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thank you for the invitation!
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motivation
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Problem: according to the SM, mν = 0. (Not enough ingredients!)

Discovery of neutrino masses =⇒ opens several questions:
ν have mass. What is generating mν?
ν masses are tiny. What sets the scale of mν?
mν are nearly degenerate. What sets the pattern of mν?
ν carry no QCD/QED charge. Are ν, ν the same (Majorana)?
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the SM provides some theoretical guidance!
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mν ̸= 0 =⇒ new physics must exist Ma(’98) + others

mν 6= 0 + left− handed (LH) weak currents

LH Majorana mass : 1
2m

L
ν νLν

c
L Dirac mass : mD

ν νLνR

m
L
ν = y〈∆〉 or new dynamics m

D
ν = y〈ΦSM〉

(renormalizability)

(gauge invariance)

mν ̸= 0 + renormalizability + gauge inv. =⇒ new particles

New particles must couple to ΦSM and L, often inducing
non-conservation of lepton number and/or lepton flavor
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Solution (and problem): this can be realized in many ways!
Minkowski (’77); Yanagida (’79); Glashow & Levy (’80); Gell-Mann et al., (’80); Mohapatra & Senjanović (’82); + many others

mνk
6= 0

νR

∆I

Majorana
Dirac

Low scale Type I

High scale Type I

Singlet (Scoto.)

LRSM

U(1)B−L

TypeII

Higgs Doublet Ext.
DM

SO(10)

PS

SU(5)
24F

Colored S
±1/3
LQ

ΣI
SMEFT

Weinberg d = 5

LFV d = 6

d ≥ 7

νSMEFT TypeIII

RPV SUSY

Z@1 loop
rruiz(‘22)

ZB@n loop

SU(5)

New particles must couple to ΦSM and L, often inducing lepton number
violation (LNV) and lepton flavor violation (LFV) in experiments

R. Ruiz - IFJ PAN LNV and LFV with VBS – MTTD23 7 / 33



right-handed neutrinos at the LHC1

1For reviews at colliders, see Cai, Han, Li, RR [1711.02180] and Pascoli, RR, Weiland [1812.08750]
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adding νR to the SM
To generate Dirac masses for ν like other SM fermions, we need νR

Lν Yuk. = −yνLΦ̃νR + H.c . = −yν
(
νL ℓL

)(⟨Φ⟩+ h
0

)
νR + H.c .

= −yν⟨Φ⟩︸ ︷︷ ︸
=mD

νLνR + H.c .+ ...

νR do not exist in the SM, so pretend that they do and νR = νc
R :

=⇒ Lmass =
−1
2

(
νL νc

R
)︸ ︷︷ ︸

chiral state

(
0 mD

mD µ ̸L

)
︸ ︷︷ ︸

mass matrix (chiral basis)

(
νL
νc

R

)
(sizes of mD & µ̸L have major impact on pheno; see Pascoli, et al [1712.07611])

After diagonalizing the mass matrix, identify νL (chiral eigenstate) in
the SM as a linear combination of mass eigenstates:

|νL⟩︸︷︷︸
chiral state

= cos θ |ν⟩︸︷︷︸
light mass state

+ sin θ |N⟩︸︷︷︸
heavy mass state (this is a prediction!)
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For the experts (1 slide)
Generically paramerize active-sterile neutrino mixing via Atre, et al [0901.3589]

νℓL︸︷︷︸
flavor basis

≈
3∑

m=1
Uℓmνm + Vℓm′=4Nm′=4︸ ︷︷ ︸

mass basis

(neglect heavier Nm′)

The SM W coupling to leptons in the flavor basis is

LInt. = −gW√
2 W−

µ

∑τ
ℓ=e [ℓγµPLνℓ] + H.c., where PL = 1

2(1− γ5)

=⇒ W coupling to N in the mass basis is

LInt. = −gW√
2 W−

µ

∑τ
ℓ=e

[
ℓγµPL

(∑3
m=1 Uℓmνm + VℓNN

)]
+ H.c.

=⇒ N is accessible through W /Z/h bosons
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http://arxiv.org/abs/1812.08750


how heavy can we go at the LHC?
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N from W±W± scattering

ℓ
+

i

ℓ
+

j

W+

W+

u

u

d

d

u

d

d

u

P

{

P

{

N
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0νββ@LHC

VBS probes spin & charge configurations inaccessible with quarks/gluons
=⇒ VBS is uniquely sensitive to Standard Model and new physics!

