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Heavy Neutral Leptons - where and why?
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Right-Handed Neutrinos

Consider N, (SM gauge singlet), only U(1), forbids a mass term:

. o 1 '
Loming O Lsm + Z'NR@NR — | LY, NpH + iNjgzMRNR + h.c.

Extended neutrino mass matrix:

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

Diagonalise: 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-| seesaw) or pseudo-Dirac (inverse seesaw) fermions
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Active-Sterile Mixing Phenomenology
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Beyond the Renormalisable: SMEFT + Np

If Ny is coupled to some heavy new physics at the scale 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 of RH fields are described by the operators:

OVN’Y — (ﬂLO'IuVNR)F’LW ONny — (NEO'IUJVNR)FMV
Y Y
VLo NRi NRj Ri
Phenomenology: ® Neutrino upscattering (solar v, CEvNS) ® Meson Decays (Dalitz-like)
® Meson Decays (Dalitz-like) ® Supernova cooling (SN1987A)
® Supernova cooling (SN1987A) ® Monophoton + EITniSS, Fiva, at LEP, LHC
®

Monophoton + EITniSS, 7V at LEP, LHC
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From the SMEFT

These are induced by the N,.SMEFT operators:

O](\?gVB — (N](";zO-,LLVNR)BMV
O](\?)B — (EO-,LU/NR)}NIB’LW Og\?%/[/ — (EUMVNR)TIﬁWIMV

1 0 i 54 i U
=75 (v + h) - diy, = cCOnnp  ToNy = 7 (CwCNB -5 Cvw )

(6)ai | Sw C(G)ai
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Electroweak Dipole Moments

For high-energy collider processes, also relevant are

Patrick D. Bolton, [JS, PPC 2024




Current Bounds: Active-Sterile Dipole Moments

PDB, Deppisch, Fridell, Harz, Hati, Kulkarni, 2110.02233
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Current Bounds: Sterile-Sterile Dipole Moments
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Displaced Vertex Searches with Non-Pointing Photons
at LHC
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HNL Production

v /N; 4 A
fy/Z W:l: 1 1 A A o
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HNL Decays
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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
— Crus Cra» Chw Vin

D y u SN

') PN /¥ P Wi NGz
NNB N g 5 : g

2

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

. y + + v (Qt)
Cxa» Cow | T M D Q& P
P NZ P N?. ” P 2 \J\:
iy 0 (v) SR
Vin M ¥ P UED A ¥ Minimal scenario
" T p>w”“‘\w< /

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

(. 2
dxy = CELLPpY ?JLLPp—X dy = CLLEP (7“2 p)pg/\ﬁ\ er e
pr 1= p3/1] Ko

o .
------------------- : *® Primary vertex

r' = {TLLP,YLLP> ZLLP } A y
Impact parameter: Minimal distance from from y to PV Ly ,t>
In practice: Measuring d, difficult (several PVs, no £%). Use only dyy dxy

- Lx -
Patrick D. Bolton, IJS, PPC 2024 16 : | CMS, arXiv:1207.0627



Possible Scenarios

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

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

9 Scenarios: Where is the non-pointing photon signature viable?
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B1-B2: (> 1) non-pointing photons from N, and N, decays
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Possible Scenarios

9 Scenarios: Where is the non-pointing photon signature viable?
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B3: No non-pointing photons but DVs (j) + prompt photon still possible
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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,, Ciis ) N — N1y
No —- N 17
B2 my, , Cj(\?l))( mn,, C(’VS’RIB
Ny — vy
]\72 — N 17Y
B3 My [Ven, |2 | ma,, C@m
N1 — e ] J
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Selection Cuts and Events

Signature

Selection cuts

Non-pointing 7y

Non-pointing v (X2)
(+ prompt )

p]

rpv < 1

> 10 GeV |, 97| < 2.47
450 mm , |zpy| < 3450 mm
|dXy| > 6 mm

Displaced Vertex (x2)
(+ prompt )

p%| > 120 GeV, |n¢| < 2.47

4 mm < rpy < 300 mm, |zpv| < 300 mm
4 tracks with |dg| > 2 mm

mpyv > 5 GeV

Scenario
Trigger: \p%\ and |n?| (B1 and B2) .
1
p¢l and |7°] (B3)
B2
B1 and B2: LLP in ECal (cut on d},)
B3: LLP in inner detector (cut on d,, mpy) -
Number of non-pointing photon events:
Ng’; =o0-L-B
B2
Nsig. N
B3
Nsig. —

Patrick D. Bolton, [JS, PPC 2024
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o-L-B(Ny— Nivy)-2-B(N, — ejj)- e

CMS, 1207.0627
ATLAS, 2209.01029




Bounds from Displaced Vertex Searches at LHC
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Scenario B

pp — N 1N, (dNNy)
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q
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Scenario B2 Solid: 3 events (95% C.L) V5 = 14 TeV
Dashed: 30 events P =13 gb~!

pp = NN, (dyy,) 10°
Ny = ) ()

