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3 cornerstone problems in cosmology 

Ordinary Matter:  
where does it come from?

( interesting:  uniquely connected 
with elementary particle physics )

composition of our universe (by energy)

Dark Matter:  what is it?

Dark Energy:  what is it?
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electroweak baryogenesis
local electroweak baryogenesis
cold electroweak baryogenesis

GUT baryogenesis
Affleck-Dine baryogenesis
spontaneous baryogenesis

post-sphaleron baryogenesis
magnetic-assisted baryogenesis

dissipative baryogenesis
warm baryogenesis

cloistered baryogenesis
Planck baryogenesis
WIMPy baryogenesis

cosmic string baryogenesis
axion domain wall baryogenesis

new GUT baryogenesis
PBH baryogenesis

supersonic baryogenesis
…

high-scale (thermal) leptogenesis
low-scale (ARS) leptogenesis

Dirac leptogenesis
gravitational leptogenesis

CPPT leptogenesis
Higgs relaxation leptogenesis

B-L string leptogenesis
… 

Baryogenesis.  An event that took place in the early universe that 
created the excess of matter (baryons) over antimatter (antibaryons).  

Leptogenesis.  A class of models in which 
the asymmetry is first generated in 

leptons & then transferred to baryons



1964! 2012!- Higgs boson proposed 

1950! 1960! 1970! 1980! 1990! 2000! 2010! 2020! 2030! 2040! 2050!

- Higgs boson discovered 

LHC planning 
& construction 

LHC operation 

future 
colliders 
planning  

future 
collider(s) 
may be 

operational 

Today we are taking the 
next steps!
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what does 
it collide?

where is 
it located?

what is 
it called?

what is the 
energy?

China

Europe

Japan

China

Europe

CEPC

FCC-ee

ILC

e+e-

pp
SppC

FCC-hh

E = 90 GeV
à  study Z

E = 250 GeV
à  study Higgs

E = 350 GeV
à study top

E =100 TeV
à  discovery

[see	also	Liantao	Wang’s	talk	on	Friday]	
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What we know
and what we don’t know

about the Higgs
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mh ' 125.09± 0.24GeV/c2
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Large Hadron Collider experiment

m = λ v
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background Higgs field (today)

How does this data guide our theory?

image	credit:		CMS	collab.,	h-p://inspirehep.net/record/1227663/plots	

known 
empirically

model-dependent 
extrapolation
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background Higgs 
field is here today
… gives mass to 
SM particles

background Higgs field was here 
in the early universe (T > 100 GeV)
recall:  F = E - TS è min[F] = max[S]

Why does the shape matter?

The shape 
determines the 
motion of the bkg. 
Higgs field in the 
early universe
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Electroweak Phase Transition. How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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Standard Model prediction SM + new physics allows

( T ~ 100 GeV,   t ~ 10 ps ) 
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Primordial 
Black Holes

1st Order EWPT has profound implications for cosmology

Primordial 
Gravitational 

Waves

hHiggsi = v(T ) hHiggsi = 0

Matter   Excess

M   A M   A
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Electroweak baryogenesis.  The creation of the matter-antimatter 
asymmetry of the universe at the electroweak phase transition.  

hHiggsi = v(T )hHiggsi = 0

12	

Klinkhamer	&	Manton	(1984);		Kuzmin,	Rubakov,	&	Shaposhnikov	(1985);		Cohen,	Kaplan,	&	Nelson	(1990)	

10 J. M. Cline

the magnitude of its baryon asymmetry.) It is easy to see why these conditions
are necessary. The need for B (baryon) violation is obvious. Let’s consider some
examples of B violation.

2.1. B violation

In the standard model, B is violated by the triangle anomaly, which spoils con-
servation of the left-handed baryon+ lepton current,

∂µJµ
BL+LL

=
3g2

32π2
ϵαβγδW

αβ
a W γδ

a (2.1)

where Wαβ
a is the SU(2) field strength. As we will discuss in more detail in

section 4, this leads to the nonperturbative sphaleron process pictured in fig. 4.
It involves 9 left-handed (SU(2) doublet) quarks, 3 from each generation, and 3
left-handed leptons, one from each generation. It violates B and L by 3 units
each,

∆B = ∆L = ±3 (2.2)
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3
Fig. 4. The sphaleron.

In grand unified theories, like SU(5), there are heavy gauge bosons Xµ and
heavy Higgs bosons Y with couplings to quarks and leptons of the form

Xqq, Xq̄l̄ (2.3)

and similarly for Y . The simultaneous existence of these two interactions imply
that there is no consistent assignment of baryon number to Xµ. Hence B is
violated.

Matter        Antimatter
(Standard Model

electroweak sphaleron)

Matter        Antimatter
(Standard Model

electroweak sphaleron)
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wall biases matter creation
(CP-violating scattering) shuts off if v(T)/T >1
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Studying the Higgs 
@ Future Colliders



How	can	we	learn	about		
the	electroweak	phase	transiQon?	

