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Neutrino physics in high-energy
proton-proton collisions

3rd FCC-France Meeting – LAPP Annecy

Richard E. Ruiz

Institute of Nuclear Physics – Polish Academy of Science (IFJ PAN)

1 December 2021
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thank you for the invitation!
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the ν case for new physics
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Problem: according to the SM, mν = 0. (The data disagree, obviously.)

Neutrino masses (’15) =⇒ many open 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)?

Neutrino mass (Seesaw) models give some answers to these questions

R. Ruiz - IFJ PAN ν@FCC – FCC@France 2021 (Annecy) 4 / 22
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Many possible origins of neutrino masses

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 H±

ΣI
SMEFT

Weinberg d = 5

LFV d = 6

d ≥ 7

νSMEFT

SU(5)

ZB@n loop

TypeIII

RPV SUSY

ZB@1 loop
rruiz(‘21)
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Many ways to explore neutrino mass models

1. Indirect production at non− accelerator laboratories

3. Infer properties from SM processes

2. Direct production
h0, W±, π±, 3H, . . .

N,∆±±, ZB−L, . . .
software/tools

double precision . . .
lifetime = hbar / . . .

implicit none

subroutine getDecayRate()

print *, . . .

end subroutine

4. Simulation

for reviews on LNV/LFV at colliders, see w/ Y. Cai, T. Li, T. Han [1711.02180], and w/ S. Pascoli, et. al. [1812.08750]

R. Ruiz - IFJ PAN ν@FCC – FCC@France 2021 (Annecy) 6 / 22
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A snapshot

No time for exhaustive review, but enough time to flash numbers
(and refs!):

Low-scale Type I at 100 TeV ,
Type II at 100 TeV ,
Type III at 100 TeV ,
Gauge models at 100 TeV / (see review!)

Weinberg operator at 100 TeV , (see backup!)

R. Ruiz - IFJ PAN ν@FCC – FCC@France 2021 (Annecy) 7 / 22
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Sterile neutrinos at 100 TeV

γ W+∗

ℓ+/νℓ

NW+∗/Z∗

g
Z∗ h∗

q q′

q

q′
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Sterile neutrinos in practice (1 slide)
Generically paramerize active-sterile neutrino mixing via

Atre, Han, Pascoli, Zhang [0901.3589]

νℓL︸︷︷︸
flavor basis

≈
3∑

m=1
Uℓmνm + Vℓm′=4Nm′=4︸ ︷︷ ︸

mass basis

The SM W chiral coupling to leptons in flavor basis is

LInt. = −gW√
2 W−

µ

∑τ
ℓ=e [ℓγµPLνℓ] + H.c., where PL = 1

2(1 − γ5)

=⇒ SM W coupling to N and charged leptons 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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https://arxiv.org/abs/0901.3589


.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Sterile neutrinos in practice (1 slide)
Generically paramerize active-sterile neutrino mixing via

Atre, Han, Pascoli, Zhang [0901.3589]

νℓL︸︷︷︸
flavor basis

≈
3∑

m=1
Uℓmνm + Vℓm′=4Nm′=4︸ ︷︷ ︸

mass basis

The SM W chiral coupling to leptons in flavor basis is

LInt. = −gW√
2 W−

µ

∑τ
ℓ=e [ℓγµPLνℓ] + H.c., where PL = 1

2(1 − γ5)

=⇒ SM W coupling to N and charged leptons 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
R. Ruiz - IFJ PAN ν@FCC – FCC@France 2021 (Annecy) 9 / 22

https://arxiv.org/abs/0901.3589


.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Historically, searches for N relied on (qq) annihilation Keung & Senjanovic (PRL’83)

W−

N

ℓ
−

P

P

ui

dj

W+(∗)
N

ℓ+1

f2

f 1

ℓ+2

W−(∗)

At the LHC, a canonical signature for N: pp → ℓ±i ℓ
±
j + nj+ no MET

based on seminal works by K&S, del Aguila & Aguilar-Saavedra [0808.2468], and Atre, et al [0901.3589]

