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Richard Ruiz
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what is this talk about?
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LHC tests and searches of lepton number violation (LNV) and charged
lepton flavor violation (cLFV), i.e., ν mass models, have vastly
improved over the past several years

New channels, e.g., VBF, GF, W /Z/h/γ associated production

New kinematic limits, e.g., off-shell portals, boosted topologies

Predictions for both Dirac and Majorana particles w/ LNV and cLFV

Quantitatively reliable descriptions of jets, kinematics, and rates

Part of this driven by improved MC support!

R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 3 / 24
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simulating LHC collisions
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To simulate LHC collisions and model new physics, we follow a chain
“νTools” denotes the many UFO libraries that interface mainstream
Monte Carlo event generators, e.g., MadGraph5, HERWIG, SHERPA

Observation
of some

Idea or L

Encode Feynman Rules

phenomenon
L

Matrix Element Generator

+ Phase Space
(FeynRules UFO)

Integration

Parton Shower
+Hadronization Model

Det.

Sim.Jet Clustering

Observable Distributions

Experiment

symmetry

R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 5 / 24
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motivation for new physics from ν physics
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Nu Masses and New Particles
Nonzero neutrino masses =⇒ new degrees of freedom exist: [Ma’98]

mν 6= 0 + LH currents

LH Majorana Mass : mL
ν
νLν

c
L

Dirac Mass : mD
ν
νLNRand/or

mL
ν
= y〈∆〉 or strong dynamics mD

ν
= y〈ΦSM〉

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

New particles might be charged under new or old gauge symmetries
Manifests as processes that violate LNV and/or cLFV at colliders

R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 7 / 24
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HeavyN@NLO1

γ W

ℓ+/νℓ

N

(a) (b)

(c)

W ∗/Z∗

g
Z∗

h∗

1with C. Degrande, O. Mattelaer, and J. Turner [1602.06957], feynrules.irmp.ucl.ac.be/wiki/HeavyN
R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 8 / 24
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Heavy Neutrinos (N) at Hadron Colliders
... can be produced via mixing through a number of mechanisms

γ W

ℓ+/νℓ

N

(a) (b)

(c)

W ∗/Z∗

g
Z∗

h∗

Since 2014, active program to systematically compare channels
For overview, see review: [1711.02180]

Clarity needed on mN ,
√

s dependence and fill gaps in lit.

Explore how new techniques can improve analyses from 90’s-00’s

=⇒ better sensitivity, more robust analyses, new public tools
e.g., HeavyN UFOs [feynrules.irmp.ucl.ac.be/wiki/HeavyN]R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 9 / 24
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Across
√

s, wild interplay of PDF and matrix elements
w/ Pascoli, et al [1812.08750]; w/ Fuks, et al [2011.02547]
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N
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GF (N

14 TeV LHC
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L
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=
K
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3
N
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 / 
σ

  o
r 

 
2 

lN
V

 / 
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13 TeV LHCCCDY (NLO)

 (NLO)γW

 (NLO)±W±W

210 310 410
 [GeV] NmHeavy Neutrino Mass, 

0.8
1

1.2
1.4
1.6   

   
   

  
L

O
σ

 / 
σ

 =
 

K

γW

CCDY
±W±W

Plotted: Flavor-independent heavy N production rate (σ/|V |2) vs mass
GF and VBF dominate at larger

√
s, mN

At
√

s = 100 TeV and |VℓN |2 ∼ 10−3, about one N(10 TeV)/ab−1

If roughly BR×ε×A× L ∼ 1
3 × 30 ab−1, then

√
NObs. > 3σ
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Plotted: LHC 13 limits in search for pp → 3ℓ+MET (ℓX = e, µ)