1st	order	
EW	PT	

new	physics	
interacQng	with	
the	Higgs	boson	

effect	on		
Higgs	

couplings	requires

predicts

14	

direct		
producQon	
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Effect on Higgs couplings
[Noble	&	Perelstein	(2007)]	
[Katz	&	Perelstein	(2014)]	

Higgs cubic self-coupling (hhh)

Higgs coupling to Z-boson (hZZ)

�3 = h

h

h
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Z

h

Z

ghZZ =

PRO:   
Directly related to 
the shape of the 
Higgs potential (V’’’). 

CON:   
Very challenging to 
measure.  Target of 
FCC-hh & SppC. 

CON:   
An indirect probe 
of new physics & 
the EWPT.   

PRO:   
It can be measured 
very precisely.  Target 
of Higgs factories:  
FCC-ee, CEPC, & ILC. 



e+ e�

Z⇤

Z

h

Lepton colliders provide “clean” 
environment to study Higgs physics. 
 
 
At E = 250 GeV, the production of 
Higgs + Z-boson is optimized.   
 
 
Precision measurements of Higgs-Z-Z 
coupling at the sub-percent level! 

Higgs Factories – precision Higgs measurements

Proposed Higgs factories:
è  FCC-ee (Europe / CERN)
è  CEPC (China)
è  ILC (Japan)

(higgsstrahlung)
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Figure 2: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from Ref. [1].

only via collisions of left-handed electrons with right-handed positrons. As a conse-
quence, its cross section can be enhanced by a factor of about 2 with the polarized
electron and positron beams available at the ILC. Figure 2 plots the cross sections
for the single Higgs boson production at the ILC with the left-handed polarization
combinations: P (e�, e+) = (�0.8,+0.3). The figure tells us that at a center of mass
energy of 250 GeV the higgsstrahlung process attains its maximum cross section,
providing about 160,000 Higgs events for an integrated luminosity of 500 fb�1. At
500 GeV, a sample of 500 fb�1 gives another 125,000 Higgs events, of which 60% are
from the W fusion process [14]. With these samples of Higgs events, we can measure
the rates for Higgs production and decay for all of the major Higgs decay modes.

The higgstrahlung process e+e� ! Zh o↵ers another special advantage. By identi-
fying the Z boson at a well-defined laboratory energy corresponding to the kinematics
of recoil against the 125GeV Higgs boson, it is possible to identify a Higgs event with-
out looking at the Higgs decay at all. This has three important consequences. First,
as we will describe below, it gives us a way to determine the total width of the Higgs
boson and the absolute normalization of the Higgs couplings. Second, it allows us to
observe Higgs decays to invisible or exotic modes. Decays of the Higgs boson to dark
matter, or to other long-lived particles that do not couple to the Standard Model
interactions, can be detected down to branching ratios below 1%.

6

figure:		ILC	TDR,	1306.6352		16	



current	 HL-LHC	 CEPC	 ILC	 FCC-ee	 FCC-hh	

hZZ	 27%	 7%	 0.25%	 0.25%	 0.15%	 -	

Γ(hàγγ)	 20%	 8%	 4%	 -	 1.5%	 -	

hhh	 -	 [-0.8	,	7.7]	
95%	CL	

43% 27%	 43% 10%	

Projected sensitivities to various Higgs couplings at current & future colliders:

Precision Higgs measurements

Assumptions & references:
hZZ current = 5 fb-1 at √s = 7 TeV & 20 fb-1 at 8 TeV (1606.02266)
hZZ @ HL-LHC = 3000 fb-1 at √s = 14 TeV (1307.7135, CMS)
hZZ @ CEPC = 5000 fb-1 at √s = 250 GeV (pre-CDR)
hZZ @ ILC = 2000 fb-1 at √s = 250 GeV (1506.05992) 
hZZ @ FCC-ee = 2600 fb-1 at √s = 250 GeV (1601.0640) 
hhh @ HL-LHC = 3000 fb-1 at √s = 14 TeV (ATL-PHYS-PUB-2017-001, hh->bbγγ) 
hhh @ ILC = 4000 fb-1 at √s = 500 GeV (1506.05992, e+e->Zhh, hh->bbbb & bbWW) 
hhh @ FCC-hh = 30000 fb-1 at √s = 100 TeV (1606.09408)
hhh @ CEPC/FCC-ee = 5000 fb-1 at √s = 240 GeV + 1700 fb-1 at √s = 350 GeV (1711.03978)