See review by Buarque (ed.), Gallinaro (ed.), RR (ed.), et al, Rev. Physics (’22) [2106.01393]

W±W± → ℓ±i ℓ
±
j is the high-energy realization of nuclear 0νββ decay

Dicus, et al (PRD’91)

ℓ
+

i

ℓ
+

j

W+

W+

u

u

d

d

u

d

d

u

P

{

P

{

N

Lost in the literature but revived:
– Majorana N (SMEFT@dim-7) at LHC

w/ Fuks, Neundorf, Peters, Saimpert [2011.02547]

– Weinberg operator (SMEFT@dim-5) at
LHC/100 TeV w/ Fuks, Neundorf, et al [2012.09882]

– Majorana N + W PDFs at 100 TeV
Schubert & Ruchayskiy [2210.11294]
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so we ran the numbers!
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Plotted: Normalized production rate (σ/|V |2 (4)) vs mN
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anatomy of the 0νββ process
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helicity preservation in W−W + → ℓ−i ℓ
+
j

ℓ
−
i

ℓ
+

j

W−

W+

d

u

u

d

u

u

d

u

P

{

P

{

N

The helicity amplitude for the LNC
process q1q2 → ℓ−1 ℓ

+
2 q′

1q′
2 is

MLNC = Jµ
q1q′1

Jν
q2q′2

∆W
µρ∆

W
νσT ρσ

LNCD(pN)

T ρσ
LNC = uL(p1)γ

ρPL × ( ̸pN︸︷︷︸
LH helicity state

+ mN︸︷︷︸
PLmNPR=0

)× γσPLvR(p2)

=⇒ MLNC ∼ pN
(p2

N−m2
N)

scales with momentum transfer!
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helicity inversion in W +W + → ℓ+i ℓ
+
j

ℓ
+

i

ℓ
+

j
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W+
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d
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The helicity amplitude for the LNV
process q1q2 → ℓ+1 ℓ

+
2 q′

1q′
2 is

MLNV = Jµ
q1q′1

Jν
q2q′2

∆W
µρ∆

W
νσT ρσ

LNVD(pN)

Intuition: CPT Theorem =⇒ CT -inversion = P-inversion

T ρσ
LNV = uR(p1)γ

ρ PR︸︷︷︸
CPT : PL→PR

×( ̸pN︸︷︷︸
PR p̸N PR=0

+ mN︸︷︷︸
RH helicity state

)×γσPLvR(p2)

=⇒ MLNV ∼ mN
(p2

N−m2
N)

scales with mass!
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The remainder of MLNV depends on:
– WW scattering system
– N’s pole structure

Explicit computation shows amplitude is driven by W±
0 W±

0 scattering

MLNV ∼ εW1
µ (λ1)ε

W2
µ (λ2) ∼

M2
WW

M2
W

“Low-mass” limit (MWW ≫ mN):
mN

(p2
N−m2

N)
∼ mN

(M2
WW −m2

N)
∼ mN

M2
WW

+O
(

m2
N

M2
WW

,
M2

W
M2

WW
,
)

(amplitude grows with mass!)

“High-mass” limit (MWW ≪ mN):
mN

(p2
N−m2

N)
∼ mN

(M2
WW −m2

N)
∼ −mN

m2
N

+O
(

M2
WW

m2
N

)
(slower decoupling since d = 7, not d = 8)
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Plotted: Normalized production rate (σ/|V |2 (4)) vs mass (mN)
w/ Fuks, Neundorf, Peters, Saimpert [2011.02547]

Full 2→ 4 calculation at NLO
(+PS) in QCD is more involved

Used mg5amc + HeavyN UFO libraries

“Low-mass” limit (MWW ≫ mN):
σ̂(W+W+ → ℓ+ℓ+)

∼ g4
W |VℓN |4

m2
N

m4
W

“High-mass” limit (MWW ≪ mN):
σ̂(W+W+ → ℓ+ℓ+)

∼ g4
W

|VℓN |4
m2

N

M4
WW

m4
W

Take away: W±W± → ℓ±ℓ± has
largest rate from mN ≳ 1− 3 TeV!
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Plotted: LHC 13 sensitivity to active-sterile neutrino mixing (coupling) vs
heavy neutrino mass (mN)
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JHEP 08 (2016) 033     
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Indirect upper limit on |V

W±W± → ℓ±i ℓ
±
j allows direct probe mN ∼ 1− 10 TeV at |V |2 ≲ 0.1
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Search for W±W± → ℓ±ℓ′± quickly adopted by
LHC groups!
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ATLAS t-channel 
this work 