1 10 210 310
 (GeV)Nm

5−10

4−10

3−10

2−10

1−10

1
2 |

eN
|V

95% CL upper limits
Expected
 2 std. deviation±
 1 std. deviation±

Observed

decays
prompt N
Observed,

DELPHI prompt
DELPHI long-lived
L3
ATLAS
CMS 8 TeV

CMS

 (13 TeV)-135.9 fb

HeavyN used in CMS trilepton [1802.02965] and dilepton [1806.10905] searches
ATLAS is now adopting software
Available for both Majorana and Dirac N!
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Effective LRSM@NLO2

q

q′

W+

R t

b

N

ℓ+

q

q

ZR t

N

N

t

2with O. Mattelaer and M. Mitra [1610.08985], feynrules.irmp.ucl.ac.be/wiki/EffLRSM
R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 12 / 24
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Left-Right Symmetric Models (LRSM) postulate that the SM’s V − A
structure originates from the spontaneous breakdown of parity symmetry:

G = SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L︸ ︷︷ ︸ After scalar

∆R acquires a vev ⟨∆R⟩ ≫ ⟨ΦSM⟩: ↪→U(1)Y

Higgs field Φ then breaks down the EW group SU(2)L ⊗U(1)Y → U(1)EM

With NR , all SM fermions can be grouped in SU(2)L and SU(2)R doublets.
Dirac masses generated in (mostly) usual way with Φ, i.e., ∆L ∋ QLΦQR

Neutrinos obtain LH (RH) Majorana masses from triplet scalar ∆L (∆R):

mν
light = yL⟨∆L⟩︸ ︷︷ ︸

Type II

−
(

yDy−1
R yT

D

)
⟨Φ⟩2⟨∆R⟩−1︸ ︷︷ ︸

Type I a la Type II

∼ O(0) + symm.-breaking

Major pheno: heavy N, W ′/Z ′ (≈ WR/ZR), and H±±
i , H±

j , H0
k

R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 13 / 24
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Left-Right Symmetric Models (LRSM) postulate that the SM’s V − A
structure originates from the spontaneous breakdown of parity symmetry:

G = SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L︸ ︷︷ ︸ After scalar

∆R acquires a vev ⟨∆R⟩ ≫ ⟨ΦSM⟩: ↪→U(1)Y
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⟨Φ⟩2⟨∆R⟩−1︸ ︷︷ ︸

Type I a la Type II

∼ O(0) + symm.-breaking
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i , H±

j , H0
k
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structure originates from the spontaneous breakdown of parity symmetry:

G = SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)B−L︸ ︷︷ ︸ After scalar

∆R acquires a vev ⟨∆R⟩ ≫ ⟨ΦSM⟩: ↪→U(1)Y

Higgs field Φ then breaks down the EW group SU(2)L ⊗U(1)Y → U(1)EM

With NR , all SM fermions can be grouped in SU(2)L and SU(2)R doublets.
Dirac masses generated in (mostly) usual way with Φ, i.e., ∆L ∋ QLΦQR

Neutrinos obtain LH (RH) Majorana masses from triplet scalar ∆L (∆R):
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In the minimal LRSM: Top (t) and bottom (b) quarks, charged leptons
(ℓ±), and heavy neutrinos (N) all couple to RH gauge bosons (W±

R )

q

q′

W+

R t

b

N

ℓ+

WR coupling to quarks is analogous to SM WSM couplings:

L = − g√
2W−

Rµ

∑
q=u,d ,...[dj V CKM′

ij γµPRui ] + H.c.

In mass basis, coupling to leptons can be generically parametrized as:
Atre, Han, Pascoli, Zhang [0901.3589]; Han, Lewis, RR, Si [1211.6447]

L ≈ − g√
2W−

Rµ

∑τ
ℓ=e

∑6
m′=4 [ℓγµPRYℓm′Nm′ ] + H.c.

R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 14 / 24
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FeynRules to MadGraph5aMC@NLO

Given an effective FeynRules@NLO model file, one can run mg5amc
(See Oliver’s and HS’s Lectures!)

