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Ovpp-Decay: LNV? Mass Term?

Lonass = yiﬁ]uR + h.c. J— %Z_}CHHTL + h.c.
Dirac Majorana
e e

A(Z.N)

A(Z-2,N +2)
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Ovpp-Decay: LNV? Mass Term?

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Impact of observation i

» Total lepton number not
conserved at classical level

 New mass scale in nature, A

» Key ingredient for standard

baryogenesis via leptogenesis
A(Z.N) A(Z-2,N +2)
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LNV: Discoverable at the Energy Frontier

LHC

Future Circular e*e- & pp
CEPC-SppC Layout

International Linear Collider
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Outline

.  The BSM Context

Il. High Scale LNV

lll. TeV Scale LNV

IV. Sub Weak Scale LNV (time permitting)

V. Summary



I. The BSM Context



BSM Physics: Where Does it Live ?

B SM 2 SUSY, see-saw, BSM
" | Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darkU(1)...

Coupling
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SUSY, see-saw, BSM
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BSM Physics: Where Does it Live ?

SUSY, see-saw, BSM

Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darkU(1)...

Coupling

Is the mass scale associated with m,, far
above M, ? Near M,,, ? Well below M, ,
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LNV Mass Scale & 0Ovpp-Decay

Underlying 3 A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

3 light neutrinos with TeV scale source of
neutrino mass

> 3 light neutrinos
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ll. High Scale LNV
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LNV Mass Scale & 0Ovpp-Decay

Underlying 3 A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

3 light neutrinos with TeV scale source of
neutrino mass

> 3 light neutrinos
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Ovpp-Decay: LNV? Mass Term?

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

“Standard’” Mechanism

» Light Majorana mass generated
at the conventional see-saw
scale: A ~ 1072 - 107° GeV

» 3 light Majorana neutrinos
mediate decay process




Details

Essentially the rest of this workshop...
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lll. TeV Scale LNV
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LNV Mass Scale & 0Ovpp-Decay

Underlying 3 A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

3 light neutrinos with TeV scale source of
neutrino mass

> 3 light neutrinos

Two parameters:

Effective coupling & effective heavy particle mass

19



Ovpp-Decay: LNV? Mass Term?

Loass = yl_Lf]VR + h.c.

Dirac

TeV LNV Mechanism

» Majorana mass generated at
the TeV scale

 [ow-scale see-saw
* Radiative m,

* myy << 0.01 eV but 0Ovpp-signal

accessible with tonne-scale

exp’ts due to heavy Majorana

particle exchange

IIeHHTL + he.

Lmass — A
Majorana
e e
F
|
S | s

A(Z-2,N +2)

14




Energy Scale (GeV)

TeV LNV & Leptogenesis

1012

103

102
107

<_‘I'_ Standard thermal lepto

— D it Deppisch et
# Fast AL = 2 int: erase L al ‘14, 15
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Energy Scale (GeV)

oS T .y

TeV LNV & Leptogenesis

1072 <_‘I'_ Standard thermal lepto
|
|
|
)
- ~ 5 i Deppisch et
103 # Fast AL = 2 int: erase L al 14, 15
Electroweak, resonant lepto,
2 < ; :
i WIMPY baryo, ARS lepto... i
€ |
107 |
——  Post-sphaleron, cold... :
1
v J

Baryogenesis alternatives
22



Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

General Classification: Helo et al, PRD 88.011901, 88.073011
SUSY: R Parity-Violation

| ‘ Sfermion q, T
Gaugino d, X  Majorana

Topology 1

1
WarL=1 = _)"leL L ; ek +)\ kL Q]dk + I LiH,,
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Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

General Classification: Helo et al, PRD 88.011901, 88.073011

LRSM: Type | See-Saw

Wy | Ng | Wi Mass: standard see-saw but TeV
Vi V2 Vs Vi scale

Topology 1
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Ovpp-Decay: TeV Scale LNV

:\—%\g‘}ﬁLTL + h.c.

