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Moktivakion

* Observation of a baryon asymmetry of the Universe (BAU)

nebs = 2B B _ (6,09 + 0.06) x 10~1°
Wy

P. A. R. Ade et al. [Planck Collaboration], arXiv:1502.01589 [astro-ph.CO]

* Theoretical requirements for generating a baryon asymmetry: 3 Sakharov conditions

A. D. Sakharov, JETP Lett. 5, 24 (1967)
* CP violation

* departure from thermal equilibrium not fully fulfilled within the Standard Model

* (B-L)-violation ! !

Physics beyond the Standard Model

* Popular scenarios for explaining baryon asymmetry:

* electroweak baryogenesis, leptogenesis, etc. ...

How can we shed light on the mechanism that generated the baryon
asymmetry with current experiments?
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Reminder: concept of baryogenesis via leptogenesis

generation of lepton asymmetry via heavy neutrino decays

competition with lepton number violating (LNV) washout processes
conversion to baryon asymmetry via sphaleron processes
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In reverse:
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experimental observation of LNV corresponds to a certain washout strength

due to sphaleron processes this allows for a measure of the corresponding
baryon asymmetry washout

|
|
o

2

B
N\
//B"‘L/

B washout

Observation of low energy LNV will have far-reaching consequences on

mechanisms of baryogenesis
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Connection between BAU, ovbb & LHC

BAU

|

sphalerons

' N\

OvBP decay LHC
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Neutrinoless Double Beta Decay (ovbb)

* OvBB (2n — 2p + 2¢ ) is a sensitive probe of low energy LNV

* current limits on the half life of Ov: T1/2 > (1.1 —1.9) x 10%° y (EXO-200, KamLAND-Zen)
Ty 5% > 21 % 10% y (GERDA)

* general lagrangian can be written in terms of effective couplings ¢° which correspond to
pointlike vertices at the Fermi scale, e.g. for the long range contribution:

Or

d “ d u L= {JV AJ\T/ Ap T 6JT}
d u W e .\e \/_ H Zﬂ;
v + v
¥—e I S ; wl e Jp = eOpv Ovaia =7"(1+£7s5)
/ \e d . u d u J(.)'; = ﬂ@ad OS:EP — (]- + 75)
u . 7
: ‘>§ + %e OTR,L — 5[7#1 Yl (1 £ 5)
d . u d u
2 2
O o 1/2 = |5 12 G| M;]
lsotope _JeyTal  leyial  IesTpl  leipl lerd Gy

©Ge 33-1079 59.-1007 1.0-10% 1.0-107% 6.4-10719 1.0-1079
136Xe  2.6-107°2 51-1007 6.2-1072 6.2-1079 44-10719 74.10°10

F. Deppisch, M. Hirsch, H. Pas, J. Phys. G 39 (2012) 124007, arXiv:1208.0727 [hep-ph], updated

I:? OvBB half life sets constraints on effective couplings €.,
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Lepton Number Violating Operators

* Complete list of all LNV AL = 2 effective operators

K. S. Babu, C. N. Leung, Nucl. Phys. B 619 (2001), arxiv:0106054 [hep-ph]
A. de Gouvea, J. Jenkins, PRD 77 (2008), arXiv:0708.1344 [hep-ph]

d u
o, €
d u
Os = (L'L’)H" H'e;e Oy = (L'L?)(Qiuf)(Q;uc)
O7 = (L'd°)(e°u®)H' € O11 = (L'L7)(Qud®)(Qud) Hyp Hi j1€im,

* Example for an UV completion: Left-right symmetric model

d, = = u, d, = & u d > >
L V_A'l”L L L V_A"LLL’ 'L dp V+A"LZ'L’ up
W, Lyv-a - W "Lyv-a - W Lyv+a -

)

* If OvBp was observed, the scale of the underlying operator can be determined gD A% [Ge\g
5 9.1 x 10

S 92”()2 GF€7 - g3?J G%E{g,ll} { 94 6 2 } 27 3? X 182
5 — — 9 . X
€ A V2 2A 73 2m,, Agd’ A117 O, 1.0 x 103

F. Deppisch, JH, W. Huang, M. Hirsch, H. Pas, arXiv:1503.07632 [hep-ph]
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Lep&on Asvjmm&rv Washouk A

* Study washout of pre-existing net lepton asymmetry introduced by single D-dim operator, e.g. O~

