¢~) decays mostly SM.

(U1

iss)
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a,, a. constraints/predictions
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Sterile neutrino is a well motivated extension of the SM - neutrino
masses, dark matter.

The sterile neutrino can couple to SM via various mechanisms- mixing,
new interactions with heavy and light mediators

We discussed some examples of these interactions.

Make other applications and signatures possible in different experi-
ments.

Alakabha Datta (U

Signatures of a sterile neutrino in B a



