Heavy Neutral Leptons via Mixing and Transition Dipole Moments

Patrick Bolton, SISSA & INFN Trieste

Neutrino Oscillation Workshop, Rosa Marina (Ostuni, Italy)
Friday 9t" September 2022

This project has received funding/support from the European Union's Horizon 2020 research and innovation
programme under the Marie Sklodowska-Curie grant ag No 860881-HIDDeN




Why Heavy Neutral Leptons?



Heavy Neutral Leptons: Motivation

Heavy neutral leptons (HNLs) are a well motivated extension to the SM:

e SM: Only the left-handed field v,
< Neutrinos are massless to all orders in perturbation theory

e Introduce vg: L D —Mpvvg +h.c., Mp = V—\\/’g
= Why is Y, < Ye, Yu, Ya?

e Lepton number (accidental global symmetry of the SM) forbids £ D —%MRﬁEl/R + h.c.
= This symmetry need not hold in the UV and a priori, Mg of arbitrary value

Extended neutral lepton sector:

e Dynamically generate the light neutrino masses

e Interesting phenomenology: 3 + n oscillations
(C. Giunti, S. Urrea Gonzalez talks), Ov33 decay
(G. Benato, A Giuliani, W. Dekens talks), cLFV
processes, direct production in 3 decay, beam dumps
and colliders, DM (J. Kersten, A. Vicente, L. Strigari
talks), leptogenesis (J. Klaric, S. Sandner talks)

e This talk: Mixing and dipole portals to HNLs 3



Heavy Neutral Leptons in the SM Effective Field Theory

Adding singlet fermion N to the SM (respecting SU(3)c x SU(2); x U(1)y)

Lomert+n = Lsm + iNg@Ng — MRNRNR + Y, LANg + h. c} +> L@
d>5
[Grmdkm vski, Iskrzyniski, Misiak, Rosiek

[Jenkins, Manohar, Trott
[Lehman

where H = iocoH* and W€ = CWT

e d = b5 operators:

£O) = cP(LAYHTLE) + M (NENR)(H H) + df (Ngo, Ne)B* + h.c.

[Weinberg,
[Aparici, Kim, Santamaria, Wudka,

[Caputo, Hernandez, Lépez-Pavén, Salvado
e d = 6 operators:
£O) 5 YOLANR(HH) + C\o(drvutir) (Nry*er) + C) (Frf) (Nry" Ne)
CE?VLE(LNR)ﬁ(LeR) + CLNQd(LNR)e(QdR) + Cid)QN(LdR) (QNr)
+ %' (Lo NR)ABH + CQ g (Lo, Ng)r AWM 4 h.c.
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[Bhattacharya, Wudka, 16]
[Liao, Ma, 17]



Below the Electroweak Scale

Replace H with (H) = Lz and integrate out degrees of freedom heavier than my, .
Theory now respects SU(3)c X U(1)em

= 1 . 1 = _ 7
Ligrtyn = Loy + iNRINg — {5 Mo vf + EMRN,‘C?NR + Mp Ng + h.c.} + Z £
d>5

e d = 5 operators:

£ 1 1 —
5(5) = EdL(DLU,Lu/Vf)FW/ + EdR(NfC?U,uVNR)F!LU + dDN(ﬂLO'W/NR)FW/ + h.c.

e d = 6 operators: Four-fermion scalar, vector and tensor operators (neutrino NSls)

UV theory above A <= Low-energy interactions of N

1) UV predicts combination of SMEFT+N coefficients C;j(n = A)

2) RG evolution of operators down to p = v [Chala, Titov, 20]
3) Match onto LEFT+ N operators [t EJM‘M?U%K“ iﬂ
4) RG evolution down to experimental scale



Mixing Portal



Mixing Portal

Introducing ng sterile states, mass terms can be written as an N x N (N = 3 4 ng) matrix

1o c ML MD vy
e = y h.c., B , =
£ 2/\/LM Nf +hc M <MB_ MR) N <NE>

Now diagonalise M, as
Ut M, U* = diag(mi, mo, m3, myy, my,-..), v = PiPUn, N§=P/PsUn

where n = (v1,v2,v3, Ni,---)7T contains Majorana fields

U: Unitary matrix parametrised by %N(N — 1) angles and %N(N + 1) phases
P and Ps: Project out the top 3 and bottom ns rows of U respectively

