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 The quest for new physics: Energy and Precision Frontiers

* Two exciting Precision Frontier probes

* [3 decays as a probe of new physics at the multi-TeV scale

* Neutrinoless 33 decay and Lepton Number Violation



The quest for
new physics



The “Standard Model” is a remarkably successful theory,
tested over a wide range of energies (atomic to ~TeV)

However, the SM is probably not the whole story...



Forces

Leptons

No Baryon Asymmetry, no Dark Matter, no Dark Energy, no Neutrino Mass
Origin of families, Strong CP problem, Higgs naturalness, Unification,...

Addressing these puzzles requires new physics



® Where is the new physics!? Is it Heavy!? Is it Light & weakly coupled?

~ 250 GeV

(mproton ~ I GeV)

| /Coupling
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® Where is the new physics!? Is it Heavy!? Is it Light & weakly coupled?

recision Frontier
(indirect access to UV d.o.f)
direct access to light d.o.f.
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® Two approaches



® Where is the new physics!? Is it Heavy!? Is it Light & weakly coupled?

- EWSB mechanism

) - Direct access to hea articles
Energy Frontier 7P

(direct access to UV d.o.f)

- L and B non conservation

- CP violation (w/o flavor)

- Flavor violation: quarks, leptons

- Precision tests sensitive to
recision Frontier multi-TeV scale force mediators
(indirect access to UV d.o.f) - Light and weakly coupled particles:
direct access to light d.of, neutrino properties, dark sectors,

| /Coupling

® Two approaches, both needed to pin down BSM dynamics (content and
symmetries of Lasm) and answer open questions



® Where is the new physics!? Is it Heavy!? Is it Light & weakly coupled?

- EWSB mechanism

) - Direct access to hea articles
Energy Frontier 7P

(direct access to UV d.o.f)

- L and B non conservation

- CP violation (w/o flavor)

- Flavor violation: quarks, leptons

- Precision tests sensitive to
recision Frontier multi-TeV scale force mediators
(indirect access to UV d.o.f) - Light and weakly coupled particles:
direct access to light d.of, neutrino properties, dark sectors,

| /Coupling

| will discuss 3 and 33 decays as probes of
BSM weak interactions and L# non-conservation, respectively
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Beta decays as a probe of
new physics
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* Beta decays have played a central role in the development of the SM

* Nowadays: tool to challenge the SM & probe possible new physics
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Fermi, 1934

Fermi’s theory of beta decays (n — p e Ve):

Postulate new local interaction in terms of “light”
degrees of freedom (n,p,e,Ve): H ~ Gr pl nel Ve

Coupling constant Gr= |/A?2 determined by fitting

Current-current, the “slow” beta decay rates =

arity conservin :
Pttty 8 point to mass scale A >> my,~ GeV

Fermi scale:

A= Ggl2~ 250 GeV



Fermi, 1934 Lee and Yang:
“ Lee and Yang, 1956 use most general Lorentz-
Invariant interaction

>
Current-current, n < e

parity conserving
Parity conserving:

WY, AA, SS, TT ...
Fermi scale: Parity violating: VA, SP, ...
N=Gr!2~1250 GeV



Fermi, 1934

Current-current,
parity conserving

Fermi scale:
N\ = Ggl2~ 250 GeV

Lee and Yang, 1956

I . —
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Parity conserving:
VV, AA, SS, TT ...
Parity violating: VA, SP, ...

Lee and Yang:
use most general Lorentz-
Invariant interaction

B ® Magnetic
field

—

|

Nuclear
spin

Beta emission is
preferentially in
the direction 60
opposite the Co
nuclear spin, in
violation of
conservation

of parity.
Wu, 1957
60Cc.': - 60Ni +€+ Vg
L]

Experiment: parity is violated!
(but could be VA, SP, ...)



Fermi, 1934

Lee and Yang, 1956

e IR |

\
>
n S
Parity conserving:

VV, AA, SS, TT ...
Parity violating: VA, SP, ...

Current-current,
parity conserving

Fermi scale:

A= Ggl2~ 250 GeV

Differential decay distributions
depend on structure of currents

T @&

+

Scalar / Vector
' v
<
-\

Model diagnosing!



