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Observational problems of the SM

Two seemingly unrelated observations cannot be 
accounted for in the Standard Model

Neutrinos are 
massive and 
leptons mix

The Universe has a negligible 
amount of antimatter

I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler and T. Schwetz, arXiv:1611.01514 [hep-ph]
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NuFIT 3.2 (2018)
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N. Aghanim et al. [Planck Collaboration], arXiv:1807.06209 [astro-ph.CO]
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The natural (simple) way
Complete the SM field pattern with right-handed neutrinos

Figure from S. Alekhin et al., arXiv:1504.04855 [hep-ph]
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Neutrino masses and leptogenesis
Type-I seesaw mechanism: SM + gauge singlet fermions NI

After electroweak phase transition < Φ > = v ≃ 174 GeV

The Lagrangian provides the ingredients for leptogenesis too

Sakharov

conditions 

• Complex Yukawa couplings F as a source of CP


• B from sphaleron transitions until TEW ≃ 140 GeV


• sterile neutrinos deviations from thermal equilibrium
{
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Neutrino masses and leptogenesis
Type-I seesaw mechanism: SM + gauge singlet fermions NI

After electroweak phase transition < Φ > = v ≃ 174 GeV

The Lagrangian provides the ingredients for leptogenesis too

Sakharov

conditions 

• Complex Yukawa couplings F as a source of CP


• B from sphaleron transitions above TEW ≃ 140 GeV


• sterile neutrinos deviations from thermal equilibrium
{ (1)
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BAU: ARS mechanism
Sterile neutrinos out of equilibrium at large temperatures

deviation from 
equilibrium
before TEW

Y

x=m/T

Yeq

TEW

E. K. Akhmedov, V. A. Rubakov and A. Y. Smirnov, hep-ph/9803255

From the seesaw 

relation

M ~ GeV to reproduce ν masses Testable
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ARS leptogenesis

�7

How does the 
mechanism 

work?

A. Abada, S. Antusch, E. K. Akhmedov, G. Arcadi, T. Asaka, S. Blanchet, I. Boiarska, 
K. Bondarenko, A. Boyarsky, L. Canetti, A. Caputo, E. Cazzato, V. Domcke, M. Drewes, 

S. Eijima, O. Fischer, T. Frossard, B. Garbrecht, J. Ghiglieri, D. Gueter, T. Hambye, 
P. Hernández, H. Ishida, M. Kekic, J. Klaric, M. Laine, J. López-Pavón, M.L., 

M. Ovchynnikov, J. Racker, N. Rius, V. A. Rubakov, O. Ruchayskiy, J. Salvado, 
M. Shaposhnikov, A. Y. Smirnov, D. Teresi, I. Timiryasov…

Lepton number conserving 
(neutrino generation and oscillations)

Lepton number violating 
(thermal Higgs decay)

ULB-TH/17-07

Baryogenesis from L-violating Higgs-doublet decay in the density-matrix formalism

Thomas Hambye⇤ and Daniele Teresi†

Service de Physique Théorique - Université Libre de Bruxelles,
Boulevard du Triomphe, CP225, 1050 Brussels, Belgium

We compute in the density-matrix formalism the baryon asymmetry generated by the decay of
the Higgs doublet into a right-handed (RH) neutrino and a Standard Model lepton. The emphasis
is put on the baryon asymmetry produced by the total lepton-number violating decay. From the
derivation of the corresponding evolution equations, and from their integration, we find that this
contribution is fully relevant for large parts of the parameter space. This confirms the results found
recently in the CP-violating decay formalism with thermal corrections and shows in particular that
the lepton-number violating processes are important not only for high-scale leptogenesis but also
when the RH-neutrino masses are in the GeV range. For large values of the Yukawa couplings, we
also find that the strong washout is generically much milder for this total lepton-number violating
part than for the usual RH-neutrino oscillation flavour part.

I. INTRODUCTION

In the framework of the type-I seesaw model of neu-
trino masses with right-handed (RH) neutrinos below
the electroweak scale, there exists a well-known mech-
anism to account for the baryon asymmetry of the Uni-
verse, through oscillations of right-handed neutrinos [1–
13]. This Akhmedov-Rubakov-Smironv (ARS) scenario
is based on the generation of particle-antiparticle asym-
metries for the various lepton flavours. These asymme-
tries cancel each other in the total Standard-Model (SM)
lepton-number asymmetry but, thanks to washout ef-
fects, which do not a↵ect the di↵erent flavours in the
same way, a net lepton asymmetry remains. In this
framework, since the relevant processes do not involve a
RH neutrino Majorana mass insertion, a lepton number
can be assigned to the two helicities of the RH neutri-
nos. Thus, in the ARS scenario, the total lepton number
L, i.e. the sum of the SM and the RH-neutrino ones,
is conserved, but not both components separately, due
to flavour e↵ects. The SM lepton-number asymmetry
component which is produced in this way before the
sphalerons decouple is reprocessed in part into a baryon
asymmetry, unlike the other component. The evolution
of the lepton asymmetries as a function of the tempera-
ture of the thermal bath can be calculated in the density-
matrix formalism, which properly takes into account the
coherences between various RH neutrinos and their asso-
ciated oscillations.

In the di↵erent CP-violating decay formalism usually
used for leptogenesis, it has been shown recently [14] that
the total lepton-number violating decay of the Higgs dou-
blet into a RH neutrino and a SM lepton, i.e. the de-
cays which do involve a Majorana mass insertion, could
also account for the baryon asymmetry. This is possible
thanks to thermal e↵ects which induce a non-zero ab-
sorptive part for the self-energy of the RH neutrino in

⇤
thambye@ulb.ac.be

†
daniele.teresi@ulb.ac.be

the final state of this decay, see Fig. 1 (as this absorp-
tive part vanishes at zero temperature). In Ref. [14] this
thermal cut of the self-energy has been computed in the
Kadano↵-Baym formalism. The production takes advan-
tage of the fact that, for RH neutrino masses below the
sphaleron cut, the Yukawa interactions do not thermal-
ize the RH neutrinos so easily as for higher masses. This
results in a large departure from equilibrium for the RH-
neutrino number densities in the final state, boosting the
asymmetry production.

This total (SM + RH neutrino) lepton number violat-
ing scenario is in many respects di↵erent from the ARS
total lepton-number conserving scenario. One di↵erence
is that it gives a non-vanishing asymmetry already for
one lepton flavour. Another is that, as a result of the
fact that it involves a Majorana mass insertion, it gives
rates for the relevant processes that are proportional to
m2

N
/T 2, relatively to the total lepton-number conserv-

ing ARS piece. As a result, the asymmetry is typically
produced at lower temperatures than in the ARS case,
basically not long before the sphaleron decoupling. Also,
since this mechanism does not require an asymmetric
washout for the di↵erent flavours, its contribution in the
weak-washout regime is proportional to 4 powers of the
Yukawa couplings, rather than to 6 for the ARS one.

The purpose of this paper is twofold. The first goal
is to determine how this L-violating contribution can
develop itself in the framework of the density-matrix
formalism, rather than in the usual leptogenesis CP-
violating decay formalism considered in [14], and to com-

H

L

L

N

N

H

FIG. 1. Thermal cut in the H ! NL decay, which gives rise
to its purely-thermal L-violating CP-violation.
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relevant at late times

Figure 1: Feynman diagram for self energy of sterile neutrinos.

3 Kinetic Equations

Now we are at the position to derive the kinetic equations for ρN,N̄ and ρL,L̄. First of all, let

us consider the time evolution of ρN . Our construction is based on Ref. [15] (as in [4, 7]) and

starts with

dρN(kN)

dt
= −i

[

HN(kN), ρN(kN)
]

−
1

2

{

Γd
N(kN), ρN(kN)

}

+
1

2

{

Γp
N(kN), 1− ρN (kN)

}

, (3)

where 1 denotes the unit matrix with appropriate dimensions.#1 HN is the effective Hamilto-

nian, HN = H0
N +VN , where the free part is [H0

N(kN)]IJ = ENI
δIJ with ENI

=
√

k2
N +M2

I and

VN is the effective potential induced by the medium effects. Γd
N and Γp

N are the destruction

and production rates of NI . From now on we shall apply the approximation of the Boltzmann

statistics and replace the third term of Eq. (3) as 1
2{Γ

p
N , 1− ρN} → Γp

N .

The first term of Eq. (3) describes the coherent evolution of ρN and the oscillation of sterile

neutrinos occurs due to the off-diagonal elements of VN , which is essential for baryogenesis

under consideration. It is found from the self energy for sterile neutrinos at finite temperatures

in Fig. 1 that the effective potential for the mode k = kN is given by [19]

[

VN(kN)
]

IJ
=

NDT 2

16 kN

[

F †F
]

IJ
, (4)

where we disregard the correction to VN from the asymmetries in active leptons.#2

In the estimation of VN (as well as Γd,p
N below) all masses including MI are neglected since

they are irrelevant for temperatures of interest. (Note, however, that we keep MI in H0
N because

they are crucial for the oscillation of sterile neutrinos.) Further, we first calculate them in the

basis where neutrino Yukawa matrix is diagonal, and then find the expression in the original

basis shown in Eq. (1).

Let us then estimate the destruction and production rates of NI with momentum kN . In

the considering temperatures the dominant contributions come from the scattering processes

(A) NI + QL ↔ Lα + tR, (B) NI + t̄R ↔ Lα + Q̄L, and (C) NI + L̄α ↔ tR + Q̄L [4], shown in

#1 We have neglected the non-linear effects of ρN since the interaction rates between sterile neutrinos are
sufficiently small. Otherwise, see Ref. [17, 18].
#2 We have numerically confirmed that the change of the final baryon asymmetry by this effect is negligibly

small.
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Figure 2: Feynman diagrams for scattering processes of production and destruction rates.

