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* The quest for new physics at the low-energy frontier

* How does the precision / intensity frontier work?! (Theory perspective) E
* An example from history: the Standard Model itself! '_E:
o Effective field theory (EFT) framework (i
 Standard Model EFT landscape in the LHC era and beyond

e “Zoom in” on selected low-energy probes: illustrate methods and impact
* Precision measurements: ,‘IE
* Weak charged current processes (beta decays) %
N

* Symmetry tests:

* Lepton Number and Lepton Flavor Violation



Precision tests with weak
charged currents




* |n the SM, W exchange = only “V-A” + Cabibbo and lepton universality
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In the SM, W exchange = only “V-A” + Cabibbo and lepton universality
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New physics can spoil universality. With current precision of 0.1-0.01% we can probe A > 10 TeV
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To connect UV physics to hadronic decays, use multiple EFTs

E - - N
e N Lasu
S~ S R . )
Co . C%d) N
W w %v >W >.< Esm+ZAd_4 O,,(zd)
' d>5 SU(3)ex SU@)w x U(1)y
| | Dim4v | Dim6 Dimé ~ < Vew//\
Vew , Mw
My
(~GeV)
kF, M



To connect UV physics to hadronic decays, use multiple EFTs
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Eight SU(3)xSU(2)xU(I)-invariant dim 6 operators (up to flavor indices) affect

beta decays (3 vertex corrections and 5 four-fermion)
5




To connect UV physics to hadronic decays, use multiple EFTs

E o - D
S e Lrsu
\ / T \_ )
" i o
- operators
W A% Y ... __YV_ AC'SM’I'E: d—A4 O*r(z s
= A\ SU(3)c x SU@)w x U(1)y
v e v e \ - /
Dim4 Dimé Dimé Vew//\
VeW ) MW T - ’ e —— — == e o e = ; N \
N4 LFermi — GF\‘//ﬁidj D aOn
PN AN o >< 2 % SU(3)ex U(1)em
Dimé Dmi6 \ \_ + ‘CQCD T ‘CQED y E/Vew
Ay \ ..
(~GeV) r Gr _ (1 Vo, (1 ) O%bm = €aVull — 5)vp - uY* (1 — 75)d;
ermi — — =€ Bl Vel — abij _ _
' V2 TR T O = (1= s)m - w (14 75)d,
GrViy.a, _ abij 5 (1 _ e
- = \/d’ Cs (1) Py (1= )ve-wy*(1—s ) d Osb.. Call =)0 - Wid
k - Op" = el —5)vp - Uyysd;
i O = Euou(1 —5)up - U™ (1 — v5)d;
6 SU(3)xU(I)-invariant dim 6 operators affect 7;) ] @ py 15V * Ui 15)4;
analysis of beta decays (all four-fermion) Olepy = oVl — 75) Vb - Uy (1 — 75)ed




* Wilson coefficients determined from the matching condition Asmert = ALerT

* Tree-level matching for BSM operators determines ELRrspT
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* Loop-level matching for SM operators (QED / QCD loops needed for precision)
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“Full” theory (higher scale EFT) “Effective theory” (lower scale EFT)
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* Wilson coefficients determined from the matching condition Asmert = ALerT

* Tree-level matching for BSM operators determines ELRrspT
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* Loop-level matching for SM operators (QED / QCD loops needed for precision)

BEE RO

“Full” theory (higher scale EFT) “Effective theory” (lower scale EFT)
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* At scale U (process) < A (matching), QED and QCD corrections to the Wilson coefficients can spoil perturbation theory

QED QCD
| <@_og (N HD | @ Log (\/ D
@ u~1GeV l N~Mz l N~Mz
~1% ~40%
Mandatory to include these for SM Include these for SM and BSM operators
operator (BSM effect < 1%) (O(Il) impact on extraction of BSM parameters)



* At scale U (process) < A (matching), QED and QCD corrections to the Wilson coefficients can spoil perturbation theory

QED QCD
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Mandatory to include these for SM Include these for SM and BSM operators
operator (BSM effect < %) (O(1) impact on extraction of BSM parameters)
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* RG equations: d C, =~; C; ! g = B(g)
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e RG equations: d Cz = Y; Cz a g = 18(9)
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With one-loop anomalous dimensions,
sum the leading log (LL) series

* For the V-A operator the anomalous dimension is known beyond one loop
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e RG equations: d C; = ; C; ! 9 = ,3(9)
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To connect UV physics to hadronic decays, use multiple EFTs
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To connect UV physics to hadronic decays, use multiple EFTs
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To connect UV physics to hadronic decays, use multiple EFTs
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To a given order, loops + LECs (determined by experiment,

LQCD, dispersive methods, models...) 9



To connect UV physics to hadronic decays, use multiple EFTs
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Requ = [ (m—ev)/I (T1— V) helicity
suppressed the SM (V-A), zero if me— 0

Oexp~ | 50t = pristine LFU test possible

Result known to O(aQ*), with  Q ~ mn,K,M'/AX

Many uncertainties cancel in the ratio
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VC-Rosell 0707.3439

R/, (SM) = 1.23524(015) x< 10~ *
R, (Exp) = 1.23270(230) x 10~ %

PIENU Coll.
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fixed by charge radii
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Requ = [ (m—ev)/I (T1— V) helicity
suppressed the SM (V-A), zero if me— 0

Oexp~ | 50t = pristine LFU test possible

PIONEER @ PSI will match theoretical uncertainty.
Order of magnitude gap — room for surprises!
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VC-Rosell 0707.3439

PIENU Coll.

R/, (SM) = 1.23524(015) x< 10~ *
R, (Exp) = 1.23270(230) x 10~ %

Plot by |
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e BSM axial-current contribution

—19x107° < € — ¥ < —-0.1x107° €A = €L — €R

AaA~55TeV — ~22TeV with PIONEER
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* BSM pseudoscalar contribution

M2
Bo(p) = : By/m. = 3.6 x 10®
* Not helicity suppressed! o) my(p) + ma(p) — o/ Me .
@ U=2GeV
* LFU violation < [gp]99 # x mq 6‘135 < 5.4 % 10~7

Ap ~ 350 TeV — ~1500TeV with PFIONEER
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ExtractV,s=CosBc and V.s=SinO¢ from various decays

' = G%v X H/;'j‘z X ‘Mhad|2 X (1 + AR) X Fkin

—_— N

Channel-dependent Hadronic matrix Radiative corrections:
effective CKM element element (a/T)~ 2.X 10-3 and smaller effects
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ExtractV,s=CosBc and V.s=SinO¢ from various decays

' = G%v X H/;'j‘Q X ‘Mhad|2 X (1 + AR) X Fkin

Channel-dependent Hadronic matrix Radiative corrections:
effective CKM element element (a/T)~ 2.X 10-3 and smaller effects

Unitarity test, with input from many experiments and many theoretical papers

ACKM — ‘Vud‘z + ‘Vus‘Q + |Vu,b|2 —1=0

|6



VC-Crivellin-Hoferichter-Moulson 2208.11707
And references therein

o228+ v
ACKM = IVudI2 + |Vus|2 - 1
0.226}
Vs 0.224 "
0.222" 5
I -
5
| Noutron (0.043%) 2
o220 . . . . . . . .. . A
960 0.965 0.970 0.975
Vud
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VC-Crivellin-Hoferichter-Moulson 2208.11707
And references therein

0.228 - 2 T
Ackm = IVudl2 + 1V sl2 - 1
- Ratio of decay constants s from Lattice QCD
0.226"
| QED + strong isospin-breaking: Lattice QCD and ChPT
Vs 0.224 Y e
0.222 g !
- § - ChPT: VC-Neufeld, 1102.0563 No contact (LEC):
: o = LQCD: contribution cancels
0+ — 0+ (0.031%) ) -
O 22 : Neutron (0.043%) ~< 1 \ Di CI;I;.T;GeOtZJ|.I,I|.g(9)48&)9873| in the ratiO! J
. 960 0.965 0.970 0.975 Boyle et al,, 2211.12865
Vud
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VC-Crivellin-Hoferichter-Moulson 2208.11707
And references therein

