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Neutrinos: masses vs dipoles
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LD 5 VaMap Vg + h.c. MaB = MBo
Mass operator: relevant (dim = 3), AL =2, breaks SU(2)¢

ma real preserves U(1)r : one Dirac fermion

m=ma(eoy)

ma complex breaks U(1)e : two Majorana fermions ma ~ 3F
1 L
LD §Va0' )\aﬁ V3 F,u,/—|—h.c. )\aﬂ — _)‘Ba . 1

Dipole operator: irrelevant (dim=5), AL =2, preserves SU(2)r

= small mass and large dipole is technically natural !



v dipole from SM EFT operators
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v dipole from SM EFT operators

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




Some current bounds on v dipole
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* Solar neutrino elastic scattering on nuclei (photon exchange) H 2me

Ao (S0P ST )2 < 0.6- 107 g (90% C.L.)
- .

J

Giunti Studenikin 1403.6344 XENON 2207.11330, LZ 2207.03764

- indirect (neutrinos not observed)

* Stellar energy loss (red giant branch of globular clusters) _ effective combination of flavours
Ay S 0.1 10_11,uB (95% C.L.) - insensitive to lepton number

Capozzi Raffelt 2007.03694 - large systematic uncertainties ?



Some current bounds on v dipole

* Solar neutrino elastic scattering on nuclei (photon exchange)

Ao (S0P ST )2 < 0.6- 107 g (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"Hup [g] (90% C.L.)

KamLAND 2108.08527
Akhmedov Martinez-Miravé 2207.04516

e
2M,

pp =

- indirect (neutrinos not observed)
- effective combination of flavours

- insensitive to lepton number

- large systematic uncertainties ?

- sensitive to
lepton number violation

- large uncertainty on
value of solar magnetic field



v dipole @ future hadron colliders
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v dipole @ future hadron colliders

2 leptons 10 P
same-sign PP = €y Jels
different-flavour 2 0100
+ § ' FCC-hh
2 jets % 100 TeV
2 0.001
g 13.6 TeV
T 0 HL-LHC
W
after 107 e S — S—
q ;J,«‘l acceptance 10-1 10-10 10-° 108 10-7 1076
cuts |’)lc|u| / M
Recasting an LHC analysis for the same final state.
After selection cuts: signal efficiency ~ 0.5 and ATLAS 2403.15016
background (mostly from V V | j) ~ 10 fb [reducible]
—1 _ _
HL — LHC {3 ab '} Aepl/mp <2.2-10°7 [3.8-107%] @ 20
—1 _ _
FCC —hh {30 ab™ "} Nepl/pp <3.8-1078[2.0-1077] @ 20

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



v dipole @ future muon collider (1)

[llustrative for ~ 100 diagrams

2 leptons (same-sign different-flavour)
+ 2 fat jets (W into hadrons)

Clean, unambiguous signal of
lepton number and flavour violation
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100 prtpT = et Wy Wy

cross section in tb

0.1
10-4
1013 1012 1011 10-10 10 10+
Aeul / 8
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 V'S . _q
lepton number and flavour violation L =10 10 Tov ab



v dipole @ future

[llustrative for ~ 100 diagrams

2 leptons (same-sign different-flavour)
+ 2 fat jets (W into hadrons)

Clean, unambiguous signal of
lepton number and flavour violation

cross section in tb

muon collider (I)

+ - I | e
100 o = em o Wy Wy

0.1

1074

- 7

10712 101 10710 1077 1078

10—|3

|’)‘clu| / 1B

Including acceptance cuts
& reconstruction efficiency

Achievable integrated luminosity
for 5-years data taking :

VAN
5_10(10%\/ ab

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



v dipole @ future muon collider (Il
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kinematic variables

Signal events

W e | | | |y

0 1000 2000 3000 4000 5000 6000 7000 8OO0 9000 10000

have higher pr & p, (GeV)

are more central -
- W) r w, (1)
With tailored cuts, L
background [ gl :
107 - -ﬁ';‘ T s 107
down to ~ 0.1 ab transverse g RS AT 8) rapidity |
momentum | | diStribution IL‘"_"" S e

s b b b Lo b Lo by wna 1
] 1000 2000 3000 4000 5000 6000 7000 BO0O 9000 10000

distribution p, (GeV)



v dipole @ future muon collider (ll)