Fig. 2. Here QL and tR denote left-handed quark doublet of third generation and right-handed

top quark. We then divide the rates into three parts:

Γd,p
N (kN) = Γd,p (A)

N (kN) + Γd,p (B)
N (kN) + Γd,p (C)

N (kN) . (5)

The destruction rates of each process are found to be
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Here we have introduced

γd
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t

64π3

T 2
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, (7)

where NC = 3 is a color factor and ht ≃ 1 is the top Yukawa coupling constant, and
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∫ ∞
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where we have used Eq. (2) in the last equality. On the other hand, the production rates are
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Two kinds of CP processes 
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Asymmetry generation example with 3 RHN
x =

T

TEW
(1)
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− i ηeη ηZ eg cos θW [2gσρgµν − gσµgρν − gσνgρµ] (62)
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5.4. Charged Current Interaction
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where
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5.6. Fermion-Higgs and Fermion-Goldstone Interactions
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following discussion we fix for definiteness the dimensions of ml and Mh to be (3⇥3) and
(n⇥n), respectively, that is we assume that the only light states are the ones determined
by neutrino oscillation data, keeping however in mind that the results can be easily
adapted if k further light states are present, replacing 3 with 3 + k. The matrix ⌅ can
be parametrised as the exponential of an anti-hermitian matrix [285]

⌅ = exp
✓
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2
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�⇥
†

1 � 1

2
⇥

†
⇥

◆
+ O(⇥

3
), (4.4)

where ⇥ is a (3⇥n) matrix. The submatrices in the block rotated mass matrix (4.3) can
be diagonalised by two unitary rotations, m̂⌫ = UT mlU, M̂s = V T MhV , where U, V are
unitary matrices and the hat denotes a diagonal matrix. Thus the unitary rotation U in
eq. (2.105) can be expressed as

U = ⌅

✓
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†� U ⇥V
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By defining the neutrino mass basis {�i} as in eq. (2.106), the weak charged cur-
rent (2.122) reads

LW = � gp
2
e↵ /W

�U↵i �i

L↵
+ h.c., (4.6)

while the neutral current between neutrinos (2.96) reads

L⌫⌫

Z = � g

2 cos ✓W

�i

L
U†

i↵
/Z U↵j�

j

L
, (4.7)

where we used the convention /a = aµ�µ. There are thus two important phenomenological
consequences. The first one is that a charged lepton of flavour ↵ is coupled to all the
fermions �i, with a strength proportional to the mixing element U↵i, giving rise to non
universal weak interactions. The second one is that two fermions �i, �j are coupled
between them with a coupling proportional to the combination

Cij ⌘
X

↵=e,µ,⌧

U⇤
↵i U↵j . (4.8)

Notice that since the sum is performed only on the first 3 rows of the mixing matrix,
the coefficients Cij are in general different from zero also for i 6= j, giving rise to non
diagonal interactions.

By denoting with �i, i = 1, 2, 3, the three mass eigenstates of the active neutrinos,
as defined in Section 3.1.5, the (3 ⇥ 3) upper-left block of U corresponds to the PMNS
matrix

NPMNS =

✓
1 � 1

2
⇥⇥

†
◆

U + O(⇥
3
). (4.9)

We denote the (3 ⇥ 3) leptonic mixing matrix by NPMNS to account for the fact that it
is in general non-unitary, the deviation from unitarity being parametrised by the matrix
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HNL phenomenology
Properties of the HNL

Crosssection
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• Masses of a few GeV lead to observable macroscopic displacement.
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Production cross section

Properties of the HNL
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• In the relevant mass range the crosssection is ‡ Ã U
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Lifetime

GeV masses result in observable 
macroscopic displacementσ ∝ Ua2 for M ≲ 50 GeV

M. Drewes and J. Hajer, arXiv:1903.06100 [hep-ph]
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The minimal scenario: 2 RH-Neutrinos
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Two RH-neutrinos suffice to account for neutrino oscillation data

Constrained flavour pattern

M. Drewes, J. Hajer, J. Klaric and G. Lanfranchi, arXiv:1801.04207 [hep-ph]
A. Caputo, P. Hernandez, J. Lopez-Pavon and J. Salvado, arXiv:1704.08721 [hep-ph]

Large hierarchies in the couplings to different SM flavours not allowed

NO IO

S. F. King, hep-ph/9912492, hep-ph/0204360
P. H. Frampton, S. L. Glashow and T. Yanagida, hep-ph/0208157

A. Donini, P. Hernandez, J. Lopez-Pavon and M. Maltoni, arXiv:1106.0064 [hep-ph]
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Leptogenesis with 2 RH-neutrinos
Previous searches
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Figures from I. Boiarska, K. Bondarenko, A. Boyarsky, S. Eijima, M. 
Ovchynnikov, O. Ruchayskiy and I. Timiryasov, arXiv:1902.04535 [hep-ph]

Washout is flavour-dependent, but 
“democratic” couplings for 2 RHN

Not possible to store the asymmetry 
in a feebly coupled flavour while the 

other mixings are large

Too large active-sterile 
couplings enable equilibration of 

HNL and asymmetry washout

See also L. Canetti, M. Drewes, T. Frossard and M. Shaposhnikov, arXiv:
1208.4607 [hep-ph]; A. Abada, G. Arcadi, V. Domcke and M.L., arXiv:

1507.06215, arXiv:1709.00415 [hep-ph]; P. Hernández, M. Kekic, J. López-
Pavón, J. Racker and J. Salvado, arXiv:1508.03676, arXiv:1606.06719 [hep-
ph]; S. Eijima, M. Shaposhnikov and I. Timiryasov, arXiv:1808.10833 [hep-ph]
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Leptogenesis with 3 RH-neutrinos

A. Abada, G. Arcadi, V. Domcke, M. Drewes, J. Klaric and M.L., 
arXiv:1810.12463 [hep-ph]

Larger flavour hierarchies are allowed

Asymmetry in the heavy neutrino oscillations

Resonantly enhanced asymmetry

New effects peculiar to 3 RHN case

3 flavour oscillations are CP-violating
2 flavour oscillations are CP-conserving

New source term
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A Heavy Metal Path to New Physics
Heavy ion collisions

Each nucleus A
ZN (1)

|F | ≳ 10−7 (2)

mν = −v2F
1

M
F T ≃ 0.3

!
GeV
M

"!
F 2

10−14

"
eV (3)

η∆B = (6.13± 0.03)× 10−10 (4)

1

contains A nucleons

Figure 1

(left) Space-time picture of a heavy ion collision, whereby the color gives an indication of the temperature of the plasma
formed. Dynamics takes place as a function of proper time (blue curves), which is why plasma forms later at higher
rapidities. (right) Snapshots of a central 2.76 TeV PbPb collision at different times (different horizontal slices of the
space-time picture on the left) with hadrons (blue and grey spheres) as well as QGP (red). In both figures, at a given time
the hottest regions can be found at high rapidity close to the outgoing remnants of the nuclei and the red lines indicate
the approximate longitudinal location of particles with rapidity y = 0, y = 1, and y = 6. (Figs. adapted from (7, 8).)

in this high energy density matter are far from independent. They are so strongly coupled
to each other that they form a collective medium that expands and flows as a relativistic
hydrodynamic fluid with a remarkably low viscosity to entropy density ratio ⌘/s ⇡ 1/4⇡

(5, 6), in units with ~ = kB = 1, within a time that can be shorter than or of order 1 fm/c
in the rest frame of the fluid. This form of matter has been named Quark-Gluon Plasma,
or QGP for short. Even if the transverse velocity of the fluid is small initially, say 1 fm/c
after the collision, the pressure-driven hydrodynamic expansion rapidly builds up transverse
velocities of order half the speed of light. As the discs recede from each other and the QGP
produced between them is expanding and cooling, at the same time new QGP is continually
forming in the wake of each receding disc, see Fig. 1. This happens because the quarks and
gluons produced at high rapidity are moving at almost the speed of light in one of the beam
directions, meaning that when enough time has passed in their frame for them to form QGP
a long time has passed in the lab frame, around 330 fm/c for rapidity y = 6.5. Throughout
this QGP production process, each disc gradually loses energy as partons with higher and
higher rapidity separate from it and form QGP. In contrast, the occasional high transverse
momentum particles seen in some collisions are produced by large-angle scattering at very
early times, when the incident nuclei collide.

The process ends once QGP has formed at the rapidities where most of the baryon
number from the incident nuclei ends up, which is expected to be about 2 units of rapidity
less than that of the incident nuclei, based upon measurements made in lower energy proton-
nucleus collisions (9). So, the discs lose about 85% of their energy while varying amounts

4 Busza, Rajagopal and van der Schee

In NN collisions, number of parton level 
interactions enhanced by a factor A2

σPbPb

σpp
∝ A2 ≃ 4.3× 104 (1)
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1

For instance with

See also R. Bruce et al., arXiv:1812.07688 [hep-ph]
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Features of Heavy Ions runs

Lower primary vertex mis-identification

Larger track multiplicity
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Int. 
luminosity

expected 
pp

expected 
PbPb

Run 2 100 fb-1 1 nb-1

HL LHC 3000 fb-1 10 nb-1

vs

σPbPb

σpp
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(no pile-up)

Charged tracks pp PbPb
Run 3 ~ 750 ~ 10000

HL LHC ~ 5000 ~ 10000

Smaller collision energy

Lower instantaneous luminosity

Cross section enhancement
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Lower instantaneous luminosity
The lower instantaneous 

luminosity allows to lower 
the trigger thresholds

Can test regions of parameter 
space that are difficult to be 

tested with protons 

E.g. scenarios involving 
light mediators result in 

signatures with low 
transverse momentum pT
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HNL production/decay
We consider two channels: W and B mediated HNL production

W+

N W+

µ�

µ+

f

f 0

B+

N W+

µ�

µ+

f

f 0

• Fully simulated using MadGraph5_aMC@NLO

• trigger on first μ with pT > 25 GeV

• search for displaced μ with d > 5 mm

• Cannot be fully simulated in MadGraph5_aMC@NLO

• Use analytic estimate validated against W simulation 
 
 

• trigger on first μ with pT > 3 GeV for HI collisions, 
realistic online trigger for pp collisions


• search for displaced μ with d > 5 mm
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Results

W-production (simulation) B-production (estimate)

Lint(pp) = 5.79× 104 pb−1

Lint(ArAr) = 7.72 pb−1

Lint(PbPb) = 10−2 pb−1 (1)
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1

• Event rate not competitive

• Complementary test of BSM

• Gain from low pT overcompensates 
smaller luminosity


• Intermediate mass ions more 
competitive than pp and PbPb

Same running time
M. Drewes, A. Giammanco, J. Hajer, M.L. and O. Mattelaer, arXiv:1810.09400 [hep-ph]
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Conclusion

!18

We performed the first systematic study of the low-scale leptogenesis 
scenario in the minimal Standard Model extended with 3 right-handed 

neutrinos having masses at the GeV scale

Low-scale solutions are testable in current experiments 
in the large-mixing region

Heavy ion collisions allow to search for hidden new physics

Lower trigger requirements could be the key advantage of heavy ion 
collisions over proton collisions

HNL are a simple example of this idea, but other models are just as well 
testable
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Kinetic equations for freeze-in leptogenesis 3 Kinetic equations for leptogenesis

3.1 Quantum kinetic equations.

The quantum kinetic equations for freeze-in leptogenesis [45] in the density matrix formal-

ism [122] read (see e.g. Refs. [46, 47, 60]):

dRN

dt
=� i [hHi, RN ]�
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2
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+

1
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+

� he�(1a)iMMF TµF ⇤MM , (3.1)
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, (3.2)

where the n⇥nmatrixRN encodes the density matrix of the three heavy neutrinos in kinetic

equilibrium normalised to the entropy density, (⇢N (k, T ))ij = (RN (T ))ijfF (k/T ) with

fF denoting the Fermi-Dirac distribution with vanishing chemical potential, fF (k/T ) =

[1 + exp (k/T )]�1. The SM sector is taken to be in thermal equilibrium, and is thus fully

characterised by the chemical potentials

µa = µLa + µ�, (3.3)

where µLa are the flavoured left-chiral lepton chemical potentials and µ� is the Higgs
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BAU: Thermal leptogenesis
Sterile neutrinos in thermal equilibrium if 

Thermal leptogenesis: sterile neutrinos in equilibrium at large temperatures

Generation of a lepton asymmetry due to the CP-violating decay of the particles

M > 106 GeV to reproduce observed BAU
(relaxed to M > TeV for degenerate masses)

Difficult to test

in laboratory

Y

x=m/T

Yeq

decoupling

x

out of equilibrium
decay before TEW
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New physics
scale

SM as an effective theory
Relaxing the renormalizability condition there is only one dim=5 gauge invariant operator 

(Weinberg operator)

EWSB
ΔL = 2

�23

S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566

Why are neutrinos so 
light?