0228+ e
Ackm = [Vual2 + 1Vysl2 - 1
| <1t |V|K> form factor from Lattice QCD  rLAG:2111.09849
0.226}
| | QED + strong isospin-breaking: ChPT + LECs estimated with
| dispersive methods and LQCD |
Vs 0.224|
Vi
0.222 5 /ﬂ{ iﬁ% n(:
= _
| Neutron (0.043% 2 Z% 5
0.22 — . .
(S) 960  0.965 0.970 0.975
V VC, Giannotti, Neufeld 0807.4607
ud \ Seng et al, 1910.13209, 2103.00975. 2103.4843. 2107.14708

2203.05217. Ma et al. 2102.12048 | | J
17




VC-Crivellin-Hoferichter-Moulson 2208.11707
And references therein

/<p\A\n> form experiment \
0.228 o <p|V|n> with QED: ChPT + LECs estimated with dispersive
ACKM — IVud|2 n |Vus|2 _ 1 | methods and LQCD
0.226}

V e
i VU At A\
| | —
Vus 9224 | /
| | vl = UG A (14T + 20
0.222. |

Had T ’f} U(Ay, pw) Calpw)
/ I \ ‘
5
- NLL RGE in ChPT Non-perturbative contribution NLL RGE in LEFT
o and pion-less EFT
q.
0+ — 0+ (0.031%) ) . .
O 22 at dw ~mw
960 0.965 0.970 0.975 \ A Vo /
Vud
Matching and running: VC-Dekens-Mereghetti-Tomalak 2306.03 138

Input from dispersive theory and LQCD
|7 [Seng et al. 1807.10197, 2308.16755]



VC-Crivellin-Hoferichter-Moulson 2208.11707
And references therein

0.228 - T
Long history. Current bottleneck from nuclear-structure
_ o o / 8 Y \
_ Ackm = [Vudl? + Vusl? - 1 dependent radiative corrections
0.226+
Vs 0.224
0.222 = Towner-Hardy 2020 PRC
§ \ Gorchtein, Seng 2311.00044 and references therein /
= T
| Neutron (0.043%) <
0 22 ] T S —— S R
960 0.965 0.970 0.975

Vud

|7



VC-Crivellin-Hoferichter-Moulson 2208.11707
And references therein

0228 T
Ackm = IVudl?2 + 1Vysl? - 1 e Tensions
0.226_- | e ~30 effect in global fit (Ackm= —1.48(53) X 10-3)
| - e ~30 problem in meson sector (KI2 vs KI3)
Vus 0004/ -
0.222. 3
| 8
| Ay Sy S
°%960 0965 0970

0970 0975
Vud

|18



VC-Crivellin-Hoferichter-Moulson 2208.11707
And references therein

* Expected experimental improvements
0'228_' JEEREREERERERRR | - A * neutron decay (will match nominal
Ackm = [Vudl2 + [Vusl2 - 1 | nuclear uncertainty)
0226 e pion beta decay (3x to 10x at PIONEER
| - phases I, lIl)
| - * new Ku3/Kyu2 BR measurement at NA62
Vs 0.224
| * Ongoing / future theoretical scrutiny
0200 < | * Radiative corrections in lattice QCD
| a to KI3 and neutron decay
3.
| Neutron (0.043%) < e EFT and first-principles nuclear
0220 ... ]
960 0.965 0.970 0.975
Vud

structure for radiative corrections
in nuclear decay

|18



e Start with LEFT

712 2
‘Vudlz — ‘Vud‘ (1 + E Cz'aea)
o
712 2
‘Vuslj — ‘Vusl (1 + E Cjaea
7 t a 1
/ | < \ AN
_ nown
ChénKﬁle?:quel:‘(::nt Elements of the coefficients LEFT
unitary CKM matrix couplings

extracted in the
‘SM-like analysis’

0.228

0.226

3 |
nF 0224,
0.222|

0.22

960 0965  0.970

Vud

Find set of €’s so that V4 and Vs bands meet on the unitarity circle

19
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e Start with LEFT 0.228

| ‘R —
— 0.226+ B
‘Vu,dlz2 — ‘Vud‘Q (1 + E Cz’aﬂx) | (s)
o |
i~ 0.224,
V2 = |V |2(1+§:0-e i
us i us Jo - _ T
A 4 x T 0.222: (s)
/ | ‘ LN | R
Channel-dependent nown LEET -
Elements of the coefficients , 0220 -~ .
CKM elements unitary CKM matrix couplings 960 0.965 0.970  0.975

extracted in the
‘SM-like analysis’

Vud

Find set of €’s so that V4 and Vs bands meet on the unitarity circle

Simplest ‘solution’: right-handed (V+A) quark currents

CKM elements from vector (axial) channels are shifted by [+cr (I-€Rr).

Vus/Vud , Vud and Vs shift in correlated way, can resolve all tensions!

Alioli et al 1703.04751 Grossman-Passemar-Schacht 1911.07821
VC-Crivellin-Hoferichter-Moulson 2208.11707
VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 2311.00021
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VC-Crivellin-Hoferichter-Moulson 2208.11707

Aciar = WVl +1ViEelF -1
0.0000 | = —1.76(56) x 10~
| Adin = Vol +|VEelme82 1
—-0.0005 | = —0.98(58) x 107
= - Abien = V™™ P+ V5= -1
Ny _0.0010 | = —1.64(63) x 10°*
' ! 10— T ——=
-0.0015 : _ =3
| | er = —0.69(27) x 10
- (27) AR ~ 5-10TeV

-0.010 -0.005 0.000 0.005  0.01 A€g

Aep = eg) — €p

~3.9(1.6) x 107°

* Preferred ranges are not in conflict with constraints from other low-E probes

* Does the R-handed current explanation survive after taking into account high energy data?
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ER () Hud i(HYD,H)(t,v"d,) Es,p
EL QW) = (H'DLH) @' v"e) eT
EL gg = (HTzD LH (LT y*1) EL
EL

- J

Oyq (1€)e®(gGsu) + h.c.
O, = (L o e)e™ (Gyo,u) + h.c.
O(q Iv,0% gy olq

Oll — lﬁ/,ul l")/’ul

Events

Vertex corrections essentially
unconstrained

b ATII.AS - —\}V (3TeV)' . Il)ata'
s=13Tev.361fb6" —W'@Tev) W
O o oveoloction | — W' (5TeV) EL‘Z&.‘,‘;’""‘ €q~10-3-10-4
10° ¢ 1706.06786 CIzZh*
[]Diboson

mr = \/ZE%E%(l — c0S Adey)

VC, Graesser, Gonzalez-Alonso
1210.4553
Alioli-Dekens-Girard-Mereghetti 1804.07407
Gupta et al. 1806.09006
Boughezal-Mereghetti-Petriello
2106.05337

200 300 1000

mT(GeV)

2000




O = (te)(da)
O = (I

S. Alioli, VC, W. Dekens, J. de Vries, E. Mereghetti 1703.04751

LHC run 2 projection would lead to €.r ~ 3-4%
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Q Hud i(HT D, H)(a,y"d,)

QR = (H''DLH)(gm ")

Q= (HTiDLH)([,r 4",)
J

Ogde = (Ze)(Eg) h.c.

O = (l-ae)eab((jbu)+h.c.
O, = (1.0" €)™ (Gyo,u) + h.c.
0(3) _ Z_,y'uo_al q,y,uo_aq
oo Oy = Z_’)/,ul Z_’}/’ul

Contribute to Z-pole and other EW observables, including™ My
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* A consistent analysis of beta decays in the
SM-EFT requires using data from, Collider,

ER Q Hud i(HT D, H)(ayy*d,)

L 0% = (H'DLH) @ v"e)

el| # Qy = (HDLH)1,r ")
\_

P ——

Contribute to Z-pole and other EW observables, including™ My

Low energy, and ElectroWeak tests

Requires 37 dim-6 operators

22

Electroweak precision:
Z decays, W mass, ...