= Insert expression for v; into SM weak interactions

g — g ,_
Lyt = fﬁ(eL'y“PUnL)WM +he, Lz= = (iry*Cn)Z, (C = UTPIPU)

= Mixing portal: Directly produce HNLs in SM processes (sensitive to PU)



Reproducing Light Neutrino Data

It’'s common to split the matrix U up as

U (PUN_[U U
T \PsU) T \Un, Uy

Writing M,, = U diag(m1, m2, m3, mp,...) UT with M, = 0 then gives

3

ns
D (U)ai(Un)gimi == (Uun)ak(Usn)semn,
i P

Am?,Upmns ,mg,mgg,Xmy,
For large my, , two ways to reproduce the light neutrino data:

1) Suppressed active-sterile mixings (Uyn)ak = Uan,
= Not conducive to direct production of HNLs with my < 1 TeV in, e.g., colliders
= Prediction of type-I seesaw

2) Cancellations among the HNLs N
= For example, my, =~ mp, and Uan, = iUqn, (Uan, can in principle be large)
= Prediction of inverse seesaw



Extension: Inverse Seesaw

Introduce an extended sterile sector with the mass matrix

1. 0 Mp pur VL
L= _ENL ML pr  Ms | Nf+he, Ny = | Ng
wt o MI s S

‘Technically natural’ for the parameters pg and ps to be small
= pRr,s — 0 restores lepton number symmetry

In the limit pr s < Mp < Ms:
M, = MpMg ' ps(MI) "M
Sterile states N7 and N> form a pseudo-Dirac HNL

with splitting Ampy ~ ps and opposite CP phases

Key point: HNLs with my < 1 TeV can have large
enough mixings to be produced directly in experiments




Phenomenological Approach

We can consider the toy 1 + 2 model

0 mp O my 0 0
My=|mp pur ms|=U| 0 my 0 u’
0 ms us 0 0 mN(1+ rA)

where U is a 3 X 3 unitary matrix containing 2 active-sterile mixings

The (1, 1)-element gives the following constraint:

myc2c2 + mys2 ke + my(1 + ra)sh,e’® =0

2
Se2
e pr=¢p=71 = s = my /=gy (type-l seesaw-like)
1 2 2 Trra Yy
2 .
= — 2 . _Sel il 8
e p1=0, =7 = s5,= THrn (inverse seesaw-like)

[PDB, Deppisch, Dev, JHEP 03, 107 (2019)]
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Current |U.y|?> Constraints

1 g
Hl(v Hap.
54 (. e— “1Pr}
ou v
2\
Y 1
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[PDB, Deppisch, Dev, JHEP 03, 107 (2019)]

Note: ‘Heavy’ here means more massive than ~ 1 eV .



Current |U.y|?> Constraints
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Future |Uy|? Sensitivities
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[PDB, Deppisch, Dev, JHEP 03, 107 (2019)]
For current constraints and future sensitivities on |U,,n|? and |U,py|?, see

www.sterile-neutrino.org. Work in progress! 13



Dipole Portal

14



Dipole Portal

Recall: Introducing Ni produces the following LEFT+N operators at d = 5:

£ 1 1 =
£0) = 2 dL (7o vE)F* + 5 dr(Ngou N)FY + dyn(PLouw Ne) F*Y + he.

Consider two scenarios:

I/:l/L-‘y-VR)7 N = NL+NR (Dirac)

Nature of v and N
v=v+vi, N=Nfj+ Ngr (Majorana)

In the Dirac case (v in flavour basis and N in mass basis),

W
2

«
Ly = ‘%(DQLUWPRN)FW 4 2N (5 e PLN)FRY + hec.

In the Majorana case,

By Ky
Lg= ;’V (Paropw PRN)FHY 4+ h.c. = ;’V (Paouw N)FPY
where we have used that (18 )* = —ug), for Majorana fields

15



Dipole Portal Constraints
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[Miranda, Papoulias, Sanders, Tértola, Valle, 21]



Naturalness Bounds

Recall the d = 6 operators:

£O > YOLANR(H H) + ¢’ (Lo, Nr)AB* + C'O g (Lo Ng)r AW'™ 4 h.c.