Fermi, 1934
40 Lee and Yang, 1956 Marshak & Sudarshan,
| Feynman & Gell-Mann 1958

Glashow,
Salam,
Weinberg

» Vv
>
n S

Current-current,
parity conserving

Parity conserving:
VV, AA, SS, TT ...
Fermi scale: Parity violating: VA, SP, ...

= -1/2 ~
A GF 250 Gev (‘V_A Was the key” . .
S.Weinberg Embed in non-abelian

chiral gauge theory,
predict neutral currents

<.



Fermi, 19~

Lessons: nuclear beta decays were able to

* “Detect” physics originating at A= Gp!/2 ~250 GeV

ashow,
* Point to key features of the underlying interactions, alam,

that led to the formulation of the Standard Model fi“be___fS

Gr &Y A ¢
P \'} CAEN 4 v
Sh Idon Lee AbdsSaiam St;;'nWeinberg
Glashow
n S

Current-current,

parity conserving AYEVLAY I
Parity conserving: Its (V-A)*(V-A)

WY, AA, SS, TT ...
Fermi scale: Parity violating: VA, SP, ...
dL eL

A= G2~ 250 GeV

“V-A was the key’
S.Weinberg 4 Embed in non-abelian

chiral gauge theory,
predict neutral currents



* |n the SM, W exchange = universality relations

4 )

U;

8 Vij /
dJ "'1.1 W
\ e
g

Ve

N\ J

Gr(B) ~ g2Vii/Mw? ~ GFW V;; ~1/v2V;
Cabibbo Universality

Vud Vus Vub ! 9 2 2 A
v T v

th ‘/ts V;:b [GF]G’/[GF]ILL — 1
\ J
Lepton Flavor Universality (LFU)

Cabibbo-Kobayashi-Maskawa



* |n the SM, W exchange = universality relations

4 J )
U; fon i
B L.R/
dj nxl W di '11W di
-11. e— -l1 e—
8
_ Ve Ve )
Gr(B) ~ g2Vii/Mw? ~ GFW V;; ~1/v2V; | /\2 | /\2
\r So - - >— - '<
/ ’
Wh, H*,
leptoquarks, — o —
Vector-Like quarks, : :
2, SUSY,... S ——




* |n the SM, W exchange = universality relations

4 J )
Ui SL,R [
gvii/ ‘/ €s,pT
dj EEW di '11W di
. e— ' e—
¢ < e
e 7,
N\ J
Gg(B) ~ g2Vij/Mw2 ~ GfM) Vij ~|/v?2 Vij | /\2 | /\?2
E <<A l €r~ £ ~ (v/N)2
-
GrV,
Lan F ud Z [er EI@ ul'd + & EI@ uI‘d]
. J

Ten effective couplings I'=L R, S,PT



* |n the SM, W exchange = universality relations

4 J )
Ui SL,R [
gVij/ ‘/ Es,pT
d; W d W d
o o
¢ < e
_ Ve U, )
GgB) ~ g2Vij/Mw2 ~ GgM Vij ~|/v2 Vij | /\2 | /\2

E <<A l €r~ £ ~ (v/N)2

e

Lom GF V“" Z e My ald + & M. uI‘d]

\ J
Ten effective coupllngs I'=L R, S,PT

* BSM effects can spoil universality. Precision of 0.1-0.01% probes A > |0 TeV

|7



ExtractV.s=CosBc and V.s=SinB¢ from various decays

L = (G)? x |Vig|* x [ Myaa|* x (1+ 8pc) X Fiin

Channel-dependent Hadronic matrix Radiative corrections:
effective CKM element element (a/m)~ 2.X 103




ExtractV.s=CosBc and V.s=SinB¢ from various decays

[y, = (G%f))2 X H_/;]|2 X |Mhad|2 X (1 + 530) X Flin

Channel-dependent Hadronic matrix Radiative corrections:
effective CKM element element (a/m)~ 2.X 103

N\

7|12 2
Vil* = Vil x (14 ) ea)
Calculable coefficients BSM effective couplings

Voal™ + [ Vas|* + Vi |* = 1 + Ackm(e;)

18



O+ — 0+
Vud

(w* = alev) | pev T

(Hadronic
T decays)

us K%J'EIV (A%pe\_/,) K%‘uv

Quark current | ; V. A A

mediating the decay

)

i)

Ve

Input from many experiments and theory papers

19



0.228 -

VC-Crivellin-Hoferichter-Moulson 2208.11707

0.226 "
Vs 0.224:

0.222"