γ W+∗

ℓ+/νℓ

NW+∗/Z∗

g
Z∗ h∗

q q′

q

q′
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After lots of CPU hours (and coffee!) for details, see RR, et al, [1711.02180] and [1812.08750]

Plotted: Normalized production rate (σ/|V |2) vs heavy N mass (mN)
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100 TeV VLHC
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N

Wild interplay between proton structure and matrix elements!
Take away: GF and VBF dominate at 100 TeV for mN ≳ 1 TeV
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310 410
Heavy Neutrino Mass [GeV]     

5−10

4−10

3−10

2−10

1−10
2 | 4τ

 =
 |V

2 |
e4

|V

µe / 2e / 3Xelhτ →95% Sensitivity - pp 

 [1802.02965]-113 TeV, 35.9 fb

2|
e4

CMS upper limit on |V

=02|4µ|V

-1

LHC 14, 300 fb

-1

LHC 14, 3 ab

-1

LHC 27, 3 ab

-1

LHC 27, 15 ab
-1

LHC 100, 15 ab

-1

LHC 100, 30 ab

| [1605.08774]
*
4τVe4on |V

Indirect upper limit

 > 5%
Nm
NΓ

New analysis for had. environment =⇒ new sensitivity to LNV + cLFV
Only a few results. See the big paper for various flavor, Dirac vs Majorana, and

√
s permutations [1812.08750]
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Type II Seesaw at 100 TeV1

∆++ (∆+)γ∗/Z∗q

∆−− (∆−)

∆++

∆−−

q (a)

(d)

W±

W±

∆±±

∆∓

W±∗

∆++

∆−−

Z∗/h∗ ∆++ (∆+)

∆−− (∆−)

g

g

γ

γ

(b) (c)

q

q′
(e)

∆0

∆±±

(f)

1Konetschny 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 II Seesaw Mechanism is special: generates neutrino masses
without hypothesizing right-handed neutrinos

Important example that mν ̸= 0 ̸⇒ that νR exist

Hypothesize a scalar SU(2)L triplet with lepton number L = −2

∆̂ = 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

R. Ruiz - IFJ PAN ν@FCC – FCC@France 2021 (Annecy) 14 / 22



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

The Type II Seesaw Mechanism is special: generates neutrino masses
without hypothesizing right-handed neutrinos

Important example that mν ̸= 0 ̸⇒ that νR exist

Hypothesize a scalar SU(2)L triplet with lepton number L = −2

∆̂ = 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
∆√
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(
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)(
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Fewer free parameters =⇒ richer experimental predictions
Fileviez Perez, Han, Li, et al, [0805.3536], Crivellin, et al [1807.10224], Fuks, Nemevšek, RR [1912.08975] + others

E.g., ∆ branching rates encode inverse (IH) vs normal (NH) ordering
of light neutrino masses

BR(∆±± → ℓ±i ℓ
±
j ) ∼ y ij

∆ ∼ (U∗
PMNSm̃diag

ν U†
PMNS)ij
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A new outlook for both
√

s = 14 TeV and 100 TeV!
w / Fuks and Nemevšek [1912.08975]
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X
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σ
  

  
  

  
  

  
  

  
  

  
  

  

14 TeV LHC

++∆ = m+∆ = m0
∆

m

 (NLO)

±∆
±±∆

 (NLO)

­­∆
++∆

 (LO)

­­∆
++∆→γγ

jj (VBF NLO)

0∆
±±∆

LL)
3
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­­
∆++∆→gg
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 [TeV]∆mTriplet Scalar Mass, 

0

1

2

3  
  
  
  
 

L
O

σ
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K

jj (VBF NLO)
0

∆±±∆

 (NLO)
­­

∆++∆

 (NLO)

±

∆±±∆
LL)

3
 (N

­­
∆++∆

0 1 2 3 4 5 6 7 8 9 10
 [TeV]∆m

1

10

210

310

410

510

]
­1

L
u
m

in
o
si

ty
 [

fb

100 TeV

14 TeV

­1
50 ab

­1
30 ab

­1
10 ab

­1
5 ab
­1

3 ab

­1
1 ab

σ5
σ3

σ5 σ3

 (DY­NLO)