[O]  4 (1)

UPMNS =

0

BBB@

c12c13 s12c13 s13e�i�

�s12c23 � c12s13s23ei� c12c23 � s12s13s23ei� c13s23

s12s23 � c12s13c23ei� �c12s23 � s12s13c23ei� c13c23

1

CCCA
⇥ diag(1, ei

↵21
2 , ei

↵31
2 ),

(2)

LW = �
g
p
2
eL

↵ /W
�
⇣
U †
LU⌫

⌘↵i

| {z }
U↵i

PMNS

⌫L
i + h.c. (3)

8
>>><

>>>:

eL↵ = UL↵�e
0
L�

eR↵ = UR↵�e
0
R�

⌫Li = U †
⌫ i↵⌫

0
L�

8
<

:
Ml ! URMlU

†
L = diag [me,mµ,m⌧ ]

m⌫ ! UT
⌫ m⌫U⌫ = diag [m1,m2,m3]

A⌫↵!⌫� (x) = h⌫� |⌫↵(x)i = U⇤
�jU↵ie

�ipix h⌫j |⌫ii = U⇤
�iU↵ie

�ipix (4)

P⌫↵!⌫� (x) =
��A⌫↵!⌫� (x)

��2 =
��U⇤

�iU↵ie
�ipix

��2 = |U�i|
2
|U↵i|

2 +
X

i<j

2 Re
h
U�jU

⇤
↵jU

⇤
�iU↵ie

i(pj�pi)x
i

(5)

(pj � pi)x = (Ej � Ei) t�
���pj

��� |pi|
�
` '

⇥
(Ej � Ei)�

���pj

��� |pi|
�⇤

` '
(m2

j �m2
i )`

2E
(6)

x = (x,x)

pi = (Ei,pi) =
⇣q

m2
i + |pi|,pi

⌘

h⌫i|⌫ji = �ij

U↵i

�m2
ij ⌘ m2

i �m2
j

`

E
(7)

J = Jeµ
12 = �Im

⇥
Ue1U

⇤
e2U

⇤
µ1Uµ2

⇤
= c213s13s12c12s23c23 sin � (8)

c↵�
v

⇤
v . eV ⌧ v (9)

1 High NP scale

Symmetry (Lepton number)
Suppression

mechanisms

J = Jeµ
12 = �Im

⇥
Ue1U

⇤
e2U

⇤
µ1Uµ2

⇤
= c213s13s12c12s23c23 sin � (8)

c↵�
v

⇤
v . eV ⌧ v

c↵� ⌧ 1
v

⇤
⌧ 1

{ (9)

References

2

J = Jeµ
12 = �Im

⇥
Ue1U

⇤
e2U

⇤
µ1Uµ2

⇤
= c213s13s12c12s23c23 sin � (8)

c↵�
v

⇤
v . eV ⌧ v

c↵� ⌧ 1
v

⇤
⌧ 1

{ (9)

References

2

SSB mechanism, in a similar way as Dirac mass terms are generated in the SM. However
such mechanism would require a Higgs-like scalar field with isospin I = 1, in order to
construct a gauge invariant Yukawa interaction containing the I = 1 term ⌫c

L
⌫L. Such a

field (a Higgs triplet) is not present in the SM, and so this possibility is also excluded.
To summarise, because of the gauge symmetries and the field content of the theory,

and allowing only renormalizable couplings, neutrinos are massless in the SM.
If one relaxes the renormalizability condition and considers the SM as an effective

theory valid up to some energy scale, and parametrises the effects of the unknown UV
completion as a tower of effective non-renormalizable operators, the first new physics
effects are encoded in the collection of allowed dimension 5 operators. Remarkably, there
exists a unique Lorentz and gauge-invariant operator that is possible to construct with
the SM fields, the so called Weinberg operator [28]
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where ↵, � = e, µ, ⌧ , c↵� is a complex symmetric matrix and ⇤ is a constant with the
dimensions of energy that is related to the new physics scale. When the Higgs field
acquires a nonzero VEV, the operator (2.85) contributes as
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⌫L� + h.c., (2.86)

that is a Majorana mass term for left-handed neutrinos. It is notable that the first
expected effect of physics BSM is just the appearance of non-zero Majorana neutrino
masses; in this sense neutrinos are truly a window to BSM physics.

2.3 Leptonic Lagrangian in the Standard Model

Given the SM field content, the SM Lagrangian is the most general renormalizable La-
grangian which is invariant under the local gauge group and the global Lorentz transfor-
mations. Choosing a basis in which the kinetic terms are diagonal, the leptonic part is
given by

Lleptons = l↵
L

✓
i/@ +

g

2
/W

i
�i � g0

2
/B

◆
l↵L + e↵

R

�
i/@ � g0 /B

�
e↵

R

�Y↵�l↵
L
�e�

R
� Y †

↵�
e↵

R
�

†l�
L
. (2.87)

Y↵� is the matrix of the Yukawa interactions, which expresses the strength of the cou-
plings between the leptons and the Higgs field. It is a 3 ⇥ 3 matrix with complex entries
in general, which can be diagonalised through the bi-unitary transformation [29]

U †Y V = diag [y1, y2, y3] , (2.88)

where y1,2,3 are positive numbers and U, V are unitary matrices. Redefining the lepton
fields as
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el�
L
, (2.89)
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SSB mechanism, in a similar way as Dirac mass terms are generated in the SM. However
such mechanism would require a Higgs-like scalar field with isospin I = 1, in order to
construct a gauge invariant Yukawa interaction containing the I = 1 term ⌫c

L
⌫L. Such a

field (a Higgs triplet) is not present in the SM, and so this possibility is also excluded.
To summarise, because of the gauge symmetries and the field content of the theory,

and allowing only renormalizable couplings, neutrinos are massless in the SM.
If one relaxes the renormalizability condition and considers the SM as an effective

theory valid up to some energy scale, and parametrises the effects of the unknown UV
completion as a tower of effective non-renormalizable operators, the first new physics
effects are encoded in the collection of allowed dimension 5 operators. Remarkably, there
exists a unique Lorentz and gauge-invariant operator that is possible to construct with
the SM fields, the so called Weinberg operator [28]
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where ↵, � = e, µ, ⌧ , c↵� is a complex symmetric matrix and ⇤ is a constant with the
dimensions of energy that is related to the new physics scale. When the Higgs field
acquires a nonzero VEV, the operator (2.85) contributes as
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that is a Majorana mass term for left-handed neutrinos. It is notable that the first
expected effect of physics BSM is just the appearance of non-zero Majorana neutrino
masses; in this sense neutrinos are truly a window to BSM physics.

2.3 Leptonic Lagrangian in the Standard Model

Given the SM field content, the SM Lagrangian is the most general renormalizable La-
grangian which is invariant under the local gauge group and the global Lorentz transfor-
mations. Choosing a basis in which the kinetic terms are diagonal, the leptonic part is
given by
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Y↵� is the matrix of the Yukawa interactions, which expresses the strength of the cou-
plings between the leptons and the Higgs field. It is a 3 ⇥ 3 matrix with complex entries
in general, which can be diagonalised through the bi-unitary transformation [29]

U †Y V = diag [y1, y2, y3] , (2.88)
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SSB mechanism, in a similar way as Dirac mass terms are generated in the SM. However
such mechanism would require a Higgs-like scalar field with isospin I = 1, in order to
construct a gauge invariant Yukawa interaction containing the I = 1 term ⌫c

L
⌫L. Such a

field (a Higgs triplet) is not present in the SM, and so this possibility is also excluded.
To summarise, because of the gauge symmetries and the field content of the theory,

and allowing only renormalizable couplings, neutrinos are massless in the SM.
If one relaxes the renormalizability condition and considers the SM as an effective

theory valid up to some energy scale, and parametrises the effects of the unknown UV
completion as a tower of effective non-renormalizable operators, the first new physics
effects are encoded in the collection of allowed dimension 5 operators. Remarkably, there
exists a unique Lorentz and gauge-invariant operator that is possible to construct with
the SM fields, the so called Weinberg operator [28]
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acquires a nonzero VEV, the operator (2.85) contributes as
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that is a Majorana mass term for left-handed neutrinos. It is notable that the first
expected effect of physics BSM is just the appearance of non-zero Majorana neutrino
masses; in this sense neutrinos are truly a window to BSM physics.

2.3 Leptonic Lagrangian in the Standard Model
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SSB mechanism, in a similar way as Dirac mass terms are generated in the SM. However
such mechanism would require a Higgs-like scalar field with isospin I = 1, in order to
construct a gauge invariant Yukawa interaction containing the I = 1 term ⌫c

L
⌫L. Such a

field (a Higgs triplet) is not present in the SM, and so this possibility is also excluded.
To summarise, because of the gauge symmetries and the field content of the theory,

and allowing only renormalizable couplings, neutrinos are massless in the SM.
If one relaxes the renormalizability condition and considers the SM as an effective

theory valid up to some energy scale, and parametrises the effects of the unknown UV
completion as a tower of effective non-renormalizable operators, the first new physics
effects are encoded in the collection of allowed dimension 5 operators. Remarkably, there
exists a unique Lorentz and gauge-invariant operator that is possible to construct with
the SM fields, the so called Weinberg operator [28]

1

2

c↵�

⇤

⇣
lc
L↵

e�⇤
⌘ ⇣

e�†l�
L

⌘
+ h.c., (2.85)

where ↵, � = e, µ, ⌧ , c↵� is a complex symmetric matrix and ⇤ is a constant with the
dimensions of energy that is related to the new physics scale. When the Higgs field
acquires a nonzero VEV, the operator (2.85) contributes as

v2

2

c↵�

⇤
⌫c

L↵
⌫L� + h.c., (2.86)

that is a Majorana mass term for left-handed neutrinos. It is notable that the first
expected effect of physics BSM is just the appearance of non-zero Majorana neutrino
masses; in this sense neutrinos are truly a window to BSM physics.