Time to reach design sensitivity depends on run plan (not yet determined).  17	



Model	 References	

SM	+	EW-singlet	Scalar	 Espinosa	&	Quiros,	1993;	Benson,	1993;	Choi	&	Volkas,	1993;	McDonald,	1994;	Vergara,	
1996;	Branco,	Delepine,	Emmanuel-Costa,	&	Gonzalez,	1998;	Ham,	Jeong,	&	Oh,	2004;	
Ahriche,	2007;	Espinosa	&	Quiros,	2007;	Profumo,	Ramsey-Musolf,	&	Shaughnessy,	2007;	
Noble	&	Perelstein,	2007;	Espinosa,	Konstandin,	No,	&	Quiros,	2008;	Ashoorioon	&	
Konstandin,	2009;	Das,	Fox,	Kumar,	&	Weiner,	2009;	Espinosa,	Konstandin,	&	Riva,	2011;	
Chung	&	AL,	2011;	Wainwright,	Profumo,	&	Ramsey-Musolf,	2012;	Barger,	Chung,	AL,	&	
Wang,	2012;	Huang,	Shu,	Zhang,	2012;	Chung,	AL,	&	Wang,	2012;		Profumo,	Ramsey-Musolf,	
Wainwright,	&	Winslow,	2014;	Katz	&	Perelstein,	2014;	Jiang,	Bian,	Huang,	Shu,	2015;	Huang	
&	Li	2015;	Huang,	AL,	&	Wang,	2016;	Cline,	Kainulainen,	Tucker-Smith,	2017;	Kurup	&	
Perelstein,	2017;	Chen,	Kozaczuk,	&	Lewis,	2017	

SM	+	EW-doublet	Scalar	 Davies,	Frogga-,	Jenkins,	&	Moorhouse,	1994;		Huber,	2006;	Fromme,	Huber,	&	Seniuch,	
2006;		Cline,	Kainulainen,	&	Tro-,	2011;	Kozhushko	&	Skalozub,	2011;		

SM	+	EW-triplet	Scalar	 Patel,	Ramsey-Musolf,	2012;	Patel,	Ramsey-Musolf,	Wise,	2013;	Huang,	Gu,	Yin,	Yu,	Zhang	
2016	

SM	+	Chiral	Fermions	 Carena,	Megevand,	Quiros,	Wagner,	2005;	Huang,	AL,	&	Wang,	2016	

MSSM	 Carena,	Quiros,	&	Wagner,	1996;		Delepine,	Gerard,	Gonzales	Felipe,	&	Weyers,	1996;		Cline	
&	Kainulainen,	1996;	Laine	&	Rummukainen,	1998;	Cohen,	Morrissey,	&	Pierce,;	Carena,	
Nardini,	Quiros,	&	Wagner,	2012;			

NMSSM	/	nMSSM	/	µνSSM	
	

Pietroni,	1993;	Davies,	Frogga-,	&	Moorhouse,	1995;	Huber	&	Schmidt,	2001;	Ham,	Oh,	Kim,	
Yoo,	&	Son,	2004;	Menon,	Morrissey,	&	Wagner,	2004;	Funakubo,	Tao,	&	Toyoda,	2005;	
Huber,	Kontandin,	Prokopec,	&	Schmidt,	2006;	Chung,	AL,	2010,	Huang,	Kang,	Shu,	Wu,	
Yang,	2014;	Bian,	Guo,	Shu	(2017)	

EFT-like	Approach	(H^6	operator)	 Grojean,	Servant,	Wells,	2005;	Chung,	AL,	&	Wang,	2012;		Huang,	Gu,	Yin,	Yu,	Zhang	2015;	
Huang,	Joglekar,	Li,	Wagner,	2015;	Huang,	Wan,	Wang,	Cai,	Zhang	2016;	Huang,	Gu,	Yin,	Yu,	
Zhang	2016;	Cao,	F.P.	Huang,	Xie,	Zhang	(2017)	

Phase transitions studies are a big industry … 
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Consider the theory:  
 

 SM  +  spin-0,  colorless,  uncharged  particle    (aka., real scalar singlet)
 
The new particle does not interact via the SM forces (strong, weak, EM) 

 è difficult to produce and detect at colliders 
 è (dark matter candidate if stable) 

 
The new particle interacts with the Higgs boson 

 è induces 1st order phase transition 
 è affects Higgs couplings 
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Example: an especially challenging scenario
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Interactions:

L = LSM +
1

2

�
@�s

�2 � m2
s

2
�2
s �

as
3
�3
s �

�s

4
�4
s � �hsH

†H�2
s � 2ahsH

†H�s

Higgs portalreal scalar singlet

hHi = (0 , v/
p
2) and h�si = vs

sin 2✓ =
4v(ahs + �hsvs)

M2
h �M2

s

five model parameters

Higgs-singlet mixing:

20	



hhh coupling

hZZ coupling

(leading effect is from mixing)
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(adapted	from:		Craig,	Englert,	&	McCullough	2013;	McCullough,	2014;	Curtin,	Meade,	&	Yu,	2014)	

ghZZ

ghZZ,SM
⇡ cos ✓ + 0.006

✓
�3

�3,SM
� 1

◆

� 2

|ahs + �hsvs|2

16⇡2
IB(M

2
h ;M

2
h ,M

2
s )

� |�hs|2v2

16⇡2
IB(M

2
h ;M

2
s ,M

2
s ) .

(Higgs wfcn. renorm.)

