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Heavy Neutral Leptons via the Dipole Portal
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Right-Handed Neutrinos

't is common to consider N, (SM gauge singlet), only U(1), forbids a mass term:

. - o1 -
‘CSM—FNR O Loy + Z.NR@NR — | LY, NpH + iNszRNR + h.c.

Extended neutrino mass matrix:

| . 0 MD Vs U
_ NC L h. . M — _YV
y e M) (ME MR) (NR> e M=

Diagonalise: Naturally generate the light neutrino masses it M, << My or U(1); is approximately conserved

[MV]aB — Uaz’Uﬁimz’ ~ —[MDMélMg]aﬁ VaNi — iUoszjz' ny

TN,

Resulting heavy states: Majorana (Type-l) or pseudo-Dirac (inverse)
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Active-Sterile Mixing Phenomenology
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Beyond the Renormalisable

i Ny is coupled to some heavy new physics at A:

L = Lsmin, Zci(d)ogd) Ci(d) ~ \N4—d

A
E<A
SUB). X SUR2); x U(l)y with N (NySMEFT)
v = 246 GeV \— Ny can only couple to invariant
E < my, m,, m,, m, I— combinations of SM fields
SUB3).x U(l), with Np (NRLEFT)
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Active-to-Sterile and Sterile-to-Sterile Neutrino Magnetic Moments

In the NxLEFT, magnetic moments ot RH fields (induced by some NP at A) are described by the operators:

OVN’Y — (ﬂLO'IuVNR)F’LW ONny — (NEO'IUJVNR)FMV

Y Y

Anti-symmetric in (i, j)

Vo NR; NRj Ri
Phenomenology: e Neutrino upscattering (solar v, CEvNS)

® Meson Decays (Dalitz-like) ® Meson Decays (Dalitz-like)

® Supernova cooling (SN1987A) ® Supernova cooling (SN1987A)

o

Monophoton + EMS, riva at LEP, LHC ® Monophoton + EMSS, [NV at LEP, LHC
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From the SMEFT

These are induced by the N,.SMEFT operators:

O](\?gVB — (N[%O-,LLVNR)B'UJV
O](\?)B — (EO-MVNR)ﬁBMV OE\?%/V — (EUMVNR)TIﬁWI“V

B/W?
0)
Cyw _ 9
NB
VI« / NRz
xg'/g
1 0 ij 5)ij Qi v Qi
H = E (U 4 h> g d_]{f]\ffy — C’LUC](V.?VJB VNy — ﬁ (C’LUC](\é)B
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Electroweak Dipole Moments

In the context of high-energy collider processes, useful define rotated N,SMEFT operators at the EW symmetry breaki

scale
/ W= /4
VLo NR; lLo NR; NR; Ri
OI/NZ — (ELO-,W/NR)Z'UJV OENW — (ZLO-[LVNR)WMV ONNZ — (N]%UMVNR)ZMV
3}:\,2 _a-— 2t2 d%(w _ V2a dng _
AN (2 + a)ty, Ao (2 4+ a)Sw A3 N~
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Current Bounds: Active-Sterile Dipole Moments

PDB, Deppisch, Fridell, Harz, Hati, Kulkarni, 2110.02233
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Patrick Bolton, BLED 2024 9



Current Bounds: Sterile-Sterile Dipole Moments
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Generating Magnetic Moments: Model Example
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Model

To generate active (sterile)-to-sterile magnetic moments for Ny, we introduce two additional fields:

Field(s) Irrep | Couplings
Ng (1,1)0 Y,
E (1,1)—1 YE
¢ (L,1)-1 | f, A¢m

Aparici, Kim, Santamaria, Wudka, 0904.3244

Introducing the vector-like lepton E = E; + Ejp : Aparici , Santamaria , Wudka, 0911.4103

Y

LD E (i) —mp) E— |LYpHER + h.c.| Ve = | V2
Yy
Introducing the scalar ¢:
B _ B O fe,u feT
L5 (Due) (D 9) = V(9) — |LfLo+ Npf'tng* +he|  f=|~fou 0 fur

eT _f,LLT 0
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Vector-Like Lepton

