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this talk:

@ summary of HL-LHC 4 FCC sensitivity to » mass models ®

— scenarios without v (see talks by S. King, T. Schwetz-Mangold, M. Mitra, & A. Titov!)

@ many numbers already available from previous ESU/Snowmass ©
— broad review on LNV@Colliders (Front.17) [1711.02180]
— review for (pseudo)Dirac and Majorana N (JHEP'18) [1812.08750]

— lots of newer works by the community

@ 20’ too little time for everything @
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https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/1812.08750

the big picture
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Problem: according to the SM, m, = 0. (too few ingredients but data obviously disagree!)
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Discovery of neutrino masses @ — several open questions:
@  have mass. What is generating m,?
@ 1 masses are tiny. What sets the scale of m,,?
e m, are nearly degenerate. What sets the pattern of m,?
e v carry no QCD/QED charge. v, U
+LFV@LHC/FCC — . phys@IPPP 4/37



guidance from theory
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m, # 0 = new physics must exist Ma('98) + others
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https://arxiv.org/abs/hep-ph/9805219

m, # 0 = new physics must exist Ma('98) + others

m, # 0+ left — handed (LH) weak currents

(renormalizability)
LH Majorana mass : %miﬁu}; Dirac mass : mPvpvg
(gauge invariance)
,L_/<A> . 7 dvnamics /D—/<c1)‘>
m, =Y Oor new dynamics m, =Yy SM
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m, # 0 = new physics must exist Ma('98) + others

m, # 0+ left — handed (LH) weak currents

(renormalizability)
LH Majorana mass : %miﬁu}; Dirac mass : mPvpvg
(gauge invariance)
,L_/<A> . 7 dvnamics /D—/<c1)‘>
m, =Y Oor new dynamics m, =Yy SM

m, # 0 4+ renormalizability + gauge inv. — new particles

New particles must couple to ®gy and L, often inducing
non-conservation of lepton number and/or lepton flavor
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https://arxiv.org/abs/hep-ph/9805219

Theory solution to m, # 0 can be realized in many ways!

Minkowski ('77); Yanagida ('79); Glashow & Levy ('80); Gell-Mann et al., ('80); Mohapatra & Senjanovi¢ ('82); + many others

or mass mechanism of v
from +LFV with new particles

collider strategy: infer

lBIack Box Theorem: <= v
R. Ruiz (IFJ PAN) +LFV@OLHC/FCC - -phys@IPPP 7 /37



Type |l Seesaw?
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Konetschny and Kummer ('77); Schechter and Valle ('80); Cheng and Li ('80); Lazarides, et al ('81); Mohapatra and
Senjanovic ('81)
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The Type Il Seesaw is special: generates m, without hypothesizing vr
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The Type Il Seesaw is special: generates m, without hypothesizing vr

Hypothesize a scalar SU(2), triplet with lepton number [ = —2

A A 2A T . A
A= % <\/§A" \CA‘ ) , with  Lase D fipa <(I>SMTA“I)SMT+H-C->
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The Type Il Seesaw is special: generates m, without hypothesizing vr
Hypothesize a scalar SU(2), triplet with lepton number [ — 2

A AT V2AT . A

A= % <\/§A" N ) , with  Lase D fipa <(I>SMTA“I)SMT+H-C->

The mass scale pupa breaks lepton number, and induces (A) # 0:
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The Type Il Seesaw is special: generates m, without hypothesizing vr

Hypothesize a scalar SU(2), triplet with lepton number [ — 2

<A' V2A

A= V2AD AT > , with  Lae 3 pa <<I>SMTA-<I>SMT+H.C.>

The mass scale pupa breaks lepton number, and induces (A) # 0:

A .“hAV2
<A> VA = \[mA

— left-handed |Vlajorana masses for v

. yfj fCA o y Tic 0 0 I/i
AL = —ﬁL AL = \/% <I/JC (JC> <VA 0) <(i>
) —%<\/§yZVA)I/7]/i
—_———
7m?
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Few free parameters = rich experimental predictions
Fileviez Perez, Han, Li, et al, [0805.3536], Crivellin, et al [1807.10224], Fuks, Nemeviek, RR [1912.08975] + others
e Example: A decay rates encode inverse (IH) vs normal (NH)
ordering of light neutrino masses

=+ )+ ij ~ di
LA — f’//i(’j ) ~ YA ~ (Upyngm™®
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LNV 4+LFV@LHC/FCC — . phys@IPPP 10 / 37


https://arxiv.org/abs/0805.3536
https://arxiv.org/abs/1807.10224
https://arxiv.org/abs/1912.08975