2.3 Leptonic Lagrangian in the Standard Model

Given the SM field content, the SM Lagrangian is the most general renormalizable La-
grangian which is invariant under the local gauge group and the global Lorentz transfor-
mations. Choosing a basis in which the kinetic terms are diagonal, the leptonic part is
given by

Lleptons = l↵
L

✓
i/@ +

g

2
/W

i
�i � g0

2
/B

◆
l↵L + e↵

R

�
i/@ � g0 /B

�
e↵

R

�Y↵�l↵
L
�e�

R
� Y †

↵�
e↵

R
�

†l�
L
. (2.87)

Y↵� is the matrix of the Yukawa interactions, which expresses the strength of the cou-
plings between the leptons and the Higgs field. It is a 3 ⇥ 3 matrix with complex entries
in general, which can be diagonalised through the bi-unitary transformation [29]

U †Y V = diag [y1, y2, y3] , (2.88)

where y1,2,3 are positive numbers and U, V are unitary matrices. Redefining the lepton
fields as

l↵L = U↵�
el�
L
, (2.89)

e↵

R = V↵�ee�

R
, (2.90)
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mν ≃ −v2F ∗ 1

M
F † (1)

|F | ! 10−7

√
M

GeV
(2)

|Uαi| !
√

mν

M
! 10−5

√
M

GeV
(3)

cαβ ≪ 1 (4)

Λ ≈ GeV (5)

1
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Fine tuning
If a symmetry is present 
in the Lagrangian, it will 
be manifest at any order 

in perturbation theory

The neutrino mass 
scale is stable under 
radiative corrections

We compute neutrino masses mν at 1-loop, and 
quantify the level of fine-tuning of a solution as

Lagrangian). If there is no symmetry, although at tree-level accidental cancellations can result in

small neutrino masses, then the combination of large Yukawa couplings and low-scale seesaw, without

any symmetry protecting neutrino masses, will in general result in large loop corrections, spoiling

the tree-level result. One can still satisfy the experimental constraints in this framework by invoking

accidental cancellations among different orders in the perturbative expansion, although the solution

will result quite fine tuned in this case. A well known example of approximate symmetry protecting

neutrino masses in the total lepton number L: experimentally there is no evidence for lepton number

violation, but small neutrino masses break lepton number conservation if they are Majorana particles.

One can thus link the smallness of neutrino masses with the smallness of the lepton-number violating

parameters in the theory, rendering small neutrino masses natural since in the massless limit the

Lagrangian acquires an additional symmetry. In this framework, after having integrated out the

BSM new physics states, there is a decorrelation between the L-violating 5-dimensional operator in

the effective theory, giving rise to non-zero neutrino masses, and the 6-dimensional operators, which

encode new-physics effects other than neutrino oscillations and which can be either L-violating or

L-conserving [60]. Since there is only one unique 5-dimensional operator in the SM [61], whose

coefficient is determined by neutrino masses and mixing, any possibility to disentangle among the

different models for neutrino mass generation relies in detecting the effects of at least the 6-dimensional

effective operators. Neutrino mass generations mechanisms based on an approximate lepton number

conservation include for instance supersymmetric models with R-parity violation [62–67], low-scale

Seesaw realisations [68–70], the νMSM [12], the Linear Seesaw [71–73] and Inverse Seesaw [29,74–77]

mechanisms. The key rôle of lepton number symmetry in low-scale leptogenesis realisations was

previously addressed in [10, 11].

In the exploration of the parameter space we do not impose any symmetry, but we allow the

underlying parameters in the theory to vary as reported in Table 1, in order to generate symmetry

protected as well as generic solutions. The prediction of an underlying lepton number symmetry is

indeed a mass spectrum characterised by a pair of sterile neutrinos N1,2
PD strongly degenerate in mass

and coupled to form a pseudo-Dirac state, with relative Yukawa couplings Fα1 ≃ −iFα2, and a third

state N3
Dec almost decoupled2, |Fα3| ≪

∣∣Fα(1,2)

∣∣ [60, 78, 79]. We then quantify a posteriori the level of

fine-tuning for each solution, by defining the following quantity

f.t.(mν) =

√√√√
3∑

i=1

(
mloop

i −mtree
i

mloop
i

)2

, (27) {eq:fine_tuning}

where mloop
i are the light neutrino masses computed at 1-loop level, while mtree

i are the same observ-

ables computed neglecting loop corrections. Eq. (27) quantifies how important are loop correction in

order to reproduce the observed neutrino mass spectrum: the smaller it is the more neutrino masses

are stable under radiative corrections, suggesting the presence of an underlying symmetry if Yukawa

couplings are sizeable larger than the naive Seesaw scaling |F | ! 10−7
√

M/GeV.

2Notice that the third state can equivalently be heavier or lighter with respect to the pseudo-Dirac pair.

12

mi loop 

1-loop neutrino

mass spectrum

mi tree 

tree-level neutrino

mass spectrum
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Neutrinoless effective mass
0νββ decay is a 
lepton number 

violating process 
It violates the B - L symmetry

m
0ν

ββ
 [e

V]
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Mass spectrum with 3 right-handed neutrinos 
and B - L approximate symmetry

Mass

How to preserve 
lepton number with 
Majorana states?

Pair two states to form a Dirac state

(equal masses, maximal mixing, opposite CP)

Decouple a state

If there is an odd number of right-handed neutrinos

and B - L approximate symmetry

Pseudo-Dirac state

Suppressed Yukawa couplings

or
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New mechanism: resonant asymmetry 
production in the B - L symmetry

Mass spectrum with 3 right-handed neutrinos and B - L symmetry
Mass

Vacuum massesThermal masses T ≫ TEW

B

C

A

B

C

If the vacuum mass of the decoupled state is heavier than the pseudo-
Dirac one, there is necessarily a level crossing at some finite temperature!

A

source term for the asymmetry in the heavy neutrino sector, which arises (for n � 3

only) from the first term in Eq. (3.1). This allows for the generation of an asymmetry

even in the absence of (flavour asymmetric) washout processes, contrary to the situation

for n = 2 [75].

3) Resonantly enhanced asymmetry. The produced asymmetry strongly depends on

the heavy neutrino mass splitting and is resonantly enhanced if the splitting between

two of the heavy neutrino masses is very small [46]. In the primordial plasma the

e↵ective quasiparticle masses are given by the eigenvalues of the e↵ective Hamiltonian

(3.5). Due to the interplay between temperature dependent and independent terms

in the e↵ective Hamiltonian, the e↵ective mass splittings are time dependent. As a

result, a maximal resonant enhancement can be generated dynamically, even if the mass

spectrum in vacuum is only moderately degenerate.5 This is similar to the Mikheyev-

Smirnov-Wolfenstein (MSW) e↵ect that a↵ects light neutrino oscillations in matter.

In contrast to the MSW e↵ect for light neutrinos it does not require the presence of

lepton chemical potentials because the Yukawa couplings can give di↵erent thermal

masses to the neutrinos (while the light neutrinos’ gauge interactions are flavour blind,

so that di↵erent e↵ective masses can only be realised through chemical potentials). In

particular, an (avoided) level crossing necessarily occurs for µ0 > 1, i.e., if the state ⌫R3

with couplings Fa3 ⇠ ✏0aFa has a vacuum mass M3 > M̄ larger than the pseudo-Dirac

spinor  N with couplings ⇠ Fa. This is because the component ⌫Rs of  N defined in

(2.20) receives a comparably large thermal mass ⇠ |Fa|
2T 2, which necessarily exceeds

the e↵ective mass of ⌫R3 at su�ciently high temperature. If this crossing occurs during

the time when the asymmetry is generated, the resonant e↵ect can maximally enhance

it, even if the vacuum masses are only moderately degenerate. In contrast, in the B� L̄

protected regime of the n = 2 case, the interaction and Majorana mass bases have to

be maximally misaligned to reproduce the small active neutrino masses, and hence any

avoided level crossing comes with a mass gap which is typically too large to resonantly

enhance the asymmetry. For n = 3 with µ0 > 1 the level-crossing temperature Tcrossing

can be estimated in the limit of approximate B � L̄ symmetry (|✏a|, |✏0a|,µ ⌧ 1 in

Eq. (2.19)), yielding

Tcrossing ⇡
2
p
2M̄

p
µ02 � 1qP

a
|Fa|

2
= 2.8⇥ 105 GeV

✓
M̄

GeV

◆ p
µ02 � 1qP

a
|(Fa/10�5)|2

. (4.4)

5
This e↵ect is well-known within the ⌫MSM [52], where it is crucial [47] to ensure that the generation of

asymmetries can occur twice during the history of the Universe, before sphaleron freeze-out (for baryoge-

nesis [46]) and afterwards (to generate the asymmetries required for resonant sterile neutrino Dark Matter

production [134]) for the same parameters.

– 17 –
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Level crossing: resonant asymmetry production
Sterile neutrinos abundances

equilibrium value

Active flavours asymmetries

Energy eigenvalues Total asymmetries

Level crossing
at x ~ 0.13

!29
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HI: Smaller collision energy

The charge to mass 
ratio is smaller for 

heavy ions

Smaller energy collision 
per nucleon

√
sPbPb = 5.52 TeV (1)

√
spp = 14 TeV (2)

208
82Pb (3)

σPbPb

σpp
∝ A2 ≃ 4.3× 104 (4)

A
ZN (5)

|F | ≳ 10−7 (6)

mν = −v2F
1

M
F T ≃ 0.3

!
GeV
M

"!
F 2

10−14

"
eV (7)

η∆B = (6.13± 0.03)× 10−10 (8)

1

√
sPbPb = 5.52 TeV (1)
√
spp = 14 TeV (2)

208
82Pb (3)

σPbPb

σpp
∝ A2 ≃ 4.3× 104 (4)

A
ZN (5)

|F | ≳ 10−7 (6)

mν = −v2F
1

M
F T ≃ 0.3

!
GeV
M

"!
F 2

10−14

"
eV (7)

η∆B = (6.13± 0.03)× 10−10 (8)

1

√
sPbPb = 5.52 TeV (1)

√
spp = 14 TeV (2)

208
82Pb (3)

σPbPb

σpp
∝ A2 ≃ 4.3× 104 (4)

σpp (14 TeV)

σPbPb (5.52 TeV)
(5)

A
ZN (6)

|F | ≳ 10−7 (7)

mν = −v2F
1

M
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!
GeV
M

"!
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"
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η∆B = (6.13± 0.03)× 10−10 (9)

1

• Typically larger for gluon-initiated processes 
than for quark-antiquark ones


• Grows with the particle masses in the final state

Scaling factor
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HI: Lower instantaneous luminosity
LHC can only collect a sizeably 
lower luminosity with heavy ions 

due to machine limitations

Int. luminosity expected pp expected PbPb
Run 2 100 fb-1 1 nb-1

HL LHC 3000 fb-1 10 nb-1

This is due to ultraperipheral electromagnetic interactions:
Heavy Ions in The Large Hadron Collider

important interactions in Pb collisions are Bound-Free Pair-Production (BFPP)

208Pb82+ +208 Pb82+
�!

208 Pb82+ +208 Pb81+ + e+ (2.64)

and Electromagnetic Dissociation (EMD)

208Pb82+ +208 Pb82+
�!

208 Pb82+ +207 Pb82+ + n. (2.65)

Reaction (2.64) describes electron capture to one of the nuclei, which will be called
BFPP1 hereafter. The next order reaction, when two electrons are captured by one
of the nuclei, is called BFPP2, etc. A similar naming convention is applied to EMD,
where Eq. (2.65) characterises EMD1.