Extended charged lepton mass term including vector-like lepton

_ _ g VY. vYE
ED—(KLEL)ME(R>—I—hC, ./\/l]_@:(‘/§ \/§>

Diagonalise:

(o) _ (Vo Vaz) p, (% lra\ _ (Vap Var\ p (%
Er VEs Vg ) P\E') > \Eg VE VE )T E\E )

In the limit m, < mg, seesaw-like mixing

= VE& enters SM charged and neutral currents
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Vector-Like Lepton

Equivalently, for m, < mg, the vector-like lepton can be integrated out. At tree-level:

(1) _ (ot F (3) _ (ot AL iy Tod g gt T
OHZ — (H ZDMH)(LV L) OHZ (H ZDMH)(LT 8 L) Oex (H H)LHZR

With matching conditions:

VEYe qas _ YBYE [Yelys

1)apS 3)ap
c\ep — c¥)eb _ o8 _

2 2

del Aguila, de Blas, Perez-Victoria, arXiv:0803.4008

Give oft-diagonal Z, Higgs couplings or flavour-changing neutral currents (FCNCs)
L. Bounds from electroweak precision tests (EWPT) and charged-lepton flavour violation (cLFV)
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Singly-Charged Scalar

For the singly-charged scalar, we can write

LD — (EL ZL) f ( E(ic) ¢ 4+ h.c. = =20 fl5 ¢+ h.c.,

Similarly, for m, < my, we obtain from fand f’ couplings:
Ou = (L%L)(LW“L) OiNle = (LNR)E(LKR) Oen = (éR’YuéR)(NRV“NR)

With tree-level matching conditions:

Caﬂq@ _ fa’)’fgﬁ Caiﬁfy _ 2f0¢ﬁ 73/’)/ Caﬁij _ z/; ;ﬁ
[l mi [Nle mi eN zmé

Exotic lepton interactions

. Bounds from lepton flavour universality (LFU) and charged lepton flavour violating probes
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Both £ and ¢ Present
When both the vector-like lepton and singly-charged scalar are present, we can write
LD NR}LEL¢* —+ ngh/ER¢* + h.c. ,

it E— — E and ¢ = — ¢ under Z,, these are the only possible new interactions

For my, m, > m,, only enters at one-loo
E> My, N y >

B
; ]
h;k /1/’ \*\\h/- ¢/#/ \k\¢
NRj > Nf%z 1, % X o
M ] E ) B \
c c L R
b5 b N A
Ry R
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Sterile-to-Sterile Neutrino Magnetic Moments

At one-loop in the UV model:

NNB = 1672 dmp

B
é
RN
NRJ Nz?zq;
One-loop matching:
- L IO 1
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Sterile-to-Sterile Neutrino Magnetic Moments
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Active-to-Sterile Neutrino Magnetic Moments

Without Z,, at one-loop in the UV model:

. 1 3ghgYph (6)axi
Matching: 8ot — of Crr) OO0 =
NEB 1672 4m?

1 gfagyg*h;

fr).

1672 2m2E

g/ 0(6)0”3 9
](\Q;V. = — which narrows down the phenomenology
g Cyp' 3

The UV model therefore predicts a =
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Active-to-Sterile Neutrino Magnetic Moments

10~

107°
1071

: 4”UCw (6)ai _9 1 faﬁyg*hl- 1 TeV °
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vNy = 3 /5 UNB © 10-2 —_
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Bounds from Displaced Vertex Searches with Non-Pointing Photons
at LHC
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HNL Production

q vi/N; 4 2l
fy/Z W:l: 1 1 A A o
do(pp — N;N; X) :Z/ dx1/ dxo (fq(x1,38) f7(x2,8) +q <> q) do(qqg — N1Ns)
g 0
q Vj/Nj q Nj
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' — NN, ] :
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HNL Decays

+
v [N ¢ vj/N; = v/ N;
IN; f N; / N, N; N;
Z7 W*
8 W= Z
f f!
—6 - —10 —6L - —10
107°F 1 e ggs 10 1070y g 10
10-5F  CNhp =10°Gev™!, 5 =001 {10-8 10-8F  CNAp=108GeV ™, 6 =05 110-8
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1010} ~107°
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Possible Scenarios

