Unraveling the Lepton
Number Violation

Lukas Graf
UC Berkeley & UC San Diego

BNL, July 2023



Network for Neutrinos, ) f?7 S ( (
* N A Nuclear Astrophysics, : 1
and Symmetries :

Lepton Number

* non-perturbative SM dynamics: B + L number violated by sphalerons

B — L number is conserved < non-anomalous global symmetry of the SM
— accidental? may be a relict! — violation at low energies subtle < corresponding
to B — L preserving gauge symmetry broken at certain high-energy scale

» the manifestation at experimentally accessible scales suppressed by powers of the new-

physics scale

« tightly related to the puzzle of neutrino masses and baryon asymmetry of the Universe
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How to Probe the v Physics?

 plethora of models for Majorana neutrino mass generation

* new particles decoupled * new particles within reach of experiments
« theoretically natural neutrino Yukawa » small neutrino Yukawa, loop suppression,
 vanilla scenario of the high-scale approximate LNC

leptogenesis « resonant leptogenesis, via oscillations ...

M W What strategy to adopt to probe all the different scenarios?
e O 1 Effective Field Theory

nnnnnn

v e EFT «/ robust, model independent approach

mdl dp nden tway

set constraints
with this simplified @)
parameterization

accessible E ¥

2 limitations: e. g. resonant production s simplified models
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LNV in Effective Field Theory
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de Gouvea and Jenkins (2008) Liao and Ma (2020) ~ 100MeV | 2
Lehman (2014) Li, Ren, Xiao, Yu, Zheng (2020) 2o = 0vpBf operators 0vB3B operators a
Henning, Lu, Melia, Murayama (2015) s w Letegauiipion sl (BIEEENTE) -2
’ ) ) U ':_‘3
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) / > > 8 AA,AP,PP,MM AA,AP,PP , rAP,PP
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UV example: \ / =82
Ve MeV ‘1’
VR W
R ov + + ﬂ ar v
v T1/2 (07 = 07), de,” dcos@de,’ Plots,

-Ri i Mohapatra and Pati (1975)
Left nght Symmetrlc Model Senjanovic and Mohapatra (1975) V. Cirigliano, W. Dekens, J. de Vries, M.L. Graesser, E. Mereghetti: JHEP 12 (2018)

O. Scholer, J. de Vries, LG: 2304.05415
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Double Beta Decays

 two-neutrino double beta decay
2B : (A, Z) = (A, Z +2) +2e” + 20,

* neutrinoless double beta decay
— LNV, mediated by Majorana neutrinos

OV/BB : (A7 Z) — (A7 Z _l_ 2) ‘|_ 26_ %’ /N,Z=o.o
« experiments: T?%gﬁ ~ 1018 - 10% y .‘? .
T00% ~ (0.1 eV/m,,)? x 102 y i g

KamLAND-Zen, LEGEND, CUORE, NEMO-3, CUPID, (n)EXO, ...

—Z

* a variety of isotopes: "°Ge, %Xe, ...

« variants: 0vBtBT : (A, Z) = (A, Z —2) + 2™ Q = E — By —2m,
WBTEC: (A, Z)+e = (A Z-2+et [ N/
OWECEC : (A, Z)+2e” — (A, Z—2) = 7 eneyiiey
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Exotic (2v)3[3 Decay

« double beta decay in presence of right-handed currents?

I . G g cosf . . . :
—> Lagranglan- L = F\/5 C ((1 +5SM +€LL)]ZLJLM _|_€RL.]/IJ:JR/,L +€LR]]’U~;LJLM _'_GRR.]}L{JRM) + h.c.

with ji p = ey (1 Fvs)v, Ji g = ay*(1 F75)d

° I 1 . d Gr B d ! d
contributions: \<€L eR eR

vy, VR VR

vy, vy, VR

d/<u d " d @ "

o total rate: I'* = €3 G55 Moy a5
_ dFZV FQV o0 < _9

» angular correlation: -— = —- (1+ K" cosf) — bound: exr 5 2.7 X 10
« using existing NEMO-3 data, insensitive to the overall rate, largely insensitive to the
nuclear matrix elements F. . Deppisch, LG, F. Simkovic: PRL 125 [2003. 11836]
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Neutrinoless Double Beta Decay

- standard mechanism with %~ T - “o ParTE
light neutrino exchange: M

| // //
V—A -
> e 100 %

. ]
}Ts=1.1 ><1026yr:

80 gA:1.27_

_ 2
T1/2 'mss]” Gow| Moy

60

Im ﬁﬁl [meV]

-

half-life limit — bound on
effective neutrino mass:

40-

| g _
200/ | )
[ T T55=10%y1]
| /NO & ]
O .................... | |

_ 2 2 2 2 idis 2 i(¢13—26) 50 100 150 200 250 300 350 400
Mmpp = M1CiaCi3 T M2S1aC g€ "~ + M3Si3€