(triangle probes self-coupling)

(see	e.g.,	Profumo,	Ramsey-Musolf,	Wainwright,	&	Winslow,	2014)	

�3 ⌘ ghhh =

�
6�hv

�
cos

3 ✓ +
�
6ahs + 6�hsvs

�
sin ✓ cos2 ✓

+

�
6�hsv

�
sin

2 ✓ cos ✓ +
�
2as + 6�svs

�
sin

3 ✓
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EWPT is 1st order

even hZZ measurements alone are a powerful test of PT!
(including also hhh is better)

22	

[Huang,	AL,	&	Wang	(2016)]	



Electroweak baryogenesis requires a strongly 1st order electroweak phase transition.   

orange	=	1st	order	EWPT	
blue	=	also	viable	baryogenesis	

Implications for the matter excess

v(T )

T
&&& 1

Higgs precision may provide first clues to solve:
what is the origin of matter-antimatter asymmetry?  

23	

[Huang,	AL,	&	Wang	(2016)]	



Bubble collisions & fluid motion create a gravitational wave “noise.” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GW spectrum set by bubble size at the time of collision.   
è Falls right into the sensitivity bands of proposed space-based interferometers!   

AdvLIGO

LISAMatter / 
Antimatter 
Asymmetry

CP

B

Primordial 
Black Holes

hHiggsi = 0

figure:		Moore,	Cole,	&	Berry	(2014)	

Implications for gravitational waves

24	
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Models within reach of HL-LHC are also within reach of LISA!

predicted grav. 
wave spectra

orange	=	1st	order	EWPT	
blue	=	also	viable	baryogenesis	
red	=	also	detectable	GWs	

Implications for gravitational waves
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[Huang,	AL,	&	Wang	(2016)]	
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Resonant di-Higgs production
[Kotwal,	Ramsey-Musolf,	No,	&	Winslow	(2016)]	

range = consistent w/ 1st order EWPT

pp ! h2 ! h1h1 ! 4⌧ or bb̄��
<latexit sha1_base64="AGvKG3jVsyna1xIoKVDfjR15yGU="></latexit><latexit sha1_base64="AGvKG3jVsyna1xIoKVDfjR15yGU="></latexit><latexit sha1_base64="AGvKG3jVsyna1xIoKVDfjR15yGU="></latexit><latexit sha1_base64="AGvKG3jVsyna1xIoKVDfjR15yGU="></latexit>

Ø  A pp collider can test for the 
new singlet scalar (h2) directly.  

Ø  Di-Higgs production is 
resonantly enhanced for m2 > 
2mh.  

Ø  If the new scalar gives rise to a 
1st order phase transition, then 
a 100 TeV pp collider (FCC-hh 
or SppC) should be able to 
discover it.  
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Non-resonant di-singlet production

pp ! h2h2 ! 4W ! 2j2l±l0⌥3⌫

all colored points = 1st order PT
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5�

2�

FCC-hh Projections	(30	ab-1)

Kozaczuk 12

Non-resonant	singlet-like	pair	production	at	the	FCC-hh can	probe	much	
of	the	EWPT-favored	region	via	trileptons.	Complementarity	with	Zh,	Higgs
self-coupling	measurements,	and	resonant	di-Higgs Chen,	JK,	Lewis,	2017

h1 h2

h2

(a)

h2 h2

h2

(b)

h2

h2

(c)

Figure 1: Representative Feynman diagrams for gg → h2h2

and box diagrams. Both triangle and box diagrams contribute to the spin-0
form factor F1, while only the box contributes to the spin-2 form factor F2.
Assume two scalars, h1 and h2 with m1 = 125 GeV < m2. Using conventions
of [?]:

F1(s, t, u,m
2
t ,m

2
i ,m

2
j ) = FTri

1 (s,m2
t ,m

2
i ,m

2
j ) + F box

1 (s, t, u,m2
t )

FTri
1 (s,m2

t ,m
2
i ,m

2
j ) = s

(
cos θλ1ijv

s−m2
1 + im1Γ1

− sin θλ2ijv

s−m2
2 + im2Γ2

)
F∆(s,m

2
t )

FBox
1 (s, t, u,m2

t ,m
2
i ,m

2
j ) = s sin2 θF!(s, t, u,m2

t )

F2(s, t, u,m
2
t ,m

2
i ,m

2
j ) = s sin2 θG!(s, t, u,m2

t ). (6)

In the mt → ∞ limit we have:

F∆ → 4

3

F! → −4

3
G! → 0. (7)

The spin two portion has to go to zero. In the mt → ∞ limit, we have the
effective Lagrangian:

Leff =
αs

12π
GA

µνG
A,µν

(
hi

v
+

hihj

2v2

)
. (8)

Since GA
µνG

A,µν is a scalar, the Higgs in the final state cannot have any orbital
angular momentum. Hence, the final state of gg → hijh cannot have any angular
momentum and the spin-2 contribution has to go to zero.