Vv u
- o, 7 et 20 combinations of O7 to create 2 - 3 and 3> 2 processes
3 * 1 4 phase space suppressed

H

O7 = (L'd°)(ecuc)H €y,

dnn NNNg - -+ ning .- .
i, Tt == 3 (g~ )7 Nae i)
2N F
T = op s T A

Cp operator specific factor
* Washout effective if

'y CD T72P—4 p Apy T 2D=9 > 1
- — C
H ?’LfYHADQD_S DAD AD

NL lepton density

. - . Op  Ap [GeV] A} [GeV]
* If Ovpp is observed, washout effective in the temperature interval —5_ 99%x 100  91x10%

O- 1.2 x 102 2.6 x 104

1
Ap \2D-° O 4.3 x 10 s
_ 0 3x 100 2.1 x 10
Ap (C’DAPl =Ap <T <Ap O 7.8x100 1.0 x 10

F. Deppisch, JH, W. Huang, M. Hirsch, H. Pas, arXiv:1503.07632 [hep-ph]
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Lep%oh Asvmme&rtj Washout - Resulks

= I—A e A scale of operator r
1014 A * )\ scale above which washout highly effective % > 1
‘ I 2 . ‘ :\ scale above which a max. lepton asymmetry of 1 is
1012, F e (107Y) washed out to n%*or less
E current ( Ge) )\D ~ [(QD 9) 111( Ob ) )\%D—9 _I_,U2D—9]
1010; Ule
108?_ OVB'B * |F OvBp was observed via a non-standard mechanism,

resulting washout would rule out baryogenesis
mechanisms above A

* observation of OvBB via Oy and O, will imply observation
of LNV at LHC

LHC reach I I I

10~-—Ew scale * 0vBp decay probes only electron-electron component of
~ , : . LNV operators 1 Caf
O O? O O' ' 5 ’
5 . 9 11 A3 AS

F. Deppisch, JH, W. Huang, M. Hirsch, H. Pas, arXiv:1503.07632 [hep-ph]
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Lep&m\ Flavour Violabion - Resulls

LFV

Oll Oﬂe}/ Oﬂ" Oﬂeqq

Most stringent limits on LFV set by
6-dim AL = 0 operators

Oggf}/ = ngWEgUHVE_CHFMV
Otrgq = Crogq(C1114)(q2q)
2 693

)
2

Cﬁﬁqq — CEE*}/ —
Current & future limits:
Br, e, <5.7x 107" (6.0 x 107'%)

Br, s, <4.0x107° (1.0x1077), L =e,p
R < 7.0x1071 (2.7x10717)

n—e

determine temperature interval in which LFV
process equilibrate pre-existing flavour
asymmetry

IF LFV processes are observed as well,
loophole of asymmetry being stored in
another flavour sector is ruled out

F. Deppisch, JH, W. Huang, M. Hirsch, H. Pas, arXiv:1503.07632 [hep-ph]
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Discrimination of different Operators

* SuperNEMO can discriminate O, from other mechanisms, due to e and e In final state

2 8 1
E d=) Right Handed Current
|-|>J Ii - Theoeretical distribution
1 5 0.8 I:I Reconstructed distribution
o
= L
4 1.0 ar’ r 05
] = —(1 —kgcosbia)
- d cos 019 2 04
1.05 _ ,
0.2— 0.2_
I T T T A I T AV PN N I I I VO O
0.0k : : : : J 1 -08-06-04-02 0 02 04 06 08 1 0 08-06-04-02 0 02 0.4 06 0.8 1
00 02 04 0.6 0.8 1.0 Cosine of angle between electrons Cosine of angle between electrons
|At]/Q SuperNEMO collaboration, arXiv:1005.1241 [hep-ex]

* potential discrepancy between neutrino mass (cosmology) and Ovbb half live measurement
could be an indication for Ovbb being triggered by non-standard mass mechanism

e distinguishing between different mechanisms via measurements in different isotopes

(RNP _??m,) /(Rmv
-80% —60% —40% —20% O 20%
T T 7/

28e A * | B R
R A Ty (X )y _ IM(°Ge)PG(Ce)
130 e A ] AR Tl/Q(AX) ’M(AX)PG(AX)
136 A * * R (10GevTh
lso;(z A ;_ 00* Deppisch, Paes, PRL 98 (2007)