Zm, [meV]

le q+my c .o = Yo (L = 5) Y ¢
A;uI/) — Z 6271/ 1 — 75)612 — mz (1 _ /75)/7/#61 ~ €2 4q2 €1
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New Physics & OvBf

plethora of New Physics scenarios may be responsible for Ov[3[3

left-right symmetric models SU(3)c @ SU(2), @ SU2)r @ U(1)p_1,

W U S Wz e Wolyoa e Woly-a e
Xmy L €m = - Xmy Xmy,
N ) my AL i c X my Xmy
dp e > ug dg > vra > ug dy, SE— o uy dy > V+A“rrr > ug
u
v(s) )
* leptoquarks (scalar, vector) ¢« d S
v e u
e e
W W
d U d U

R-parity violating SUSY, Majorons, Extra Dimensions ...
F. F. Deppisch, M. Hirsch, H. Pas: J. Phys. G 39 (2012), 124007

lukas.graf@berkeley.edu Unraveling the Lepton Number Violation 8



Effective Approach to Ovf3
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« effectively, a variety of different mechanisms beyond the standard scenario may
contribute to Ov3P (e.g. 0303205, 1208.0727, 1708.09390, 1806.02780, 1806.06058,
2009.10119, ...), long-range (with neutrino propagator) and short-range mechanisms

« OvBp half-life limit sets constraints on effective couplings — accurate calculation of

nuclear matrix elements and phase-space factors is crucial for estimating these limits

* generally: Tl‘/2

GOV‘MOI/‘Q E(A6)L 2

7
L1 =

9
d u LR, =
(c)

2GF

200 | (@ ar) (emt) + U (W) (Em)

+C§) (urdy) (ezv) + CY) (uzdr) (ezvs)
+ C(G) (ﬁa“’/dR) (@awyi)} + h.c.

2G <
ﬂz {C’\gﬁ (uL’y dL) (eLa VL) +C’\(,1% (uR’y dR) (eLa E)} + h.c.

= Z [( 1(9) (eref) +C (eref, )) O; +C'( ) (ev,75€°) Of}
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Effective Approach to Ovf3

« effectively, a variety of different mechanisms beyond the standard scenario may
contribute to OvB3P (e.g. 0303205, 1208.0727, 1708.09390, 1806.02780, 1806.06058,
2009.10119, ...), long-range (with neutrino propagator) and short-range mechanisms

e OVBR hall = g gl g “I- accurate calculation of
P W W ©ca T
nuclear 1 Xomy S o Al for estimating these limits
* generally ‘V\VPA‘”f‘ % 0O (apyrdy) (ERrs) + O (@rtdr) Emat)
dy £ uy dy > g I Céi) (ﬁd[,) (@yi) —|—Cé%) (Ed}%) (@yz)

d R

N 2
. + C'éG) (upo"dg) (anl/i)} + h.c.
2G Ag ~
e £, = ﬂF {C(JL) (uzy"dL) (ezd i) + O\ (umy"dr) (qauug)} + h.c.
o, v
o u E(AQ)LZQ = Z KC’Z(Q) (eref) + C (eLe%)) O; + C’Z.(g) (ev,75€°) Of}
c
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OvBp Mechanisms

» standard mass mechanism

d U

1% 4 my 2 — :
7 ~ it al ~ (1) oy
d u
* non-standard long-range mechanisms d u @
OvBp3 24 —6,~2 4 A5 10° GeV 26 1 , |
[T’ ~v AO7GFmFQ55 ~ A (10 ) ) “ ,
7

non-standard short-range mechanisms e ¢

5 TeV \ (57
OVBB — ¢
FSR AO mFQﬁﬁ <AO ) (1026 y) 1

9 i

d
due to the intrinsic helicity flip, non-standard long-range mechanisms in typical scenarios
suppressed indirectly by neutrino mass

5
e.g. left-right symmetric models: small Yukawa coupling 79479 ~, (OT—VV) <5AT6V> (106 y)~!
(yuv — \/muMN) -+ © LR
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Nuclear Uncertainties

