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Outline

* Generalities on the dipole interaction of fermions

* The dipole of light (active) neutrinos : from current bounds to
possible collider signatures

* Sensitivity study at a future muon collider —
speculative
* The dipole of . Its origin and
its interplay with active-sterile mixing

* Sensitivity study at



EFT for fermion-photon coupling

Fermion bilinears with D-3 covariant derivatives ({; are Weyl spinors) :

1
Lp=—3 = 5 %‘ Mk Yy + h.c. Fermion masses

Lp—y = w;i(_quM OikVr =  Qjk = q;0;; Charge

fjg = ilm\ g Magnetic dipole

1
LD:F) = 5@% O"LWF'LW )\jk wk + h.c. = {

€jk = 1ReAji Electric dipole
Q Charge radius
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For recent studies see e.qg.

Atzori Corona, Cadeddu, Cargioli, Dordei, Giunti 2022 & 2024 (neutrino charged radius)
Bose, Choudhury, Mondal, Sankar Ray 2023 (dark matter anapole)

Herrera, Shoemaker 2024, Herrera, Huber 2024 (neutrino anapole)



EFT for fermion-photon coupling

Fermion bilinears with D-3 covariant derivatives ({; are Weyl spinors) :

1
Lp=3 = § %‘ mik Yy, + h.c. Fermion masses

[,D:4 = w;{?:(s"uDu 5jlc W — ij — qjdb-j Charge

1 1. = ilm\,;, Magnetic dipole
£D:5 — 5 %‘ O-/“/F,LLI/ )‘jk % + h.c. = Iu? — 4 )\j
2 €jk = tReAjy Electric dipole

Naive Dimensional Analysis of dipole (UV contribution) :

Bohr magneton :

ewg*>2 (1OTeV) - 300
TNy KB = 2m. GeV

my« = mass of UV states €y g« = Y—coupling to UV states



Neutrinos: mass vs dipole

< v, > Lepton number Ul), : L(v) =1

Y

Two Weyl spinors : v =
Flavour symmetry SU(Q)F v~ 2p

LD v} 5”0, dup Vs

Kinetic operator: no electric charge, but global symmetry U(1). x SU(2)

1
LD —-v,mysVs+ h.c. Meas = M

5 Ya Mapg Vg + (Map = Mmga) i = nalcon)
Mass operator: 3 independent entries, A L = 2, breaks SU(2)¢
ma real preserves residual U(1) : one Dirac fermion ma ~ 3 F

ma complex breaks also U(1)k : two Majorana fermions

1
LD -vao" Aapvp Fy + h.c. (Aap = —Aga)
2 A~ 1

Dipole operator: 1 unique entry, A L =2, preserves SU(2)¢

= it is technically natural to have small mass and large dipole !



EFT for neutrino dipole

dim=7, AL =2 operators in the SM Effective Field Theory :

- 2 B %% id
L= GO, Aap = —2ev” (Cop +2C55)  Zamam
. Santamaria
E A 2005
e 1 T g
(OB)E'L% — yf ({Lﬂ {__1{1) {,]_I”f (_[_[ F(L%] B”u v, Vg
Y, Z |14
N 7c . a __jvy T b 17¢
(Ow )ap = 19€abe ( featatl L;g) (H eo” H ) Wi, " Ve v s

Naive Dimensional Analysis :

3
LB ‘CO‘B * CO‘B‘ My A7 1 103

c's orderone / m- mass of UV states / g- coupling among UV states

¢'s couplings of Higgs & leptons to UV states :
(have to be small to suppress lepton flavour violation, especially e-to-u)




Some current bounds on v dipole

* Solar neutrino elastic scattering on nuclei (photon exchange)

Ao (YUY ) < 06107 up (90% C.L.)
k J

Giunti Studenikin 1403.6344 XENON 2207.11330, LZ 2207.03764

* Stellar energy loss (red giant branch of globular clusters)

A <0.1-107Hup (95% C.L.)

Capozzi Raffelt 2007.03694

* Neutrino-to-antineutrino conversion in solar magnetic field

k
A <500-10 Mg [g] (90% C.L.)

KamLAND 2108.08527
Akhmedov Martinez-Miravé 2207.04516

- Indirect (neutrinos not observed)
- effective combination of flavours
- insensitive to lepton number

- which systematic uncertainty ?