EW

L

Operators
contributing to all
three groups of
observables



Performed ‘“CLEWed’ analysis within
SMEFT. Scanned model space by ‘turning
on’ certain classes of effective couplings

Model selection? Akaike Information
Criterion [AIC = 2k - In(L)) favors
models with Right-Handed Charged
Currents of quarks (V+A)

W

AAIC; = AICqy — AIC;

VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong,
JHEP 03 (24) 33, arXiv: 2311.00021

20+ A A Chua € Model
_ YN
_ & Chua € Model 2 {Csr, Cy}
A2aY, RSS
: * A O Rest of the models
10} 28 a7

1024 models

-10}

-20F

-30

Number of Parameters

23

More favored
models

Standard Model

l

|l ess favored
models



VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong,
JHEP 03 (24) 33, arXiv: 2311.00021

 Performed ‘CLEWed’ analysis within

SMEFT. Scanned model space by ‘turning 2ol (RE2 A iy € Model
on’ certain classes of effective couplings | '!lAA o Cus & Model  {Car, Cu} | |
/ fxi O Rest of the models - More favored
A - models

e Model selection? Akaike Information 1024 models

Criterion [AIC = 2k - In(L)) favors
models with Right-Handed Charged
Currents of quarks (V+A)

Standard Model

l

|l ess favored
models

W

40
e Best fit to CLEWV data: two RH CC vertex Number of Parameters
corrections and the S parameter

VWAV (@) VWY CKM “anomaly” not ruled out by other data.

Unitarity test provides relevant input to unravel possible new physics

23



e |llustrated with (semi)leptonic charged currents some general features o precision tests at low energy

* |mpactful tests require:

e Ability to compute the SM prediction to high accuracy

e Ability to measure to high precision (similar to theory)

* Framework to interpret possible deviations in light of ‘everything else’, including high-energy searches

24



Lepton Number Violation
&
Neutrinoless double beta decay




Neutrino masses not accounted in the Standard Model

The Standard ‘-Model

<
-

lr

er No
bi=| a * neutrino

Up mass
i=123 dp ;

Understanding origin and nature of neutrino mass is an open problem,
with implications for baryogenesis, DM, structure formation, ...

26



* Lorentz invariance = two options: Dirac or Majorana

B. Kayser 1984

(a)

P Dirac:
(v_ 7y 4 states
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* Lorentz invariance = two options: Dirac or Majorana

B. Kayser 1984

v(L)=v- ——>

«S I Lorentz, (m=0)
1 Dirac:
(v _

|
g - vyl 4 states
V(R)=V+ 4 I f L

p CPT CPT J
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* Lorentz invariance = two options: Dirac or Majorana

B. Kayser 1984

(a) - )
«S Lorentz, (m=0)
v(L)=v- ——> lr
P Dirac:
{({y _ (v _

|
7y ) o vl 4 states
V(R)=Vv+ 4 : f L

f

—

D CP CPT J
(b)
Lorentz (m=0) Majorana:
[ l 2 states
(V _ P V + )
I j, Only possible if there no
internal quantum number
CPT that flips sign under “C”
L

27



* Lorentz invariance = two options: Dirac or Majorana

V(R)=V+ 4

e —
P

VL(x): takes part in weak interactions

(a) B )
S
« Lorentz, (m=0)
v(L)=v- ——»
P . ¥
CPT

|

B. Kayser 1984

Lorentz (m=#0)

|

(2

CPT

27

Dirac:
4 states

Majorana:
2 states

Only possible if there no
internal quantum number
that flips sign under “C”

VR(X): no interactions in the SM



* Lorentz invariance = two options: Dirac or Majorana

Dirac mass: Majorana mass:

M VRV mv; Cuy,

28



* Lorentz invariance = two options: Dirac or Majorana

* Lorentz (Dirac case) and weak isospin (Majorana case) = need new degrees of freedom

Dirac mass: Majorana mass:
m VRV, mv; Cup
H X H x X H Higes %... _.--X
: . Mgr! triplet @
X X ! ' '
< (XX
/‘ I/R.\\ /-\‘\
L; LY i

28



* Lorentz invariance = two options: Dirac or Majorana

* Lorentz (Dirac case) and weak isospin (Majorana case) = need new degrees of freedom

Dirac mass: Majorana mass:

m VRV, mv; Cup

H X H x x H Higgs X... _.-X

: . Mgr! triplet @
XY /‘ 4 .\\ /-\\ XY
a VR o
L% @ L @ Lg LT Lﬁ
Violates Le 1, conserves L Violates Leyr and L (AL=2)
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* Lorentz invariance = two options: Dirac or Majorana

* Lorentz (Dirac case) and weak isospin (Majorana case) = need new degrees of freedom

Dirac mass: Majorana mass:

MVRVL mv; Cuy,

e —

Which option is realized in nature!?
* Smallness of Vv mass and chiral nature of the weak interactions implies
that neutrino-less processes are the best probes of AL=2 interactions

* OvP[3 provides in many scenarios the strongest sensitivity to LNV
interactions (“Avogadro’s number wins”, P. Vogel)

Violates Ley,r, conserves L Violates Leyr and L (AL=2)

28



(N,Z) > (N—=2,Z+2)+ e + e~

AL

2

Nuclear mass

Even mass
number

N, Z odd

\e 7/
N, Z even

!
Z-2 Z-1 % Z+1 Z+2

Atomic number

29

Tijo > #10%yr |

Potentially observable in even-
even nuclei (*8Ca, 76Ge,!3¢Xe, ...)
for which single beta decay is
energetically forbidden



(N,Z) > (N—=2,Z+2)+ e + e~

dN/dE

1.0

08

06p

04p

02

0.0

2vpp

Ovpp

2V[3[3 observed, with
Tin ~ 102lyr

(Eel + EeZ)/Q

Tijo > #10%yr |

Potentially observable in even-
even nuclei (*8Ca, 76Ge,!3¢Xe, ...)
for which single beta decay is
energetically forbidden



(N,Z)>(N=2Z+2)+ e + e

1.0

dN/dE

0.0

A

08

€ 06p

04p

0.2

2vpp

\

2V[3[3 observed, with
Tin ~ 102lyr

I T T T
0.2 0.4 0.6 0.8

(Eel + EeZ)/Q

Simplest mechanism:
Majorana mass term

—_—

But not the only one!
Furry 1939

29

Ovpp

1.0

Tijo > # 10%yr

Potentially observable in even-
even nuclei (*8Ca, 76Ge,!3¢Xe, ...)
for which single beta decay is
energetically forbidden




(N,Z)>(N=2Z+2)+ e + e~

w2
\

€ 06p

dN/dE

04p

0.2

0.0

2V[3[3 observed, with
Tin ~ 102lyr

Ovpp

T
0 0.2

! T T
0.4 0.6 0.8 1.0

(Eel + EeZ)/Q

 Observation would have far-reaching implications

Demonstrate that neutrinos are Majorana fermions

Establish LNV, key ingredient to generate the

baryon asymmetry via leptogenesis
Fukugita-Yanagida 1987

29

Tijo > #10%yr

Potentially observable in even-
even nuclei (*8Ca, 76Ge,!3¢Xe, ...)
for which single beta decay is
energetically forbidden

BLACK
BOX

o> A
A 4

Shechter=-Valle 1982




* OV[P[3 searches @ Ti2 >1027-28 yr will have broad sensitivity to LNV mechanisms

| /Coupling

30



* OV[P[3 searches @ Ti2 >1027-28 yr will have broad sensitivity to LNV mechanisms

A T dim>
o Majorana
ot Mass for light
V’s

| /Coupling

Only low-E remnant of LNV is
the neutrino mass

30



* OV[P[3 searches @ Ti2 >1027-28 yr will have broad sensitivity to LNV mechanisms
A

High-scale see-saw

|) CP- and L- violating out-
of-equilibrium
decays of heavy Vg; = nL

['(vg = H*l) #I'(vg — HY)

2) EW sphalerons = ng =# n_

SL L i
CL by
|/Coupling L L
dL V-
Up V. VIJ

Fukugita-Yanagida 1987
30



* OV[P[3 searches @ Ti2 >1027-28 yr will have broad sensitivity to LNV mechanisms

A

High-scale see-saw

Left-Right SM
RPV SUSY

| /Coupling

These contributions can compete if scale is
not too high (10-100 TeV) and lead to new
mechanisms at the nuclear scale

30



* OV[P[3 searches @ Ti2 >1027-28 yr will have broad sensitivity to LNV mechanisms