2 Reweighting for h2h2 production
All diagrams have same parton luminosities and factors out front (see Eq. (5), so
I think we should be able to just produce events using one diagram in mt → ∞.
So, produce events in Fig. 1(a) and reweight. Want s-channel diagram so that
cross section falls at high invariant mass, unlike the box diagram. Since the cross
section was smoothly falling, should be okay to reweight. Then the reweighting

2

Figure 10. Discovery (green) and exclusion (yellow) reach in the h2h2 ! 2j2`±`0⌥3⌫ channel at
a future 100 TeV collider with 30 ab�1 for m2 = 170 GeV and various values of sin ✓. Also shown is
the approximate corresponding reach of h1 self-coupling measurements at a future 100 TeV collider
with 30 ab�1 (dashed contours) and of measurements of �Zh at a future lepton collider, such as
the CEPC, FCC-ee or ILC (solid contours); points lying within the regions bounded by these
contours would not be probed by the corresponding measurement. Note that for sin ✓ = 0.1, 0.2,
the entire region shown features �Zh > 0.5% and would likely be accessible to Zh1 cross-section
measurements at future lepton colliders. h2h2 production is expected to be the best probe of the
EWPT-compatible regions for small mixing angles. At larger mixing angles, the h2h2 sensitivity to
the EWPT-compatible regions is expected to be comparable to that of Zh1 measurements.

with 30 ab�1 [102] (see also Ref. [103]). The corresponding parameter space lies outside of
the dashed red contours in Figs. 10-11.

As discussed in Refs. [22, 37, 100, 101, 104], future lepton colliders are expected to
be sensitive to �Zh ⇠ 0.5% or better. For sin ✓ = 0.01, 0.05, the corresponding parameter
space lies outside of the solid red contours in Figs. 10-11, using Eq. 6.4 to compute �Zh. For
sin ✓ & 0.07, a ⇠ 0.5% precision in the Zh

1

production cross-section measurement would

– 30 –

5�

Higgs	self-coupling	
deviation	= 15%

[Chen,	Kozaczuk,	&	Lewis	(2017)]	



28	

Falsifying High-Scale LG
and

Testing Low-Scale LG 
at

Colliders



29	

[Fukugita	&	Yanagida	(1986)]	

Leptogenesis.  A class of models of baryogenesis in which the 
matter-antimatter asymmetry is first generated in leptons & then 
transferred to baryons (usually via the EW sphaleron).  

E.g., high-scale (thermal) leptogenesis

�(N ! L̄H̄) > �(N ! LH)
<latexit sha1_base64="9BVoBQ2hgBbgK6jPHmJ0ekOHqVo="></latexit><latexit sha1_base64="9BVoBQ2hgBbgK6jPHmJ0ekOHqVo="></latexit><latexit sha1_base64="9BVoBQ2hgBbgK6jPHmJ0ekOHqVo="></latexit><latexit sha1_base64="9BVoBQ2hgBbgK6jPHmJ0ekOHqVo="></latexit>

L =
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M ij

NNiNj � �ij
NLiHNj
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The lepton asymmetry is generated at	T ~ MN ~ 1012 GeV. 
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ≪ M2, M3):

ε1 ≃
3

16π

1

(hh†)11

∑

i=2,3

Im
[(

hh†
)2

i1

]
M1

Mi
. (55)

In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields

Leff
ν = h1jNR1ℓLjH −

1

2
M1N c

R1NR1 +
1

2
ηijℓLiHℓLjH + h.c. , (56)

with

ηij =
3∑

k=2

hT
ik

1

Mk
hkj . (57)

The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:

ε1 ≃ −
3

16π

M1

(hh†)11v2
F

Im
(
h∗mνh

†
)

11
. (58)

The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L ≃ −YL = −
nL − nL

s
= −κ

ε1

g∗
. (59)
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If a collider experiment finds evidence for L-number violation at the TeV scale, 
then these L-violating interactions should have washed out the L asymmetry.  

Falsifying high-scale (thermal) leptogenesis
[Deppisch,	Harz,	&	Hirsch	(2013)]	

[Deppisch,	Harz,	Huang,	Hirsch,	&	Pas	(2015)]	
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Falsifying High-Scale Leptogenesis at the LHC

Frank F. Deppisch∗ and Julia Harz†
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Measuring a non-zero value for the cross section of any lepton number violating (LNV) process
would put a strong lower limit on the washout factor for the effective lepton number density in the
early universe at times close to the electroweak phase transition and thus would lead to important
constraints on any high-scale model for the generation of the observed baryon asymmetry based on
LNV. In particular, for leptogenesis models with masses of the right-handed neutrinos heavier than
the mass scale observed at the LHC, the implied large washout factors would lead to a violation
of the out-of-equilibrium condition and exponentially suppress the net lepton number produced in
such leptogenesis models. We thus demonstrate that the observation of LNV processes at the LHC
results in the falsification of high-scale leptogenesis models. However, no conclusions about the
viability of leptogenesis models can be drawn from the non-observation of LNV processes.