Known LECs Unknown LECs
. ga 1.271 g%| o)
: ? y s 0.97 [51] |gF" oQ
» hadronic currents J*(q) = gvv* — gay"y° + 27%0“ ¢ —9p7°d" o [4.7 lif,§7,8,9| g%i
gr 0.99 [51] |[gT¥ 1
» non-relativistic expansion — nuclear matrix elements 7. vasry o)
_ 2 2 2 5" 2.0 [52] |gd, 5| O(@167?)
Mov = gaMar = gy M+ gaMz e ~0.62 %52} oy | o(1)
Mp = (hF(¢?)) g ~1.9 52 |g7" o(1)
5 —8.0 [54 ViR o
Mar = (W% (¢*)(0a - 0v)) ziw —92.9GeV~2 £ 50% 752;—155} e ‘ .
Mrp = <hT(q2)3(aa ' rab)(ab ' Tab) - (Ja ' Ub)> 16 O SM[54] PNQRPA [57]  + rEDF [60] — 1BM2 [44]
« dependence on isotope and operator ... D EMBe X omAlsel | mEORIEN L dbiniioveMSOR od
+
» non-relativistic approx. or chiral EFT " .
101
_ T
* calculation —many-body problem £, |
- | — Lt +
» different nuclear structure models, 6 11 e .
factor of 2-3 difference ‘mBIEI™" ®WH B B B -
21 > o % —
» + unknown LECs (or form factors) - ox *
48 76 82 96 100 110 116 124 128 130 134 136 148 150 154 160 198 232 238

A
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Distinguishing OvBp Mechanisms

: dI B 1
phase-space observables — electron energy spectra, angular correlation GaE — 0 (1 + — cos 0

comparison with other B3 modes — B+p3+, ECB+, ECEC - typically suppressed

i (A
. . . O’L A 1/2( X) |MO'L (76Ge)|2Goq‘, (76Ge)
decay rate ratios for different isotopes R~ (*X) = T0:(75Ge)  [MOT(AX) PG (3X)

 — ratio of half-lives = ratio of NMEs x ratio of PSFs,
the unknown coupling drops out

R%i (1 X)

« distinguishing 2 specific operators quantified using Rij(AX) = RO (Ax)

applied to the “master formula” framework of 1806.02780

V. Cirigliano, W. Dekens, J. de Vries, M.L. Graesser, E. Mereghetti: JHEP 12 [1806.02780]
« PSFs — 4 distinguishable groups of operators
* ratios: in principle 12 distinguishable groups of operators

e main issues: nuclear uncertainties: NMEs + unknown low energy constants
— solution? hopefully: ab initio + LQCD and/or complementarity
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Distinguishing: Phase Space

* electron energy spectra and angular correlation of the emitted electrons dcof;dgl — ag <1+ﬂcose)

« e.g. NEMO-3: thin foils of source material surrounded by a separate tracking calorimeter

— better accuracy — reliable detection of 2 electrons coming from the same spot

6 2GF | (6) (—— .
Litms = vz OV (T de) (eRr) Go1 Gy C Goo

O

+CY (wrdy) (e7v) —-

EVENT 42373

scintillator block calori

+ %) (urytdr) (emyuvs)

Gox

=

+C8Y (uzdr) (ezvi)

cly

+Cé6) (ﬁawdR) (@a,wuz)} + h.c. :. .
2G L R e . @Q:- - f i i \ - i‘ *
ﬁgé:Z = \/52 lCX(f?ﬁ (uL'YMdL) (eL auVL) 6 M M | } ’ )
() (et g e T - T - N
+ Cyp (wry*dr) (er 3#%)] + h.c. .
o) - - - S|
1 — ¢ — ¢ O - HRSET S ‘:‘i!
L= 5D KCS’% (ere) +Ci7 (em)) IV NI QOQ | ;/;/Z/ﬁlavA\ ;-";qs e
’i {(:\ -/4 ‘!ZI\\;‘ .‘ agnetic Lol

+ 0" (evur5e”) Oﬁ‘}
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Distinguishing: Half-life Ratios

. . . . 2 825e 962r 100MO 116Cd % 128Te o 130-|-e " 134)(e e 136Xe % 150Nd
» distingushing pairs of operators i
Ry(Ax) = T CX) o Bl NI EECEE IR S I
) ROJ(AX) 20 >]( [ pdiiig: |
3 x % X X x % ! S -2 Sox K X
0. A B TSZ(AX) |Moi(76Ge)|2GOi(76Ge) _—]_ X + i ** X ) **+ - X ) xxx xx* _ )Kt'f : TT)‘( T:.(
RPCX) = 1o @ag = MOOOPET(N) I <1l LI
* most importantly: exotic contri- ,
i ism?
bution beyond mass mechanism® L J{ gl
* variation of the unknown LECs_—< o il | SRR 11 SO SRS TTeey f}*}
. . E s il SRR TR
gives the spread in values CH || 844 LU
* — look at the central values .
812 202 [ ) () + O ) () Mo o ) ) ) o &
=2 5 vL \%L L RVu¥”L VR \YR R R Iu¥L
M _ 2GR 6O g, (629.,05) + OF) (wmrtds) (618,06 .
+ ) (wrds) (Frvi) + O (widn) (e2vi) e = 5, (O () () O (o) ()] <

1
(8o = 1 3| (05 mei) + 08 (et ) 014 6 (@) ]