Type IGHL-LHC

AT AT AY €0 production B
driven b lings to W, Z W :}> <
riven auge couplings -

y gauge couplings to W, Z.y A o T

( = unambiguous xsec prediction!)
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Fuks, Nemevsek, RR [1912.08975]
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Type IGHL-LHC
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Type IGFCC-hh

AT AT AY Y production

driven by gauge couplings to W, Z, ~

) .
q//(\“/)\ﬁ AN ®)

LAt g 2,
e
SA- 9 N

K LA ,AH A+
(= unamblguous xsec predlctlon') }, W \t‘l:b
T T U T T T = N .
£ 10° . A W T
©10’ 100 TeV VLHC g
9., ]
S 10°E 1
104 .....................................
2

[

T

2?10 """""""" ";
.g E
g 1
g10°F -
4 5 E E
A = < 1
8 - s AN (N'LL) r 100 TeV 4
o 2 NAY (VBFNLO) A=A (NLO) 10 =
~ (1) &K (NLO) F A™AT (DY-NLO + yy-LO)  {
?0 1 23456 78 910 § w/ A¥A (DY-NLO) |
. 1l Lo b b b b b b v b b
X Triplet Scalar Mass, m, [TeV] 0123456728910
Fuks, Nemevsek, RR [1912.08975] mA [TeV]

R. Ruiz (IFJ PAN)

LV +4LFV@LHC/FCC - phys@IPPP

12 /37


https://arxiv.org/abs/1912.08975

What if A°°. A" are discovered?

R. Ruiz (IFJ PAN) LV +4LFV@LHC/FCC - / phys@IPPP 13 / 37



celebrate! ©®
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charged scalars /", H" are not unique
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Zee-Babu Model®
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Zee-Babu model generates m, radiatively without hypothesizing vg
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https://arxiv.org/abs/1402.4491

Zee-Babu model generates m, radiatively without hypothesizing vg

Hypothesize two scalar SU(2), singlets k, h with weak hypercharge
Y=-2,-1(= Qx=—2,Q = —1) with lepton number [ = 2
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Zee-Babu model generates m, radiatively without hypothesizing vg

Hypothesize two scalar SU(2), singlets k, h with weak hypercharge
Y=-2,-1(= Qx=—2,Q = —1) with lepton number [ = 2
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[1402.4491]

The mass scale /1 breaks lepton number, and induces m, # 0:

(Mﬂavor),j = 164y fia ma &y Lap(r) mp fip.

R. Ruiz (IFJ PAN)
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Few free parameters = rich experimental predictions

Nebot,et al [0711.0483]; Ohlsson, Schwetz, Zhang [0909.0455]; Herrero-Garcia, Nebot, Rius, et al [1402.4491]; + others

e E.g., k", h" couplings to leptons encode oscillation physics
NH & IH, sin®(623)<0.5

. IH h—ev
Normal ordering: 05

cos 6 . i
fci = tan 612 23 + tan 015 sin Oaze %0
fur cosf13
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& = tanfo 2 tan 613 sin fage
fur cos 013
=
. =
Inverse ordering: =
fer _ _sinbh 5
Sur tan 63

feu  cosbhs _;s
fl“' - tan 913

Jer
fen

= —tan 023.
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Zee-Babu@HL-LHC

k**. h™ couple directly to Z, v via

I' q Nz r’/,"’l//’\ 7" g B g
gauge couplings , S o Useg

( = unambiguous xsec prediction!) (a) . 3 . (b) i
o o A B a r:\:qu"» i, > v

= 10} é R \‘\ M‘v . ~..

= e g —Kk 14TeVLHC ] ©

> LO x KNWNLLy ny =m, 3 = T T T T T T T T

= 10§ = = QL ATLAS — combined - stat. only _|
= 3 s s =13 TeV, 139 f" - two-lepton - .- three-lepton3

= 2 I ’ - four-lepton - - 36.1fb" ]

5 E 3] o ]
S 3 3 _______________ -.-asym 1
B 10 E S N s —— =
=2 1 ] 4 E —— Doubly charged Higgs 3
<10 o ] E arge 3
¥ E| o E ==o(pp > HH) 13
NS s olpp - HiHg or k™)
1 é — ]
107 10’15*
S =

Q10 r

o 1 Kok (DY-NLO) 28 st 13 F

=1 s A 1072 I I I

S0 T 400 500 600 700 800 900 1000 1100 1200 1300
M o 1100,1200 13
? 200 400 600 800 1000 1200

M Zee-Babu scalar mass [GeV] HL-LHC: up to my ~ 1 TeV with

L=3ab !at/s=14 TeV

RR (JHEP'22) [2206.14833]
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https://arxiv.org/abs/2206.14833

Zee-Babu@FCC-hh

k**. h™ couple directly to Z, v via

gauge couplings

( = unambiguous xsec prediction!)