A

High-scale see-saw

Light (nearly sterile) Majorana neutrinos

Left-Right SM
RPV SUSY

Light sterile V’s Xm,
[neutrino portal] -

| /Coupling

30



* OV[P[3 searches @ Ti2 >1027-28 yr will have broad sensitivity to LNV mechanisms

A

High-scale see-saw

Left-Right SM
RPV SUSY

VEW
AX ~ GeV

ke ~ 100 MeV

B

| /Coupling

Light sterile V’s
[neutrino portal]

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

SMEFT LEFT

30

Tin < (mw/N)A (Ay/mw)B (ke/Ay)C

White paper 2203. 21169 and refs therein

Chiral EFT



V. Cirigliano, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, |HEP 1812 (2018) 097 [1806.02780]

d u
E W,
© BSM dynamics
VR o
Example:
d W, u

A Left-Right Symmetric Model

Hadronic matrix

AX elements
(~GeV)

O - E o Nuclear

l matrix

kF, M elements

Half-life (T1/2)




E H /H ... and other
‘ ' tree-level and

y ) 'y e LNV originates at very high scale
v loop-level
L / ooA\L mechanisms

(A >>v) = dominant low-energy
remnant is Veinberg’s dim-5 operator:

Ly = ‘% LIced H eL,,




H /H ... and other
' tree-level and

Y 'y oon.level e LNV originates at very high scale
oOop-iev .
Ve mecﬁanisms (A >>v) = dominant low-energy

N\ remnant is Weinberg’s dim-5 operator:

(>> TeV) E
Ly = A LIced H eL,,
Vew , Mw e Below the weak scale this is just the
‘ neutrino Majorana mass (mgg ~ Wee V2//\)
4G
‘Ceff — ‘CQCD — T;Vud ’l—j,Lfy“dL éL’Y/.LVeL —VZLCVQL + H.c.
A, l
(~GeV)




, ... and other
y | 'y trlee-levlel alnd LNV originates at very high scale
oop-leve | .
foove N . ' >> y) o _
A L : | echanisms ! (A >>v) = dominant low-energy

remnant is Veinberg’s dim-5 operator:

e e ————

Ly = @ LIced H eL,,

» Below the weak scale this is just the
neutrino Majorana mass (mgg ~ Wee V2//\)

AG R _ _
‘Ceff — ‘CQCD — WVM ’U,Lfy“dL €L YuVelL —VZLCl/eL + H.c.

* 0V mediated by active vm with
potential Vnn—pp with long- and short-
range components proportional to mgg

ﬁ- _+__
n Y, \ P
nn—'p

;/
L

32




* |nsight from EFT: new NN contact interaction to leading order in Q//\y

Q~kr~mr
Ax""Gev

VC, W. Dekens, ]. de Vries, M. Graesser,
E. Mereghetti, S. Pastore, U. van Kolck 1802.10097
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* |nsight from EFT: new NN contact interaction to leading order in Q//\y

O

/" e

Q~kr~mr
Ax""GeV

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

* gy estimated through dispersive analysis [|] and used in
first-principles calculation [2] of 48Ca —48Ti:
contact term enhances n.m.e. by ~50%

W~ (q)

[1] VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371
[2] Wirth, Yao, Hergert, 2105.05415. See also Belley et al, 2307.15156, 2308.15634

n p
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* |nsight from EFT: new NN contact interaction to leading order in Q//\y

(v » )
Q ~kr~mn V ¢ s
—
Ax~ GeV " =
& O— :

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

* gy estimated through dispersive analysis [|] and used in
first-principles calculation [2] of 48Ca —48Ti:
contact term enhances n.m.e. by ~50%

W~ (q)

[1] VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371
[2] Wirth, Yao, Hergert, 2105.05415. See also Belley et al, 2307.15156, 2308.15634

Overall, uncertainties still sizable. Progress requires theoretical
activity at the interface of EFT, lattice QCD, and nuclear structure
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* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mpp)2

2 _ 2 2 ~
(mgp)* = | Y Uzmyi|® .
o
P — ()’ (m, )’ E——
m,) m, (Any., n Gr P
(m, ) e———
ve
(AmY),,
e (An),
v‘t
E— e (m,)”
(Am?)_
. (m,)’ (m,) s E—
A
NORMAL SPECTRUM INVERTED SPECTRUM
2=

Miightest

34



* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mpp)2

(mpg)? = | Y _UZmuil* | .

107"
C
4 N <
Bands: unknown K 1072
Majorana phases s
\- Y,
-3
" : Normal
Inverted Ordering Ordering
107 107 107 107" 107 1072 107" 1

m{’ightest (eV) mi}ightest ( CV)
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* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mpp)2

-

\_

Bands: unknown
Majorana phases

~

J

<mﬁﬂ>2 = ‘ZUeQimviP <

Assume range for

Ton scale nuclear matrix
SEEEEEEEEEEEEEEEEEEEEER ----------------------II ................ . elements from
1072 different nuclear
calculations
-3
10 | 1 Orders Normal
nverted Ordering . Ordering
1074 1073 1072 107" 1073 1072 10" 1
mi,lghtest ( eV) leghtest ( CV)

Assuming current range for matrix elements, discovery @ ton-scale possible for inverted

spectrum or Miightest > 50 meV
35



* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mpp)2

-

\_

Bands: unknown
Majorana phases

~

J

(mpp)?

| Z UeQimvi|2 -

Z f Tonscale
R 1072
£
Beyond ton scale target
-3
10 | 1 Orders Normal
| nverlte rdering o Ordering
10~ 107 107 107 1073 1072 107 1
mi,lghtest (eV) leghtest ( CV)

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

35

Assume range for
nuclear matrix
elements from

different nuclear
calculations



* High scale seesaw implies falsifiable correlation with other v mass probes

* Future data coupled with improved theory can challenge the 3-neutrino paradigm, unravel new LNV sources
or physics beyond “ACDM + m,”

2
Mpg = ‘ZUei m
7

Ov[3B decay Tritium B decay Cosmology

E lllllllll lllllllll lllllll_ 1E | |||||| | | llllllE
S F N 107 —— 206 (NH)
D ) -
E% : 2 : 20 (I1H)
3 E 102 E
llllllll lllllllll L e —-3 | | 1 | 1 1 1 1 11
10
107 1072 10~ 1 10~ 1

mg [eV] 36 > [eV]



* High scale seesaw implies falsifiable correlation with other v mass probes

* Future data coupled with improved theory can challenge the 3-neutrino paradigm, unravel new LNV sources
or physics beyond “ACDM + m,”

Tritium [3 decay

Ton scale

Ov[33 decay
Project8 KATRIN
Ton scale E I | lllllll | I lllllll
> \f
9D,
&
E [Py
- | lllllll | llllllll | | I
107 1072 107" 1

mg [eV]

Rz

Cosmology

20 (NH)

26 (IH)

Bound is quite sensitive to
prior on 2 (2>0 used)




Higher dim operators arise in well
motivated models. Can compete with

Dim=5 operator if A~ O(I-10TeV)

3| operators up to dimension 9

New mechanisms at the hadronic scale:
need appropriate chiral EFT treatment. Not
including pion-range effects leads to factor
~ (Q/N\y)2 ~1/100 reduction in sensitivity to
short-distance couplings!