Majorana

Loass = yl_LfN[VR + h.c.

6Ge T (0v)

\
\ 4
\
\
\
\
\
\
\
\
\

LHC exclusion

Helo et al, PRD 88.011901,
88.073011
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Ovpp-Decay: TeV Scale LNV

— ~ y —
Loass = yLHvr + h.c. Loinass = KLCHHTL + h.c.
Dirac Majorana
TeV Scale LNV
d U
e Can it be discovered
Ovpp - decay . with combination of
‘ OvBB & LHC searches ?
d Uu
d > | > u
St - Simplified models
LHC: pp — jjee F OJF
a5 " 26




Simplified Models: lllustrative Case

‘C’lNT — g]Q:-Id(lSl- -+ ngi".LiFS‘; + H.c.

S'. (17 27 yZ)
F. (1, 0, 0) Majorana
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Ovpp-Decay: TeV Scale LNV

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Helo et al claim:

‘C’INT = 0 Q:—IdaSi + gzcl‘ILiFSj- + H.c.

(g182)"2

8eff(S)

M5y = (mém )13
28




Ovpp-Decay: TeV Scale LNV

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Helo et al claim:  EXO exclusion Lonr = 9,0%d°S; + g,€'L, FS: +H.c.

Q- 0.87 Future Xe: T,
. > 1027 yr
(@\|
80 06F
o0 | §
~ 04F
I
5)\ 0.2
= e Fig. 11
() === 1
S0 1 2 3 4 5 _ 4 1/5
M, 5(TeV) Meff(S) — (m5m¢) ;
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Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Helo et al claim: EXO exclusion

, ‘C’INT = 0 Q‘l-’d"S,- + ngi‘il_.iFS‘;- + H.c.

1.0

) 0'87 Future Xe: T,,, LHC: pp — jjee
— > 1027 yr __—

ol | 300 fb-' :

| i < 3 events

@ 0.2

b1 e Fig. 11

e — 1

> | ’ ’ : ; — (md /5

M g (TeV) M eff(S) (m5m¢) ;
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Ovpp-Decay: TeV Scale LNV

Lonass = yEﬁuR + h.c. J— %Z_}CHHTL + h.c.

Dirac Majorana

TeV Scale LNV

Comparing Ovpp & LHC
OvBpB - decay sensitivities (our work):

 LHC backgrounds
* Running effective op’s to low
d__, , u energy
ST e » Matching onto hadronic d.o.f.
50 Jf « Long range NME
_ contributions

LHC: pp — jjee

U 31
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Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. Loass = %ZCHHTL + h.c.
Dirac Majorana
Backgrounds:

» Charge flip
» Jet faking electron

32



Ovpp-Decay: TeV Scale LNV

— ~ y —
Loass = yLHvr + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Backgrounds:
8
e* e
» Charge flip Z
- Jet faking electron . e’
8

e* transfers most of p; to conversion e ;
Z/y* +jets — apparent e e jj event
33



Ovpp-Decay: TeV Scale LNV

Loass = yl_Lf]VR + h.c.

Dirac
Backgrounds:
= RAREE REREE RELAN RERAE RARE REARE RUAES R UL RS
% 12 ATLAS Data2010, V=7 TeV, [Ldt=40pb’ ]
5 1ok ;
Electron reconstruction 7
B:_‘:' - 7 eedata .
2 o F—eeMC ]
6 o -]
4 ] + -
2+ bl:*—l ] + —:
ofF e 3
1 pili il iaialipialiaialis Laovvslavaslaiiil
25 2 15 414 05 0 05 1 15 2 2
n

Lmass

SomiaiD ['n"H “‘]

12

10

_J
A

Majorana

Bin in ny and apply charge flip prob

|r r|rrr||11]|||||||||_

+

ATLAS Data 2010, Ys=7TeV. [.Ldr=4I} phb

Tight identification
— Data
O MCZ - ee

L°HH'L + h.c.