100 TeV VLHC
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S Zee-Babu - DY NLO QCD (this work)
BR(k - 11) = 100%
Type I Seesaw [ATLAS-CONF-2022-01
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+LFV@LHC/FCC — . phys@IPPP 20 / 37


https://arxiv.org/abs/2206.14833

What if k=, h'™ are discovered?
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Usual argument: Different gauge quantum numbers = different o
In principle, this is a good arguement
@ ... but difference (1x or 2x) can be absorbed by BR (via L1V coupling)
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silver lining
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Guidance from oscillation data

The ratios of /™ — (v couplings are fixed by oscillation data
@ v cannot be tagged at the LHC

@ LHC only sensitive to sum over v = inclusive w.r.t. »/!

From flavor-exclusive decay rates:
‘2

2
L(ht — ) = —'%’r mp, <1 — %)
h

define flavor-inclusive decay rates:
T

[(ht — efvy) = Z [(ht — etiy)
l=e

L(h* — pFvyx) = Z L(h* — pFvy)
l=e

T IFVOLHC/FCC = sompeGiFF e 34737



Guidance from oscillation data

The ratios of /™ — (v couplings are fixed by oscillation data
@ v cannot be tagged at the LHC

@ LHC only sensitive to sum over v = inclusive w.r.t. »/!

From flavor-exclusive decay rates: BR(h* — e*vx)

Rh =—"—— "~ 27
2 2 ep BR(h:t — u*
P(r — ) = 5 my (1 72) W=t
’ B 1 b +\ﬁ:|
[FenlP 1 Fur P~ R 2

define flavor-inclusive decay rates:
T

[(ht — efvy) = Z [(ht — etiy)

(equivalent to measuring cross section ratiol)

l=e
T Using NuFit(v5.1)
F(hi - MiVX) = Z F(hi - Mil/‘e) Rg ~ 0313 (+smallish unc.)
l=e NO
RZ/[ ~ 0715 (+smallish unc.)

OO BB s



Type 11l Seesaw*
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Type 111 Seesaw postulates SU(2), letponic triplet (7, AV, 7)

lots of rich physics Baje, Senjanovic [hep-ph/0612029]; PF Perez [hep-ph/0702287]; Abada, et al [0707.4058, 0803.0481]; -+

@ heavy electron and heavy neutrino carry weak isospin charges
@ — couples to W/Z/~ via gauge charges
e typical decay modes 7, N — (/v + V

W 10
o U P~ NPNLO 4 o 10° oo T3
g —pp- :)T NOrEar 77 E
——pp- TT NLO & 7 s ]
a :I.O2 pp = 10? 50/ / é
S e
o 1 e E ///20 3
ot 1310 1;*/ / Type Ill Seesaw E
102 1 107 TOT*+ T'T at 100 TeV
<] £ \E 371 P S NS (U ER S i
) 5 10, 15 00 "2 74 6 8 10
my, m, [TeV] m; [TeV]

w/ Cai, Han, Li [1711.02180]
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Weinberg Operator®

IFT myk # 0

2
Weinberg d = 5 e C

s\r\/cmbcrg ('79); w/ Fuks, et al PRD('21)[2012.09882]

T


https://inspirehep.net/literature/144673
https://arxiv.org/abs/2012.09882

Weinberg operator at the LHC

In many ways WEW* — /" /" is the high-energy realization of 01/

First constraints of Weinberg operator ever for /1// [2206.08956; 2305140311 and
€/l [2403.15016] (new!), and outside nuclear environment for ee [2103.15016] (new!)

AN/|Cor| 225 —5.6 TeV <= |myp| S 11— 24 GeV for ee, e, i
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The helicity amplitude for the Ov /5[
process qq’ — (1 (5 ff is

,\/IU\/\/:J/{[%JV AWA TZ/\;V (Pu)
;v—/

lepton current

Difficult to simulate since Weinberg op. modifies propagator of 1

modern Monte Carlo tools work in mass basis and do not like the idea of modifying (07,7, |0)

vi(p)  vi(— ) ﬂ CM 2 . ,
- 7 . nggl
p? A pg - P2
p—>—

Solution: Treat vertex as a particle! Invent unphysical Majorana fermion
W|th (Sma”) mass m(( that Coup|es to a” |epton ﬂaVOrS recovers right behavior!

)|

')
1/’

p?