INTRODUCTION

The observed baryon asymmetry of the uni-
verse (BAU), measured in terms of the baryon-to-photon
number density ratio [1],

ηobsB = (6.20± 0.15)× 10−10, (1)

provides evidence for physics beyond the Standard Model
(SM) [2]. A popular scenario for explaining the BAU is
through the mechanism of leptogenesis (LG) [3]. In the
classic LG scenario, heavy right-handed neutrinos decay
out of equilibrium and produce a lepton asymmetry. Nec-
essary ingredients for this process to occur are the pres-
ence of (B − L) and CP violation. The produced lepton
asymmetry is then rapidly converted into the observed
BAU by (B + L)-violating sphaleron interactions [4].
Here, we consider lepton number violation (LNV) at

the LHC through same sign dilepton signals via resonant
processes of the class shown in Fig. 1. The prototype
example for this signal is the resonant WR production in
left-right symmetric extensions of the SM with heavy Ma-
jorana neutrinos [5]. However, generic processes of this
kind have been discussed in [6] as tree level high-energy
completions of LNV operators that generate neutrinoless
double beta (0νββ) decay [7]. For a recent review on
0νββ decay see, for example [8]. In Fig. 1, the interme-
diate particles are different vector or scalar bosonsX and
Y (′) and a fermion Ψ. They decay to a final state with
four SM fermions composed of two quarks and two same
sign charged leptons through unspecified interactions of
strengths gi (i = 1, 2, 3, 4). In the general case, any com-
bination of quark/anti-quark pairs u and d in the initial
state can be realized, and any two of the four final states
fi can be leptons. Note that 0νββ constrains only final
states with first generation leptons, but at the LHC one
could observe LNV in both electrons and muons.

FIG. 1: Possible diagrams contributing to the resonant same
sign dilepton signal pp → l±l±qq at the LHC. The interme-
diate particles X and Y (′) denote different vector or scalar
bosons, Ψ indicates a fermion. In the general case [6, 7], any
two of the four fermions fi can be leptons.

In this paper, we explore the consequences of the ob-
servation of LNV processes at the LHC on the viability
of LG mechanisms. Specifically, we discuss the impact
of the observation of LNV at the LHC on the rate of
∆L = 2 scattering processes. As we will demonstrate,
an observed non-zero cross section can be converted into
a lower limit on the washout of the lepton asymmetry
in the early universe. If the primordial lepton number
asymmetry is originally generated above the LNV scale
observed at the LHC, the resulting washout will reduce
the asymmetry exponentially, rendering LG ineffective.
We note that the question of falsifying LG at the LHC

has been investigated previously in reference [9] within
the context of the minimal left-right symmetric model.
Our analysis focuses instead on a model-independent ap-
proach in which we will derive general limits from the
hypothetical observation of the process pp → l±l±qq.

SAME SIGN DILEPTONS AT THE LHC

Within the ∆L = 2 resonant processes of the form
pp → l±l±qq, we focus on the s-channel diagrams pro-
ducing a scalar or vector boson X resonantly which then

2

cascade decays to the final state l±l±qq through on- or
off-shell decays. The parton level cross section can be
approximated by a Breit-Wigner resonance

σ(Q2) =
4π

9
(2JX + 1)

Γ(X → q1q2)Γ(X → 4f)

(Q2 −M2
X)2 +M2

XΓ2
X

, (2)

with JX being the spin of the produced boson and qi
indicating the initial partons. The partial decay width
Γ(X → 4f) describes the complete decay of X as shown
in Fig. 1. Integrating over the parton distribution func-
tions (PDFs) in narrow-width approximation of the res-
onance (2) yields the total LHC cross section [10]

σLHC =
4π2

9s
(2JX + 1)

ΓX

MX
fq1q2

(

MX√
s
,M2

X

)

× Br(X → q1q2)Br(X → 4f), (3)

with the LHC center of mass energy
√
s = 14 TeV and

fq1q2
(

r,M2
)

=

∫ 1

r2

dx

x
(q1(x,M

2)q2(r
2/x,M2)+

q2(x,M
2)q1(r

2/x,M2)). (4)

Here, qi(x,Q2) is the PDF of parton qi at momentum
fraction x and momentum transfer Q2. For masses M ≈
1 − 5 TeV, this integral can be well approximated as
exponentially decreasing with M/

√
s [10],

fq1q2

(

M√
s

)

≈ Aq1q2 × exp

(

−Cq1q2
M√
s

)

, (5)

where the coefficients Aqq and Cqq depend on the com-
bination of the relevant partons q1, q2, ranging between
Aūū ≈ 200 to Auu ≈ 4400 and Cuu ≈ 26 to Cd̄d̄ ≈ 51.

LEPTOGENESIS

The relevant Boltzmann equations for leptogenesis can
be generically written in terms of the heavy neutrino and
(B − L) number densities per co-moving volume [11] as
function of its decay rate ΓD, the CP asymmetry ϵ and
the scattering rate ΓW , which contains inverse N decays
as well as any other ∆L = 1, 2 processes.
The scattering rate ΓW induced by the process qq ↔

l±l±qq is calculated from the reaction density [11]

γ(qq ↔ l±l±qq) =
T

32π4

∫ ∞

0
ds s3/2σ(s)K1

(√
s

T

)

, (6)

with the nth-order modified Bessel functionKn(x). Here,
the process cross section is not averaged over the initial
particle quantum numbers. Based on the same underly-
ing process, the washout rate ΓW /H = (γ/nγ)/H and
the LHC cross section σLHC are directly related. The
equilibrium photon density nγ ≈ 2T 3/π2 and the Hub-
ble parameter H ≈ 1.66

