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Outline

• Motivations

• Sakharov	Conditions

• Introduction on mechanisms for baryon asymmetry generation

• L-violation responsible for 0𝜈ββ decay and wash-out on L and B

• Tree- and loop-level contributions to 0𝜈ββ decay

• Connection to asymmetric dark matter (ADM) 

• Conclusions



Motivation



Sakharov	Conditions

• B	violation

• C	and	CP	violation:

è Total	baryon	number	is	still	conserved	if	C	or	CP	is	conserved.	
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Sakharov	Conditions

• C	and	CP	violation:

q

q

i

i

CeBYBXMi

aYBXMi

CeBYBXiM

aYBXiM

´=+>-

=+>-

´=+>-

=+>-

*
2

*
1

2

1

)(

)(

)(

)(

ABi

AB
f

eBAAB

BAdYBXYBX

f

qf

**

* sinsin4)()(

=

P=+>-G-+>-G ò



Sakharov	Conditions

• Out	of	equilibrium	dynamics	since	in	thermal	equilibrium,	

we	have <B>=0

Introduction B and L Leptogenesis ! params. Alternatives Conclusions

Sa haro ’ third ondition

Bar on number B i odd under C, e en under P and T

B i odd under CPT ≡ %

Thermal a erage of bar on number:

〈B〉T = Tr

(

e
−H/T

B

)

= Tr

(

%−1% e−H/T
B

)

= Tr

(

e
−H/T%B%−1

)

= −〈B〉T

No bar on a mmetr an be generated in thermal equilibrium!
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Sa haro ’ third ondition

Baryon number B is odd under C, even under P and T

⇒ B is odd under CPT ≡ %

Thermal a erage of bar on number:

〈B〉T = Tr
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−H T

B
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)

= −〈B〉T

No bar on a mmetr an be generated in thermal equilibrium!

M. Plümacher ’09



Sphalerons

•Sphaleron processes (Klinkhammer & Manton ’84; Kuzmin et al. ’85) convert 

lepton asymmetry into baryon asymmetry

3 A omalo s B + L Violatio

The im f this secti n is t ive qu lit tive intr ducti n10 to the n n-perturb tive b ry n number
vi l tin inter cti ns th t pl y cruci l r le in lept enesis. simil r discussi n can be f und in
Ref. [ ], while m re det ils nd references c n be f und, f r inst nce, in Secti n f Ref. [ ], nd in
Refs. [ ].

Fr m the retic l perspective, the b ry n number B and the three lepton fl vour numbers Lα are
conserved in the ren rm lis ble r n i n f the St nd rd Model. Furtherm re, experiment lly, the
pr t n has not been bserved t dec y: τp

>
∼

33 ye rs [ , ]. (F r review f pr t n dec y, see [ ].)
wever, due to the chir l n m ly, there re n n-perturb tive u e field c nfi ur tions [1 , , ]

which c n ct s s urces f r B + Le + Lµ + Lτ . ( te th t B −Le −Lµ −Lτ is c nserved.) In the e rly
Universe, t temper tures b ve the electr we k ph se tr nsiti n (EWPT), such c nfi ur ti ns ccur
frequently [ , , ], nd le d t r pid B + L vi l ti n. These c nfi u ti ns re c mm nly referred t
as “sphalerons [ 150].

3.1 T e iral a omaly

For ped ic l intr ducti n t the chir l n m ly, see f r inst nce Ref. [ ].
Consider the r n i n f r m ssless Dir c fermi n ψ with U(1) u e inter cti ns:

L = ψγµ(∂µ − iAµ)ψ −

e2
FµνFµν . (3. )

It is inv ri nt under the l c l symmetry:

ψ(x) eiθ(x)ψ(x) , Aµ(x) µ(x) + ∂µθ(x). (3. )

It is ls inv ri nt under l b l chir l symmetry:

ψ(x) eiγ5φψ(x). (3. )

The ss ci ted current,
j

µ
5 = ψγ5γ

µψ, (3. )

is c nserved t tree level, but n t in the qu ntum the ry. This c n be rel ted t the re ul riz ti n f
lo ps—ren rm liz tion intr duces sc le, nd the sc le breaks the chir l symmetry, s w uld fermi n
mass (see, f r inst nce, ch pter f Ref. [ ]). Indeed, t one l p, ne finds

∂µj
µ
5 =

π2
F̃µνFµν =

ερσµν

π2
F ρσFµν . (3. )

The ri ht-h nd side c n be written s t t l diver ence inv lvin u e fields, nd is related t their
top l y: it c unts the windin number , r Chern-Sim ns number, f the field c nfigur ti n. ( n
instructive + dimension l m del, where the t p lo y is e sy t visu lize, c n be f und in Ref. [ ].)
In f ur dimensi ns, the sp ce-time inte r l f the ri ht-h nd side f eqn ( . ) v nishes f r n beli n
gauge field, but can be non-zero for non- belian fields.