±

∆±±∆      w/  

­LO)γγ (DY­NLO + 
­­

∆++∆

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

Warning: can be improve for specialized final state / parameter space
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Type III Seesaw at 100 TeV

γ

T+

T−(0)

T+(±)

(a)
(b)

γ∗/Z∗ (W±∗) g
Z∗ h∗

q

q (q′)

(c)
γ

T−

T± T±

ℓ∓ ℓ∓
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Type III Seesaw combines main features of Types I and II Seesaws:
Idea: add SU(2)L fermion triplet (Y = 0) with mass mΣ

Key to reconciling GUTs with proton decay E.g., Bajc, Senjanovic [hep-ph/0612029], . . .

Lν Yuk. = −yΣLΣΦSM = −yΣ
(
νL ℓL

)( Σ0 √
2Σ+

√
2Σ− −Σ0

)(
⟨ΦSM⟩+ h

0

)
= −yΣ⟨ΦSM⟩︸ ︷︷ ︸

=mD

νLΣ0 + ...

Assuming that mΣ (Majorana mass) ≫ yΣ⟨Φ⟩ (Dirac mass)

mlight ≈ y2
Σv2/2mΣ, mheavy ≈ −mΣ

For mlight = 0.1 eV, if yΣ ∼ O(ye) ∼ 1 · 10−6, mheavy ≈ 300 GeV!

After rotating into the mass basis, mixing-induced cLFV:

|T 0⟩ = cos θ |Σ0⟩+ sin θ |νℓ⟩ ≈ (1 − ε2/2) |Σ0⟩+ ϵ |νℓ⟩
|T±⟩ = cosϕ |Σ±⟩+ sinϕ |ℓ±⟩ ≈ (1 − ε2/2) |Σ±⟩+ ϵ |ℓ±⟩
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Type III Seesaw combines main features of Types I and II Seesaws:
Idea: add SU(2)L fermion triplet (Y = 0) with mass mΣ

Key to reconciling GUTs with proton decay E.g., Bajc, Senjanovic [hep-ph/0612029], . . .

Lν Yuk. = −yΣLΣΦSM = −yΣ
(
νL ℓL

)( Σ0 √
2Σ+

√
2Σ− −Σ0

)(
⟨ΦSM⟩+ h

0

)
= −yΣ⟨ΦSM⟩︸ ︷︷ ︸

=mD

νLΣ0 + ...

Assuming that mΣ (Majorana mass) ≫ yΣ⟨Φ⟩ (Dirac mass)

mlight ≈ y2
Σv2/2mΣ, mheavy ≈ −mΣ

For mlight = 0.1 eV, if yΣ ∼ O(ye) ∼ 1 · 10−6, mheavy ≈ 300 GeV!

After rotating into the mass basis, mixing-induced cLFV:

|T 0⟩ = cos θ |Σ0⟩+ sin θ |νℓ⟩ ≈ (1 − ε2/2) |Σ0⟩+ ϵ |νℓ⟩
|T±⟩ = cosϕ |Σ±⟩+ sinϕ |ℓ±⟩ ≈ (1 − ε2/2) |Σ±⟩+ ϵ |ℓ±⟩
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Collider prediction: heavy charged (T±) and neutral (T 0) leptons:
Production through gauge couplings to W ,Z , γ

Decays to SM leptons through mixing, e.g., T± → ℓ±ν

) 
 [f

b]
   

   

±

l±
 o

r 
T

-
T

+
T

→
pp(

σ
  

2−10

1−10

1

10

210

310

LL)3

 - G
F (N±

l±
T

LL)3

GF (N

 - DY (NLO)-T+T

 (LO)-
T+ T→γγ

 (LO)γγ

 = 500 GeVTm

 = 1 TeVTm

-2 = 10
2TlV

 [TeV]sCollider Energy, 
0 20 40 60 80 100

   
 

LO
σ/

σ 0
1
2
3

LL)3GF (N

DY (NLO)

 [TeV]Tm
0 2 4 6 8 10 12 14 16

]
­1

L
u

m
in

o
si

ty
 [

fb
1−10

1

10

210

310

410

510

 at 100 TeV
­

T+ + T± T0T

Type III Seesaw

­1300 fb

­13 ab

­130 ab

σ5

σ2

RR [1509.05416]

O(10) TeV charged and neutral leptons discoverable at 100 TeV
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Summary
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Big picture: ν unambiguously point the existence of new physics!!