√
g∗T 2/MP are temperature de-

pendent, with the effective number of relativistic degrees
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FIG. 2: Washout rate ΓW /H at T = MX as a function of
MX and σLHC (solid blue contours). The dotted light blue
contours denote the surviving lepton asymmetry at the EW
scale relative to its value at MX , ηEW

L /ηX
L . The red dashed

curves are typical cross sections of the process pp → l±l±qq.
The red shaded region at the top is excluded due to recent
searches for resonant same sign dileptons at the LHC [12].

of freedom g∗ (≈ 107 in the SM) and the Planck mass
MP = 1.2× 1019 GeV. This results in

ΓW

H
=

0.028
√
g∗

MPM3
X

T 4

K1 (MX/T )

fq1q2 (MX/
√
s)

× (sσLHC), (7)

a relation independent of the branching ratios of the par-
ticle X and therefore valid for all coupling strengths gi
and also independent of the potential presence of other,
lepton number conserving decay modes. Evaluated at
T = MX , i.e. the approximate onset of the washout
process, Eq. (7) yields the order of magnitude estimation

log10
ΓW

H
! 6.9 + 0.6

(

MX

TeV
− 1

)

+ log10
σLHC

fb
, (8)

using the conservative values Aqq = 5000 and Cqq = 26
for Eq. (5). From this approximation alone it is clear that
the observation of the resonant process pp → l±l±qq at
the LHC corresponds to a very strong washout of the
lepton asymmetry in the early universe. For example,
the observation of a resonance at MX ≈ 2 TeV with
a cross section σLHC ≈ 1 fb corresponds to ΓW /H ≈
3 × 107. The exact relation (7) is shown in Fig. 2,
based on the smallest washout among all parton combi-
nations. For any realistic cross section observable at the
LHC with σLHC ! 10−2 fb, the resulting lepton number
washout in the early universe is always highly effective
(ΓW /H ≫ 1). The dashed curves, for example, show

à  Look for L-number violation at a collider experiment
à  (e.g. … what channels?)

à  If you find evidence of LNV at the TeV scale, this is a problem for high-scale leptogenesis
à  LNV interactions will remain in equilibrium until T <~ TeV
à  If LG occurred much earlier, at T ~ 10^12 GeV, then these LNV interactions will wash it out (erase)
à  Implication:  You need to do baryogenesis at low-scale after these LNV interacions go OOE
à  Caveat:  You can play with flavor:  Maybe there is only LNV in the 3rd genration, but you do LG in the 1st genration 

	

Loophole #1:  Playing with flavor.  E.g., colliders may test LV in the 3rd generation 
but leptogenesis was accomplished by the 1st generation.  

Loophole #2:  Low-scale lepton-number violation may be responsible for 
leptogenesis.  

same sign dileptons: pp ! l±l±qq
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Testing low-scale (ARS) leptogenesis
[Akhmedov,	Rubakov,	&	Smirnov(1998)]	

[Probing	Leptogenesis,	1711.02865]	
[Antusch,	Cazzato,	&	Fischer	(2016)]	

If MN ~ GeV then the lepton asymmetry may arise at the weak scale from CP-
violating neutrino flavor oscillations.  

0.5 1 5 10 50

10-13

10-11

10-9

10-7

10-5

M [GeV]

U
2

SHiP

LBNE

FCC-ee(Z)

CEPC

ILC

BAU (upper bound)

BAU (lower bound)

disfavoured by global constraints

Figure 4: Limits on the total U2 as a function of M̄ = (M
1

+M
2

)/2 for normal hierarchy (top
panel) and inverted hierarchy (bottom panel). The grey area corresponds to the parameter
region that is disfavoured by the combined constraints discussed in subsection 2.3. The dark
blue lines are the upper and lower bound of U2

e consistent with neutrino oscillation data and
the requirement to account for the observed BAU. These are compared to the sensitivity of
future experiments: The SHiP lines (purple) show the 90% c.l. upper limits assuming 0.1
background events in 2 ⇥ 1020 proton target collisions for a ratio of U2

e : U2

µ : U2

⌧ ⇠ 52 : 1 :
1 [156, 157]. The LBNE/DUNE sensitivity (light blue) is for the assumption of an exposure of
5⇥1021 protons on target for a detector length of 30m [158]. The solid FCC-ee(Z) lines (olive
green) correspond to the expected reach of FCC-ee for 1012 Z bosons with a displaced vertex
at 10�100 cm [159]. The expected sensitivities at 2� for heavy neutrino searches via displaced
vertices are presented for the FCC-ee(Z) (olive green, dashed), the CEPC (brown) and for
the ILC (dark orange), each at the Z pole run for a centre of mass energy m

cms

= mZ [160].
It is important to point out that the ILC can potentially do much better at higher centre of
mass energies [160].

washout stronger such that the experimentally measured BAU can just be fulfilled when

requiring a strongly flavour asymmetric washout. The coloured regions inside figures 8-

10 illustrate how the allowed region becomes smaller when increasing U2. Furthermore,

it is clearly visible that the maximally achievable U2 requires a maximally asymmetric

washout. For normal hierarchy, cf. figure 8, this happens when the electron couples

minimally, U2
e /U

2 = 0.0056, what corresponds to ↵2 = �2� + ⇡. In case of inverted

hierarchy, cf. figures 9 and 10, maximal mixing is achieved when the electron couples

– 20 –
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Figure 5: Schematic illustration of the signal, that is given by the decays of a heavy neutrino at a distance c⌧ from the interaction
point. The SM background is given by two light neutrinos (⌫⌫) and two long-lived mesons m and m

⇤, which decay su�ciently
close to each other, such that only one secondary vertex can be resolved. The detector resolution �x is dependent on the detector
component.