= 140 fb 1

ATLAS s-channel
JHEP 10 (2019) 265

= 35.9 fb 1

ATLAS s-channel
JHEP 07 (2015) 162

s = 8 TeV
= 20.3 fb 1

ATLAS displaced
arXiv:2204.11988

= 139 fb 1

CMS t-channel
arXiv:2206.08956

= 139 fb 1

CMS s-channel
JHEP 01 (2019) 122

= 35.9 fb 1

CMS displaced
JHEP 07 (2021) 081

= 139 fb 1

ATLAS (’23) [2305.14931]

← CMS (’22) [2206.08956]
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something interesting

R. Ruiz - IFJ PAN LNV and LFV with VBS – MTTD23 24 / 33



W +W + → ℓ+ℓ+ at high energies
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P
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W±
0 W±

0 scattering dominates when
mν ≪ MW ≪ MWW ≪ mN :
M∼ g2

W

(
V 2
ℓN

2mNM2
W

)
M3

WW

Now, J = 0 partial wave is given by:
aJ=0 = 1

32π
∫ 1
−1 d cos θW M

Req. that |aJ=0| < 1, means:
E 3

U =
16πM2

W /g2
W

|
∑

k VℓNk mNk VℓNk |

EU is the W±
0 W±

0 scattering scale (MWW ) above which pert. unitarity is
violated , Maltoni, Niczyporuk, Willenbrock [PRL’01]; Fuks, Neundorf, Peters, RR, Saimpert [2011.02547]

Interesting that EU is finite. Using GERDA(’20) limits: EU = 72-87 TeV
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W±W± scattering at dimension five

ℓ
′
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νc
ℓ′

νℓ

R. Ruiz - IFJ PAN LNV and LFV with VBS – MTTD23 26 / 33



ℓ
′
+

ℓ+

W+

W+

u

u

d

d

u

d

d

u

P

{

P

{

νc
ℓ′

νℓ

Weinberg operator is the only SMEFT
operator at d = 5:

L =
Cℓℓ′

5
Λ [Φ · Lc

ℓ ][Lℓ′ · Φ]

contributes to ν masses after EWSB:
mℓℓ′ = C ℓℓ′

5 ⟨Φ⟩2/2Λ

Nuclear 0νββ only sensitive to ℓℓ′ = ee!

Difficult to simulate since Weinberg op. modifies propagator of νℓ
modern Monte Carlo tools work in mass basis and do not like the idea of ⟨0|νℓ′νℓ|0⟩

νℓ(p)
=

i 6p
p2

−iCℓℓ′
5 v2

Λ
i 6p
p2
=

imℓℓ′

p2

νcℓ′(−p)

p

Solution (highly nontrivial): Invent an unphysical Majorana fermion
with (small) mass mℓℓ that couples to all lepton flavors recovers right behavior!

γαPL
i(p̸+mℓℓ′ )

p2−m2
ℓℓ′

γβPR = γαPL
imℓℓ′

p2 PLγ
β ×

[
1 +O

(∣∣∣∣m2
ℓℓ′

p2

∣∣∣∣)] ,
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Plotted: Normalized production rate (C5 = 1) vs scale (Λ)
w/ Fuks, Neundorf, Peters, Saimpert [2012.09882]

Full 2→ 4 calculation at NLO(+PS)
in QCD Used mg5amc + NEW SMWeinberg UFO libraries

Driven by W+
0 W+

0 scattering
σ̂(W+W+ → ℓ+ℓ+) ∼ |Cℓℓ

5 |2
18πΛ2

Take away: sensitivity with a simple
cuts at L = 300 (3000) fb−1:

Λ/|Cµµ
5 | ≲ 8.3 (13) TeV

=⇒ |mµµ| ≳ 7.3 (5.4) GeV

LHC 95% CL upper limits:
CMS: |mµµ| < 10.8 GeV [2206.08956]

ATLAS: |mµµ| < 16.7 GeV [2305.14931]
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brief outlook for future colliders
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W +W + → ℓ+i ℓ
+
j @ 100 TeV

Plotted: sensitivity to active-sterile mixing vs mN Schubert & Ruchayskiy [2210.11294]
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caveat: study employs effective W approximation (W PDF of proton)
unsure assumptions for EWA are met see, Ruiz, Costantini, Maltoni, Mattelaer [2111.02442]
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µ+µ−collider

Plotted: sensitivity to active-sterile mixing vs mN Mekala, Reuter, Zarnecki [2301.02602]
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note: great outlook for high-mass sensitivity in s-channel
conjecture: W+W− → ℓ+i ℓ

−
j can do better se, Costantini, Ruiz, et al [2005.10289]
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summary and conclusions