 [
fb

]
σ

2−10

1−10

1

10

210

310

410

510

610

710

810

910

1010

13 TeV LHC ­ Inclusive NLO

 = 1)
q

R
 (k±

RW

 = 0.75)
q

R
(k

±
RW = 1)

RZ

q
 (kRZ

=0.75)
RZ

q
 (kRZ

←

←

→

→

 [GeV]V      M10 210 310

  
  

 
L

O
σ

 /
 

N
L

O
σ

1

1.5

2

 = 1)
q

R
 (k±

RW = 1)
q

R
 (kRZ
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mg5amc+MadSpin+Parton Shower

If the narrow width approximation holds (ΓWR/MWR ≪ 1), efficient
generation of pp → WR → Nℓ± → ℓ±ℓ±qq′ possible with MadSpin:

In madspin_card.dat, write:

q

q′

W±∗
R

N

ℓ∓

Parton showering with PY8 or
HERWIG straightforward

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

R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 16 / 24
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vprime@NLO3

q

q′

W
′
± νℓ

ℓ
′
±

q

q′

Z ′ ℓ−, νℓ

ℓ
′
+, νℓ′

3with B. Fuks [1610.08985], feynrules.irmp.ucl.ac.be/wiki/WZPrimeAtNLO
R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 17 / 24
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Neutrino mass models with more generic W ′/Z ′ boson that couple to SM
fermions, e.g., Universal Extra Dimensions and U(1)B−L, also supported

available at feynrules.irmp.ucl.ac.be/wiki/WZPrimeAtNLO

R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 18 / 24
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TypeIISeesaw@NLO4

∆++ (∆+)γ∗/Z∗q

∆−− (∆−)

∆++

∆−−

q (a)

(d)

W±

W±

∆±±

∆∓

W±∗

∆++

∆−−

Z∗/h∗ ∆++ (∆+)

∆−− (∆−)

g

g

γ

γ

(b) (c)

q

q′
(e)

∆0

∆±±

(f)

4with B. Fuks, O. Mattelaer, and M. Nemevšek [1912.08975], feynrules.irmp.ucl.ac.be/wiki/TypeIISeesaw
R. Ruiz - CP3, Université Catholique de Louvain νTools - Tools 2020 19 / 24
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Type II Seesaw Mechanism for Neutrino Masses
Hypothesize a scalar SU(2)L triplet with lepton number L = −2
Konetschny and Kummer (’77); Schechter and Valle (’80); Cheng and Li (’80); Lazarides, et al (’81); Mohapatra and Senjanovic

(’81)

∆̂ = 1√
2

(
∆+

√
2∆++

√
2∆0 −∆+

)
, with L∆Φ ∋ µh∆

(
Φ†∆̂ · Φ† + H.c.

)
The mass scale µh∆ breaks lepton number, and induces ⟨∆⟩ ̸= 0:

√
s⟨∆̂⟩ = v∆ ≈ µh∆v2

EW√
2m2

∆

which leads to left-handed Majorana masses for neutrinos

∆L = − y ij
∆√
2Lc∆̂L = − y ij

∆√
2

(
ν jc ℓjc

)(
0 0

v∆ 0

)(
ν i

ℓi

)
∋ −1

2

(√
2y ij

∆v∆
)

︸ ︷︷ ︸
=mij

ν

ν jcν i

Generates light νm masses via vev WITHOUT invoking sterile Nk !
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The lack of Monte Carlo support for ∆±±,∆± was an oversight
Universal FeynRules Object (UFO) libs exist for many other models

See FeynRules database feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

After a request by hep-ex’ers, we wrote TypeIISeesaw@NLO UFO libraries
available at feynrules.irmp.ucl.ac.be/wiki/TypeIISeesaw
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a revised outlook for both
√

s = 14 TeV and 100 TeV!
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At LHC with L = 5 ab−1, 3σ sensitivity up to m∆ ∼ 1.5 TeV
At

√
s = 100 TeV with L = 30 − 50 ab−1 =⇒ m∆ ≈ 8 − 9 TeV

LOTS not covered, e.g., γ PDF, jet vetoes at NLO+NNLL
just check out the paper! [1912.08975]
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LHC tests and searches of LNV and cLFV, i.e., ν mass models, have
vastly improved over the past several years

New channels, e.g., VBF, GF, W /Z/h/γ associated production

New kinematic limits, e.g., off-shell portals, boosted topologies

Predictions for both Dirac and Majorana particles w/ LNV and cLFV

Quantitatively reliable descriptions of jets, kinematics, and rates

Part of this driven by improved MC support!

... with more in development (collaborators and friends are welcome!)
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Thank you.
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