: : : . : : : 6 : : 5
With active-sterile mixing (V ), active-to-sterile dipole moments (ng,g) and sterile-to-sterile moments (Cji,]\),B)

— Each coupling can dominate production and decay (limiting cases are taken as 9 benchmarks)

Dec. 5 6 6
PI'Od C](Vlle CJ(\flgv CJ(VL)V WN

@ Na v @ N

') PN /¥ b zy MY E 7 el
NNB N g 5 : g

2

? NZ / ? NZ ',4 J
? Na N, % Wy \ J\

. y + + U(Qt)
C\ar Cw ?%x P Q:}Zx ?WQ@%@(“
P NZ P N?. . P 2 \J\:
e* (v}

wi(d) W) . .
Vin PM o<x N WRY S ¥ Minimal scenario
= Na P i v /

Production and decay via mixing V,
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Displaced Vertex Signatures: Non-Pointing Photons

Non-pointing photons can be emitted in the decay of LLP N

— Occur at secondary vertex, displaced from primary vertex (PV)

— Motivation: Significantly reduce SM backgrounds

ATLAS and CMS ECals reconstruct trajectory of photons — Displacement via impact parameter (IP)

ECAL cluster

(PP 2
dxy = Trip— —Yrop—  dy = LD (- P)pz/|P] +

prT pr 1 —p%/|D)?

r=A{xLLp,yLLP,ZLLP} y
Impact parameter: Minimal distance from from y to PV . FOS
Y . Y :
M . ‘[l d ~s~§~
In practice: Measuring d, difficult (several PVs, no £%). Use only dyy Xy R

D 3 o .
................... : *QI Primary vertex

. Lx -
Patrick Bolton, BLED 2024 05 : - CMS, arXiv:1207.0627



Possible Scenarios

9 Scenarios: Where is the non-pointing photon signature viable?

Dec. 5 6 6
- Crus Cia> Cvw Vin
@ Na V @ N
') PN 2/¥ P 7y A b2 Gl
NNB N g 5 ¥ iy
2

‘P NZ / ? N?. ’,4 J
? Na N, % Wy \ J\

6 6
c). c

. v (0F)

: v () ? ay (w?)
P 1‘X (W Q&X M% +
0 N, ’ P 2

!
v p wt (2) et (V) . e (v) .. ] :
(N M ¥ I W@ S . Minimal scenario
; o s

Na v

B4: CSZ\),B large enough to dominate the decay ot N, would also dominate o(pp — X)
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Possible Scenarios

9 Scenarios: Where is the non-pointing photon signature viable?

Prod.

Dec.

CPhs

Cia> Cxw Vin

D
c¥l

6 6
CI(VL)? ’ CJ(V l/)V

H) ¢* (vl

M\ ¥ I WR) S ¥ Minimal scenario
o FWU

B5 and Bé: Difficult to realise displaced vertex signature (decay prompt if C]%) dominates o)

Patrick Bolton, BLED 2024
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Possible Scenarios

9 Scenarios: Where is the non-pointing photon

signature viable?

6 6
c). c

Dec. 5 6 6
- Crus Cwa» Chvw Vin
@ N v @ N
C(S) PN 2/¥ T ¥ b L7 el ’
NNB N g 5 iy
2 N v ? N sl ol
v N ? 2 N, I Ny \:;‘

B
P 2

<

Minimal scenario

B7: Can only be realised in a narrow region of parameter space

Patrick Bolton, BLED 2024
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Possible Scenarios

9 Scenarios: Where is the non-pointing photon signature viable?

6 6

Dec. 5 6 6
- Crus Cwa» Chvw Vin
s ) ®
N ? N, ,

0(5) 1/¥ P\ ¥ ¥ 2/ :

NNB N ¥ » 0’

= P N, /U ? Nz - 'LJ
Na N, Wy \J\

Minimal scenario

B8: Prompt £~ plus photon (prompt or displaced depending on C]g)

Patrick Bolton, BLED 2024
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Possible Scenarios