In the Dirac case,

3]
Hun (6) (6) _ v (6)
R = 8v2mev(Cy + C)), dmuy=———=VYy
1B (G w) N o2
which gives
pon 32me CO(v) + c(v) lpunl 15 Smyn
- _ smyy = ML qo-15( 2N
"B % 2 )(v) uB 1eV
[Bell, Cirigliano, Ramsey-Musolf,
[Bell, Gorchtein, Ramsey-Musolf, Vo

[Chala, Titov, 20]
However, if Dirac HNL (e.g. produced in inverse seesaw) is approximately decoupled from the

mass generation of the light neutrinos, constraint needs not apply

Naturalness constraints on Majorana magnetic moments less stringent due to antisymmetric
nature of 17



CEvNS Bounds

v v

Neutrino scattering elastically from a nucleus A \\/

E, < l/Rnucleus ~ 0(10 MeV), oo Z? EZO

Very low nuclear recoils A
A A

Er < 2E2/mp ~ O(keV)
Experiments:

e COHERENT; 6.70 observation, compatible with SM (see |. Bernardi talk)
e NUCLEUS; 7. from CHOOZ, low Eg threshold (see J. Rothe talk)
e CONUS (MPIK, see C. Buck talk), MINER (US), RICOCHET (US+FR), CONNIE (int.)

Transition magnetic moment = Primakoff upscattering A A

'Left-handed incoming v, (right-handed 7,)
= Not sensitive to Dirac vs. Majorana nature of N

cd:MSN

(l_/ao-y‘y(PR =+ PL)N)F‘U‘V
Vo N’SN
18



Primakoff Upscattering at NUCLEUS

Cryogenic calorimeter (CEvNS target):
Phase I: 10 g of Al2O3/CaWO4
A Phase Il: 1 kg of "3Ge

Image: Kare Fridell

A

v

e
Hon

max
dRp.A— NA o /EV e doi, daDeAHNA’

dEg emin 7 dE, dEg

No excess over SM CEvNS + Background
= Upper bound on p¢, as a function of my

40'*" ~1keV

my ~ 1073 — 9 MeV

[Angloher et al., 19]

S

ee J. Rothe talk

CHOOZ Flux, VNS

CEVNS, 7,A — 7,A

10— 4,x, %A — NA, Dirac/Majorana N
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=10y

Backgrou@
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Radiative Upscattering

Consider vo A — NA followed by N — X~, X = {vg, N’,...}, A -
i.e. N decays via

B
Lyg= Pon (o Lo PRNYFPY + BN (R PRINYFEY + hic.
o VP 2 !

Using the narrow width approximation:

doy, asxay  doy asna TN xqy

dEg dEg I
——

By x~

Probability that the decay N — X~ occurs inside the detector length Ly is

r LoeeT E
Brosx~ Py = L:X” {1 —exp (7‘1;7'\')] , By=v"T-1, y=—2
N

my

Assuming that the decay length ¢y = Byrny = Bv/Tn > Lyet:

Lyetl v—s x
BNHX'\/PIC\ilet ~ %

20



adiative Upscattering at NUCLEUS

Cryogenic calorimeter (CEvNS target):
Phase I: 10 g of Al2O3/CaWOy, Lget =5 cm

Image: Kare Fridell

A A Phase II: 1 kg of 3Ge, Lgex = 25 cm
BGe, ALOs, CaWO, %" — 1 keV [Angloher et al., 19]
my ~ 1072 — 9 MeV See J . Rothe talk
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= Assume negligible background 5 \1/
e 102 y
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Ep [keV] 21



Benchmark Scenarios

N can decay via u¢,, M‘ULN, My HNYN - -+, OF Via an invisible channel N — inv

{Note: N can decay via mixing with Z exchange, N — 3v

2.5
= For my ~ 1 MeV, |Uen|? <1072 ("Be B-decay), yn_y3, ~ %\er ~10-27 MeV}

To derive limits on ,uij, we consider three benchmark scenarios:
1) uSy #0, uxn =0
2) pey #0, pyry =107° up
= NN 5 104 HB from ¢ — N'N decays [Li, Ma, Schmidt, 20]
= Un'N S ]_0*6 1) from ete™ — Z — (N — N’ry)ﬂ at LEP [Magill, Plestid, Pospelov, Tsai, 18]
3) uSy # 0, uxn = 0 with invisible N decays to a light ‘dark’ sector
Ty~ TR, ey =B7/Tn = Laet