Dim 7 in
SM-EFT

(V/IN)3

Dim 9 in
SM-EFT

(V/IN)>

VC, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, 1806.02780

340

340

A (TeV)

10"

oy

(9) (9) (9) (9) (9)

Bounds reflect dependence on Ay /A and Q//Ay

38




* TeV-scale LNV induces contributions to OV[3[3 not directly related to the exchange
of light neutrinos, within reach of planned experiments

Example: left-right symmetric model with
type-ll seesaw

109
NS 'GERDA + H[N IGEX 90% CL.
101 \ i k -
= —_ M; < m;
— IH -
E s L S VPMNS VPMNS
& 5
[ [l M; = ZtMs;, for NH
3 L
Tello-Nemevesek- 10 : Mi — m:.Mz’ for TH.
Nesti-Senjanovic- ] R o\ ma
. . o Range - Prior
Vissani 1011.3522 i Posterior HE
10.4 pual L1 a3 33l Pl o3 vl L1 1 131138 _
Ge-Lindner-Patra _y 107 10 1073 102 101 109 M2,3 = | TeV
1508.07286 my 3 [eV]
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* May lead to correlated (or precursor!) signal at LHC: pp —ee jj

Keung-Senjanovic ’83

Maiezza-Nemevesek-
Nesti- Senjanovic
1005.5160

Helo-Kovalenko-Hirsch-
Pas 1303.0899, 1307.4849

Cai, Han, Li, Ruiz
1711.02180

Classic LRSM example

| d N
! W
j ) e
v
R e
-
Cow i
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* May lead to correlated (or precursor!) signal at LHC: pp —ee jj

Keung-Senjanovic ’83 y | T— [.=100fb-l F :
I e : :
Maiezza-Nemevesek- 1.2 £-300fb“1 Iy Simplified model
Nesti- Senjanovic - L=3000fb” ‘ = Mr = M. o) = g12 g2
1005.5160 1.0 // s Ms=Me =Mer  (g6)"=8178
q (N} ' ".0
Helo-Kovalenko-Hirsch- S 0.8 PP €<l ; ,.",\ 10‘.\(\6
Pas 1303.0899, 1307.4849 o) 06 0{» 7% o) :
Cai, Han, Li, Ruiz 04 6?3‘ " "..o‘ _
1711.02180 :
0.2 -
0.0 P B B SR
1 2 3 4 5\
Peng, Ramsey-Musolf, / .
Winslow, 1508.0444 A (TeV) Hadronic / puclear
uncertainty

e LHC searches important to unravel origin of LNV and implications for letpogenesis

Deppisch-Harz-Hirsch 1312.4447, Deppisch-Graf-Harz-Huang 1711.10432, Harz, Ramsey-Musolf, et al 2106.10838, ...
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* Ton-scale OV[3[3 searches have significant discovery potential — we simply don’t know the origin
of my and the scale A associated with LNV

e EFT approach provides a general framework to:

|. Relate OV[3[3 to underlying LNV dynamics (and collider & cosmology)

2. Organize contributions to hadronic and nuclear matrix elements

Improving the theory uncertainty is challenging, but there are good prospects thanks to
advances in EFT, lattice QCD, and nuclear structure

4]



Experiments at the low-energy Precision / Intensity Frontier

are exploring uncharted territory in the search for new
physics, in a complementary way to other frontiers

|. Rare / forbidden processes
2. Precision tests

3. Light & weakly coupled

/ \ Absolute vV mass,

p-decay OVBP T Vv oscillations, v scattering,,

terile v,...
Charged LFV NG
(Me,e < T)

uark FCNC
X Q
EDMs, ..., PV electron scattering, /
n-n oscillations Muon g-2, B-decays, ...
\u / Searches for dark

bosons, axions, ALPs,

—

42

| /Coupling

* The low-energy frontier probes BSM
physics related to the ‘big questions’

* Theoretical challenges addressed by
a combination of EFT, lattice QCD
and other non-perturbative methods



Probing
Lepton Flavor Violation
with charged leptons



* V oscillations = L.yt not conserved

* In SM + massive v, Charged-LFV decays suppressed to unobservable level

EVSM — ‘CSM + ['V—mass

4 2 )

Br(p — ey) = 5’2—““ Z U;‘z-Uez-Am” < 10~

\ /
Petcov ’77, Marciano-Sanda ’77, Shrock’77...

 Observation of CLFV processes would unambiguously indicate BSM physics,
related to the origin of leptonic ‘flavor’ & possibly neutrino mass

44



* Sensitivity to broad spectrum of new physics: both heavy and light + weakly coupled

M UV physics u u;;ﬁ Ll>..L_Q_<e —  LsvmerT D Zn: %O,};FV + ..
ANVC up to ~ 1045 TeV
VEW
X .
Axion-like particles, ... H T
Loortals O %.1:5 oua ZaF“ﬁg + ...

|/Coupling

Fag up to ~ 1067 TeV
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Decays of |, T (and mesons)

(K =T1Tpge; B — KuTt,Kue; Bs = MUT, UMe, quarkonia, ... not discussed in detail here)

-

p—rey, p—>eée, p(AZ)—e(AZ)

T — [, T—)Ea@@g, T— LY

Y =P, S.V.PP, ...

~
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Decays of |, T (and mesons)

(K =T1Tpge; B — KuTt,Kue; Bs = MUT, UMe, quarkonia, ... not discussed in detail here)
4 N

p—sey, p—eee, w(AZ)—e(AZ) M,—M, [ — €a

T — (7, T—)éagﬁfg, T—=>lY Y =P, SV PP,..

---------------------

..... [(p=+(Z.A)—e +(Z,A))
B = ———— S

""" rlﬂ— + l Z \ A' —V it + lZ o 11 A' ’
Modified from S B
Calibbi-Signorelli . I I T T T
1709.00294 i
.-.-.-.-.-.-..-.L.-.-.-.-.-..-.-.: ................ /
.L‘.J """""""" / Ongoing /planned x
oA B MEGAl DeeMee
e e e e m S ' JR T
10718 bbb @ Mu2e, COMET
10_171111|1111|1111||||||||||||||||||||||||||||1|. Muze_”

1940 1950 1960 1970 1980 1990 2000 2010 2020 30
YeZaL B AMF - PRISM J
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Decays of |, T (and mesons)

(K =T1Tpge; B — KuTt,Kue; Bs = MUT, UMe, quarkonia, ... not discussed in detail here)

( — R

p—ey, p—eee, u(A,Z)—e(AZ) M,—-M, U —€aq

T = ly, T—Llulpglg, T LY Y =PSV PP, ..
\- y,
> 0 0 0

3 - by P 1S 1V |l lhh BNV -
@ . 5| , L
D107 Tau has access to hadronic channels! =
T 10-% (or better) sensitivities at Belle-Il and -
J B of] o ° ]
S g6 other planned facilities _
%) — . -
I= = + .
Q107 = =
o) - A ald
3. — v A A —
—] B A 4L a .
Q108" E
2 = " . -
o - 8 =
» — _]
10—95_ . ..'... l. " a_w % -l-l gy = .I . -
= o _ o oo " u 3.3 e : " w L L 1L I .

e L Y Y A A

(\‘\e Qo QO)QQ \QKQQQGG L L A A S S SR Dhe o A A S b b s

3 g 5 5@50 2 ;:OJ 3230y : : é,c/:f 2% ’&?5;;; ;7: 75 ch s [}:‘S‘f&k}k%é: :::: N :/'ww a,qiw’;g’w';

I3 IVIVIOIOYG Y OXDL DY RiQiig 2

«CLEO
+ ATLAS
xCMS
+LHCDb
vBaBar
s Belle

= Belle Il
xHL-LHC
+STCF
3FCC

2203.14919



® Decays of |, T (and mesons)

(K =T1Tpge; B — KuTt,Kue; Bs = MUT, UMe, quarkonia, ... not discussed in detail here)
4 N

p—sey, p—eee, w(AZ)—e(AZ) M,—M, [ — €a

T — [, T—>€al75€5, T—=>lY Y =P, SV PP,..

® (ollider processes:

" pp = R— lalp + X R=27hv,...
LHC _
pp — Lol + X
- Y
HERA
’ ep — ¢+ X
EIC p
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Dipole: SUSY-GUT and Scalar: RPV SUSY and RPC
SUSY see-saw scenarios, SUSY for large tan([3) and
low ma, leptoquarks, ...

Vector Type Il seesaw, 4-lepton: Type Il seesaw,
LRSM, leptoquarks, ... RPV SUSY, LRSM, ...

O P
A2

ST _jeTef g + Z F —L_{oTeP e |

Aacp

47



YAr

Vector Type Il seesaw, 4-lepton: Type Il seesaw,
LRSM, leptoquarks, ... RPV SUSY, LRSM, ...

Dipole: SUSY-GUT and Scalar: RPV SUSY and RPC
SUSY see-saw scenarios, SUSY for large tan([3) and
low ma, leptoquarks, ...