0.22(97 |

Ackv = IVudl2 + [V ysl2 - 1

0+ — 0*(0.031%)
Neutron (0.043%)

Ayepun

0965 0970 0.975

Vud

20

Two ‘anomalies’:

* ~30 effect in global fit
(Ackm= —1.48(53) X 10-3)

e ~30 problem in meson
sector (KI2 vs KI3)



0.228,
0.226:-
Vus 0.224:-
0.222:-

0.22 A
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VC-Crivellin-Hoferichter-Moulson 2208.11707

Ackv = IVudl2 + [V ysl2 - 1

Ayepun

0+ — 0*(0.031%)
Neutron (0.043%)

Vud
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e Two ‘anomalies’:

e ~30 effect in global fit
(Ackm= —1.48(53) x10-3)

e ~30 problem in meson
sector (KI2 vs KiI3)

* Three versions of Ackm:

Ackn = Vil +VieP -1
= —1.76(56) x 107"
Al = Vaal® + [VE#™7P =1
= —0.98(58) x 10*
Abkar = Va0 P+ Ve —1

= —1.64(63) x 1072




VC-Crivellin-Hoferichter-Moulson 2208.11707

o228+ —— T
ACKM = IVudI2 + IVus|2 -1
0.226+
Vs 0.224
0.222 ‘-15_
_ red
5
| Neutron (0.043%) <
o220 . . . . . ... . . A
8960 0.965 0.970 0.975
Vud
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* Expected experimental

Improvements:

neutron decay (will match
nominal nuclear uncertainty)

pion decay (3x to 10x at
PIONEER phases Il, )
possibly new K BR
measurements at NA62

Expected theoretical
iImprovements:

radiative corrections in
QCD+QED with lattice gauge
theory for KI3 and neutron;
EFT-based first-principles
nuclear structure corrections



VC-Crivellin-Hoferichter-Moulson 2208.11707

Possible BSM explanations:

* 4-fermion operators strongly

u

constrained by LHC measurements

n—>pevVv LHC: pp 27 ev + X

u
e €
u

y €o d €a
\Y
u ud
u u
a P

dd

\Y

o228+ —— T
ACKM = IVudI2 + IVus|2 -1
0.226+
Vs 0.224
0.222 5
i o
5
| Neutron (0.043%) <
o220 . . . . . ... . . A
(9.960 0.965 0.970 0.975

Vud

22

VC, Gonzalez-Alonso, Graesser 1210.4553




0.228 -

0.226+

Vus 0.224:

0.222"

VC-Crivellin-Hoferichter-Moulson 2208.11707

220
0 960

Ackv = IVudl2 + [V ysl2 - 1

0+ — 0*(0.031%)
Neutron (0.043%)

Aprenun

Possible BSM explanations:

* 4-fermion operators strongly
constrained by LHC measurements

0965 0970 0975

Vud

22

n—>pevVv LHC:pp—'eV+X
u e u e
n : Ex : Ex
\Y)
u ud
u
a P dd v
VC, Gonzalez-Alonso, Graesser 1210.4553

* Vertex corrections (quark and
leptons) remain viable candidates

fpt

. - Eze< Vi
o<d

-
For mini-review see A. Crivellin 2207.02507



0.228 -

0.226+

Vs 0.224:

0.222"

VC-Crivellin-Hoferichter-Moulson 2208.11707

0.22(9'

Ackv = IVudl2 + [V ysl2 - 1

e All discrepancies can be solved
by R-handed quark currents

0+ — 0*(0.031%)
Neutron (0.043%)

Ayrepun

(both ‘ud’ and ‘us’): €r , ERE)

CKM elements extracted from
vector (axial) channels are

Vud

960  0.965 0970  0.975

shifted by |+er (I-€r)

Alioli et al 1703.04751
Grossman-Passemar-Schacht 1911.07821
VC, Diaz-Calderon, et al, 2112.02087

Belfatto-Berezhiani 2103.05549
23



1
VC-Crivellin-Hoferichter-Moulson 2208.11707 AEII){M = 2€p + 2AERV3S,

0'0000'_ A(Czl)(M — 2ER — 2A€RV3S,
~0.0005 AS?{M = 2eg + 2Ar(2 - V)
X Z
v -0.0010 |
-0.0015 | er = —0.69(27) x 10~
_0.010 -0.005 0.000 0005  0.01 Aeg = —3.9(1.6) x 107