Deviation from Main Beam These interactions change the charge state or mass
of one of the colliding ions and thus its magnetic rigidity, creating a secondary beam
emerging from the collision point [66]. The magnetic rigidity is defined in Eq. (2.1). If
the mass of an ion is changed by A ! A0+�A and the charge state by Z ! Z0+�Z,
its rigidity becomes B⇢(1 + �). The fractional deviation � from the main beam, with
A0 and Z0, is given to a very good approximation7 by [66]

� ⇡
Z0(A0 +�A)

A0(Z0 +�Z)
(1 + �p)� 1, (2.66)

taking into account a central relative momentum o↵set, �p, of the beam. In the Pb-Pb
collisions discussed here, �p = 0 is assumed. The secondary beams will follow disper-
sive orbits according to their magnetic rigidity. However, their momentum deviation
lies outside the acceptance of the ring, resulting in an impact on the beam screen in a
localised position (depending on the lattice) around a superconducting magnet down-
stream of the interaction point (IP), as sketched in Fig. 2.10. The secondary beam’s
horizontal orbit, with respect to the central orbit, is given by � times the locally gener-
ated dispersion, dx, since the IP. Thus, the impact position is given by the first point
where the horizontal aperture Ax  dx�, unless � is small enough that the secondary
beam goes through the arc. This occurs on each side of every IP where ions collide.

The secondary beam trajectories on the example of Beam 1 right of IP2 are shown
in Fig. 2.11. The (a) horizontal and (b) vertical beam envelopes were tracked with
MADX, using the nominal optics configuration at Eb = 7Z TeV and �

⇤ = 0.5m,
assuming a normalised emittance of ✏n = 1.5µm. The main beam is displayed with its
10� envelope (blue in (a), light red in (b)), while the 1� envelopes are shown for the
BFPP1 (red), BFPP2 (orange), EMD1 (light green) and EMD2 (dark green) beams.

Dispersion is mainly generated by dipoles in the horizontal plane, therefore the sec-
ondary beams are significantly separated only in the horizontal plane (top picture),
while they travel along with the main beam in the vertical plane. The straight section

7neglecting the increments of the mass excess
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Bound-Free Pair-Production (BFPP):

Electromagnetic Dissociation (EMD): σEMD ∝ (A− Z)Z3
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Heavy Ions in The Large Hadron Collider

Figure 2.10.: Sketch of the separation of the secondary beams from the
main beam in the curved beam pipe inside bending magnets.

BFPP EMD Hadronic

Symbole �c,BFPP1 �c,BFPP2 �c,EMD1 �c,EMD2

P
�c,EMD �c,hadron

Reference [67] [68] [66] [69]
Cross-section [b] 281 0.006 96 29 226 8

Table 2.3.: Cross-sections for electromagnetic interactions in Pb-Pb colli-
sions at Eb = 7Z TeV.

directly behind the IP (between s = 0 and ⇠250m) does not feature many dipoles. The
only bending magnets installed here are the ones responsible for separating Beam 1
and 2 after the collision and some correctors. Thus, the trajectories of the secondary
beams are mostly overlaid with the main beam. The first section of the arc connected
to the IR is called dispersion suppressor (DS), since, as its name suggests, a special
arrangement of bending and focusing magnets takes care to eliminate the dispersion,
created by the dipoles in the arc, to be zero at the IP. At the entrance of the DS the
secondary beams start to diverge from the main beam. The BFPP beams will impact
in the beam screen inside a superconducting dipole about 100m further downstream,
while the EMD beams are deflected less and travel on dispersive trajectories parallel
to the main beam until the momentum collimation section in IR3, where they are
absorbed by the collimators (see Section 7.2.3).

Interaction Cross-Sections The rate of particle removal from the beam is directly
proportional to the interaction cross-section, see Eq. (2.20). Table 2.3 summarizes the
cross-sections for the dominating electromagnetic processes at Eb = 7Z TeV in Pb-Pb
collisions.

Of all electromagnetic interactions, changing the charge-to-mass ratio of at least one
of the participating ions, BFPP1 is the reaction with the highest probability. A calcula-
tion to estimate the BFPP1 cross-section is described in Ref. [67]. The parametrization

�c,BFPP1 ⇡ Z
5

1
Z

2

2

X

i

(Ai log � +Bi) (2.67)
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For PbPb with 
Eb=7ZTeV
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HI: Impact of electromagnetic processes
Heavy Ions in The Large Hadron Collider

IP 
main beam 

BFPP1 

EMD1 

Figure 2.10.: Sketch of the separation of the secondary beams from the
main beam in the curved beam pipe inside bending magnets.

BFPP EMD Hadronic

Symbole �c,BFPP1 �c,BFPP2 �c,EMD1 �c,EMD2

P
�c,EMD �c,hadron

Reference [67] [68] [66] [69]
Cross-section [b] 281 0.006 96 29 226 8

Table 2.3.: Cross-sections for electromagnetic interactions in Pb-Pb colli-
sions at Eb = 7Z TeV.

directly behind the IP (between s = 0 and ⇠250m) does not feature many dipoles. The
only bending magnets installed here are the ones responsible for separating Beam 1
and 2 after the collision and some correctors. Thus, the trajectories of the secondary
beams are mostly overlaid with the main beam. The first section of the arc connected
to the IR is called dispersion suppressor (DS), since, as its name suggests, a special
arrangement of bending and focusing magnets takes care to eliminate the dispersion,
created by the dipoles in the arc, to be zero at the IP. At the entrance of the DS the
secondary beams start to diverge from the main beam. The BFPP beams will impact
in the beam screen inside a superconducting dipole about 100m further downstream,
while the EMD beams are deflected less and travel on dispersive trajectories parallel
to the main beam until the momentum collimation section in IR3, where they are
absorbed by the collimators (see Section 7.2.3).

Interaction Cross-Sections The rate of particle removal from the beam is directly
proportional to the interaction cross-section, see Eq. (2.20). Table 2.3 summarizes the
cross-sections for the dominating electromagnetic processes at Eb = 7Z TeV in Pb-Pb
collisions.
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Risk of quenching magnets!
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HI: Cross section enhancement

In NN collisions, number of parton level 
interactions enhanced by a factor A2

This partially compensates the loss in 
statistics due to a lower luminosity
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HI: Lower primary vertex mis-identification

invisible particle

neutral LLP

beams

incorrectly
identified
primary
vertex

primary
vertex

charged particles

There is no pile-up in heavy ion collisions!

This allows to better identify primary vertices

!34

4

The number of events in each b jet category is obtained by fitting the sum of the contributions
for signal and backgrounds. The free parameters of the fit are the normalization of the signal,
QCD multijet, and W+jets yields (as well as the parameters of their functional forms described
above), the b-finding efficiency, i.e., the probability that a jet originating from the b quark from
a top quark decay passes both the kinematic and the b tagging selections, and an overall jet
energy scale factor. Figure 1 shows the mjj0 distribution for events with zero, one, or at least
two b-tagged jets, compared with the fit results.
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Figure 1: Invariant mass distributions of the W candidate, mjj0 , in the 0 (left), 1 (center), and
2 (right) b-tagged jet categories after all selections. The red and orange areas correspond to
the signal simulation (correct and wrong assignments, respectively) while the blue one corre-
sponds to the estimated non-top background contributions. The error bars indicate the statisti-
cal uncertainties.

To further examine the hypothesis that the selected data are consistent with the production of
top quarks, we define a proxy of the top quark mass, mtop, as the invariant mass of a t ! jj0b
candidate formed by pairing the W candidate with a b-tagged jet. This pairing is chosen to
minimize the absolute difference between the invariant masses of the t ! jj0b, and the t ! `nb
candidates. In the 0b and 1b categories, the jet(s) with the highest value(s) of the b quark
identification discriminator are considered for this purpose. Figure 2 shows the distribution
of mtop reconstructed for events in the 0, 1, and 2 b-tagged jet categories, with all signal and
background parameters kept fixed to those from the outcome of the mjj0 fit.
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Figure 2: Invariant mass distributions of the t ! jj0b candidates, mtop, in the 0 (left), 1 (center),
and 2 (right) b-tagged jet categories after all selections. All signal and background parameters
are kept fixed to the outcome of the mjj0 fit. Symbols and patterns are the same as in Fig. 1.

The total number of tt signal events obtained through the fit of the µ+jets and e+jets channels
combined, is 710. Sources of experimental uncertainty in the measurement include the uncer-
tainty in the b tagging efficiency, which is measured in situ and bears the largest effect of ±13%

No b-tagged jets 1 b-tagged jets 2 b-tagged jets

CMS Collaboration, arXiv:1709.07411 [nucl-ex]

For instance, misidentification rate of light-jets is 
smaller in pPb than in pp events (0.1 % vs 0.8%)

Background reduction
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HI: Larger track multiplicity
Huge number of tracks from PbPb events, but same vertex

In pp multiplicity mainly due to pile-up

For central events at 
√
sPbPb = 5.52 TeV (1)
√
spp = 14 TeV (2)

208
82Pb (3)

σPbPb

σpp
∝ A2 ≃ 4.3× 104 (4)

A
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|F | ≳ 10−7 (6)

mν = −v2F
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F T ≃ 0.3
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GeV
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η∆B = (6.13± 0.03)× 10−10 (8)

1

~ 10 000 charged tracks

~ 750 charged tracks for Run 3

~ 5 000 charged tracks at HL-LHC

In ATLAS/CMS tracking acceptance

Not big difference at HL-LHC, and we expect vertex reconstruction to be 
affected more from pile-up than from track multiplicity 

(cf. b-tagging performance in top searches with pp and pPb)

ALICE Collaboration, arXiv:1512.06104 [nucl-ex]

CMS Collaboration, arXiv:1507.05915 [hep-ex]
ATLAS Collaboration, arXiv:1606.01133 [hep-ex]
ALICE Collaboration, arXiv:1509.08734 [nucl-ex]

G. Apollinari, I. Béjar Alonso, O. Brüning, M. Lamont, and 
L. Rossi, 10.5170/CERN-2015-005

G. Apollinari, O. Brüning, T. Nakamoto and L. Rossi, 
arXiv:1705.08830 [physics.acc-ph]



M. Lucente (UCLouvain) IFAE 2019!36

HI: Luminosity estimation
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where k is a parameter depending on the other beam properties 
(revolution frequency, number of bunches, emittance, width)

The integrated luminosity is thus 

Turnaround time ta: average time between two physics runs
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Cross section Luminosity

M
Ô

sNN ‡EMD ‡BFPP ‡had ‡tot ‡W A2‡W L · survival Lave N/N(p)
[GeV] [TeV] [b] [b] [b] [b] [nb] [µb] [1/µb s] [h] [1] [1/µb s] [1]

1
1H 0.931 14.0 0 0 0.0710 0.07 56.0 0.0560 21.0 ◊ 103 75.0 0.72 15.0 ◊ 103 1

16
8O 14.9 7.00 0.074 24 ◊ 10≠6 1.41 1.48 28.0 7.17 94.3 6.16 0.37 35.2 0.30

40
18Ar 37.3 6.30 1.2 0.0069 2.6 3.81 25.2 40.3 4.33 11.2 0.46 2.00 0.0957
40
20Ca 37.3 7.00 1.6 0.014 2.6 4.21 28.0 44.8 2.90 12.4 0.48 1.38 0.0735
78
36Kr 72.7 6.46 12 0.88 4.06 16.9 25.8 157 0.311 9.40 0.44 0.135 0.0253
84
36Kr 78.2 6.00 13 0.88 4.26 18.1 24.0 169 0.311 8.77 0.43 0.132 0.0266

129
54Xe 120 5.86 52 15 5.67 72.67 23.4 390 0.0665 4.73 0.34 0.0223 0.0103

208
82Pb 194 5.52 220 280 7.8 508 22.1 955 0.0136 1.50 0.19 2.59 ◊ 10≠3 0.0029

Table I: Cross sections and luminosities for di�erent heavy ions based on [21]. The luminosities are calculated under
the optimistic assumption of p = 1.9 and tta = 2.5. The last column shows how much the production of W bosons is

reduced in comparison to pp.

signatures. Hence, heavy ion collisions actually provide a
much cleaner environment to search for signatures from
the decay of comparably heavy LLPs, cf. Fig. 1. III) The
lower instantaneous luminosity can enable ATLAS and
CMS to significantly lower their trigger thresholds, in par-
ticular for clean analysis objects such as muons. This e.g.
allows to search for signatures with comparably low trans-
verse momentum pT , which is particularly interesting in
scenarios involving light mediators.