O P
A2

ST _jeTef g + Z F —L_{oTeP e |

Aacp
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v Caﬁ 1 _ "
' Lipv D Ag 0“0, 0 +Z Ag €O‘F€5€F€+Z Cr” —L_oTPqTq A ’ 0,0 (°TH0° |

Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics
> ying pny

48



CO‘B CO‘B 1

— Oya (T H P

' Lipv D Ag 0,07 +Z 7 zarﬁzruz i —L(°T¢°qlq 5

Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics
> ying pny

* New physics mass scale through any process
BRa-p ~ (Vew/N\)*|(Ch)2B|2

-e sector: ANWC ~ 1045 TeV (Muon decays)

T-H(e) sector: AWC ~ 102 TeV (Tau decays)

48



C (P (P | 1

| Lipy D —L-P0,,0° + Z g (T + Z Cr_paretarg 9,a (°TH("

A? B

Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics
> ying pny

* New physics mass scale through any process

F,‘ [GGV]
1010 10° 108 107 106 105

BR(la — Iga) ~

((Vew)?/(MaFap))?
Belle II ARGUS +Fe
Calibbi-Redigolo-Ziegler-
Zupan Belle I

2006.04795 S S S S Y SRR
1074 1073 1072 101 109 10! 102

m; off [€V]




v Caﬁ 1 _ "
| Liev D — 50l +Z 7 zarzﬁzruz i Az (TEaq + o Gua LT |

af

Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics
> ying pny

* New physics mass scale through any process

* Relative strength of operators ([Cp]eM vs [Cs]eH... ) through 1 —3e versus
I ey versus Ml —e conversion = Mediators, mechanism
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v Caﬁ 1 _ "
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af

Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics
> ying pny

* New physics mass scale through any process

* Relative strength of operators ([Cp]eM vs [Cs]eH... ) through 1 —3e versus
I ey versus Ml —e conversion = Mediators, mechanism

* Flavor structure of couplings ([Cp]eMvs [Cp]™...) through |1 — e versus T
— M versus T = e = Sources of flavor breaking
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* Extract info on effective couplings by comparing 4 e to U —eYy and through

target-dependence of |1 —e conversion

Dlpole dominance

0.007, .

=
50.005 B(u—ey) /‘ '\

T :
% 0.004 \ M\ ,’ V- «j
5oooz, i X‘/ —f‘ e \

3‘}5’ /x ’T\ﬁ‘ H —ey conversion —— ]
20,002 | (D} (D —
oa \f ! \2/ \2/

0.001 S Y o Yo

<’ &
0.000 st 5 —— i

Kitano-Koike-Okada hep-ph/0203110,

VC-Kitano-Okada-Tuzon 0904.0957, Heek-Szafron-Uesaka 2203.00702, ...

— Z Penguin —— Charge Radius —— Dipole —— Scalar
S
<_Eh 4_ O g |w | E 2|8
% I |
g I _
£ 3 —
m i 1
’\\ L
N L
o 2 I
0 i 1
5 I |
o 1
af)] i https://www.snowmass21.org/docs/files/ ~——
i summaries/RF/ SNOWMASS21- |
O - | RF5_RFO-TF6_|_TFO_Heeck-043.|:|)df |
0 20 40 60 80
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https://arxiv.org/abs/hep-ph/0203110

lllustration: Higgs-mediated LFV,
e.g. from dim-6 operator

Harnik-Kopp-Zupan 1209.1397, ...

L= eY is currently probing |Y |~ 106
(BR(h—pe) < 10-9)

Correlated signals in U—e transitions™*

BR(lu—e,Al) / BR(u—ey) = 8.7(3) 103

BR(L—e,Ti) / BR(u—e,Al) = 1.5(1)
VC, Fuyuto, Ramsey-Musolf, Rule 2203.09547

(See also Crivellin et al. 1404.7134)
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lllustration: Higgs-mediated LFV,
e.g. from dim-6 operator

Harnik-Kopp-Zupan 1209.1397, ...

L= eY is currently probing |Y |~ 106
(BR(h—pe) < 10-9)

Correlated signals in U—e transitions™*

BR(lu—e,Al) / BR(u—ey) = 8.7(3) 103

BR(L—e,Ti) / BR(u—e,Al) = 1.5(1)
VC, Fuyuto, Ramsey-Musolf, Rule 2203.09547

(See also Crivellin et al. 1404.7134)

* Included NLO chiral EFT corrections in computation of
conversion rate.

For NR nuclear EFT approach see Rule et al, 2109.13503
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lllustration: Higgs-mediated LFV,
e.g. from dim-6 operator

Harnik-Kopp-Zupan 1209.1397, ...

L= eY is currently probing |Y |~ 106
(BR(h—pe) < 10-9)

Correlated signals in U—e transitions™*

BR(lu—e,Al) / BR(u—ey) = 8.7(3) 103

BR(L—e,Ti) / BR(u—e,Al) = 1.5(1)
VC, Fuyuto, Ramsey-Musolf, Rule 2203.09547

(See also Crivellin et al. 1404.7134)

-

\_

AL D Yiérelh, h + He.

~

Muon decays provide clean probe of LFV Higgs couplings!
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* Smaller samples of taus compared to muons = BRt ~10-8 while BR,, ~10-!3

* Well motivated flavor-breaking patterns (leptonic MFV, GUTs, U(2) symmetries, ...) suppress [l = e
compared to T — M

4 )
Leptonic MFV: BR(M = ey) / BR(T = y) ~si32~ 102

GUT models: BR(L — ey) / BR(T = py) ~ [Vus|® ~ 104

. _/

VC-Grinstein-Isidori-Wise, hep-ph/0507001, hep-ph/0608123, ...
Barbieri-Hall-Strumia, hep-ph/9501334

* This underlies the importance of searches in multiple channels
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https://arxiv.org/abs/hep-ph/9501334
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ALPs: Axion-Like Particles

BNV: Baryon Number Violation

CC: (weak) charged current

CKM: Cabibbo-Kobayashi-Maskawa

CP: Charge-Parity

CPV: CPViolation

EDM: Electric Dipole Moment

EFT: Effective Field Theory

FCNC: Flavor Changing Neutral Currents
LEFT: Low Energy EFT (below the weak scale)
_LFU: Lepton Flavor Universality

_LFV: Lepton Flavor Violation

_LNV: Lepton Number Violation

NC: (weak) neutral current

RGEs: Renormalization Group Equations
SMEFT: Standard Model EFT

UV: ultraviolet
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Use dimensional regularization (define theory in d=4-£ dims)

Dimensionless action integral = gauge couplings acquire mass dimension £/2

Introduce arbitrary dimensionful scale |1 (renormalization scale) to work with
dimensionless couplings: ¢ & &2 g

The scale M appears only in logarithms (¢ = | + € log([) + ...), so it cannot upset
EFT power counting (no powers of /A appear)

Physics does not depend on L.

Renormalization: UV divergences appear as poles in €. Subtract only the |/gn
pole terms (minimal subtraction)
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® RGEs: exploit the fact that physics does not depend on the renormalization scale

4 )

V.
Lo = GP\’@“d % Z C; O,

- J
- Bare operators do not depend on |
d d
d(lnp) | d(In 1) ,
Oz@) = Z; O; 1 d - g- [(0)

= Z;d(In p) Zi = 672

- Physical amplitudes do not depend on L

d - d X

- J
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4 N\
1 - - _ _
Lqcp = —ZGZ,,G“ Y4+ iqey" Duqr + iqry* Duqr — quimeqr — qrimiqr

o /

u 1T Vs m 0 0
=1 d QL,RZ( 5 )C] mg=1 0 mqg 0
S 0 0 mg
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/

.

1

Lqcp = _ZGZVGHV,G

1.

+1qy" Duqr + 1qry" Dugr — quimeqr — qrimgqr

/
u 1T nm 0 0
Q(d) QL,R: ( 2/75>q qu 0 mg 0
S 0 0 m,
e For mq =0, invariant under independent U(3) transformations of left-
and right-handed quarks: L.Re SU3)
4 N
: 1 e — La

\SU(B)L X SU(3)R X [U(l)v X U(l)A]

J

Chiral group G
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/

.

1

Lqcp = _ZGZVGMV,G

.'.