- sensitive to
lepton number violation

- large uncertainty on
value of solar magnetic field



v dipole @ future hadron colliders

2 leptons 10 o
same-sign PP = € 4+ Jets
different-flavour 2 0100
+ 8 FCC-hh
2 jets & 100 TeV
2 0.001
10-
W
after 10-7 A NI P e
q ¢ acceptance 10-M 10-10 107 10-8 10~ 10-6
cuts |’)lc|u| / 1B

Recasting LHC analysis for the same final state.
After selection cuts: signal efficiency ~ 0.5 and ATLAS 2403.15016
background (mostly from V V jj) ~ 10 fb [reducible]

HL — LHC {3 ab "} Nepl/pp < 2.2-1077 [3.8-1078] Q 20
FCC —hh {30 ab™ '} Nou|/pp <3.8-1078[2.0-1079] @ 20

Sensitivity about 2-3 orders of magnitude weaker than current bounds



v dipole @ future muon collider (1)

+ - N A el | o
100 HOp e W wy

2
5 0l
104
03 102 1ot 1o 100 10
|‘)lc,u| f(,uB
lllustrative for ~ 100 diagrams Including acceptance cuts
& reconstruction efficiency
2 leptons (same-sign different-flavour) Achievable integrated luminosity

+ 2 fat jets (W into hadrons) for 5-years data taking :

Clean, unambiguous signal of \/E ° 1
lepton number and flavour violation L =10 10TV ab

Signal simulation & reconstruction (Madgraph, Pythia8, FastJet, ...)
Same for background (mostly from WW p* p- & W W W W) ~ 1 ab [reducible]



with N.Vignaroli

v dipole @ future muon collider (I1)

Improving e
discrimination by ol -
kinematic variables
Signal events E background
have higher pT & S = 40'L\0p15[§?sv:aoloo ol 2ot ‘9'0'0'0”1;6 00
are more central
: W, (1) W, (1)
With tailored cuts, i
background L o
down to ~ 0.1 ab transverse I R —— rapidity N
rg_om_ﬁntgm T distribution |
IStrI utlon 0 1000 2000 3000 4GDDD[5([();,U‘2\.’:3UUD 700D 8000 9000 10000 4.5
NE 3 TeV 10 TeV 20 TeV 30 TeV 50 TeV
/\E’ ) -
Ip;'l 5.4[4.8] - 107 1.5[1.1]-1071 1.9[1.2] - 10~ A 6.6 [3.9] - 1072 1.5[0.8] - 107 || @Q 20
4

/

further background rejection,
improved lepton identification

~ current laboratory bound




Summary and perspective (part |)

* First study of projected collider sensitivities
to the v dipole

* Muon collider: one can probe in clean and direct
way the v dipoles (including et and pt cases) as well
as other sources of L-violation (e.g. v masses)

* Flavour model-building: induce large A, while
suppressing other e-to-u transitions

* Beyond EFT: new particles responsible for large Ae,
may be directly produced



Dipole for sterile neutrinos

Ly = iN;'6"0,6:N;
SM + 2 sterile neutrinos N, N f pet = i
with masses M, — <§NiMiij — HT0, Yo N; + h.c.)
below EW I 1
SO Sedie ‘|‘ — dNZ’O"LWE,L'ij B'u,/ —I—hC) —|—
° A AN

dipole Wilson hypercharge field
coefficient strength

U(1). conserving limits (as neutrino masses are tiny):

(1) L(N,,) = 0 : no Yukawa, no active-sterile mixing, M, < M, arbitrary, N: dark matter candidate
Chu Pradler Semmelrock 2018 Barducci Bertuzzo Taoso Toni 2022

(i) L(N,) = - L(N,) = 1 : N1 & N2> combine into one Dirac neutrino

0] 0 m , "
MV: 0 0 M maEYag— Qaﬁ < MleQZM
m|M O V2 V2M




Bounds on active-sterile mixing

https:/lwww.hep.ucl.ac.uk/~pbolton/index.html
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Similar plots for mixing with electron or tau neutrino ...
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Dipole from electroweak loops

Even in absence of dim-5 dipole, sterile neutrinos acquire a dipole coupling to photon :

Vo

N;

R.Shrock
EW 36 MZ 1982
dz’a — (97;@ C.Giunti
1672 02 A.Studenikin
2014

This effect is well-known for keV-neutrino dark matter : strong bounds from X-ray searches

“White paper on keV sterile neutrino DM” 2016

We realised such effect is also observable for GeV-neutrinos @ intensity frontier !
total __ 3D=5 EW D=5 __ .