Gehmann, Elliott, J. Phys G 34 (2007)
e comparison of OVBB with OVB+B+ Hirsch, Muto, Oda, Klapdor-Kleingrothaus, Z. Phys A347 (1994)

* observation of OvBp via Oy and O, will imply observation of LNV at LHC
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Lepton Number Violakion ab Ehe LHC 2

* Signature: AL — 2 LNV at LHC through resonant process pp — [=1= + 2 jets with
two same-sign leptons and two jets without missing energy

ql. g4 fl
X ' fz
4 83 Y
. E
&3 f4
Lw o(s) 19 o
— — — LHC
H fql q2 (MX/\/E)
Tw  0.028 MpM3 K, (Mx/T) < (5000)
Ty LHC
4
H V 9+ I fQ1QQ (MX/\/E)
L'y M x OLHC
logig— >69+06 =———1) +log
10 g TeV 10 1
F. Deppisch, JH, M. Hirsch, PRL 112 (2014) 221601, arXiv:1312.4447 [hep-ph]
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Lepton Number Violakion ab Ehe LHC 2

OLHC

tb

107~

I M
logy, ?W >6.9+0.6 (ﬁ — 1) + log,

* For any realistic cross section at LHC with
oruc > 1072 fb washout highly effective

['w
— >> 1]
H

° enormous washout of any
pre-existing lepton asymmetry

ni" /m =~ exp(—T'y/H)

* LHC starts to exclude top of parameter plane
My [TeV]

« observation of LNV processes sets serious bounds on washout
« excludes LG models which generate asymmetry above

F. Deppisch, JH, M. Hirsch, PRL 112 (2014) 221601, arXiv:1312.4447 [hep-ph]
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Conclusions

‘High Scale Baryugenesis‘ | OvBB Decay ‘
* > kN
Mass New
LN C Mechanism Physics
* -
‘ If U‘UBB‘ ‘ LNV @ LHC ‘
Mass Mechanism ‘ Low Scale

* Baryogenesis
'

Very probably:
High scale origin of m,,

Also detectable @ LHC?
"2 for 1"

I___> observation of low energy LNV processes (e.g. in Ovbb or LHC) indicates a washout of
| any pre-existing baryon asymmetry irrespective of the baryogenesis mechanism
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Caveals L

°* LNV process at LHC involves right-handed leptons, but SM sphaleron processes only
affect EW fermion doublets

—> left- and right-handed fermions are in thermal equilibrium around EW-scale

* Possible generation of LNV only in one flavour family

—> observation of same-sign signatures in different flavours

—> observation of LFV processes

°* LNV models with new conserved quantum numbers or hidden sectors may be exempt

S. Weinberg, PRD 22 (1980)
A. Antaramian, L. Hall, A. Rasin, PRD 49 (1994), arXiv:9311279 [hep-ph]

° Baryon asymmetry could be generated below the EW scale
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lmpa&% O Bar:jcm Asvmmeérfj

* Now: assuming classical leptogenesis with heavy right-handed neutrino My

* Solving Boltzmann equations for 77, and 7nx assuming LHC process as only source
for washout

* Conversion of lepton number to baryon asymmetry e — 8Ny + 4Nn ~1/2
B/L 14Ny + 9Ny

with  dree ~ 1/27

N — _drecTB/LnL (Tc)

A. Pilaftsis, T. Underwood, Phys. Rev. D 72 (2005)

1.~ 135 GeV

* Upper limit on baryon asymmetry

(- _ = )
2
nB Mx 4 M oruc\ ! (4 My
log,o | B | <24 X (12228 4 ( ) il
0810 77JoBbs TeV ( 3 MX) + 0810 ‘€| b (3 MX
. _ ,

E> Upper limit on baryon asymmetry as a function of LG parameters \/, and ¢
) and observables )/ and o
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Lepton Number Violakion ab Ehe LHC 2

M 4 M -

obs

TeV

e Strong constraints on resonant
LG models

* Lower limit on CP-asymmetry

€ > ™ 1073

[E—

S
Lh

|

* For My > Mx : R )
106, Mzl MY -
* conservative upper limit for 7 1072 10~ 10"
My/Mx
* not possible to generate large orme = 0.1 fb

enough baryon asymmetry at all Ve — 9 TeV
v =

E> Observation of LNV process at the LHC excludes high-scale
y Leptogenesis models
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