LG, M. Lindner, O. Scholer: PRD 106 (2022)

+CSF6) (WU’“’dR) (ﬁawyz) + h.c.
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Distinguishing: Half-life Ratios

. . . . 2 8ZSe 962r 100M0 116Cd 128Te o 13O-|-e 134)(e e 136)(e % 150Nd
« distingushing pairs of operators 4
R-'(AX)Z Roi(AX) qgc 1 xx X X ' XX X X X ¥ X X % X % X % % >1<>f % X
Y ROJ (AX) Og') 0 RICAE )k | b 4 ¥ b * i * : * i * N |
o ke} x % X | ** X X *91 g X g % g & N )fiEI( %f
RO (AX) = 220X _ IMO(9Go P61 (G TH X xR AR I U N 3011
T T0L(0Ge)  IMOI(AX)PGYI(AX) , | x| iR

* most importantly: exotic contri-
bution beyond mass mechanism? P

« variation of the unknown LECs
gives the spread in values

|
3
¥
X
ES
E
i
3
3
S

= ! 4
-1 —
- 150 76 76 76 76 i i iSd R iSd :
- beSt Central ValueS_ 8 1.412#: 1.6116%3 1.6116%3 1.6116%3 1.8116C23§1=7§12é’¥g-1;84lﬁ#g
Sl mp gy ool B o C
Lap—o = V2 CyvL (“L'VNdL) (eR’YuVL) +Cyr (“RVudR) (eR'YuVL)
2G
£ F{C’m upyHdy eLa v —|—C'(7) urY'dp eLa v ]—i—hc
O (i) (e207) + IR () () it = g | () (O] ¥ Con () (00

€8s =5 37 | (C1% (omei) + €Y ezt ) 04O (o) O

LG, M. Lindner, O. Scholer: PRD 106 (2022)
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Maximizing Half-life Ratios

6 6 6 (6,7) 9) 9) (9) (9) (9) (9) ~(9
mﬁB C\(/L) C\(/R) C'}' ) CS, v CSl CSZ C53 CS4 CSS CV d/ )
| | | | | -
15074 76Ge : 76Ge 76Ge 6Ge E : 57150Nd | 1 |8
. 128Te '6116Cd ‘6116Cd e ;

* largest ratios — central values .-
VS. worst-case scenario o R RRRRE s

os- QR 1115
* the pair of isotopes producing . | s, g LQENG ) oG ) g BONg ) Bse | g
. . P T 3xe ' T REEEE R | PE
the largest ratio identified ) s 2k g g
%3_ : 96 7 U82g¢ PI36xg V' 136xg 136y
= ol ZETe 116Cd 150Nd 825e SZSe 8256 825e OCMO 16C1
« shading < distinguishable G101 e R ce Vg Mmcg Mmeg 1o ORne 1OENG
S| 1 N | d-
based On the phase Space N 116 i i deI ! 82 . 150 - 82 96 ; 96 :
25 137520 1196’2Vd 135 19 %Q’d- 1.0 1.0 12550 16t 11T
[
. . . . 150Nd lst:f 34XE‘ 962r 962, 962,
* uncertainties crucial, most T ¥meg " ey s P 0 0 RG] LT
. - Ong |1 196z | i #25e 1ecd . ONd 825e 96Zr 96Zr
likely correlated — worst case T "mea "'ma e| g tomeg 10 10 e 10 e |11
. -0.2
rather pessimistic il o WMEEEEI 2y tithmcy 1101 {11101 1 E il 1 on ol 8
| B | | e B B | I e e e e e e e N e A A A A A B |
- S ~ BURIEEE RIS S O U N R DU O PO
itel | o [0 |G ) e el er g o
T T -0.0
£0) o = 258 |0 (wr#ds) (@mnat) + O (@ dn) (emn) o %G o o o o
£0) 0 =220 ) (@) (650 ,05) + O, (wr'd) (20,08)] + e

+ 51! (wrde) (Fzvi) + C§i (W) (ezvE) i
£0) =5 2 [ (05 (emen) + €L (eres) ) 0141 (@n5e”) 0]
+ ) (ugo™dg) (epouwvs)| + hec. l LG, M. Lindner, O. Scholer: PRD 106 (2022)
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Models: mLRSM

° . . 825 96Z 1OOM 110Pd 116Cd 124S 128T 130T . 134X
UV S_CGHarIO' mlnl_mal 0.6 *136;e *148|:|-d *15°N§ . 154gm  « 160G *198P: *232-|—E *238Ue ©
left-right symmetric model . o4