Improving - e

discrimination by
kinematic variables

Signal events

-

W e | | |

1000 2000 3000 4000 5000 6000 7000 8OO0 9000 10000

have higher pr & P, (GeV)
are more central -
- W1 r W, (1)
With tailored cuts, Y
background [ gl :
107 ﬂ-u-""""“";,,q-,._,gqn _ w07

down to ~ 0.1 ab transverse : e ofip 7 rapidity

momentum Lessonstionposdisiontistoodubed dISrIDULION  otjoosppponngnatelly

distribution p, (GeV)
NG 3 TeV 10 TeV 20 TeV 30 TeV 50 TeV

)\f’: ~
[Aey 5.4 [4.8] - 1072 1.5[1.1] - 107 19[1.2] - 107" 6.6 [3.9]-107** 1.5[0.8]-107'? || @ 20

[20:; 4 A

/

further background rejection,
improved lepton identification

~ current laboratory bound




V mass @ future muon collider

1
LD §Vama5V5

0v20 — decay : mee S 0.1 eV

LHC (FCC —hh) : m¢y, uu S 10 (1) GeV

ATLAS 2305.14931
Fuks Neundorf Peters Ruiz Saimpert 2012.09882
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For m_ same analysis as for the dipole A_,

For m  similar selection, but ~ 5 times larger background (W W p* )



vV mass @ future muon collider

1
LD iyamaﬁyﬁ

0v28 — decay : mee < 0.1 eV

"

LHC (FCC —hh) : mey up S 10 (1) GeV

ATLAS 2305.14931
Fuks Neundorf Peters Ruiz Saimpert 2012.09882

For m_, same analysis as for the dipole A_,

For mwsimilar selection, but ~ 5 times larger background (W W p* i)

Vs 3 TeV 10 TeV 20 TeV 30 TeV 50 TeV

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

Q 20

M| | 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 ...



A dipole for sterile neutrinos

Effective Field Theory for SM + 2 sterile neutrinos N,

Ly = iN;'6"8,6:N;
1 ~
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A dipole for sterile neutrinos

Effective Field Theory for SM + 2 sterile neutrinos N,

Ly = iN;'6"8,6:N;
1 ~
N = ( N1 ) — <§NZMZJNJ — HTfaYaiNi + hc)
Ny
1
_|_ _

5 (d Nz‘O"uVEiij B/M/ “F hC) + ...

How large can this dipole be ? g g2 1 (g* )2 (Te\/)

d ~ ~
1672 m, 3TeV \4dr

(g




A dipole for sterile neutrinos

Effective Field Theory for SM + 2 sterile neutrinos N,

Ly = iN;'6"8,6:N;
1 -
N = ( %1 ) — <§NZMZJN] — HTgaYaiNi -+ hC)
2
1
+ 5 (dNiO"uVEiij BW/—Fh.C.) + ...
How large can this dipole be ? o q 93 N 1 (g* )2 TeV
- 16m2 m, 3TeV \4r My
U(1). conserving limits a) L(N,,) = 0 : zero Yukawas, no active-sterile mixing, M, arbitrary
Barducci Bertuzzo Taoso Toni 2022
b) L(N)=-L(N,)=1:
O[O0 m
v m
M, = 010 M Mo = Yoo —— Soq Y —n M; ~ M
m| M 0 V2 M




Bounds on active-sterile mixing

In the U(1). limit m, = 0, still mixing is constrained by a variety of lepton precision measurements

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

s; <1070, s <1070, 82 <3-107°

o S 1070 [1077]

if s.~s,, then s "

Coy Frigerio 2019,2022



Bounds on active-sterile mixing

In the U(1). limit m, = 0, still mixing is constrained by a variety of lepton precision measurements

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

st S1077, 2 <1078, $2<3.1073

S
e 2 -5 [10-7
if s.~s,, then s, <1077 [107']

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

for 2 GeV < Mp < 80 GeV, f,u <107°, s2 <10
for 0.5 GeV < Mp <2 GeV, s2 S 107 T2 <10 h
for 0.2 GeV S Mp <05 GeV, sg, S1077, 52 <10°

Snowmass Review 2203.08039



Bounds on active-sterile mixing

In the U(1). limit m, = 0, still mixing is constrained by a variety of lepton precision measurements