The e�ect of point II) is model dependent and requires
a detailed quantitative analysis. This goes beyond the
scope of the present letter, the main purpose of which is
to point out the potential of heavy ion collisions. We will
therefore in the following entirely focus on aspect III) for
illustrative purposes.

Average instantaneous luminosity. The instantaneous
luminosity in heavy ion collisions is limited by several fac-
tors. First, there are technical limits on the performance
of the injectors. Second, the cross section per nucleon
in the interaction points is larger than for pp collisions.
This leads to a more rapid decline in the beam intensity.
Most of the interactions are unwanted electromagnetic in-
teractions in the stronger Coulomb fields or soft hadronic
processes, cf. e.g. refs. [23–25] and references therein for
details. In addition to the loss in beam intensity, these
processes tend to produce secondary beams that can po-
tentially quench the LHC magnets. This problem was
only recently solved by directing the secondary beams
between the magnets.[Jan: can we cite someone?] Finally,
a maximal number of events is not necessarily ideal for
experiments that primarily study the QGP. For instance,
LHCb, which has recently started to analyse heavy ion
collision [26], only uses about 10 % of the available beam
intensity.

The upper limit on the achievable instantaneous lu-
minosity depends on the mass number A and charge Z
of the concerned nuclei in a complicated manner and is
currently under investigation. For the purpose of the

present article we use the numbers presented in table I,
which are computed based on estimates presented at the
recent HL-LHC workshop [21]. In the following we briefly
summarise how we used this data. The luminosity at an
interaction point (IP) is L Ã nbN2

b [27], where nb is the
number of bunches per beam and Nb is the number of
partons per bunch. The beam decay caused at the IPs is
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teractions in the stronger Coulomb fields or soft hadronic
processes, cf. e.g. refs. [23–25] and references therein for
details. In addition to the loss in beam intensity, these
processes tend to produce secondary beams that can po-
tentially quench the LHC magnets. This problem was
only recently solved by directing the secondary beams
between the magnets.[Jan: can we cite someone?] Finally,
a maximal number of events is not necessarily ideal for
experiments that primarily study the QGP. For instance,
LHCb, which has recently started to analyse heavy ion
collision [26], only uses about 10 % of the available beam
intensity.

The upper limit on the achievable instantaneous lu-
minosity depends on the mass number A and charge Z
of the concerned nuclei in a complicated manner and is
currently under investigation. For the purpose of the

present article we use the numbers presented in table I,
which are computed based on estimates presented at the
recent HL-LHC workshop [21]. In the following we briefly
summarise how we used this data. The luminosity at an
interaction point (IP) is L Ã nbN2

b [27], where nb is the
number of bunches per beam and Nb is the number of
partons per bunch. The beam decay caused at the IPs is

dNb

dt
= ≠‡tot

nIP
nb

L = ≠ N2
b

N0·b
, ·b = nb

‡totnIP

N0
L0

, (1)

where nIP is the number of IPs, ‡tot is the total cross sec-
tion and ·b is the (initial) beam lifetime. N0 = Nb(0) and
L0 are the initial intensity and luminosity, respectively.
Neglecting other sources the decay law is

Nb(t) = N0
1 + ◊

, ◊ = t

·b
. (2)

The luminosity evolution L(t) and integrated luminosity
�(t) are then

L(t) = L0

(1 + ◊)2 , �(t) = L0·b
◊

1 + ◊
. (3)

Taking the turnaround time tta, the average time between
two physics runs, into consideration gives an average
luminosity of

Lave(t) = �(t)
t + tta

, (4)

which is maximized for

topt = ·b


◊ta , ◊ta = tta

·b
. (5)

Hence, the average luminosity for the optimal run time is

Lave(topt) = L0!
1 +

Ô
◊ta

"2 . (6)

Average luminosity maximised 
for
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HI: Initial bunch intensity
The initial number of ions per bunch 
Nb is a key parameter for luminosity

We use the empirical expression

Nb

!
A
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"
= Nb

!
208
82Pb

"# Z

82

$−p

(1)
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frevnb

4πβ∗#
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1 + θt
(2)
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(3)
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(4)

σBFPP ∝ Z7 (5)
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$
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η∆B = (6.13± 0.03)× 10−10 (14)
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The XeXe run achieved p = 0.75 
after only few hours of tuning This allows to be optimistic 

p = 1     conservative assumption

p = 1.9  optimistic assumptionwhere

J. Jowett, Workshop on the physics of HL-LHC, and perspectives at HE-LHC, (2018)
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3

Cross section Luminosity

M
Ô

sNN ‡EMD ‡BFPP ‡had ‡tot ‡W A2‡W L0 ·b Lave NN/Np

[GeV] [TeV] [b] [b] [b] [b] [nb] [µb] [1/µb s] [h] [1/µb s] [1]
1
1H 0.931 14.0 0 0 0.0710 0.07 56.0 0.0560 21.0◊ 103 75.0 15.0 ◊ 103 1

16
8O 14.9 7.00 0.074 24 ◊ 10≠6 1.41 1.48 28.0 7.17 94.3 6.16 35.2 0.30

40
18Ar 37.3 6.30 1.2 0.0069 2.6 3.81 25.2 40.3 4.33 11.2 2.00 0.0957
40
20Ca 37.3 7.00 1.6 0.014 2.6 4.21 28.0 44.8 2.90 12.4 1.38 0.0735
78
36Kr 72.7 6.46 12 0.88 4.06 16.9 25.8 157 0.311 9.40 0.135 0.0253
84
36Kr 78.2 6.00 13 0.88 4.26 18.1 24.0 169 0.311 8.77 0.132 0.0266

129
54Xe 120 5.86 52 15 5.67 72.67 23.4 390 0.0665 4.73 0.0223 0.0103

208
82Pb 194 5.52 220 280 7.8 508 22.1 955 0.0136 1.50 2.59◊10≠3 0.0029

Table I: Cross sections and luminosities for di�erent heavy ions based on [21]. The luminosities are calculated under the
optimistic assumption of p = 1.9 and tta = 2.5 h and neglecting operational e�ciencies. The cross sections are related via
‡tot = ‡EMD + ‡BFPP + ‡had. The last column contains the ratio between the number of produced W -bosons in NN- and
pp-production.

III) The lower instantaneous luminosity can enable AT-
LAS and CMS to significantly lower their trigger
thresholds, in particular for clean analysis objects
such as muons. This, e.g., allows to search for sig-
natures with comparably low transverse momentum
pT , which is particularly interesting in scenarios
involving light mediators.

The e�ect of point II) is model dependent and requires
a detailed quantitative analysis. This goes beyond the
scope of the present Letter, whose main purpose is to
point out the potential of heavy ion collisions. We will
therefore in the following entirely focus on aspect III) for
illustrative purposes.

Average instantaneous luminosity. The instantaneous
luminosity in heavy ion collisions is limited by several
factors. First, there are technical limitations on the per-
formance of the injectors. Second, the cross section per
nucleon in the interaction points is larger than for pp
collisions. This leads to a more rapid decline in the beam
intensity. Most of the interactions are unwanted electro-
magnetic interactions in the stronger Coulomb fields and
soft hadronic processes, i.e., electromagnetic dissociation
(EMD) and bound-free pair production (BFPP), cf. e.g.
references [23–25] and references therein for details. In
addition to the loss in beam intensity, these processes tend
to produce secondary beams that can potentially quench
the LHC magnets. The latter problem was only recently
solved for ATLAS and CMS by directing the secondary
beams between the magnets, while a special new collima-
tor is required for ALICE [26, 27]. Finally, a maximal
number of events is not necessarily ideal for experiments
that primarily study the QGP. For instance, the ALICE
experiment is limited in the amount of data that it can
acquire by the repetition time of its time projection cham-
ber [28], thus instantaneous luminosity is levelled at their
interaction point by adjusting the horizontal separation
between the bunches. Similarly also the LHCb experiment
only uses about 10 % of the available beam intensity [29].

The upper limit on the achievable instantaneous lu-
minosity depends on the mass number A and charge Z
of the concerned nuclei in a complicated manner and is
currently under investigation. For the purpose of the
present Letter we use the numbers presented in Table I,
which are computed based on estimates presented at a
recent HL-LHC workshop [21]. In the following we briefly
summarise how we used these data. The luminosity at an
interaction point behaves as L Ã nbN2

b [30], where nb is
the number of bunches per beam and Nb is the number
of nucleons per bunch. The average luminosity for the
optimal run time is [30, 31]

Lave = L0
1

1 +


tta/·b

2≠2
, (1)

where L0 is the initial luminosity, ·b is the (initial) beam
lifetime and tta the turnaround time between two fillings.
The initial bunch intensity roughly follows Nb

!
A
ZN

"
=

Nb

!208
82Pb

" !
Z
82

"≠p where the exponent characterises the
number of nucleids per bunch. For a given isotope, it is
limited by the heavy-ion injector chain, the bunch charges
and intra-beam scatterings. Simple estimates based on
fixed target studies with Ar beams suggest that p < 1.9
is realistic [21].