• Merging of secondary vertices: When particles with finite lifetime are produced in pairs and decay
su�ciently close to each other, such that their individual secondary vertices cannot be resolved from the
tracking information, this can constitute a background. This implies that the particles have to be emitted
in a very narrow solid angle, which necessitates the production of additional invisible particles, (i.e. light
neutrinos) in order to balance the overall momentum. This removes the contribution from the ff̄ events.

In the following, we assume that the above mentioned vetoes remove all the possible backgrounds from processes
with one lost or miss-reconstructed particle. Although a loss of signal e�ciency is to be expected by such vetoes,
we do not consider this in the following. For a quantitative statement on the veto e�ciency, a detailed analysis
of this type of events after a full detector simulation is needed, which is beyond the scope of the present analysis.

This promotes the merging of secondary vertices to the primary source of background for the displaced vertex
searches. We show a schematic illustration of the displaced signal and backgrounds in fig. 5. The probability of
the decays of both SM particles occur within an unresolvable distance can be assessed with eq. (8) and by taking
into account the narrow solid angle. When isotropic emission of the fermionic final states is assumed, see fig. 6,
the fraction of two mother particles that are emitted into a narrow solid angle can be estimated by ⌦/4⇡, with
⌦ = 2⇡

R ↵
0 sin ✓d✓, ↵ = arcsin(�x/2x), where �x is the spatial resolution of the detector and x the distance from

the IP (i.e. the displacement).
To assess the expected signal e�ciencies we simulated 106 events of semileptonic decays for M = 10 and 40

GeV, respectively. The fast reconstruction with DSiD2 yields a signal e�ciency of ⇠ 80% to find at least one jet
for M = 10 GeV. For M = 40 GeV we find the e�ciencies of ⇠ 99%, ⇠ 60% and ⇠ 20% to find one lepton, one
jet, and two jets, respectively. Since one visible object is su�cient for the identification of a displaced vertex, we
assume that the signal can be observed with 100% e�ciency in the following.

4.2 Detector response: the search for heavy neutrinos via displaced vertices

The vertex displacement x is defined by the distance between the primary vertex where a mother particle (e.g. the
heavy neutrino or a SM particle with finite lifetime) was produced, and the secondary vertex where the mother
particle decays into a number of daughter particles. Since the primary vertex is experimentally unknown, we
consider the center of the interaction point instead and use its extension as uncertainty.

Depending on the displacement of the long-lived heavy neutrino, its decay can take place in any of the SiD’s
detector components. Therefore every component can be considered as an independent probe for displaced vertices

2We have adjusted the photon, electron, and muon isolation criteria to PTRatioMax = 0.12, 0.12, 0.25, respectively, and we set
DeltaRMax = 0.5 for all three.
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Figure 1: Feynman diagrams contributing to the cross section for heavy neutrino production.
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Figure 2: Production cross section for heavy neutrinos at the FCC-ee, CEPC and ILC at di↵erent center-of-mass energies, divided
by the square of the active-sterile neutrino mixing angle. Initial state radiation is included for both plots and for the ILC a (L,R)
polarisation of (80%, 30%) and beamstrahlung are also included.

neutrinos can be quantified by the mixing angles and their magnitude:

✓↵ =
y

⇤
⌫↵p
2

vEW

M

, |✓|2 :=
X

↵

|✓↵|2 . (3)

Due to the mixing between the active and sterile neutrinos, the light and heavy neutrino mass eigenstates interact
with the weak gauge bosons.

The present constraints from past and ongoing experiments and the sensitivities of future lepton colliders to
the heavy neutrinos for the SPSS have been presented and discussed in [10–12]. Further observable features of
models with right-handed neutrinos have been investigated with respect to collider phenomenology in [13].

3 Vertex displacement of heavy neutrinos

In this section we introduce the preliminaries for the search for long-lived heavy neutrinos via displaced vertices.
In this line we present the production mechanism for heavy neutrinos and the corresponding cross sections at
lepton colliders for various center-of-mass energies. After their production a long-lived heavy neutrino can travel
a finite distance before it decays, which is a stochastic process and follows an exponential probability distribution.
We quantify the number of heavy neutrinos that can be expected with a specific displacement.

The mechanisms of heavy neutrino production at e+e�-colliders are mediated by the weak gauge bosons and
depicted by the Feynman diagrams in fig. 1. We define the heavy neutrino production cross section, to leading

3

e+e� ! Z⇤ ! ⌫N
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Conclusions



Some of the most compelling models of 
baryogenesis will be tested and falsified by next-

generation collider experiments.   