Aeg = € — e Ar ~5-10TeV  2.50 effect



VC-Crivellin-Hoferichter-Moulson 2208.11707 Agl){M = 2€p + 2AERV3S,
0.0000 | 2
: Aél)(M — 2ER — 2A€RV3S,
~0.0005 Ag}){M = 2eg + 20e(2 - V)
@: ﬁ
-0.0010
v
-0.0015 | erp = —0.69(27) X 1073
0010 -0.005 0000 0005  0.01 Aer = =3.9(1.6) x 10~
Aeg = € — e Ar~5-10TeV  2.50 effect
4 )

O.. = i(oleD,o)(uy"d
* Preferred ranges are not in conflict with o (¢ eDup)(@r"d)

other data from [3decays or the LHC,
such as pp— ev+Xand pp— Wh+X
(projected constraints at few % level)




VC-Crivellin-Hoferichter-Moulson 2208.11707 Agl)(M = 2€r + 2A€R V,fs,
0.0000 | 2
I Aél)(M — 2ER — 2AERV3S,
~0.0005 | Ag}){M = 2eg + 20e(2 - V)
@q ﬁ
-0.0010
v
-0.0015 | erp = —0.69(27) X 1073
0010 -0.005 0000 0005  0.01 Aer = =3.9(1.6) x 10~
Aeg = € — e Ar~5-10TeV  2.50 effect

* A measurement of BR(K—=1TuVv)/BR(K— pv) at 0.2% level (possible at NA62,
CERN) will corroborate or rule out the presence of R-handed effects

e CKM unitarity test is a very competitive and compelling probe of multi-TeV

scale physics well in the LHC era!



Neutrinoless
double beta decay



® For certain even-even nuclei (8Ca, 7¢Ge,!36Xe, ...), single 3 decay is
energetically forbidden — B3 decay!

n Even mass
@ number
n p E
= = (-
. D N, Z odd
\\Y% v g
_ e
Y
v BB BB’
M. Goppert \\Y N e N, Z even
n p
Mayer, 1935 > =
I I I I
Z-2 Z-1 % Z+1 Z+42

Atomic number

® Jv[3[3 is the rarest process ever observed, with T|» ~ 102! years
(first observation in |1987)

26



® Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)

n P
= = S
B This is just RS
W
> " VR),which VO "
mixes with
= V(L) via mass 4
W\ v : : V(R) ——»
& - insertion p
W. H. Furry, 1939 2 W > e E. Majorana, 1937
= =

27



® Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)

“Subject to the usual limitations on

the meaning of such language, one

can say that a (virtual) neutrino is
emitted together with one

\ of the electrons and reabsorbed
W. H. Furry, 1939 YVJ‘HJ(\e when the other electron is emitted.”
) n p
. =

27



® Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)

“Subject to the usual limitations on
the meaning of such language, one
can say that a (virtual) neutrino is
emitted together with one
of the electrons and reabsorbed
when the other electron is emitted.”

(L

W.H. Furry, 1939

® Key point:in OV[3[3 Lepton Number changes by two units.
Majorana v exchange is just one possible mechanism. Furry understood this:

“The Majorana form of the theory is not the only one that permits this new form of
disintegration [...]. The Majorana theory provides, so to speak, a canonical form.”

27



® Yes, if neutrinos are massive Majorana particles (i.e. their own antiparticles)

“Subject to the usual limitations on
the meaning of such language, one
can say that a (virtual) neutrino is
emitted together with one
of the electrons and reabsorbed
when the other electron is emitted.”

(| V

W.H. Furry, 1939

® Modern viewpoint on Lepton Number Violation:

d i Gr i Ny d u Exchange of heavier
Ve \ e e neutrinos or other
Mee but also Majorana particles. At
_ = low-energy induce six-
Ve (S c :
_)_4 fermion operator ~1/A\5
d Gr u d u

27



® B-L conserved in SM — OV[3[3 = new physics, with far-reaching implications

® Demonstrate that neutrinos are their
own antiparticles (Majorana fermions)

® Establish L non-conservation, key
ingredient to generate the baryon
asymmetry via leptogenesis

Fukujita-Yanagida 1987

28



dN/dE

e Several international “ton-scale” experiments with different isotopes and
technologies under way, with sensitivity up to T2 ~1028 yr