An example: Heavy Neutrinos. Right handed neutri-
nos ‹R appear in many extensions of the SM and could,
depending on their mass M , explain several open puzzles
in cosmology and particle physics, cf. e.g. [32]. The SM
Lagrangian is augmented by the extension

i
2‹R /̂‹R ≠ Fa¸LaÁ„ú‹R ≠ 1

2‹c
RM‹R + h.c. , (2)

which is well-known from the type-I seesaw mechanism
[33–38]. Here ¸La are the SM lepton doublets, Á is the
antisymmetric SU(2) tensor and „ the SM scalar doublet.
For M below the electroweak scale, the Lagrangian (2) ef-
fectively describes the Neutrino Minimal Standard Model
(‹MSM) [39, 40], a minimal extension of the SM that

HI: Result for different ions
pp and PbPb are two extreme cases


Intermediate ions could be interesting

W boson

production 

cross 
section

# events 
w.r.t. 

proton 
runs

p = 1.9

ta = 2.5 h
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6

difference in the theoretical tt cross section computed with the PDF for free protons and for
bound nucleons is small. A net overall antishadowing effect increases the total top-quark pair
cross section by only 4% for both the EPPS16 and EPS09 sets in pPb relative to pp collisions [5].
Such a difference is too small to be observed in the data with the current experimental uncer-
tainties. Figure 3 shows the measured and theoretical cross sections for tt production in pPb col-
lisions at

p
sNN = 8.16 TeV, compared with the results from pp collisions at

p
s = 8 TeV [38, 39]

scaled by A and by the ratio of 8.16 TeV over 8 TeV NNLO+NNLL cross sections.

0 20 40 60 80 100
 [nb]σ

CMS

(Top++)NNLO+NNLL K⋅ NLO MCFM
CT14+EPPS16

(Top++)NNLO+NNLL K⋅ NLO MCFM
CT10+EPS09=8.16 TeV)NNs, (-1pPb, 174 nb

e+jets

+jetsµ

l+jets

NNLO+NNLL Top++
CT14
NNLO+NNLL Top++
CT10=8 TeV)s, (-1pp, 19.6 fb

(8 TeV)NNLO+NNLLσ
(8.16 TeV)NNLO+NNLLσ

 ⋅Data scaled by A 

JHEP 1608 (2016) 029 µe

EPJC 77 (2017) 15l+jets 

syst⊕Exp. unc.: stat  stat

scales⊕Th. unc.: pdf  pdf

Figure 3: Total tt cross sections measured in the e+jets, µ+jets, and combined `+jets channels
in pPb collisions at

p
sNN = 8.16 TeV, compared to theoretical NNLO+NNLL predictions, and

to scaled
p

s = 8 TeV pp results [38, 39]. The total experimental error bars (theoretical error
bands) include statistical and systematic (PDF and scale) uncertainties added in quadrature.

In summary, the top pair production cross section has been measured for the first time in
proton-nucleus collisions, using pPb data at

p
sNN = 8.16 TeV with a total integrated luminosity

of 174 nb�1. The measurement is performed by analyzing events with exactly one isolated elec-
tron or muon and at least four jets. The significance of the tt signal against the background-only
hypothesis is above five standard deviations. The measured cross section is stt = 45± 8 nb, con-
sistent with the expectations from scaled pp data as well as perturbative quantum chromody-
namics calculations. This first measurement paves the way for further detailed investigations
of top quark production in nuclear interactions, providing in particular a new tool for studies
of the strongly interacting matter created in nucleus-nucleus collisions.
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We show that ultra-peripheral heavy-ion collisions at the LHC can be used to search for axion-
like particles with mass below 100 GeV. The Z4 enhanced photon-photon luminosity from the ions
provides a large exclusive production rate, with a signature of a resonant pair of back-to-back
photons and no other activity in the detector. In addition, we present both new and updated limits
from recasting multi-photon searches at LEP II and the LHC, which are more stringent than those
currently in the literature for the mass range 100 MeV to 100 GeV.

I. INTRODUCTION

A number of outstanding experimental and theoretical
observations point to an incompleteness of the standard
model (SM); notable examples include the existence of
dark matter, the strong CP problem, and the hierarchy
problem. Proposed resolutions typically involve the in-
troduction of new particles or even whole new sectors
beyond the SM. The Large Hadron Collider (LHC), in
its capacity as a energy-frontier proton-proton (p-p) col-
lider, has a suite of dedicated searches for many di↵erent
new physics scenarios (for an overview, see Ref. [1, 2]).

Beyond p-p collisions, the LHC also collides heavy ions
at unprecedented energies. ATLAS, CMS, LHCb and
ALICE have all recorded proton-lead (p-Pb) and lead-
lead (Pb-Pb) collisions. For Pb-Pb collisions at the LHC,
the design luminosity is ⇠ 1 nb�1/year, with an eventual
center-of-mass energy per nucleon of

p
sNN = 5.5 TeV.

With this reduced luminosity and lower per-nucleon col-
lision energy, heavy-ion collisions are not optimized for
typical beyond the SM (BSM) physics searches. How-
ever, the large charge of the lead ions (Z = 82) results in
a huge Z4 enhancement for the coherent photon-photon
luminosity, which can in principle be exploited to search
for new physics that couples predominantly to photons.
Interestingly, this coherent enhancement extends to ener-
gies above 100 GeV, essentially because the wavelength of
such high energy photons is still longer than the Lorentz-
contracted size of the ultra-relativistic Pb ions.

These coherent electromagnetic interactions occur in
ultra-peripheral collisions (UPCs), where the impact pa-
rameter is much larger than the ion radius, such that
the ions scatter quasi-elastically and remain intact. (See
Ref. [3–5] for reviews.) Such exclusive processes are char-
acterized by a lack of additional detector activity and a
large rapidity gap between the produced particles and
outgoing beams. This allows very e�cient background re-
jection of non-exclusive interactions and provides a clean
environment to search for new particles. One particu-
larly fascinating early proposal was a search for the SM
Higgs boson in photon fusion [6–8]. Although the rate for
this process is too small for the planned luminosity at the
LHC [9], it is nevertheless a very instructive benchmark
for the study of exclusive particle production in UPCs.

Other proposals include searches for e.g. supersymmetry
[10] or extra dimensions [11], but have not been compet-
itive with the analogous searches with p-p collisions.

In this Letter, we present an application of heavy-ion
collisions to search for scalar and pseudoscalar particles
produced in photon fusion (Fig. 1) and with mass in the
range 5 to 100 GeV. (See [12–14] for early proposals re-
lated to MeV-scale particles in low energy heavy ion col-
lisions.) Relatively light pseudoscalar bosons are natural
ingredients in a large class of models which invoke the
breaking of approximate symmetries. The ⇡0 and ⌘ are
known examples in the SM. In extensions of the SM,
such particles can couple to the electromagnetic sector
through a Lagrangian of the form

La =
1

2
(@a)2 � 1

2
m2

aa2 � 1

4

a

⇤
F eF , (1)

where a is the new pseudoscalar, often referred to as
an axion-like particle (ALP), F̃µ⌫ ⌘ 1

2✏µ⌫⇢�F⇢�, ma

is the mass of the ALP, and 1/⇤ is the coupling con-
stant. We also consider an ALP coupling to hypercharge,
through the operator � 1

4 cos2 ✓W

a
⇤B eB. Although we take

a pseudoscalar as a benchmark, our conclusions apply
for scalars as well, upon substituting F̃ (B̃) with F (B) in
Eq. (1).

For UPCs, the total cross section for ALP production
in the narrow width approximation is given by

�a =
8⇡2

ma
�(a ! ��)L��(m2

a), (2)

where �(a ! ��) = 1
64⇡

m3
a

⇤2 is the decay width of the

a
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FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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We show that ultra-peripheral heavy-ion collisions at the LHC can be used to search for axion-
like particles with mass below 100 GeV. The Z4 enhanced photon-photon luminosity from the ions
provides a large exclusive production rate, with a signature of a resonant pair of back-to-back
photons and no other activity in the detector. In addition, we present both new and updated limits
from recasting multi-photon searches at LEP II and the LHC, which are more stringent than those
currently in the literature for the mass range 100 MeV to 100 GeV.

I. INTRODUCTION

A number of outstanding experimental and theoretical
observations point to an incompleteness of the standard
model (SM); notable examples include the existence of
dark matter, the strong CP problem, and the hierarchy
problem. Proposed resolutions typically involve the in-
troduction of new particles or even whole new sectors
beyond the SM. The Large Hadron Collider (LHC), in
its capacity as a energy-frontier proton-proton (p-p) col-
lider, has a suite of dedicated searches for many di↵erent
new physics scenarios (for an overview, see Ref. [1, 2]).

Beyond p-p collisions, the LHC also collides heavy ions
at unprecedented energies. ATLAS, CMS, LHCb and
ALICE have all recorded proton-lead (p-Pb) and lead-
lead (Pb-Pb) collisions. For Pb-Pb collisions at the LHC,
the design luminosity is ⇠ 1 nb�1/year, with an eventual
center-of-mass energy per nucleon of

p
sNN = 5.5 TeV.

With this reduced luminosity and lower per-nucleon col-
lision energy, heavy-ion collisions are not optimized for
typical beyond the SM (BSM) physics searches. How-
ever, the large charge of the lead ions (Z = 82) results in
a huge Z4 enhancement for the coherent photon-photon
luminosity, which can in principle be exploited to search
for new physics that couples predominantly to photons.
Interestingly, this coherent enhancement extends to ener-
gies above 100 GeV, essentially because the wavelength of
such high energy photons is still longer than the Lorentz-
contracted size of the ultra-relativistic Pb ions.

These coherent electromagnetic interactions occur in
ultra-peripheral collisions (UPCs), where the impact pa-
rameter is much larger than the ion radius, such that
the ions scatter quasi-elastically and remain intact. (See
Ref. [3–5] for reviews.) Such exclusive processes are char-
acterized by a lack of additional detector activity and a
large rapidity gap between the produced particles and
outgoing beams. This allows very e�cient background re-
jection of non-exclusive interactions and provides a clean
environment to search for new particles. One particu-
larly fascinating early proposal was a search for the SM
Higgs boson in photon fusion [6–8]. Although the rate for
this process is too small for the planned luminosity at the
LHC [9], it is nevertheless a very instructive benchmark
for the study of exclusive particle production in UPCs.

Other proposals include searches for e.g. supersymmetry
[10] or extra dimensions [11], but have not been compet-
itive with the analogous searches with p-p collisions.

In this Letter, we present an application of heavy-ion
collisions to search for scalar and pseudoscalar particles
produced in photon fusion (Fig. 1) and with mass in the
range 5 to 100 GeV. (See [12–14] for early proposals re-
lated to MeV-scale particles in low energy heavy ion col-
lisions.) Relatively light pseudoscalar bosons are natural
ingredients in a large class of models which invoke the
breaking of approximate symmetries. The ⇡0 and ⌘ are
known examples in the SM. In extensions of the SM,
such particles can couple to the electromagnetic sector
through a Lagrangian of the form
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a pseudoscalar as a benchmark, our conclusions apply
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in the narrow width approximation is given by
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FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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FIG. 2. The dominant backgrounds to the ALP signal are
from light-by-light scattering in ultra-peripheral Pb-Pb colli-
sions, and e+e� production where both electrons fake a pho-
ton.

isolated activity in the calorimeters, e.g. [24]. Given the
absence of pile-up at Pb-Pb collisions, we do not expect
such a veto to significantly degrade the signal e�ciency
(see also [25]).