Ovpp-Decay: TeV Scale LNV

— ~ y —
Loass = yLHvr + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Backgrounds: Jet fakes (e.g., n* looks like e* )

GF before cuts = 67k MG+ PyrhiatpGs X (1/5000 x 1/2)¥ ofievfakes ( # of jets )

# of jet-fakes
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Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Backgrounds: Cuts



Ovpp-Decay

Loass = yiﬁ]uR + h.c.

Dirac

- TeV Scale LNV

['mass

_Y

A

L°HH'L + h.c.

Majorana
Backgrounds: Cuts
o(fb) Signal Backgrounds \/SSTH (Vfb)
Diboson Charge Flip Jet Fake
W-W~4+2)|W™Z+2j|ZZ+25| Z/v*+2j| tt tt | t4+3) (W +3j| 4j
Before Cuts 0.142 0.541 6.682 |0.628 | 903.16 | 68.2( 6.7 | 0.45 | 15.09 [362.352 0.0038
Signal Selection 0.091 0.358 4.66 0435 | 721.7 (289 |237| 0.22 | 11.73 | 72.03 0.0031
Hr(jets) > 650 GeV | 0.054 0.04 0.187 | 0.015 5.6 (0.266]0.025]| 0.0003 [ 0.102 | 0.027 0.0213
me, e, > 130 GeV 0.039 0.029 0.105 |0.008 [ 0.163 [0.127(0.024|3x10~*| 0.101 | 0.027 0.0493
Hp <40 GeV 0.036 0.005 0.036 | 0.007 | 0.126 |0.014[0.005|3x10~°| 0.03 0.017 0.0684
(Tr.2 — Mey 2 )max < 2.2| 0.033 0.003 0.022 | 0.005| 0.093 |0.009(0.004(2x10~>| 0.019 | 0.011 0.0738
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T. Peng, MRM, P. Winslow 1508.04444




Ovpp-Decay: TeV Scale LNV

= = (s T
Lonass = YLHvgp + h.c. J— KLCHH L + h.c.
Dirac Majorana
Low energy: Matching

d > | > u d u
St - Match onto O, at Aggy,
FO <€ > ‘

., e e

S+ |

d__, | U Cl d u

Eif?\-l'\r — A_SOI +hC

01 = QrtdQrtdLL"




Ovpp-Decay: TeV Scale LNV

— ~ y . T
Lonass = YLHvgp + h.c. J— KLCHH L + h.c.
e Majorana
Low energy: Running
Energy
A~ .\[.\jv R .\[[sn
EW e
A~ ‘\]”'
QCD — e
AHad
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Ovpp-Decay: TeV Scale LNV

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Low energy:  QCD Running

O, = (uro"dgr)(uroudr)(ELeR)
03 = (ﬁLt“dR)(ﬂLtadR)(éLe?z),
Oy = ('l_I.LtGO“VdR)(’l_l.[dtaO’#,,dR)((;_3[,(3?2).

2/9 -1 5/12

Oy = (urdgr)(urdr)(eLeR), 8 0o 0 1
0 -8/3 48 0
0
32/3 0 20 19/3

dpt 40



Ovpp-Decay: TeV Scale LNV

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Low energy:  QCD Running

= (urdgr)(uLdr)(€LeR), S
O, = (aro"dgr)(uLouwdr)(€LeR), S
O3 = (urtdr)(uLt*dr)(eLeR), S
Oy = (apt*o*dr)(urt®oudr)(€req). 5
Assuming C, = 1 atu=5 GeV — % 200 400 60 800 1000
Effective DBD amplitude for O, Anp (GeV)

substantially weaker for given

LHC constraints »



Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Low energy:  Nuclear Matrix Elements: Long Range Effects
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Exploit Chiral Symmetry & EFT ideas
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Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.