&
SUB)e © SU2), ® SUR 0 U1)py 5 O
= 0.0

* minor variations for 0.2

inverted ordering (10) -0.4 |
: : 107'ev  107lev 107%ev 107%eV 1073evV 103%eV 107%evV 107 *eV

e assuming normal ordering (NO) (10) (NO) (10) (NO) (10) (NO) (10)
(NO) can result in ratios i o -
altered more significantly —— -« wol. 1
for small minimal neutrino P o L
maSS d u d u ~

- small ratios <> dominance . . < b
of short-range contributions S Wam
at xEFT level R WL(R)<

Wi, e~
d Y d v 1024

104 1073 1072 1071 100
Mmin [€V]
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Models: Leptoquarks

° Considered ScenariOS give 3 825e 96Zr 100MO 110Pd 116Cd 124Sn 128Te * 130Te . 134Xe
. . . 2 * 136Xe * 148Nd * 150Nd o 154Sm * 160Gd * 198Pt * 232Th * 238U
distinguishable spectra -
o ' T . | min

- central values match the case & o i iukying S j*&%ﬁﬁ %ﬁﬁ#—ﬂw

with order-of-magnitude T -1 | |

estimates of the LECs -2

Full Scalar Scalar/Vector Scalar/Vector Vector
 spread for the full model, SL, VL Right-handed ~  Left-handed
Mgg Full ) S _SR,VR _SL,VL ) \ 10%
fu =[P g ol + i # OO
— [y Ppve] {(16\253 + ;}%) @Yy, Prd] — V2 (J(\;}E + ]T;\/Q/) [u'yuPLd]} +h.c., E/\ | O fW m D e
M. Hirsch, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko (PRD, 1996) | | | | |
(] 7 /-\ /\ | :QD :Q :B Er: 1027
V(S) J m—— —— - R
d d e 1 1 1 _ _ _
) o ardbedeesl (DD P
. 2N N N ' D
w w i _ j i j

i . ©ININIANDRIANL | e e

Mmin [€V]
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+N(3AS

vDoBe: A Python Tool for Ov[3[3

O. Scholer, J. de Vries, LG: 2304.05415

e user inpu tS: A.E lUser-provided Matching
 scale + selection of operators v ¥ Y Y l |
* isotope(s), type of NMEs - r S Wl R i
My, = 80 GeV v v v v
- data inputs: E o] o] Mlesmon] [umae]
» nuclear matrix elements hr = 2 0oV [ ¢‘£ I S s S
o phase-space faCtOrS % y—;uc n—>lpeu 7T—I>eu nn—;ppee n—>|p7ree 7r7r|—>ee g
* low-energy constants eVl ¥ L —
6 w (Long- and pion-range) (short-range) %
» outputs: 228 [ Mg?;;f;,@ ********* y M* R
- half-life formula for the given case |41 | — T
* limits on selected couplings v

ar dar
de,’ dcos6de;’

v T{5(0% - 0%), Plots, ...

* Mee VS. M, plots, etc.

BB v .
chosen contour plots showing
correlations of different parameters, ...

download: https://github.com/OScholer/nudobe
online tool: https://oscholer-nudobe-streamlit-4foz22.streamlit.app/
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PHYSICS FRONTIER CENTER

Unraveling the signal: other probes of LNV?
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LNV at Dimension 7 in SMEFT

* let’'s consider the basis of the 12
dimension-7 AL = 2 SMEFT operators

 Lehman PRD (2014) — 20
independent operators (13 conserving
B but AL = 2 and 7 violating both by
one unit, AB = -AL = -1)

* further reduced in Liao, Ma JHEP
(2017) to 18 = 12 + 6 (independent
structures)

lukas.graf@berkeley.edu
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+ N 3 AS Nuclear Astrophysics, [
and Symmetries

L=Lsm+C505+ Y CiOh+ ) CiO4+....

Type O Operator
v2H* Ol €ij€mn (LG L) H'H" (H'H)
U2H3D O?LHD €ij€mn (L_f,i'yue,«)Hj (HmiD”H")
V22 D2 OLup1 €ij€mn (L_f)iDuLg) (H™D"H")
OLups €im€jn (L' DuLy) (H™ DM H™)
U2H2X Ol usp 9€ij€mn (L_ﬁiUWL;n)HanBW
OLuw g'eij(er’) mn (L_giauv L) HH W
viD OSZ?LD €ij (d_p’Yu“T) (L_gzZD “L{ )
OF L €ijemn (epLy) (LS L) H™
v (S |G
OSZSQLHl €ij€mn (dPL;") (ng Lin) H"
Ofoui eimejn (dpLy) (Q57 LY ) H"
OfuLLi ij (Qpur) (L5 L;) HY
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LNV at Dimension 7 in SMEFT