+1q.7" Duqr + 1qry" Duqr — quimeqr — qrimgqr

/
u 1T nm 0 0
Q(d) QL,R: ( 2/75)(] qu 0 mg 0
S 0 0 m,
e For mq =0, invariant under independent U(3) transformations of left-
and right-handed quarks: L.Re SU3)
4 N
: 1 e — La

S ——

SU(3)L X SU(B)R X [U(l)v X U(l)A]

) | gqr — Rqr
\_ J

* Symmetry is broken explicitly by mq #0 and “spontaneously”

Ou (y"T7q) = q[T",my| q

59
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 Empirical & theoretical evidence of breaking pattern

[G — SU3). x SUB)r — H = SU3)v_r.r } o

qr — Rqr
\ J

Figure from M. Creutz

1103.3304 v <O|qq‘()> — <O‘QLQR‘O> -+ (0‘qRqL|O> # 0

Diysth  Vector subgroup SU(3)v (L=R) unbroken and

symmetry is approximately manifest in the QCD
spectrum

o * Axial generators broken (no parity doublets,
~ pseudoscalar mesons are the lightest hadrons)

 Goldstone’s theorem: massless states appear in the spectrum, in one-to-
one correspondence with the broken generators. |ldentified T,K,n
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* At low-E, the only d.o.f. are fluctuations along the vacuum manifold
(Goldstone modes)

* Even though Mnkn# O (due to mq # 0), LK, are still the lightest hadrons

e Use EFT methods to analyze the low-energy dynamics:

* |dentify relevant d.o.f: GBs plus possibly matter fields
* Write down all interactions consistent with chiral symmetry

 Order interactions according to power counting

-

Relevant ratio of scales (EFT expansion parameter): E/A\, Mp/A

A\: scale of lowest QCD resonances ~ O(| GeV)

~N
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Describes low-energy interactions of light PS mesons (TtK,n), nucleons
(n,p) and other light particles (e, |4, V, Y)

Special role of T,K,n: Goldstone bosons associated with spontaneous breaking
of chiral symmetry (symmetry broken explicitly by mg)

4 I
1 - - _ _
Lqcp = —ZGZ,,G“”’“ +iqry" Duqr + iqry" Duqr — quimeqr — Grim!qr

- J

SUB) xSUB) — SU@3)

Even in presence of quark masses, TLK,n are the lightest hadrons (can integrate out
heavy states). Interactions dictated by spontaneous and explicit XSB

The symmetry dictates that GB have derivative interactions with all fields: GBs
interact weakly at low energy. GBs determine the leading long-distance
interactions among nucleons (multi N theory = chiral EFT)
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Weinberg 79, Gasser-Leutwyler '84-85, Weinberg ’91, Jenkins-Manohar 92, Benard-Kaiser-Kambor-Meissner 92 van Kolck ’94, Kaplan-Savage-Wise '96-98.....

* |n ChPT / chiral EFT, Lagrangian and amplitudes are expanded in p/A, Mnx/A,
where p is the soft momentum and A~ GeV is the scale of QCD resonances.

e Counting rules for ChPT: 0 ~ p, mq~ p? (because Mps?2 ~ B m,)

* To a given order in the chiral expansion:

- Loops: leading IR singularities, perturbative unitarity.

Except for NN EFT, higher loops imply higher suppression >©<
- “Contact” terms, LECs: UV div.* finite part, encoding

short distance (QCD) physics, to be determined from expt.

or via non-perturbative techniques (LQCD, dispersion relations, ...).

As couplings in any QFT, the LECs satisfy appropriate RGEs.

* EFT has been extended to include dynamical photons and light leptons
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Long history, starting in the 1950’s. Modern
approaches build upon Sirlin current algebra
formulation from the ’60 & *70s

Recent new development: dispersive approach to the

non-perturbative input (Y-VV box) for neutron, pion,
and kaon semileptonic decays & connection to LQCD

Example: EM correction to n—p vector coupling

Lattice QCD

" %T — This work L calculation confirms
s [TMS this behavior
G 0.06F \ 2308.16755
+ \

\ '
I \ ]
= \
Al =
q 0.04 \\ ’I
— V|
—~ \
o 11/
= N
= 0.02[ '

65
| IETERTEE] IR EETETIE] TN SETENTIE] RN SATRNArE] AR RSN |

10° 10¢ 10° 102 107" 10° 10' 102 10° 10° 10°

Q2 (GeV?)

Seng et al. 1807.10197, Czarnecki et al, 1907.06737, Shiells
et al. 2012.01580
Hayen 2010.07262 , Gorchtein-Seng 2106.09185

1% €

> >
q\ wt v faq g\ J_f/’:q

n p

Gorchtein, Feng, Jin, Seng, ...
2003.09798, 2003.11264, 2102.12048, 2308.16755

Larger correction, smaller error
It also affects nuclear decays

V

Ref. Ap
Marciano, Sirlin 2006 0.02361(38)
Seng, Gorchtein, Patel, Ramsey-Musolf 2018 0.02467(22)
Czarnecki, Marciano, Sirlin 2019 0.02426(32)
Seng, Feng, Gorchtein, Jin 2020 0.02477(24)
Hayen 2020 0.02474(31)
Shiells, Blunden, Melnitchouk 2021 0.02472(18)
Camhinad 0.02467(27)




Point-like nucleus /

‘outer corrections’
(£, (Ee)mx)

He

+
-
3]

Correction terms (%)
+ +
o 5

+
o
o

=
(3]

10

15 20 25
Z of daughter
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30

35

\ Single nucleon

'V-W box’

Hardy-Towner, PRC 2020



3090

3080}

3070

ft (s)

3050

3040

3030

3090}

7t (s)

3070}

3060

Hardy-Towner, PRC 2020

3060

3080

0c  2Mg ¥cl “2ScOMn  2Ga (b)
o B/mal FTK PV %co “Rb |
268 34Ar38Cq

}{ *] ihLEE{ }

10 20 30 40

Z of daughter

, 2084.432(3) s
|VUCZ‘ B / vV
Ft (146, + dns — 0o AR)

/@

l

u

Vi 70" = 0.97367(11)exp(13) av (27) x5 [32]scota

Lots of activity

New analysis of nuclear weak form factors and phase space f

New approaches towards structure dependent corrections Oc,Ns

Controlled uncertainties will be achieved for a range of A=10, 14, ...
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Gorchtein, Seng 2311.00044

and references therein



Ar = 4.044(27)%
A; = 3.573(5)%

VC, W. Dekens, E. Mereghetti,
O. Tomalak, 2306. 03138

* Radiative corrections: NLL setup + LECs in terms of “y-WV box’ (dispersive & Lattice QCD)

|Vud‘2

A=ga/gv 1), = 53 (1—|—3)\2) - fo - (1—|—Af) : (l—I—AR),

 Experimental input: PDG averages include large scale factor, particularly for ga /gy

WEIGHTED AVERAGE WEIGHTED AVERAGE
878.4+0.5 (Error scaled by 1.8) -1 .275410.0011(Err0r scaled by 2.7)

2
X

2 L HASSAN 21  SPEC
X — BECK 20 SPEC 7.5
4 GONZALEZ 21 CNTR 37 o MAERKISCH 19 SPEC 3.4
-------- EZHOV 18 CNTR 0.0 ... ... .......BROWN 18 UCNA 0.8
------------ PATTIE 18 CNTR 0.9 4+ - .- .- MUND 13 SPEC 0.2

—l— - SEREBROV 18 CNTR 11.0 l .~ - SCHUMANN 08 CNTR

e i o 2 T el
| : —_— LIAUD 97 TPC 5.5
- PICHLMAIER 10 CNTR 1.6 ——+— - YEROZLIM... 97 CNTR 17.7

------ SEREBROV 05 CNTR 0.0 — 1 . . BOPP 86 SPEC
23.3 35.1

Confldence Level = 0.0015) (Confidence Level < 0.0001)
|
874 876 878 880 882 888 129 128 127 126  -125  -1.24
neutron mean life (s
(s) A=gp/ 8y
T — W
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G%|Vud\2m2 5 | AR = 4.044(27)%
5 (L+3X%) - fo- (L+4y) - (1+ARg). As = 3.573(5)%

©~  VC, W. Dekens, E. Mereghetti,
O. Tomalak, 2306. 03138

* Radiative corrections: NLL setup + LECs in terms of “y-WV box’ (dispersive & Lattice QCD)