Active research community using accelerators to investigate how and
why some matter (ν) is much lighter than others

Outlook: is incredibly encouraging!

The LHC has collected only < 5% of full dataset (20× still to come!)
The FCC can open the door to O(10 − 40) TeV mass scales!
New ideas are creating new windows into the nature of ν
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Thank you.

R. Ruiz - IFJ PAN ν@FCC – FCC@France 2021 (Annecy) 22 / 22



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Weinberg Operator2

e−

e−

W−

W−

d

d

u

u

u
d

d

u

N

{

N

{

ν, νc

2Fuks, Neundorf, Peters, RR, Saimpert [2011.02547, 2012.09882]
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ℓ
′
+

ℓ+

W+

W+

u

u

d

d

u

d

d

u

P

{

P

{

νc
ℓ′

νℓ

The helicity amplitude for the 0νββ
process qq′ → ℓ+1 ℓ

+
2 f f ′ is

MLNV = Jµ
f1f ′

1
Jν

f2f ′
2
∆W

µα∆
W
νβTαβ

LNVD(pν)︸ ︷︷ ︸
lepton current

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 modifying ⟨0|νℓ′νℓ|0⟩

νℓ(p)
=

i 6p
p2

−iCℓℓ′
5 v2

Λ
i 6p
p2
=

imℓℓ′

p2

νcℓ′(−p)

p

Solution: Treat vertex as a particle! Invent unphysical Majorana fermion
with (small) mass mℓℓ that couples to all lepton flavors recovers right behavior!

Tαβ
LNVD(pν) ∝ 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 is more involved

Used mg5amc + NEW SMWeinberg UFO libraries

Driven by W+
0 W+

0 scattering
σ̂(W+W+ → ℓ+ℓ+) ∼ |Cℓℓ

5 |2
18πΛ2

Once σ is obtained for a “high”
scale, i.e., C ℓℓ′

5 = 1,Λ = 200 TeV,
rescale for other Λ/C5.

C ee
5 /Λ is heavily constrainted. What

can the LHC say about C ℓℓ′
5 ?
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With a VBS-style analysis L = 300 (3000) fb−1

Λ/|Cµµ
5 | ≲ 8.3 (11) TeV =⇒ |mµµ| ≳ 7.3 (5.4) GeV

Plotted: Allowed and projected reach of |mµµ| vs lights ν mass

|mℓℓ′ | = |C ℓℓ′
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810

910

1010

1110

1210

1310
 [

eV
] 

 
 µµ

m
m

as
s 

- 
Exp. upper limit at 95%

)-1LHCb 13 TeV (300 fb [LHCB-PUB-2018-009]

NA-62 (2017) - Obs. upper limit at 90% CL [PLB 797 (2019) 134794]

) - Exp. upper limit at 95%-1LHC 13 TeV (300 fb

)-1LHC 13 TeV (3 ab

)-1LHC 100 TeV (30 ab

4−10 3−10 2−10 1−10 1
Lightest neutrino mass [eV]     

4−10

3−10

2−10

1−10
1

10

E
ff

ec
tiv

e 
M

aj
or

an
a 

   
   

 

IO

NO

Competitive race between accelerator-based experiments; all
analyses can be improved!
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Grand Unified Theories and

Theories with Gauged Lepton Number3

Arise when UV completing simplified Seesaw Models. No time!

3Many, many omissions: e.g., SO(10), U(1)B−L, etc. See [1711.02180] for details!
R. Ruiz - IFJ PAN ν@FCC – FCC@France 2021 (Annecy) 5 / 5

http://arxiv.org/abs/1711.02180

	Appendix