° bOttom'u p approaCh O Operator Matching
OT (eRperr) (vir) LIGTQFCSLZ:ITJ? = Y2 (2CE 7 + Clipiu + 5 ¢ 1)
OnrhL (ezperr) (Vs1) “%cf;’.,’?i = —Y2(C ;8™ + CY,y pdP)
] Ouity | (CRyouers)Wio™ ) Eeutin =+ (Celiin — Celiun)
05,’,’;235 (drpdrr)(VErt) %cﬁ;’;’?ﬁ = Y2V, (ngang * nggLHl)
Constraints on LEFT 057 | @rpouwdir)(Fo™v) | 2SRy = = Ver(Coi i — Cororant)
(single operator dominance) oSt (@ipur) (VEv) iCp Srret — +@(gg$w + OBt )
4Gp S,prst
Oarsin | (drpuss)(vier:) o VLS
+5 (ZCJLQLHl + CJLQLHz B Cd‘LQLHz)
Constraints on SMEFT osrtr | (drpurr) (Wers) A bt = YRV, Cote
4G r T.prst
(teing et ihig [ fones) Oguberr, | (drpoywury) (V5o ers) A Tgcd"%ff B psrt
‘ +53 (2CJLQLH1 +Ciorme T CJLQLH2)
oyt o | (@rpmwurr) @er er) e cein = + Y Vi Citaip
Osrsn| @rgvr) ren) s cutren =+ Co
OulRL (drpdrr)(VEn)
¢ Caveat Sl mpllfled, COUId be Ofgff’z (@rpurr)(Virr) Not induced by d = 7 AL = 2 SMEFT operators
correlations/cancellations Oulit | (@Rpomuir) (5o n)
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LNV at Dimension 7 in SMEFT

* clearly, neutrinoless double beta
decay is the best probe

* but: sensitive to LNV only in
the electron flavour

« if observed, not enough info to
distinguish the dominant
mechanism and therefore,
the underlying new physics
(also nuclear uncertainties ...)

— complementary probes vital

Network for Neutrinos, A (
* N A Nuclear Astrophysics, N 1
and Symmetries ¢ !

LEFT Wilson Val SMEFT Wilson Value Anp
Coefficient ae Coefficient [TeV™3]  [TeV]
CGuveLL 1.86 - 10710 Cirorm 7.06-107% 242
Cluve:RL 1.86 - 10~ 10 CouLr 3.62-107% 302
Cluve:LR 8.20 - 10710 ClLerD 1.55-1077 186
Couve: RR 5.93-107% Coruel 1.12-107°  44.7
Couve:LL 4.51-10710 CiroLmi 6.83-1077 114

CiroLmo 3.41-1077 143

Y o 9.8T-107° Crup 1.36-107%  9.03
CruD2 2.71-1073 7.17

Craw 3.39-107% 14.3

AV o 9871076 Coirib 1.32-1073  9.11
yas 1.40- 1075 CrLuD1 9.91-107%  10.0
. Cruw 2.48-107% 15.9
eyarc 2.66 - 1078 Coirn 1.83-10°¢ 81.7
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Complementary Probes

Current Bound

* neutral current LNV NSI @CEVNS experiments LEFT Wilson
D Coefficient Value [T V{q’,’] [‘/,}g\?] Experiment
* first observation S ‘ i
Akimov er al.: Science (2017) Cantr 0.178 5402 0.1 COHERENT
t . t t U —"’v w Future Sensitivity
[
neutrino scatters Coorror 0008 30 0.7 Ge
Tllst
elastically off the entire nucleus E, < R— ~ 6(10 MeV) Caprp, 0062 1869 02 Ce
N
» charged current LNV NSI @LBL oscillation exp. LEFTWikon . SMEFT Wikn  Value = Avt  prporiment
Bolton, Deppisch: PRD 99 (2019) cgululeeeL(;u) 0.017 Czee(:l,g wamL AND
Vllee(e,u) lele(lelp) - )
. : : Coe 0.017 ool 0.5 KamLAND
production charge blind o st 25 07 RemIAND
cylter 0.015 Clelr 5.7 0.6  KamLAND
i o ] c}{ufe“gR 0.22 — 3.47 Cun 41.7-658.1 0.1-0.3  MINOS
 detection sensitive to outgoing lepton Chuihn  022-34T G, 83413162 0102  MINOS
;’ul,}g‘gR 0.16 — 0.63 cht 30.3-119.5 0.2-0.3  MINOS
Charge chulje“,‘;R 0.16 — 0.63 cin 60.7-239.0 0.2-0.3  MINOS
qul,jng 0.16 — 0.71 CH o 30.3-134.7 0.2-0.3  MINOS
cplliT 0,16 - 0.71 o 60.7-269.31 0.2-0.3  MINOS
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Deppisch, Fridell, Harz: JHEP 12 (2020)

Complementary Probes

Felkl, Li, Schmidt: JHEP 12 (2021) Li, Ma, Schmidt: PRD 101 (2020)
LNV dim-7 SMEFT can be probed with rare meson decays and rare tau decays
very weak constraints from K* = n= e
° . Cirorm1i = Anp
ry - + _ é:l: le: le: Coefficient Value [Teg'_g] Tev] Observable
a1 =7 S 13x1070 48x107 128 Kp—ww

M’ — Muywv well discussed in literature in the context @i  25x107 96x10C018 K ortw

ot 2.6x 1077 9.9x10™° 21.6

Of d | m -7 S M E FT Future Sensitivity

Sl 84x1078 32x107°C3L5 Kt o ntuy
e 14x1077 52x107° 268 KO- 70

S,dsyy .