In the c ntext f lept enesis, we re l kin f r n n m ly in the B + L current. Within the
four-dimensi n l SM, it rises due t the SU(2) u e inter cti ns, which re chir l nd n n-Abeli n.
We ne lect ther inter cti ns in the f ll win (see Ref. [ ] f r discussi n f the effects f uk w nd
SU(3)C ×U(1)Y inter ctions). The fermions th t re relev nt t ur discussi n re the three ener ti ns

of quark and lepton doublets: ψi
L = q

a,β
L , ℓα

L , where α, β are generation indices, a, b are colour indices,
and A, B are SU(2) indices. The r n i n terms f r the SU(2) u e inter cti ns re d

L =
∑

i

ψL
i
γµ(∂µ − i

g
σAWA

µ )ψi
L. (3. )

10This Section is based on a lecture given by V. Rubakov at the Lake Louise Winter Institute, 2008.
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5 =
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ερσµν

16π2
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instructive + dimension l m del, where the t p lo y is e sy t visu lize, c n be f und in Ref. [ ].)
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L =
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ψL
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σAWA
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10This Section is based on a lecture given by V. Rubakov at the Lake Louise Winter Institute, 2008.

It h s twelve l b l U(1) symmetries (one f r e ch field):

ψi
L(x) eiβψ(x)i

L . (3. )

The chir l currents ss ci ted t these tr nsf rm ti ns,

ji
µ = ψL

i
γµψi

L, (3. )

are conserved at tree level, but are “anomalous in the quantum the ry:

∂µj i
µ =

π2
FA

µν F̃µνA. (3. )

Let us define Qi(t) =
∫

j i
0 d3x, ∆Q i = Q i(+ )−Q i(−∞), nd let us supp se f r the m ment th t

there exist field c nfi ur ti ns such th t

∆Q i =
1

64π2

∫
d4xFA

µν F̃µνA (3. )

is n n-zer inte er. This implies th t fermions will be created, even though there is n perturbative
inter ction in the r n ian th t ener tes them. One w y [151] t understand “where they come from
is t think in the Dir c se picture, nd place the chir l fermions ψi

L in n extern l u e field f r
which the ri ht h nd side f eqn ( . ) is n n-zer . In the r und st te t t → − , all the ne tive
ener y st tes re filled, nd ll the p sitive ener y st tes re empty. s the fermions are massless, there
is n m ss p t E = 0. t ny iven t, one c n s lve f r the ei env lues f the fermi n milt ni n.
See, f r inst nce, Ref. [ ] f r discussi n. One finds that the levels m ve s functi n f t: ne tive
ener y st tes fr m the sea cquire p sitive ener y, nd empty p sitive ener y st tes c uld bec me empty
se st tes. In the c se f the chir l SU(2) f the SM, ne finds th t, f r e ch species f d ublet, wh t
was filled left-h nded st te in the se t t → − , bec mes p rticle t t + . See fi ure . .
This level-cr ssin ccurs f r e ch type f fermi n, s the g u e field c nfi ur ti n centered t t = 0
in fi ure .1, is s urce f r nine qu rks nd three lept ns.

E

t

Left handed fermions

Fi ure . : Ev luti n with time f the ener y ei enst tes f chir l fermi ns in u e field b ck r und
with FF = 0.

3.2 B + L violating rates

At zer temper ture, u e field c nfi ur ti ns th t ive n n-zer
∫

d4xF̃F corresp nd t tunnelin
confi ur ti ns, nd re called inst nt ns [ ] (f r reviews, see e. Refs. [ , ]). They change fermi n

number by n inte er N , s the inst nt n cti n is l r e:

∣∣∣∣ g2

∫
d4xFA

µν
FµνA

∣∣∣∣ ≥
∣∣∣∣ g2

∫
d4xFA

µν
F̃µνA

∣∣∣∣ ≥
π

2N

g2
.

The first inequ lity f ll ws fr m the Schw rtz inequ lity (see [ ]). C nsequently, the ss ci ted r te is
hi hly suppressed,

∝ e−(instanton Action)
∼ e−4π/αW ,

and the mediated B + L vi l ti n is un bserv bly sm ll. M re ver, the inst nt ns do not thre ten
the stability f the pr ton [ ], bec use n instanton cts s a s urce f r three lept ns ( ne fr m e ch
generation), and nine quarks (all colours and generations), s it induces ∆B = ∆L = 3 pr cesses. tice
th t the three qu ntum numbers B/ − Lα are not anomalous, s they are conserved in the SM.