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

s2 <1077, =<107?, s2<3-107°

Sp

if se~s,, then 921!1 <1075 [1077]

* Direct searches for sterile neutrinos :

for 2 GeV < Mp < 80 GeV, f]“ <10~ 3: s2 <1075,
for 0.5GeV < Mp<2GeV, s2,<1077, 5251070,
for 0.2 GeV S Mp S0.5GeV, s?, <1077, s7 <1077,

Snowmass Review 2203.08039

Departing from the U(1). limit , assuming oscillation data are reproduced by N., seesaw :

e . o (o , . 52 A2 ~2
normal ordering (mi < mp <ms): 5701, 02555, <085, si~1-—5,
- - : : 22 22 22 ~2
inverted ordering (ms3 < mi1 <ma): 0.05 <382 S U.Qo, 8§, =8 =0.5(1-35;),
82 Blennow Fernandez-Martinez Hernandez-Garcia Lopéz-Pavon Marcano Naredo-Tuero et al. 2306.01040
§3 — =



Sterile production & decay

Beam-dump experiments (SHiP, NA62, CHARM, ...):
mesons from protons on target

Photons with E > 1 GeV can be seen
in the detector calorimeter

Barducci Bertuzzo Taoso Toni Ternes 2024

sterile decay

sterile production

in the detector

in the target




with EBertuzzo
Sterile production & decay

Beam-dump experiments (SHiP, NA62, CHARM, ...):
mesons from protons on target

Photons with E > 1 GeV can be seen
in the detector calorimeter

N5 at SHiP - mixing with t flavor (6 = 0)
Barducci Bertuzzo Taoso Toni Ternes 2024

107
N2 1074+
v d (927- T e s R O P - - - - - - - - -
V+ I
d . 10-5§
N1 > i
g ___________________________
_ © 10¢}
roril it sterile decay -
sterile production 30 :
_ g in the detector : jz ; A _
in the target 107, "= “ Nopopi= 6 - 1020 |
Fl - My =03Gev ' 1
g Epot +=400GeV |
- . . . . 10-8_ P Lfm:rml — 85m |
Production both from dipole & active-sterile mixing B e T
10” 1078 10 10° 1072 1072

Photon signal from cecays via dipole only 16



Future experimental sensitivity (I)

Dipole only : no active-sterile mixing

1073 : : , , :
é\@:\\ (10 TeV) ™4 No — N
e : 2 1 2 0 contours

: assuming
+——— N; decays before the detector no background

1078} ]
- |sql =0 - *

M, [GeV] §\®

N, decays after the detector R



Future experimental sensitivity (I)

Dipole only : no active-sterile mixing

(10 TeV) ! Ny - N
| 2 17y 2 o contours
: assuming
« 31— N.decays before the detector no background
SHIP

Thresholds due to meson masses

|sal =0

e . —
M, [GeV]

N, decays after the detector

Dipole + mixing with Tt flavour
Ny — V7Y
Noy — Nl’)/
N1 — vy Production dominated by mixing




Future experimental sensitivity (Il)

N.-N: mass splitting : U(1). breaking

No — v,y
N2 — Nl")/
N1 = vy



Future experimental sensitivity (Il)

6=0 N:-N: mass degeneracy : U(1). limit
Np — vz
5 — My — M,
- My + M,

Minor differences in

sensitivity regions

N>-N: mass splitting : U(1). breaking

R

; s =107
Ny =Ny o e
N1 — vy 107 1

M, [GeV]



Future experimental sensitivity (Il

6=0 Mixing with Tt flavour
1072 ' ' 3
10_4; ND _> V’Tfy
_ 1073
Em 6
° 107"t
1078 §
{
1 X
107 ; ' QN
&
M, [GeV] N\



with E.Bertuzzo

Future experimental sensitivity (Il

Mixing with T flavour

Np — v,y

104

M; [GeV]

N production suppressed,
as allowed mixing is smaller for

N production channels involving p
remain open at higher masses

i

Meson thresholds move to larger M.
(with reduced sensitivity to dipole)

p flavour

Mixing with p flavour 0

1D—9;

Np — VY 107



... waliting for some v light

LE RAYON VERT
Jules Verne, 1882
Eric Rohmer, 1986
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