9 Scenarios: Where is the non-pointing photon signature viable?

Dec. - '
- Crus Cwa» Chvw

D
c¥l

6 6 +
CI(VL)?v CJ(VV)V U(Q

® )
P %3 P
P N2 Na P

" pr (V)
Vin p M/\ ¥ TN WE(R) '_‘/
P Ny °§ > n

2(¥ (Wmé@(b’
N, 5

Minimal scenario

B1-B3: (> 1) non-pointing photons from N, and N, decays
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Simulation

To determine the sensitivity reach of ATLAS, pertormed numerical study:

Dipole operators up to d = 6 implements in FeynRules, UFO output

~or each benchmark, 10° events in MadGraph5 at \/E = 14 TeV covering the parameter space (1 p, Cjecay)
Remaining parameter(s) fixed

Decays handled by MadSpin, Pythia8 showering = estimate efficiencies

Model parameters .
Scenario Simulated decay
Scan Fixed
Bl mn,, CJ(\,-512,B 4} Nog — Nl’)/
Ny — Nl’)/
B2 mn,, C](\]Gl)x mny,, CJ(\75]sz
N1 —r Yy
Ny — Ny
B3 MmN, H/;BNI ‘2 mpy,, C](\I5]sz
N1 — 6]]
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Selection Cuts and Events

Scenario Signature

Selection cuts

Trigger: |p7| and [n”| (B1 and B2)

Bl Non-pointing -y
|prl and 7] (B3)

Non-pointing v (%x2)

Ipr| > 10 GeV , 97| < 2.47

rpy < 1450 mm , |zpv| < 3450 mm

B2
(+ prompt ) [d%y| > 6 mm
B1and B2: LLP in ECal (cut on d} ) p%| > 120 GeV, |n¢| < 2.47
B3: LLP in inner detector (4 DV, cut on d(), mDV) B3 Displaced Vertex (x2) | 4 mm < rpy < 300 mm, |zpy| < 300 mm

(+ prompt )

4 tracks with |dp| > 2 mm

mpy > 5 GeV

Number of non-pointing photon events:

NBl ZO"[Z'B(NQ%N{)/)°€B1

sig. sel
N;?g? —0-L-B(Ny = Ni7v)-2-B(N; = vy) - €2
NB3 =6 L-B(Ny— Niv)-2-B(Ny — ejj) - o

Patrick Bolton, BLED 2024 32
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Bounds from Displaced Vertex Searches at LHC
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Scenario B

pp — N 1N, (dNNy)
]\]1 (E]I?ISS)
N, = (N (dyyy)

q Ny (EpR'ss)
v/ Z
y
Ny
q
N1

N]-Bl :O"L'B(NQ%Nl’V)'GBl

sig. sel

Patrick Bolton, BLED 2024
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Scenario B2 Solid: 3 events (95% C.L) V5 = 14 TeV

Dashed: 30 events ¥ =13 ab~!
pp — NIV, (dNN)/) T3
Nl — (y}/)LLP (dVN}/) C](\?])VB — 10—5 Gev—l
N, — Nyy = (wy)"y (A, Ay . — 700Gy 3

IZImN2 — 80 GeV
1
q
Ny
v/Z g
Y
No
q Y
Ny
1%
NS]?gQ. =c-L-B(Ny— Ni7v)-2-B (N %Vv)-efj
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Scenario B3

pp = NiN, (dyy,),
N; — (e]:i)LLP (Ven)
N, = Ny = (e))"y (dyy,» Von)

Nsl?g?’.:J-E-B(NQ%va)-Z-B(Nl%ejj)-e

Patrick Bolton, BLED 2024
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B3
sel

Solid

36

Solid: 3 events (95% C.L.) Vs = 14 TeV
Dashed: 10 events P =13 gb~}

COL =107 Gevt ~

Hmy, =600GeV -
[] my, = 80 GeV —

— B3

P ! ! I R T N B ! ! I R N A
10" 10° 10°
T N [GGV]
black: DV + prompt £  Cottin et al., 2105.13851



Other Constraints on UV Scenario
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Direct Production Bounds