<€Ng*>2 Mz

relative size : VS N
. v




Sterile production & decay

Mesons from protons on target (beam-dump experiments SHiP, NA62, CHARM, ...)
or from p-p collisions (forward experiments FASER 2, ...) decay into sterile neutrinos

Barducci Bertuzzo Taoso Toni Ternes 2024

Photons with E > 1 GeV can be seen

in the detector calorimeter

——| sterile decay in the detector

— | sterile production in the target

GeV sterile neutrinos are long-lived (thus reaching the far detector) :

* one loop suppression |d|2 2 A2 3
B COS” Uy - o i
* NP/EW scale suppression [(Ny = Niy) = ] M; (1 -~ ﬁ%)
2
1 M 3e M
* phase space (small M, — M _ 2 2 273
b pace ( 2=M)  D(Ny = vpy) = 5 d cos@w\/Ml ~ 162 o2 |02 |° M5

1672 o2

* small active-sterile mixing 1 i 3% M 2
(N1 = VoY) d cos Oy / Ml 1 01| M3
2



Dipole versus mixing

10z
SHiP, 6 = 0.1
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Sterile neutrino production from meson decays,

both via dipole & via active-sterile mixing

10

SHiP experiment

Npor =6 1020 Theory
Epor = 400GeV upper
Linitiar = 33m gﬁudr;ggle
Lfinal = 83m

SHIP, N-v, mixing, 6 =0~/
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with E.Bertuzzo

Future experimental sensitivity (I)

— Dipole
Ny

F g.=4m,m,=1TeV ]
107¢

-5 FASER2

3105"""""' TR g =, m =1TeV
© SHiP
10_75
107 6=0.1
Bia=0
-9 ) . ) L ) L -3
10 0.1 05 1 5 10
M, [GeV] 10-4
5 My — M,y
N, decays after the detector = -5
2 g M2 + Ml - 107
> 1070
Q,
. . .. . ke, !
Switching on mixing with t flavour 1077
N2 % I/Tfy 10—8
N2 — Nl’)/ 00
Ny — UrrY Signal dominated

by EW dipole

— N decays before the detector

only : no mixing, N; stable

— N1

2 0 contours
assuming
no background

Thresholds due to meson masses

05
M, [GeV]



with E.Bertuzzo

Future experimental sensitivity (Il)

Np — v,y Mixing with p flavour

N production suppressed, as
allowed mixing is smaller for p flavour

: : : U(1).
N production channels involving p i
remain open at higher masses B
M: = M;

Mixing with t flavour Np — v,

=4, m, =1 TeV]

M1 [GeV] 10—8 = 0

SHIP can observe GeV-sterile neutrinos via

photons produced by EW loops 0.1 05 1 5
M; [GeV]




Future experimental sensitivity (Il

Magill Plestid
Pospelov Tsai 2018

Produced N’s alter
star cooling rate
by draining energy

Late N-decays /m/‘@’

alter yield of
primordial nuclei

E 16,./=2.4x 10

[ 16;,1=3x107*

E 161d=107
t16;,1=16;.1=3x 107

5] 16/¢l=16;,1=16;|=2.4 x 107

05 1
M, [GeV]

Np = Ve,

Comparing flavours

* Signal for tau mixing complementary to signal for e-mu mixing

* Similar sensitivity to

and muon mixing

* In order to explain large mixing in oscillations, one has to take
comparable muon and tau mixing or even equal mixing for all flavours

= possible to correlate the dipole signal with flavour constraints



Summary and perspective (part 1)

* Sterile fermions could be discovered through photon signal

* SHIP will mark jump in sensitivity in the 0.1-10 GeV
range, probing

» dipole from heavy new physics, 1/d ~ 108 GeV
> dipole from EW loops

* Discriminating power: N dark matter or N-v mixing ?
which lepton flavour ? how many N’s ?

* Sterile dipole worth to explore in other mass ranges or
In different experimental setups (neutrino long baseline ...)