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake di-
photon production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m�� . The second background comes from photon fakes
due to electrons.

Due to the Z4 enhancement of the photon flux, the
dominant irreducible background comes from light-by-
light scattering (LBL), a process which was first calcu-
lated for heavy ion collisions in [26]. This is shown on the
left-hand side of Fig. 2. We have computed the rate for
LBL in the equivalent photon approximation using the
one-loop matrix element for massless fermions [27] and
find reasonably good agreement with detailed calcula-
tions in [26, 28, 29]. Such a background is irreducible but
follows a continuum (except for small e↵ects at around
the bb̄ threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
central exclusive production (CEP) of photons. For p-p
collisions, this process has been calculated [30–32] and
constrained experimentally at 7 TeV with CMS [25]. To
the best of our knowledge, no prediction is currently
available for the analogous process in heavy-ion collisions.
One could make a simplistic estimate of this contribution
in Pb-Pb collisions by rescaling the p-p prediction with
⇠ A2/3 (by reason that only the outermost nucleons con-
tribute) which would render this background negligible;
however, we note that there is a large theoretical uncer-
tainty in the expected scaling with A. Nevertheless, even
without an accurate prediction for the rate, this back-
ground can be experimentally controlled with the cut of
|�� � ⇡| < 0.04 applied to the photon pair [26].

A second hadronic background comes from exclusive
production of mesons with substantial branching frac-
tions to photons. We consider exclusive ⇡0⇡0 production
as an example process in this category. Using the to-
tal rate computed in [33], we find the fiducial rate after
our cuts to be less than 1 nb. In this estimate we also as-
sumed that two photons for which �R < 0.1 are resolved

FIG. 3. Di↵erential cross section for signal and background.
Shown from bottom to top are the stacked background distri-
butions for bremsstrahlung photons from electrons (purple),
fake photons from electrons (blue) and light-by-light scatter-
ing (LBL) (green). The red (orange) line shows an injected
signal with a 5 nb production cross section for ma = 15 GeV
and ⇤ = 17 TeV (ma = 40 GeV and ⇤ = 8 TeV), taking an
energy resolution of 0.5 GeV.

as a single photon.

An important reducible background could come from
e+e� pair production [34], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel
in Fig. 2) is as large as 320 µb, as computed with the
STARlight package. This large e+e� rate implies that
it is essential to keep the mis-tag rate su�ciently low.
With an estimated 1% mis-tag rate for each electron this
process provides a small but non-negligible background,
as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in ex-
clusive e+e� production [39] (bremsstrahlung photons
from the ions themselves only have pT . 1/RA ⇠ 60
MeV). Events where the e+e� tracks are lost or where
both leptons go down the beampipe can then contribute
to the background for the �� search. To estimate this
contribution, we compute the di↵erential cross section
for �� ! e+e��� for fixed

p
ŝ with MadGraph [40] and

subsequently reweight the cross section with the Pb-Pb
photon luminosity function, as discussed in Section II.
We hereby require the e+e� to either have high rapidity
|⌘| > 2.5 or low pT < 100 MeV, while the photons must
pass the cuts specified above. Even though the total rate
for this process is rather high, we find the fiducial rate
to be small, as shown in Fig. 3.

The relevant exclusive backgrounds and some exam-
ple signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb�1 and for m�� & 15 GeV, we find
the expected background to be smaller than 1 event/0.5
GeV.

Signal Background

The photon-photon luminosity is enhanced by Z4 w.r.t. proton collisions

Nuclei do not fragment in the process

S. Knapen, T. Lin, H. K. Lou and T. Melia, arXiv:1607.06083 [hep-ph]
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FIG. 4. Left: Expected sensitivity to the operator 1
4

1
⇤aF F̃ in heavy-ion UPCs at the LHC (green solid and dashed curves,

for a Pb-Pb luminosity of 1 nb�1 and 10 nb�1, respectively). Shown for comparison is the limit from 36 pb�1 of exclusive p-p
collisions [25] (red dot-dash). New and updated exclusion limits from LEPII (OPAL 2�, 3�) [35] and from the LHC (ATLAS 2�,
3�) [36, 37] are indicated by the various shaded regions (see text). Right : The analogous results for the operator 1

4 cos2 ✓W

1
⇤aBB̃.

The LEPI, 2� (teal shaded) region is taken from [38].

IV. RESULTS AND DISCUSSION

The ALP parameter space is already substantially con-
strained by cosmological and astrophysical observations,
as well as by a broad range of intensity frontier experi-
ments (see e.g. [41] for a review). In the regime of interest
for UPCs (1 GeV . ma . 100 GeV), the existing con-
straints however come from LEP and LHC [38, 42, 43].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb�1) and the high luminosity
(10 nb�1) Pb-Pb runs.1 For each mass point we com-
puted the expected Poisson limit [44]. In the mass re-
gion for which there is background, we assume the entire
signal falls into a bin equal to twice the mass resolu-
tion. In the remaining, background-free region we set a
limit on the total signal rate. We also show the analo-
gous limit from the p-p analysis performed by CMS [25],
although we find it is not competitive with other LHC
limits. For the BB̃ operator, the expected limits from
heavy-ion collisions are competitive with the other col-
lider limits, whereas for the FF̃ operator they are signif-
icantly stronger.

The existing exclusion limits come from beam dumps
[45, 46], LEP and the (p-p) LHC. We derive LHC lim-
its using a diphoton search at ma > 60 GeV [36], and

1 Even though the integrated luminosity is higher, the expected
limits from the p-Pb runs are not competitive due to a less favor-
able Z2 scaling of the rate. Collisions of lighter ions, e.g. Ar-Ar,
could be competitive if the integrated luminosity is increased by
two to three orders of magnitude compared to Pb-Pb.

using the ATLAS 3� search at lower masses [37]. For
the latter search, we were not able to reliably extract a
limit for ma & 60 GeV with the available public infor-
mation (see e.g. [38, 42, 43] for projected limits). For the
BB̃ operator, we also show the limit on the exotic decay
Z0 ! a� [37].

LEP searches also constrain associated production,
e+e� ! �a. We show limits from a resonance search
by OPAL for ma > 20 GeV [35]. For 50MeV–8 GeV, we
derive a new exclusion on the aF F̃ operator by utiliz-
ing data from the OPAL inclusive 2� search [35]. This
improves on previous limits [38], which were derived us-
ing LEPI data. The analogous LEPI limits from [38] are
shown for the aBB̃ operator. Appendix A gives more
details on the LEP and LHC limits summarized above.

Below ma . 5 GeV the signal in Fig. 1 falls below the
trigger thresholds, and it is an interesting puzzle as to
how the reach can be extended to this regime. To fur-
ther probe this region with Pb-Pb collisions, we consid-
ered: i) an o↵-shell a would provide a new contribution
to light-by-light scattering; ii) associated production, for
example with electrons �� ! a e+e�; and, iii) ALP pair-
production �� ! aa. Unfortunately, these signal cross
sections do not provide enough sensitivity compared to
existing constraints: for ⇤ = 1 TeV we find 0.004 nb,
0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
at the LHC can provide the best limits on ALP-photon
couplings for 5GeV < ma < 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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FIG. 2. The dominant backgrounds to the ALP signal are
from light-by-light scattering in ultra-peripheral Pb-Pb colli-
sions, and e+e� production where both electrons fake a pho-
ton.

isolated activity in the calorimeters, e.g. [24]. Given the
absence of pile-up at Pb-Pb collisions, we do not expect
such a veto to significantly degrade the signal e�ciency
(see also [25]).

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake di-
photon production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m�� . The second background comes from photon fakes
due to electrons.

Due to the Z4 enhancement of the photon flux, the
dominant irreducible background comes from light-by-
light scattering (LBL), a process which was first calcu-
lated for heavy ion collisions in [26]. This is shown on the
left-hand side of Fig. 2. We have computed the rate for
LBL in the equivalent photon approximation using the
one-loop matrix element for massless fermions [27] and
find reasonably good agreement with detailed calcula-
tions in [26, 28, 29]. Such a background is irreducible but
follows a continuum (except for small e↵ects at around
the bb̄ threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
central exclusive production (CEP) of photons. For p-p
collisions, this process has been calculated [30–32] and
constrained experimentally at 7 TeV with CMS [25]. To
the best of our knowledge, no prediction is currently
available for the analogous process in heavy-ion collisions.
One could make a simplistic estimate of this contribution
in Pb-Pb collisions by rescaling the p-p prediction with
⇠ A2/3 (by reason that only the outermost nucleons con-
tribute) which would render this background negligible;
however, we note that there is a large theoretical uncer-
tainty in the expected scaling with A. Nevertheless, even
without an accurate prediction for the rate, this back-
ground can be experimentally controlled with the cut of
|�� � ⇡| < 0.04 applied to the photon pair [26].

A second hadronic background comes from exclusive
production of mesons with substantial branching frac-
tions to photons. We consider exclusive ⇡0⇡0 production
as an example process in this category. Using the to-
tal rate computed in [33], we find the fiducial rate after
our cuts to be less than 1 nb. In this estimate we also as-
sumed that two photons for which �R < 0.1 are resolved
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FIG. 3. Di↵erential cross section for signal and background.
Shown from bottom to top are the stacked background distri-
butions for bremsstrahlung photons from electrons (purple),
fake photons from electrons (blue) and light-by-light scatter-
ing (LBL) (green). The red (orange) line shows an injected
signal with a 5 nb production cross section for ma = 15 GeV
and ⇤ = 17 TeV (ma = 40 GeV and ⇤ = 8 TeV), taking an
energy resolution of 0.5 GeV.

as a single photon.

An important reducible background could come from
e+e� pair production [34], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel
in Fig. 2) is as large as 320 µb, as computed with the
STARlight package. This large e+e� rate implies that
it is essential to keep the mis-tag rate su�ciently low.
With an estimated 1% mis-tag rate for each electron this
process provides a small but non-negligible background,
as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in ex-
clusive e+e� production [39] (bremsstrahlung photons
from the ions themselves only have pT . 1/RA ⇠ 60
MeV). Events where the e+e� tracks are lost or where
both leptons go down the beampipe can then contribute
to the background for the �� search. To estimate this
contribution, we compute the di↵erential cross section
for �� ! e+e��� for fixed

p
ŝ with MadGraph [40] and

subsequently reweight the cross section with the Pb-Pb
photon luminosity function, as discussed in Section II.
We hereby require the e+e� to either have high rapidity
|⌘| > 2.5 or low pT < 100 MeV, while the photons must
pass the cuts specified above. Even though the total rate
for this process is rather high, we find the fiducial rate
to be small, as shown in Fig. 3.

The relevant exclusive backgrounds and some exam-
ple signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb�1 and for m�� & 15 GeV, we find
the expected background to be smaller than 1 event/0.5
GeV.

1 nb-1: current PbPb run

10 nb-1: HL PbPb run

Expected sensitivity

PbPb searches can provide 
stronger limits w.r.t. pp ones