4L

EXO/nEXO Kamlland Zen

T T
0 0.2 0.4 0.6 0.8 1.0

(Eel + EeZ)/Q

29




* OV searches @ T >1027-28 yr will have broad sensitivity to LNV mechanisms

A

High-scale see-saw

Left-Right SM

VEW RPV SUSY

Light sterile V’s

| /Coupling

30



* OV searches @ T >1027-28 yr will have broad sensitivity to LNV mechanisms

A

High-scale see-saw

e Multi-scale problem best tackled
through ‘end-to-end’ EFT: only chance
to achieve controllable uncertainty

* Synergy of EFT, Lattice QCD, and
first-principles nuclear structure

Left-Right SM
RPV SUSY

Light sterile V’s

ke~ 100 MeV

SMEFT LEFT Chiral EFT

| /Coupling Tin & (mw/A)A (A/mw)B (ke/Ay)<

Snowmass white paper 2203. 21169 and refs therein

30



* Majorana mass generated by exchange of heavy particles, such as heavy
neutrinos that are neutral under all SM charges (=sterile)

H x x [ f mv~y2va2MR-'~e“

VL

VR VL Mg —10'S GeV

VR

\_ _/
- Nawralysmallvmass

31



* Majorana mass generated by exchange of heavy particles, such as heavy
neutrinos that are neutral under all SM charges (=sterile)

31



* Majorana mass generated by exchange of heavy particles, such as heavy
neutrinos that are neutral under all SM charges (=sterile)

T R

: Mr-!
Y, .Y 1) CP- and L- violating
<
/ .\‘\ out-of-equilibrium
v VR y
L L decays of heavy Vg, = nL
MR >> VEw l my ~ y2 vVew2 Mr-! [ ['(vg = H*?) #I'(vgp — HE) ]
d Gr u

2) EW sphalerons = ng =# n.

S t
CL b
dp by
dL V‘C

31 Ve



* OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Moy|2 (mpp)2

(mﬁﬁ Z muz|2

32



* OV can be predicted in terms of vV mass parameters: [ «|Mov|2 (mpg)2

n R Gr . P
2 ) Ui e~
(mpg)? = 1) Ucimuil I
)Ueiér/ e
n Gr p
Vi=1,2,3
\\ i - —« u o
_______ U. \/_ ery U VL

Unitary mixing in CC vertex
(Pontecorvo-Maki-Nakagawa-Sakata):
3 angles (known), | +2 phases (unknown)

€a=e,u,1

32



* OV can be predicted in terms of vV mass parameters: [ «|Mov|2 (mpg)2

2
<mﬁ B E : mvz |
P — (m,)* (m,)*
l(Am’),«l
(m,)’
ve
(Am®)__
Y (Amd),_
v‘(
(mz)2
(Am®)_,
(m,)’ (m,) s —
A
NORMAL SPECTRUM INVERTED SPECTRUM
mli,ghtest2 =1
\ 4

n Gr P
T -
N v
. e
)Ue' é(
n Gr P

Mass ordering still
not fixed by
oscillation data



* OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Moy|2 (mpp)2

n Gr P
> »—
2 | 2 2 Uei e~
(mpp)” = Ugimwil® | < I
|
)UEi é{ e
n Gr p
107"
T
Bands: unknown ] 1072
Majorana phases =
-3_
10 , Normal
Inverted Ordering :
| | , | | Ordering
107 1073 1072 107" 1073 1072 107" 1
m{}lghtest (CV) mi}lghtest ( CV)

33



* OV can be predicted in terms of vV mass parameters: [ «|Mov|2 (mpg)2

(mpp)? = |Y_ UZmyl

Assume range for

A .
% Ton scale nuclear matrix
~_ MM NN NN A IS NN NN NN NS NN NN NN ENEENNEEEENEEEEEEEE Junuseusenunnnnn 1 elements from
Bands: unknown g 1072 different nuclear
s calculations

Majorana phases

_3_
10 , Normal
Inverted Ordering :
| | , -\ | Ordering
107* 1073 1072 10" 1073 1072 107" 1

m{’ightest ( CV) mLightest ( CV)

Assuming current range for matrix elements, discovery @ ton-scale possible for
inverted spectrum or Miightest > 50 meV
33