Waiting for some v light

LE RAYON VERT
Jules Verne, 1882
Eric Rohmer, 1986




Back-up material

LE RAYON VERT
Jules Verne, 1882
Eric Rohmer, 1986




Fermion couplings to a photon

~

— A ik C.Giunti A.Studenikin 2014
Uy A‘ZL (Q) Uk E’u(Q) review on

wk %’ "Neutrino electromagnetic interactions”

From Lorentz + U(1) gauge invariance :
Q - charge Anapole

] quqv v '
ARG = (- ) [ + 2 s
~i%,,4” | A1 (@) +ifE (@)
Magnetic dipole Electric dipole

For real photon emission (g2 = 0) form factors reduce to constant ‘moments’

For Majorana fermions (Y = ) no diagonal charges nor dipoles :

T
fome=-fouEe = fQ M,E =



with N.Vignaroli

V mass @ future muon collider

As a spin-off of the dipole analysis, we can also set bounds on Majorana neutrino masses !

1
Same-sign leptons from £ O 2 Vo Mag Vg

0v26 —decay : mee S 0.1 eV

Y

LHC (FCC —hh) : ey, < 10 (1) GeV

Y

ATLAS 2305.14931
Fuks Neundorf Peters Ruiz Saimpert 2012.09882

For m_, same analysis as for the dipole }\eu
For m  similar selection, but ~ 5 times larger background (W W p* )

NG 3 TeV 10 TeV 20 TeV 30 TeV 50 TeV

mey| | 110 [100] MeV 3.2 [2.5] MeV  0.50 [0.31] MeV 140 [92] keV 36 [20] keV

Q 20

] | 300 [140] MeV 10 [3.5] MeV 1.5 [0.44] MeV 420 [130] keV 84 [28] keV

Improvement up to 5 orders of magnitude ! _ _
Still far above the neutrino mass scale ...



SM EFT for v dipoles

A L = 2 operators in the SM effective field theory :

dimension-5 Lr = C°0Ox Mag = 025’02
(O5)O¢B — (EEH)(HTGZLﬁ) Voo « "
dimension-7 L7 = Z C;0; Aag = —ev? (C ( og+ 200% Daviison
1 Santamaria

(Ow)as = i abe (q ea’c L) (H EJ"JH) Wi,

2005
(OB)ag =g (Cf, eH) o™ (H" el5) By, %

(Om)ap =g (€5, eclrg) (H ea®H) W, w

+ several non-dipole operators




Bounds on active-sterile mixing (Il)

In the U(1). limit m, = O, still mixing is constrained by a variety of lepton precision measurements

* Indirect bounds (on sterile neutrinos heavier than charged leptons) :

2 <1073, <3.1077

Sp ™

52 <1077,

‘-1 l\.f

So = \/5904

if s, ~s,, then sfH <1075 [1077]

. . . Coy Frigerio 2019,2022
* Direct searches for sterile neutrinos :

for 2 GeV < Mp <80 GeV, s S 107, s2 <1077
for 0.5GeV < Mp <2 GeV, s S 1077, s2<10° h
for 0.2 GeV < Mp < 0.5 (]PV fﬂ <1077, s2< 1[}_’

Snowmass Review 2203.08039

Departing from the U(1). limit & requiring that oscillation data are reproduced by N;. seesaw :

. ¥ A9 X <9
normal ordering (m; < mg < mg) : 52<0.1, 02553 S <085, 5 ~1- S
inverted ordering (m3 < mi <ma): 0.05 <8, $0.95, & ~ 57 ~0.5(1-57),

. 52 Blennow Fernandez-Martinez Hernandez-Garcia Lopéz-Pavon Marcano Naredo-Tuero 2306.01040

A I (67

CP—

(8




Theoretical estimate of v dipole

Naive Dimensional Analysis :

UV theory characterised by one mass scale m- and one coupling g-

3 (g+em)*(9x€a)(gx€p)

*

e v
41)2 m

c's are order one / ¢&'s quantify couplings of Higgs and lepton doublets to UV states

Aap = Caf |

| Aas] a 10 TeV \* g« \4 /€ \2 [ €q€
oy 10718, + 2l (52" (40" (222

s M. A 1 10-3
expected typical need to suppress
size of collider lepton flavour violation
v dipole energy especially e-to-u

Neutrino dipoles close to current bounds correspond to multi-TeV new physics

If new physics below collider energy, then EFT approach breaks down