Dirac Majorana

Low energy:  Nuclear Matrix Elements: Long Range Effects

p
> - > - - -
P | B P |
L e AN :
1 4 |
'28_ | |
P (I217r_ ' Py !
— — > > > >
(a) (b) o) (d)
Our work Helo et al

Exploit Chiral Symmetry & EFT ideas
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Ov BB - decay in effective field theory

Tractable nuclear operators

Prezeau, MJRM, Vogel
PRD 68 (2003) 034016
Systematic operator classification
44



Ov BB - decay in effective field theory

Operator classification u= M WEAK

A+t —

L£(qg,e) =

+ hc.

/3’/511

i~ 01af = qLVMtGQL qRyMTbQR

Prezeau, MJRM, Vogel
Ovpp -decay:a=b =+ PRD 68 (2003) 034016
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Ov BB - decay in effective field theory

e e
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el SEE T
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Ov BB - decay in effective field theory

=

e e -
.
E2ayi T
N N N N N
Hadronic matrix elements: A. Nicholson, M.
Graesser talks
O@p?)for ()t  O@)for O
01+ 03+
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Putting Pieces Together
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Ovpp-Decay: TeV Scale LNV

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Benchmark Sensitivity: TeV LNV

Present e— e—

Tonne scale

A(Z.N) A(Z-2,N +2)

T. Peng, MRM, P. Winslow 1508.04444
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Dirac Majorana

Benchmark Sensitivity: TeV LNV

Present e— e—

Tonne scale

A (TeV)
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Ovpp-Decay: TeV Scale LNV
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Dirac Majorana

Benchmark Sensitivity: TeV LNV

Present e— e—

Tonne scale

A(Z.N) A(Z-2,N +2)

T. Peng, MRM, P. Winslow 1508.04444

16




Ovpp-Decay: TeV Scale LNV & m,,

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Implications for m,,:

(H) | (H)
779 v Controls N /
-‘f SO// ‘\\\Su
) \\' // \\
vertex W : vry*er in S.M. F F
Schecter-Valle: non-vanishing Simplified model: possible
Majorana mass at (multi) loop level (larger) one loop Majorana mass
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Ovpp-Decay: TeV Scale LNV & m,,

Lonass = yl_Lﬁ]VR + h.c. J— %Z_}CHHTL + h.c.
Dirac Majorana

Implications for m,,:

1.4}
1.2}
1.0¢

Ton Scale

!

4— m,, (loop)

sl N sl
10° 102 10*

saaal PR |
10° 102 10*
Dyt [€V] Dy [eV]

A hypothetical scenario



OvBB/ LHC Interplay: Matrix Elements

Loass = yl_Lf]VR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo = LICHHTL + hec.

T -
5: Discovery
S Exclusion
JS+B 2[rmr5 =======ssmsmssssms——eemeooaeo
U Assume GERDA present limit
& different Nuc/Had MEs
1 2 3 4

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
e e
F
|
S | s

A(Z-2,N +2)
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OvBB/ LHC Interplay: Matrix Elements

Loass = yl_Lf]VR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo = LICHHTL + hec.

llllllllllllllllll

elscovery

Exclusion

U Assume GERDA present limit 1
& different Nuc/Had MEs
1 2 3 4
L(ab‘1)

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
e e
LLJ
|
S | s
A(Z.N) A(Z-2,N +2)




LNV: pp at 100 TeV

20 Discovery reach
L — 11!
F—==- 107!
] - 100 b~
— 3 :1b".
2 1‘0:- -----
0.5
00 | ——
0
AlTev] M [TeV]
Cut based analysis Machine learning

M. Graesser, T. Peng,
MJRM, P. Winslow in prog...
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V. Summary

LNYV interactions responsible for m, may live at any
scale from the conventional see-saw scale to the sub-

GeV scale

TeV scale LNV is theoretically well-motivated and
would have important implications for baryogenesis if
it exists

Ovpp-decay and collider searches provide
complementary probes of this scenario

Fully exploiting this inter-frontier interface poses new
challenges for hadronic & nuclear structure theory

67