K9 > 70w

charged Kaon decays @NAG2 provide the best limits

Current Bound
LEFT Wilson

- H . . C; ANP
« dipole type of contributions can be present, but are Coefficient  Value gt |y Observable
3 ¢ d _ S 36x1070 014 C 19 B KGO
suppressed ] Sob 97x104 021 17 B KOw
w | w chsbhid 06x1074 018 175 B— K'w
0 7 ;
h Y _ v Future Sensitivity (50 ab—1)
. & 2 g oW 00 CB5 B K
_ 7 e 06x107% 0.5 28 B — Kww
g i 03x100% 008 23 B K'w

lukas.graf@berkeley.edu Unraveling the Lepton Number Violation 27



Complementary Probes
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+N(3AS

* non-standard muon decay — eLLLH does not contribute at tree level to Ovbb

. at LEFT level: , _

S —_
eulffzu € IU’L) (ngﬂ)

Vd ,ueeu
+cev LL

Nz
ngiﬁ»

Comer (€ROW ML) (VCG‘“’VM)} +he.

 only the highlighted terms can mediate the experimentally probed ,u+ — € Vel

« CCprocess Pl — €
was used to identify electron
antineutrino

B. Armbruster et al.: PRL 90 (2003)

lukas.graf@berkeley.edu

Tn

Current Bound
LEFT Wilson
Cerrra Anp

Coefficient Value [TeV—3] [T V] Observable
e 0.06 04y pt o et e, p=0.75
Corl 004 12T 2 ut et =025
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Complementary Probes o
W~
—_— +4 / B
e U~ to e* conversion R, .+ = L(u” +N— e + N”) Br
H I'(u=+N -y, +N") vl er
 best limits: SINDRUM I, upcoming Mu2e, COMET X —C@
OeLrrr =
(&
» small contributions from dim-7 SMEFT, et
forA~1TeV: R~ 1024 W—§
ur, dr,

Berryman, de Gouvéa et al.: PRD (2017)

* neutrino magnetic moment

1 0 g2 3 V1 . i it
—p13 —p23 0 V3
» solar: Borexino; reactor: GEMMA, TEXONO, CONUS:; accelerator: LSND, DUNE
—11
" . ICY . —CY | <107
« A >10 TeV, competitive with Ovbb LHB =~ YLHWIi#j ~ A2

V. Cirigliano, W. Dekens, J. de Vries, M.L. Graesser, E. Mereghetti: JHEP 12 (2017)
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SMEFT Dim-7 LNV at Colliders

- main mode of interest: pp — £T4Fj j
PW? p /*
* recasting of the search for the
. .’ Se ,9E 8 € future
Keung-Senjanovi¢ process by ATLAS Operator | (PP #5w733) (Bb) | Aunv | A
; LHC FCC [TeV] | [TeV]
. ATLAS, JHEP 01 (2019) Op, 5 4 x 10~4 0.11 i1 5 4
- study along the lines QuLLH | 277 ‘ ' '
_ ; . Ojrorms | 1.5%x107° | 4.3 x 1073 0.68 3.1
of the analysis for OjroL1 | 6.9 x 1075 0.030 0.86 | 4.3
Weinberg operator , f Odruerr | 5.7x 1075 0.035 0.84 | 45
Fuks, Neundorf, Peters, Ruiz, Saimpert, PRD 103 (2021) OgurLD 0.64 210 4.0 19
CMS, JHEP 03 (2022) Orprz | 27x 10712 | 1.7x 1070 | 0.050* | 0.18
. T O 1.9 x 107° 0.061 0.69 4.9
« caveats: resonant production, validity of EFT ik .
OLeHD 1.2 x 1078 3.1x 1078 0.21* 0.44
Graesser, Li, Ramsey-Musolf, Shen, Quiroga, JHEP 10 (2022)
Busoni, De Simone, Morgante, Riotto, PLB 728 (2014) OLn 1.5 x 1078 2.0 x 107 0.21* 0.87

K. Fridell, LG, J. Harz, C. Hati: 2306.08709
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Complementary Probes @SMEFT dim 7