* OV can be predicted in terms of vV mass parameters: [ «|Mov|2 (mpg)2

(mpp)? = |Y_ UZmyl

Assume range for

A .
% Ton scale nuclear matrix
~_ 2 M N I I NN NN NN NN NN N EEENNNEENNEEEENEEEEEEES Junuseusenunnnnn 1 elements from
Bands: unknown g 1072 different nuclear
s calculations

Majorana phases

Beyond ton scale target

-3 i
10 , Normal
Inverted Ordering Order
| | , \ | rdering
107* 1073 1072 10" 1073 1072 107" 1
m{}lghtest ( CV) millghtest ( CV)

Natural (but challenging!) beyond ton-scale target is mgg ~ meV

33



* High scale seesaw implies falsifiable correlations with other v mass probes.
Future data can unravel new LNV sources or physics beyond “ACDM + m,”

¢ i

2
mpp = ‘ Z Uei m
)

OVBB decay Tritium 3 decay Cosmology
SEELERLELRRRL T TTTTTT] T T T TTTIR 15 T T T T L R =
— 1071 . 20 (NH)
> - S = .
2, ; E g ]
E% I 2 ] 1 — 20 (IH)
3 E 102 E
L1l Lol L1 10—3- L boahad R ||||-
10° 102 107 1 107 1

Mg [eV] 34



* High scale seesaw implies falsifiable correlations with other v mass probes.
Future data can unravel new LNV sources or physics beyond “ACDM + m,”

Ov3P decay Tritium 3 decay Cosmology

Project8 KATRIN

Ton scale T T T TTTT T T TTTTTT T T T T
S Ton scale
— 3 — 1 —1; 20 (NH)
= \ >\
E N L] il = N\ —— 20
3 : E 102p
Ll Ll i FENEERET -3 v o b g
10
107 102 107 1 107 1

mg [eV] > [eV]

34



* High scale seesaw er V mass probes.

Engel-Menendez 1610.06548
Future data can ur 8 e AT T 11 T T T T 3 ond “ACDM + m\”
7 REDF w o
- ORPAJy X AL ]
6 u =
) S S
N - L LM =) m
s ‘lsustmk @ L E X = ) = p
sEv D d TRt an
Ov[3[3 decay of A z, B A Cosmology
E e ¥
0 i I M
Pr 48 7682 96100 116124130136 150
Ton scale —+m— A
: ["<|Mov[ (mgg)*
— - — 20 (NH)
S \E ‘ <
o, T ®
= — — 26 (IH)
a
= S

I lllllllli

Assessing the discovery potential and
ol diagnosing power needs improved matrix

-3 il
10 10 elements, with quantified uncertainty!
pr 4 34 e




VC, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729
VC, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck 1802.10097

* Transition operator to leading order in Q/Ay (Q~kf~mn, NAyx~GeV)

(o b )

‘Usual’ vm exchange e
~1/ke2 ~1/Q2 «— ym
Coulomb-like potential




VC, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729
VC, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck 1802.10097

* Transition operator to leading order in Q/Ay (Q~kf~mn, NAyx~GeV)

n b n ) ‘New’: short-range
‘Usual’ vm exchange N coupling gy ~1/Q?2
~1/ke2 ~1/Q2 “—1— Vm 1T d u
Coulomb-like potential y
kn ~ P n P J
d u




VC, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729
VC, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck 1802.10097

* Transition operator to leading order in Q/Ay (Q~kf~mn, NAyx~GeV)

‘Usual’ vm exchange
~ | /ke? ~1/Q?
Coulomb-like potential

o T
VM -
O B

‘New’: short-range
coupling gy ~1/Q?2

* Required by renormalization of nn—pp amplitude in presence of strong interactions

LO strong potential

= X]

C ~ 41/(mnQ)

UV divergence o« (mnC/417)2 ~1/Q2




VC, W. Dekens, }J. de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck 1802.10097

e Chiral+isospin symmetry
relate gy to one of two |=2
e.m. couplings (hard y’s & V’s)

NN data (antapp-2anp) determine e - -
C,+C3, confirming LO scaling & v ™! Sy 2 Q)
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e Chiral+isospin symmetry
relate gy to one of two |=2
e.m. couplings (hard y’s & V’s)