The vector-like lepton E and singly-charged scalar ¢ can also be produced directly at the LHC

e Drell-Yan production: pp — y/Z - ETE~, pp > yIZ — ¢ ¢~

® Decays: ¢~ — ¢~ v, EX( — Np™) — £ N q
v/Z
Recast:
® Slepton ATLAS search using oppositely-charged e and u pairs ;
mg, my, 2 200 GeV
q
® Dark matter LEP monophoton bounds
P v/
myl | f,,1° 2 350 GeV
q

Patrick Bolton, BLED 2024 38



Charged Lepton Flavour Violation Bounds

cLFV processes via the general couplings Yy and f,; can also be used to constrain the model:

Tree-level
® y — 3e,7— 3e, T — 3u (SINDRUM, Belle)
® i — e conversion in nuclei (SINDRUM)

® | FU violation in charged-currents
® Flavour-violating Z and Higgs decays (ATLAS, CMS)

One-loop
® u—>ey, t— ey, t— uy (MEG, BaBar)

Patrick Bolton, BLED 2024 39



Benchmark Flavour Scenarios

1) Flavour universal couplings: Yy =Y. =Yp =}, =f. =/,

L. Strongest bounds from u — 3e and u — e conversion (tree-level)

2) ‘Tau-only’ couplings: Yy =Y. =f,, =0, Ye=/f,=f,#0

— Strongest bounds from y — ey and y — 3e (one-loop)

3) ‘No electron” or p — 7 couplings: Yp=f,, =/,=0, Y. =Y,=f,#0

L. Strongest bounds from 7 — 3u and T — puee (tree-level)

Patrick Bolton, BLED 2024 40



Direct Searches vs. cLFV

Patrick Bolton, BLED 2024 41



UV Model Bounds from Benchmark 1
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Constraints case 1: y — 7 Constraints case 2: only 7

Active-to-Sterile Bounds — o BB — e (MEG

—— 7 — 3u (Belle) —— i — 3e (SINDRUM)

— 7 — uee (Belle) —— 1t — e conversion (Au, SINDRUM)
— LFU, g,./9. (HFLAV) — LFU, ¢,/g,(HFLAV)

—— EWPD (LEP) —— EWPD (LEP)

=== DirectColliderSearches === Direct Collider Searches

‘No e’ couplings ‘T only’ couplings

L’«g:feT:fuT%O

1071 1071

1072 1072

107° - - et
1071 1 10 1071
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Active-to-Sterile Bounds

‘No e’ couplings

10

YngeT:fuT?éO

h = V4m
fo YER, =107
C\vp =3-1079 Gev !

— my, = 700 GeV

my, = 80 GeV

|
u — ey (MEG)
1t — 3¢ (SINDRUM)
— 1 — e conversion (Au, SINDRUM)

— LFU, g,/g, (HFLAV)
— EWPD (LEP)

'z only’ couplings

Vi = Y] = fur #0

h,h' > \/4r to obtain C®

NNB

h =4
fuTYEThll = 107"
cl =310 Gev!

1
10 — my, = 700 GeV

T — 3u (Belle)
— 7 — uee (Belle)
— LFU, g,/g. (HFLAV)
— EWPD (LEP) =

hoh > Vart |
I R A A . ———

mpg [TeV]

EFT invalid

Direct Collider Searches

L I I T R
107 10°
M N, [GGV]

EFT invalid tor mp < my =700 GeV
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my, = 80 GeV

mpg [TeV]

hoh > arh
e o e e i p——

EFT invalid

Direct Collider Searches
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Conclusions

We have considered the phenomenology of heavy RH neutrinos with magnetic moments at the LHC

For the model-independent coefficients of N,SMEFT operators @S]{,B , @](\?1)3 and @](\?‘)V:

® Analysis of future sensitive of LHC experiments using displaced non-pointing photons
® Excluded regionsin 3 of 9 limiting benchmark cases

Considered a toy UV model to generate Cji,sj\),B , Cﬁ% and Cﬁf&, at one-loop

® Single vector-like lepton and singly-charged scalar with mg, mj > v
® Additional constraints from EWPT, cLFV and LFU violating probes

We tind:
® Non-pointing photons can explore new regions of EFT parameter space for dyy, , d,y, and V,, ==
® |n specific model, complementarity with EWPT, cLFV
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Thank you for your attention!
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