O Operator

O €ij€mn (LS'LT)HIH™ (HTH)
OLenp €ijemn (Lg yuer) HY (H™iD*H"™)
OLun1 €ij€mn (L_giDuLi) (H™DHH™)
Ol HD2 €im€jn (L_f)iDuLg") (H™DHH™)
' g€ij€mn (L_gia,wL:,”)HjH”B“”
O s g'€ij (e'rI)mn (L_giaMVL;") HIH W Iwv
OZ‘ZJtLD €ij (dpyuur) (LE'5D “L{)
OEZ%LH eijemn (€ Ly ) (LS LY ) H"
ngfeH € (dpL) (ules) HI
Ofrguin éijemn (dpLr) (Q5/LY") H"
OZ;ZLH2 eimejn (dpLy) (QS/ L") H™
- ij (Qpur) (LSL) HY

K. Fridell, LG, J. Harz, C. Hati: 2306.08709

lukas.graf@berkeley.edu

OQuLLH
Od’ LQLH2
od' LQLH1

O Luen

OiLLLn

OjurLp

OLaw

OLus
Orum
OLum

OLenp

OLu

Network for Neutrinos,
* N AS Nuclear Astrophysics,
and Symmetries

PHYSICS FRONTIER CENTER

B OvBBdecay (ee)

By decay (eu)
LHC Current(upu)
CEvNS future (ee)

K* — n*wvfuture (FU) B K* - m*wwcurrent (FU)

vmagnetic moment (FOD) M FCC future(puu)
LBL Osc. (ee, eu, et) M LBL Osc. (pup, ut)
CEvNS current (ee. pup) # |[6m,|<leV

had
pod
N "
I "
0.1 02 05 1 2 5 10 20 50 100 200 500 1000 2000
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Complementary Probes @SMEFT dim 7

o Operator

Ol €ij€mn (LS L) HIH™ (HTH)
OLerip €ij€mn (LS yuer) HI (H™iD* H™)
OLup1 €ijemn (LS D, LY) (H™DFH™)
OLnp2 eim€jn (LSID,LY) (H™DHH™)
Olns g€ij€mn (L_,C,iam,LT) HJH"BW
O uw geij(er’), (L_,c,iUWLT)HjH"WI“V
OZZSLtLD €ij (d_pwur) (L_‘;iiD“L{ )
OyitLn eijemn (& L7) (L7 L") H"
Otituen cij (4 Lt) (uger) H
OftoLm eijemn (dp L) (QS/LY) H™
Ofiovi eimejn(dpLr) (Q57LY") H"
Ogﬁw €ij (Qp“r) (L(sf L7i) H’

lukas.graf@berkeley.edu

Operator Collider OvBB LBL Osc. p, pt-decay CEvNS Meson decay
Orn v v - - - -
OLenD v v - _ _
OLpH1 v v - - _ _
OLpH?2 v v - = _ _
OLuB - - - - -
OLaw - v - v - -
OgurLD v v - T - -
OeLLLH - - - - v -
OJLueH v v v - - -
OJQLLHI \/ \/ \/ - - \/
Odqrrm? v v v - } -
OQ'U,LLH \/ \/ \/ - - =

Unraveling the Lepton Number Violation
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Conclusion & Outlook

* OvBB — complex process, access to new physics — a variety of different mechanisms besides the
standard light neutrino exchange can contribute to Ovp3p — effective description

 to unravel the underlying new physics — necessary to distinguish the dominant LNV interaction

 using only OvBB — challenging task: other modes, energy spectrum, angular correlation, isotope
ratios — main issue: unknown LECs + uncertain NMEs

» hard to pin down a specific operator, but at least distinguish any exotic contribution

« combining various contributions — involved, tedious calculations with a variety of inputs
— vDoBe tool developed and available online

« complementarity could help with unraveling the LNV physics — other low-energy experiments,
but also high-energy data useful

« LNV at colliders: same-sign dileptons, stringent limits for muon flavour

» next: from EFT to simplified models, vSMEFT
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Conclusion & Outlook

* OvBB — complex process, access to new physics — a variety of different mechanisms besides the
standard light neutrino exchange can contribute to Ovp3p — effective description

 to unravel the underlying new physics — necessary to distinguish the dominant LNV interaction

 using only OvBB — challenging task: other modes, energy spectrum, angular correlation, isotope
ratios — main issue: unknown LECs + uncertain NMEs

» hard to pin down a specific operator, but at least distinguish any exotic contribution

« combining various contributions — involved, tedious calculations with a variety of inputs
— vDoBe tool developed and available online

« complementarity could help with unraveling the LNV physics — other low-energy experiments,
but also high-energy data useful

« LNV at colliders: same-sign dileptons, stringent limits for muon flavour

|
« next: from EFT to simplified models, vSMEFT Thank yOU-