2 m?,

7 D(py) x v Py 'Mm”')’YBPR O‘Ple“ PP x [1+0<
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Plotted: Normalized production rate (C; = 1) vs scale (A)

w/ Fuks, Saimpert, et al (PRD'21) [2012.09882]

& T 3
we pp — I*1%jj + X (NLOQCD) 1
T 10p E
: o L N
Full 2 — 4 calculation at NLO(+PS) g E
in QCD is more involved 10 -
Used mgbamc + SMWeinberg UFO libraries 10_2; 100 TeV é
. . 10 -
Driven by WS’WSr scattering B E
A |G| 10 Wilson Coefficient C! = 1 E
U(WSWS—) )NISWAQ L R s ‘ E

o 105z
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<095

b1 10 10 10°
¥ Effective Field Theory Scale, A [TeV]
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https://arxiv.org/abs/2012.09882
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what is on the horizon?

SN
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Over past few years, the LHC has been established as an intense
(laboratory) source of TeV-scale neutrinos (/) (aremarkable expt. achievement!)

Candidate LHC neutrino event from FASER's pilot run

New programs (sascr, snoeric) now collecting v-nucleus scattering data

2=
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v fluxes from LHC (a) are large and (b) span 1 — 4 TeV in energy
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https://arxiv.org/abs/2407.09611

v fluxes from LHC (a) are large and (b) span 1 — 4 TeV in energy

Kling & Nevay (PRD'21)

v fluxes can be normalized to be likelihood functions f,(x) ... ®

see, e.g., van Groenendijk, Krack, Rojo, et al [2407.09611]

neutrino energy for LHC14, E, [GeV]
10" 10? 10°

Vs Uy neutrino

10°¢ antineutrino 1§

—~ 103k

8 10%F

0 FASERv2 3

(Nusw ~ 824,041)

1073 102 107!

momentum fraction, x .
[in progress]
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. and used to calculate arbitrary high-pt processes

A2+k
dO'(I/.A — ()0 = Z Ay ® fyf® fie ® do'l/d(’—)X,, + O QIQ\I—&P-)I(
—— ————
,f’k’X” shower/RGE PDF hard scattering
inclusive HT
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. and used to calculate arbitrary high-pr processes

AQ;}—)k
dO'( A — X) = Z Ay & fyf® fo ® do K—X, T O QIZ\TH(
~—— SN——
£k, Xn shower/RGE PDF hard scattering
inclusive HT
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... including BSM processes in mg5amc

600

500
=) FASERv
S 400 PRELIMINARY
z (normalization is incorrect!)
=
~
=300
=
=
T 200 Vet e
<
2
5 100

Vr + U7
0
1077107 107 100 100 10! 10

heavy neutrino mass, my [GeV]
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so much not covered

@@ ®)
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thank you for your time!

R. Ruiz (IFJ PAN) LV +4LFV@LHC/FCC - / phys@IPPP 37 /37



backup

L/ +LFV@LHC/FCC —  phys@IPPP



R. Ruiz (IFJ PAN)

The Black Box Theorem
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In '82, Schechter & Valle published (PRD’82) a seminal finding:

~

13
a
~

. . . 3 —_—— —_——T
@ Suppose 037 is mediated within w :YW‘
m ’ ’ " > e - e
a 'natural’ gauge theory” . process " e L
i er
L ¢ P
— " L ?W
o “ d : “w
@ u,dand ¢ all carry weak charges (@ ®)
d " d w

|
|

b r
Laed L
1
¥ r
J 1
& ad 3
(c) )

FIG. 1. Diagrams for neutrinoless double-8 decay in
an SU(2) X U(1) gauge theory. The standard diagram is
Fig. 1(a). It is the only one which contains a virtual
neutrino (of four-momentum p). d and u are the down
and up quarks.
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https://inspirehep.net/literature/171180

'82, Schechter & Valle published (PRD'82) a seminal finding:

Suppose 07 is mediated within Zy wt

“a 'natural’ gauge theory” . process Tomemees "“‘""{

. 1€ !
w |

BLACK BOX
always possible to build a many-loop,
2-point graph with external v, /;

u, d and all carry weak charges :&
—

- 1

d |

Ov [ generates a for v = i

1

A S |

W‘F
holds generally for other %

process FIG. 2. Diagram showing how any neutrinoless

for further discussions, see . yr
double-B decay process induces a ¥,-to-v, transition,

Hirsch, et al [hep-ph/0608207] and Pascoli, et al [1712.07611] that is, an effective Majorana mass term.
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Plotted: Normalized production rate (o/|V|? (9) vs mpy
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yW*E and WE W™ scattering drive high-mass scattering rates!

Dicus, et al (PRD'91); Datta, Guchait, Pilaftsis (PRD'94); w/ Fuks, Neundorf,-Peters, Saimpert (PRD21) [2011:02547]
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Tracking Down the Origin of Neutrino
Mass
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Search for W= W*E — /" quickly adopted by
ATLAS and CMS experiments!
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