VBS/VBF probes neutrino mass models
configurations inaccessible to q/g
ν@colliders review [1711.02180]

VBS/VBF review [2106.01393]

ATLAS and CMS are using VBS to
search for LNV and LFV
– same-sign e/µ in the pipeline (’23/’24)
– same-sign τ on the agenda (’24/’25)
– wanted: add’l interpretations of results

Future colliders =⇒ interesting results
– worth further investigations!
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JHEP 10 (2019) 265
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ATLAS s-channel
JHEP 07 (2015) 162

s = 8 TeV
= 20.3 fb 1

ATLAS displaced
arXiv:2204.11988

= 139 fb 1

CMS t-channel
arXiv:2206.08956
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CMS s-channel
JHEP 01 (2019) 122

= 35.9 fb 1

CMS displaced
JHEP 07 (2021) 081
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Thank you!
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Backup
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VBF vs s-channel
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Evidence for trend that VBF/S rates will always exceed s-ch. rates

Is this obvious? (not to me at first!) Is there intuition for this? (yes!)

w/ A. Costantini, et al [2005.10289]

Idea: crudely compare the production of X by writing generically

σs−ch. ∼ (s−M2
X )

(s−M2
V )2 ∼

(s−M2
X )

s2 ← assumes s ≫ M2
V

dσVBF

dz1dz2
∼ fV (z1)fV ′(z2)︸ ︷︷ ︸

“µPDFs"

(M2
VV ′ −M2

X )

(M2
VV ′ −M2

V )2︸ ︷︷ ︸
M2

VV ′=z1z2s≫M2
V

∼ fV (z1)fV ′(z2)
(z1z2s−M2

X ) σs−ch.

(z1z2)2 (s−M2
X )

PDFs are largest when z = EV /Eµ ≪ 1 but EV ∼
√

s ≫ MV

=⇒ fV (zi) ∼
g2

W
4π

1
zi

log
(

s
M2

V

)
← crude approximation

Observation: σVBF = σs−ch. ×
∫

dz1dz2 . . . is solvable for MVV ′ ≫ MX !
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Universal behavior: when production of X by VBF and annihilation are
driven by same physics, VBF dominates when

√
s satisfies

Scaling estimate not so bad if MX ≫ MV . Difference is about O(10%)

Evidence that PDF prescription works quantitatively
R. Ruiz - IFJ PAN LNV and LFV with VBS – MTTD23 4 / 13



Kinematics at NLO+PS

after baseline cuts / pre-selection
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The collider signature exhibits both LNV and VBS/F characteristics

pp → µ±µ±jj + X

same-sign, high-pT charged leptons without MET and back-to-back
forward, high-pT with rapidity gap
See backup slides for kinematic distributions at NLO+PS

Built simplified analysis for expedience:
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Top: pµ1
T , pµ2

T , Btm: ∆φ(µ1, µ2), MET
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Top: pj1
T , pj2

T , Btm: ηj1 , ∆η(j1, j2)
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Top: HT =
∑
|pj

T |, XT = HT +
∑
|pµ

T |, Btm: HT/pµ1
T , XT/pµ1

T
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Tools
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HeavyN: feynrules.irmp.ucl.ac.be/wiki/HeavyN
HeavyN_vSMEFTdim6, TypeIISeesaw, EffLRSM, WZPrime, SMWeinberg, ZeeBabu

also available feynrules.irmp.ucl.ac.be/wiki/NLOModels!
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FeynRules to MadGraph5aMC@NLO
Given a Universal FeynRules Object (UFO) file, run mg5amc out of the box

Pascoli, RR, Weiland [1812.08750]

$ ./bin/mg5_aMC
> import model SM_HeavyN_NLO
> define p = g u c d s b u∼ c∼
d∼ s∼ b∼ a
> define ell = mu+ mu-
> generate p p > n2 ell [QCD]
> output PP_Nmu_NLO
> launch PP_Nmu_NLO
> order=NLO
> fixed_order=ON
> set LHC 100
> set vmun2 1.0
> set mn2 scan:range(5,1001,25)
> set wn2 auto

O(10) lines to get each curve →
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mg5amc+MadSpin+Parton Shower
If the narrow width approximation is justified (ΓN/mN ≪ 1), efficient
generation of e+e− → Z → νN → νℓ±qq′ possible with MadSpin:

Spin-correlation fully treated, RR [2008.01092]

ℓ∓j

W
±(∗)
SM

q

q′

N

In madspin_card.dat, write:

Parton showering with PY8 or
HERWIG straightforward

Fun Fact: possible to steer entire
process with a script →
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