However, l’)’,\,_»(AYP,@‘\'Iet is effectively independent of 'y up to this value
22
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Dirac vs. Majorana Nature of N

We saw that for Majorana fields,

By = “X"’ EXN (R 60, N) FHV

N — X~ decay for Majorana N is twice that for Dirac N (mx < my)

2,..3
M _ oD lxwl my
N—X~y — N—Xy = 4
CHOOZ Flux, VNS
Likewise, o| — # mA = nAY, Dirac N — B
— 10°F __ L x 5.4 > pAy, Majorana N —  ALO;
D(M) o CaWo,
da-l/QA—>XA’7 Pdet o do‘uuA%NA LdetrN—»X'y = 10?
—_— = in L=\ my = 1MeV.
dEg b dEr By o - \ o e
onl 10 oy = 3x10%pp
= Factor of two difference can be absorbed into =z
= 1
the measured value of pxy -
S i/
=0
= Instead consider distributions in E; and 0, & |
102 ’J
107 107 107 102 10" 1 10
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Distributions in the Rest and Lab Frames

In the rest frame of N, purely from CPT and rotational invariance,

dl'y— x~

dcosfy

0. 0
2 7 2 270 2
oo g Mgl + 5w S 1Al

Therefore obtain for Dirac and Majorana N:

D D M M
drN—)X'y _ I—N—>X'y (1 + cosf ) drN—>X'y _ rN—)X'y
dcos 6, 2 77 dcos 6, 2
Boost to the lab frame: [Balantekin, Kayser, 18]
B — cos 6, ymy my
elab et , lab _ 7N 1— 0 , 2, =
08Ty 1— Bcosb, Y 2 (1 = Bcosby) i 2

Distinct distributions in Elf’b in the Dirac and Majorana cases:

lab lab lab lab ~’
dES PN

D D M M
dT s xy _ rN~>X'y< EvR 2Elfb> dnxy  Thoxy
Py PRe )

dElfb p',flb

with ERP = ymy, piP = Bympy
25



Double Differential Cross Sections in the Lab Frame

Double differential cross section in Ey and 60 in lab frame can be calculated in full:

2 _D(M) . £t ~+,D(M)
d T o A— XAy o (e )2 Z(#XN)2 E,sin6, / R dEr L3 H#v
vN _ 2
dE~df, = EY JE; ER\/7A4 P
NWA PN=MN
x107%
3.0 Dirac N Majorana N 6.0
2.5
2.0 | 4.0
= \ \
= \
=15
<
1.0
0.5
0.0 0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.00.0

[PDB, Deppisch, Fridell, Harz, Hati, Kulkarni, PRD 106, 035036 (2022)]



Double Differential Cross Sections in the Lab Frame

Dirac: Majorana:
- 104 10w BGe, B, = 3 MeV
[P e
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More forward emissions of high energy ~ in Majorana vs. Dirac case

Clear distrinction for E, > E, /2

[PDB, Deppisch, Fridell, Harz, Hati, Kulkarni, PRD 106, 035036 (2022)]
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Conclusions

Heavy neutral leptons (HNLs) remain a well motivated extension to the SM:

e Dynamically generate the light neutrino masses

*. Detection could provide a hint towards to nature of light neutrinos
e Generic prediction of a number of UV models

e A wide field of phenomenology via the so-called mixing and dipole portals

Mixing portal:
e Constraints on active-sterile mixings |Uqn|? from 3+4n oscillations, 3-decay, Ov33 decay,
meson decays, beam dumps, colliders, astrophysics and cosmology
Dipole portal:

e Constraints on active-sterile transition moments poy from CEvNS, EVES, beam dumps,
colliders, astrophysics and cosmology

e Radiative upscattering process, if observed, could provide further hints on the HNL nature

= Keep looking in all possible parameter space
28



Thank you for your attention!
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Backup Slides
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Differential Rates in E, and ¢, at NUCLEUS
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