NN data (antapp-2anp) determine e - -
Ci+Cy, confirming LO scaling & & ™! Crldy C2 )

lokiniemi-Soriano-Menendez, 2107.13354

MoMs [
ML NSM
M_+Ms
* Assuming gv~(C1+C)/2 — =
O(l) impact on m.e. 2
and mpgg extraction £ 10¢ .
NORMAL
e E
0.—1 - IIIIIlI1 iIO - IIlll1—00

36 Miightest (MeV)



VC, W. Dekens, }J. de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck 1802.10097

e Chiral+isospin symmetry
relate gy to one of two |=2
e.m. couplings (hard y’s & V’s)

NN data (antapp-2anp) determine .
C+Cy, confirming LO scaling & gv=Ci Sl S Qi)

lokiniemi-Soriano-Menendez, 2107.13354

M -Ms . F " "0 T T
Several approaches to determine gy

. Richardson, Shindler, Pastore
* Large-Nc arguments point to gv~(C;+C)/2 Springer, 210202814
. . Tuo et al. 1909.13525; Davoudi, Kadam,
* lattice QCD —gearingup  _....cic murphy 2004.07404 2012.02083

VC, Dekens, deVries, Hoferichter, Mereghetti,

L :
Dispersive approach 2012.11602, 2102.03371

0.1 1 10 100

36 Miightest (MeV)
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e Useful representation of the amplitude

4 :
Ao [ G “(ppIT {2 (x)76(0)} )

Forward “Compton” amplitude
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e Useful representation of the amplitude

Ao [ b e R T ()i 0 an

Low k: chiral EFT to NLO High k: QCD OPE

27\ k =00 meeeemsesseleesecceeeecefeeneeaeaa . eé\lk

d *—— u
n P \QQQQQ%%

d « <
n P

kK\%

=

/7s'
o

Intermediate k: resonance - ---ss-sssssssssso-so-so-oo-n- ' n_ %

N , 9
contributions in M and @ , , Y ><

. . Forward “Compton” amplitude o
TINN intermediate state, ... P P (k%)?

n k\?: P
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371

e Determine C > with ~ 30% uncertainty (dominated by intermediate k)

A 00
Ay x dlk| a<(|k|) + dlk| a (k)
0

A
_ a-(1k _
| a<(|k]) > (k) :
— =5t :
|> L 4
& ay (|k|) Dominant uncertainty frcm
— —10r inelastic channels (NNTT, ...):
I N\ K
S -15) >/%'\<
! T
000 o5 10 15 \k\g/

k| [GeV]
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371I

Determine C;2 with ~ 30% uncertainty (dominated by intermediate k)

Validation: C+C; = (anntapp)/2 -anp, = 15.5(4.5) fm versus 10.4(2) fm (exp)

Provided ‘synthetic data’ for the nn—pp amplitude at threshold

First calculation of 4Ca —48Ti with contact fitted to synthetic data = contact

term enhances nuclear matrix element by (431+7)%

Wirth, Yao, Hergert, 2105.05415
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371I

Determine C;2 with ~ 30% uncertainty (dominated by intermediate k)

Validation: C+C; = (anntapp)/2 -anp, = 15.5(4.5) fm versus 10.4(2) fm (exp)

Provided ‘synthetic data’ for the nn—pp amplitude at threshold

First calculation of 4Ca —48Ti with contact fitted to synthetic data = contact

term enhances nuclear matrix element by (4317)%

Wirth, Yao, Hergert, 2105.05415

Good news, while we wait for lattice results and first-
principles calculations in heavier nuclei



d u
* Observable contributions to OV[[3 not directly
related to the exchange of light neutrinos: W, )
mpeGr2/Q2 ~ /N5 v
(if mpg ~ 0.1 eV and A~TeV) -
d W u
( A~Myr ~Mwr) R

* New contributions can interfere with mgg or add incoherently, thus changing
the interpretation of experimental results in terms of my

* Correlated (or precursor!) signal at LHC: pp —ee jj
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Precision frontier experiments offer powerful

ways to search for new physics I
VEw |

lllustrated impact through two examples:

|/Coupling

3 decays as a precision electroweak test

e CKM unitarity test sensitive to new physics in multi-TeV range.
Discovery window exists well into the LHC era

Ov[33 decay and lepton number violation

* Ton-scale searches have great discovery potential — we simply don’t know
origin of neutrino mass and scale A associated with LNV

* Theory progress through synergy of EFT, lattice QCD, and nuclear structure

40



luoy JnsdT

E\ v
A drawing by
Bruno Touschek