If the r und st te f the u e fields is pictured s peri dic p tenti l, with minim l beled by
inte ers, then the inst nt ns c rresp nd t v cuum fluctu tions th t tunnel between minim . With this
analogy, one can imagine that at finite temperature, therm l fluctu ti n f the field c uld climb ov r the
barrier. The sphaler n [ ] is such c nfigur ti n, in the presence f the Hi s v cuum expectati n
value. The B + L vi l tin r te medi ted by sph ler ns is Boltzm nn suppressed:

sph ∝ e−Esp /T ,

where Esph = 2BmW αW is the height f the b rrier t T = 0, nd . <
∼ B <

∼ . is parameter that
depends n the i s m ss.

For lept enesis, we re interested in the B + L vi l tin r te t temper tures f r b ve the EWPT.
The l r e B + L vi l tin u e field c nfi ur ti ns ccur frequently t T W [1 ]. The r te
can be estim ted s (see [ ] f r recent discussi n)

ΓB+L!!
≃ 250 α

5
W T . (3. )

This implies th t, f r temper tures bel w 12 Ge nd b ve the EWPT, B + L vi l tin r tes re in
equilibrium [ , ].

100 . T . 1012 GeV

Winding or Chern-Simons number of the field configuration 



Baryogenesis

• Baryogenesis occurs at the boundary between different vacuum 

states (Kuzmin, Rubakov, Shaposhnikov ’85 ’86 ’87)

Morrissey et al,1206.2942



Leptogenesis

• A heavy neutrino decays out of equilibrium into leptons and anti-

leptons unevenly  (Fukugita,Yanagida ’86)



Leptogenesis (Alternatives)

• Resonant leptogenesis

• Soft leptogenesis via oscillations

• Non-thermal leptogenesis

• CP-violation scattering 

• 𝝂-N Level-crossing 

• …..





Chemical	potential	equilibirum

All	chemical	potentials	vanish	after	ΔL=2	kicks	in	!



J. Harz Helmholtz Alliance meeting, DESY 

Wash-out	Effects	on	Leptogenesis

Ø L	violation	and	the	(L+B)-violating	

sphalerons erase	both	L	and	B



• Lepton number is violated if 0𝜈ββ is observed and SM neutrinos 

contains a Majorana component. It would wash out not only L and but 

also B in light of the sphalerons

Neutrinoless Double	Beta	Decay	(0𝜈ββ)

Deppisch et al. 1208.0727



Ø We single out operators which 
contribute 0𝜈ββ with short-

and long-range interactions. 

Lepton	Number	Violation	(LNV)	

Operators	



§ Since	we	only	study	wash-out	effects	resulting	from	the	0𝜈ββ

operators,	only	e-lepton	asymmetry	will	be	eliminated.

§ In	order	to	washout	other	flavor	asymmetries,	one	would	need	

LFV	operators	together	with	the	0𝜈ββ operators.	

§ We	study	ℓ𝒾→	ℓ𝓳 +	γ and	ℓ𝒾→	ℓ𝓳 conversion	

Lepton	Flavor	Violation	(LFV)



Results

Ø From , one can not 

differentiate O9 and O11 from 

O5

Ø However, O9 and O11 can be 

probed at the LHC 



§ In the	following,	we	try	to	find	all	contributions	to	0𝜈ββ, given	

an	operator.

Tree- and	loop-level	contributions



Automation



Operator	lists	



Operator	lists	



Comparison

J.	Harz,	ACFI	Workshop	2017	



J.	Harz,	ACFI	Workshop	2017	

Comparison



Results	(1st Gen)



Results	(3rd Gen)



Beyond	EFT	approach



§ 0𝜈ββ decays	only	probe	the	electron	flavor,	so	LFV	is	needed	to	

wash	out	asymmetries	stored	in	𝜇 and	𝜏 flavors

§ To	carry	out	the	analysis	in	a	model-independent	way,	we	

assume	no	correlation	between	the	generation	mechanism	

and	washout

§ The	existence	of	a	decoupled	sector	can	protect	asymmetries	

from	washout	in	the	visible	sectors	(Phys.	Lett.	B207,	210	

(1988)	and 1309.4770)

Caveats





Can	ADM	save	world?

All	chemical	potentials	vanish	after	ΔL=2	kicks	in	!



Can	ADM	save	world?

If	particles	in	the	dark	sector	are	also	charged	under	

SU(2)L,	then	the	sphalerons can	transfer	symmetry	

between	B,	L	and	X	(dark	charge)	=>	Asymmetric	DM	



Can	ADM	save	world?

If	models	need	an	extra	asymmetry-transfer	

interaction,	then	DM	asymmetry	will	also	vanish!	



Can	ADM	save	world?



Conclusions	and	Outlook

Ø Observation of LNV via 0vbb decay or at colliders together with 

LFV can falsify high-scale baryogenesis/leptogenesis

Ø A single LNV operator may induce at tree- and loop-level to 

short- and long-range contributions to 0vbb decay

Ø In certain ADM models, the existence of DM can revive high-

scale baryon or lepton asymmetry generation mechanisms and 

realize the connection of the baryon and DM density