N, = Ny = W)™y (d,,. dyy)

CPl =107 Gev ™!
By, = 700 GeV
[] my, = 80 GeV

B2

) 10! 10’ \\\\\ 10°
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S1g. sel oS

1
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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
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Constraints on Specific UV Model
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UV Model for Neutrino Magnetic Moments

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

Field(s) Irrep | Couplings
Ng (1,1)0 Y,

(1,1)_ YE

® (L)1 | f, Agn

Aparici, Kim, Santamaria, Wudka, 0904.3244

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

YG
LB (il ~me) B~ [LYpHEg +he|  Yo=|Yf
Yg
Introducing the scalar ¢:
- 0 fou fer
L5 (Dud) (DH6) ~V($) ~ [LfLé+ N f'tro® +he|  f=|~fou O fur

eT _f,LLT 0
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When both E and ¢ are 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

/ ?
¢i%z s\\kgb* ¢/4’/’ \\\¢
h* l/ \, h' h' '/ < < \‘ fozﬁ
] ————'"1 t PERL
Er Eg \\ / By v £
NRj Nf%z NR@ h VLo

Patrick D. Bolton, [JS, PPC 2024 29



UV Model Bounds from Benchmark 1
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Active-to-Sterile Bounds

‘No e’ couplings
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Summary and Conclusions

Study: Phenomenology of heavy sterile neutrinos with magnetic moments at the LHC

EFT analysis with the N,SMEFT operators @1(\?1173 , @1(\?1)3 anc @1(\%/:

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

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

® Single vector-like lepton E and singly-charged scalar ¢
® Additional constraints from EWPT, cLFV and LFU violating observables

Conclusions:

® Non-pointing photons can explore new regions of EFT parameter space for dyy, , d,y, and V
® |n specific model, complementarity with EWPT, cLFV

Patrick D. Bolton, [JS, PPC 2024 32



Thank you for your attention!
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Bonus Slides

Patrick D. Bolton, IJS, PPC 2024 34



Possible Scenarios

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

6 6
c). c

Dec. 5 6 6
- Crus Cwa» Chvw Vin
. u il
) /% T ¥ A Al
NNB N g 5 ¥ iy
2

P N, / ? Nz ',4 A
Na N, % Wy \ J\

0* (v)

I\ Wy S Y
P>WVVV\LN\1<U

Minimal scenario

B4: C®) large enough to dominate the decay of N, would also dominate o(pp — X)

NNB

Patrick D. Bolton, [JS, PPC 2024
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Possible Scenarios

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

Dec. . .
Prod. Cins c$), ), Vi

D
c¥l

6 6
CI(VL)? ’ CJ(V l/)V

Vin PM ¥ I W@ LT Minimal scenario
P Ny “< FW

BS and Bé6: Difficult to realise displaced vertex (decay prompt if C]Eg; dominates o)
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Possible Scenarios

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

Dec. 6 6
- Crus Cwa» Chvw Vin
@ B3
(5) 1/‘ Na ” ux ?O b N |

CNNB N?. ¥ ¥ i/?f ' : ; LQ?
P N ¥ % N, z % I i W, \j\

(6) (6) © At )

CNB? CVNW g (Q

Minimal scenario

B7: Can only be realised in a narrow region of parameter space
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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]Efl;)

Patrick D. Bolton, [JS, PPC 2024
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UV Model for Neutrino Magnetic Moments
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Vector-Like Lepton

Extended charged lepton mass term including vector-like lepton

L5~ (0y Br) My (KR) fhe: My — (

Diagonalise:

1o _ VOI{J:B VaLE P E/B rao _
Er VEs Vig) " \B') " \ Eg

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)LHKR

With matching conditions:

YEYE qep _ YBYE [Yele

C(l)aﬁ _ Cg’l)aﬁ _ =

Hl 4mQE zmQE

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)

Patrick D. Bolton, IJS, PPC 2024 A1



Singly-Charged Scalar

For the singly-charged scalar, we can write

1

LD — (ﬂL ZL) f ( C) ¢ 4+ h.c. = =20 fl5 ¢+ h.c.,

Similarly, for m, < my, we obtain from fand f’ couplings:
Oll — (L’yuL) (L’y'uL) OlNle — (LNR)E(LZR)

With tree-level matching conditions:

Ca,nyé o fa’Yng Coziﬁ’y - 2f0¢5 z','y
[l T mi [INle qub

Exotic lepton interactions

Ocn = (LrYulr)(NrY*NR)

Ix /

afiy _ Jiad jp
CeN - 2m§5

. Bounds from lepton flavour universality (LFU) and charged lepton flavour violating probes

Patrick D. Bolton, [JS, PPC 2024 42



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 =
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](\Q;V. = — which narrows down the phenomenology
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The UV model therefore predicts a =
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Active-to-Sterile Neutrino Magnetic Moments
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Other Constraints on UV Scenario
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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)
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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
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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 D. Bolton, [JS, PPC 2024 50



Active-to-Sterile Bounds

‘No e’ couplings
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