I, =

A=galgy

 Experimental input: PDG averages include large scale factor, particularly for ga /gy

Single most precise n,PDG
measurements of lifetime VU’d B 0.97430(2)Af (13)AR (82)>\(28)Tn [88]t0tal Need improvements in lifetime
and A imply very and ga /gv.
competitive V4! n,best Within reach in next 5 years
Maerkish et al, Gonzalez et al, Vud o 097402(2)Af (13)AR (BB)A(QO)Tn [42]13013&1 y
1812.04666 2106.10375
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C7G%Spw | Vis|* M2

L iesmtns) = FER(0) P e (1 + 2AFY + 207

19273

FIAG2023 f+(0)

FLAG average for Ne=2+1+1

FNAL/MILC 18
ETM 16
FNAL/MILC 13E

* Lattice calculations of <m|V|K> @ 0.2%: ff”(O) = 0.9698( 1 7)|

Ne=2+1+1

FLAG average for N, =2+1

PACS 22

PACS 19

JLQCD 17

i RBC/UKQCD 15A
RBC/UKQCD 13

| FNAL/MILC 121
JLQCD 12

JLQCD 11

Cirigliano et al. ’08 Seng et al. ’21 =+ RBC/UKQCD 10

_'L* T

* New radiative corrections based on current algebra + lattice QCD. O
Consistent with ChPT, with much smaller uncertainties

Ne=2+1

I]
| ¥m

L+ RBC/UKQCD 07
AEM(KO ) [%] 0.50 +£0.11 0.580 = 0.016 : FLAG average for Ny=2
AEM(K*,5) [%] 0.05+0.12 0.105 = 0.023

ETM 10D (stat. err. only)
ETM 09A

N¢=2
nt m

| @ — Kastner 08
o i Cirigliano 05
! Jamin 04
} @ { Bijnens 03
@ ! Leutwyler 84

AEM(K+ ) [%] 0.70 + 0.11 0.770 + 0.019
AEM(KY 2) [%] 0.01 £0.12 0.025 + 0.027

non-lattice
[ )

0.95 0.97 0.99 1.01
NEW: Seng et al, 1910.13209, 2103.00975. 2103.4843. 2107.14708.
2203.05217. Ma et al. 2102.12048
OLD: VC, Giannotti, Neufeld 0807.4607
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Cz G5 Sew|Vas|* M3 -
Chemmtuy = 2 E 22 el Vi (0)ice(1+ 2AFH + 2007 )
1927
Vil £:0)

* Lattice calculations of <m|V|K> @ 0.2%: fAm(0) = 0.9698(1 7)| o d ke
K, u3

* New radiative corrections based on current algebra + lattice QCD. Kge3
Consistent with ChPT, with much smaller uncertainties K3
 Experimental input has received only small updates since 2010 K3
K*u3

Flavianet WG, 1005.2323 Moulson 1704.04104 ,

Ve = 0.22330(35) exp(39) 1. (8)rer18[53]total

Potential issue: definition of ‘isosymmetric QCD’ in lattice (f+(0)) vs calculations of AEM. B
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Vus fK

Vud fw

Uk pv(y) Mirt

1/2 1 —

m;,/mzs

L s pw(y) Mkt 1

e |attice QCD calculations of Fx/Fr are at the 0.2% level

e First calculation of radiative and isospin-breaking corrections in LQCD.**

Compatible with ChPT, factor of ~2 more precise

— mi/m%(i

ChPT:
VC-Neufeld, 1102.0563

%% LQCDI:

Di Carlo et al.,

1904.08731

LQCD2: Boyle et al.,
2211.12865

ARCHB = —1.12(21)%

ARC—I—IB _

~1.26(14)%

ARC—|—IB _

—0.86(40)%

/70

ARC—I—IB

Ne=24+14+1

Ne=24+1

Ne=2

FLAG2023

)

f=/fre

FLAG average for N,=2+1+1

ETM 21
CalLat 20
FNAL/MILC 17

ETM 14E
FNAL/MILC 14A
ETM 13F

(stat. err. onl?/
ETM 10E (stat. err. only)

FLAG average for N, =2+1

QCDSF/UKQCD 16
BMW 1

RBC/UKQCD 14B

RBC/UKQCD 12
Laiho 11

FLAG average for N¢=2

ETM 14D (stat. err. only)
ALPHA 13A
ETM 10D (stat. err. only)

™ 09
QCDSF/UKQCD 07




Vus fK
Vud fw

Uk pv(y) Mirt

1/2 1 —

m;,/mzs

L s pw(y) Mkt 1

e |attice QCD calculations of Fx/Fr are at the 0.2% level

e First calculation of radiative and isospin-breaking corrections in LQCD.**

Compatible with ChPT, factor of ~2 more precise

— mz/m%(i

ARC—I—IB

Ne=24+14+1

Ne=24+1

Ne=2

2

FLAG2023

i /e

FLAG average for N,=2+1+1

ETM 21
CalLat 20
FNAL/MILC 17

ETM 14E
FNAL/MILC 14A
ETM 13F

(stat. err. onl?/
ETM 10E (stat. err. only)

FLAG average for N, =2+1

QCDSF/UKQCD 16
BMW 1

RBC/UKQCD 14B

RBC/UKQCD 12
Laiho 11

FLAG average for N¢=2

ETM 14D (stat. err. only)
ALPHA 13A
ETM 10D (stat. err. only)

™ 09
QCDSF/UKQCD 07

ChPT: ** LQCDI: Di Carlo et al., LQCD2: Boyle et al.,
VC-Neufeld, 1102.0563 1904.0873 | 2211.12865
ARCHB = —1.12(21)% ARCHB = —1.26(14)% ARCHB = —0.86(40)%
Potential issue (1):
Kmu2 BR dominated by one Vs
measurement (KLOE) v — 0-23108(23)6Xp(42)FK/F7T (16)RC+IB [51]1:01:&1
ud | Ko /7o

Km3/Kmu2 BR measurement at
0.2% would have significant impact

/70

1.26

Potential issue (2):

Isospin scheme dependence




VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB

Lée =

G

V2

VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

(1 T E(LM)> eV’ (1 —¥5)Ve - D yp(L —y5)10 + ..

0
o Vi 9

v2 |

Semi-leptonic interactions

(5"’” + e‘};b) €aVpu(l —v5)vp - Uy (1 — 75)d

aVu(l — y5)vp - uy*(1 + 5)d
éa(l — ’)’5)1/1, - ud [Si ~(V//\)2}
éa,(]- — ’)/S)I/b . 'l—lf)’sd For global analysis of beta

decays in this framework
see:

Falkowski, Gonzalez-

2010.13797

éaapv(l — 75)1/1) . fao-lﬂ/(l _ ,),5)d ] 1 h.C. Alonso, Naviliat-Cuncic,




VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB

) -

From SM —LEFT
matching at tree level

‘CCC

/

G(O)

V2

VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

(1 T E(M)> eV’ (1 —¥5)Ve - D yp(L —y5)10 + ..
G%‘)Vud (1 _ e%‘)) Semi-leptonic interactions
‘ \/§ }

0

i Vaa

X (5“" + G%b) €aVpu(l —v5)vp - Uy (1 — 75)d

€aVull — v5)vp - u" (1 + v5)d

a1 — s - e~y

éa,(]- — ")/5) Uy - 1—1,’)’5d For global analysis of beta

decays in this framework
see:

Falkowski, Gonzalez-

2010.13797

éa.apv(]- — 75)1/1) . ?_—LO-PV(I _ ,),5)d ] 1 h.C. Alonso, Naviliat-Cuncic,




e Comparison possible within a given class of models

* Instructive example: LFU violation in vertex corrections, probed by decays of W, 7, K, T

: K82 - _
A. Pich, 2012.07099 LD —1 8 zl-y“PijW (5Z-j + el-]-) + h.c.
Bryman, VC, Crivellin, Inguglia, \/Z M1
2111.05338, ARNPS

ge = g (1+ €pp)

8,/8.

Re/n(™ gives strongest constraint
g /gﬂ ‘ on ee — Uy combination

1.0017x£0.0016
1.0010+0.0009
0.9978 £0.0018
1.0009 £0.0018
1.001 £0.003

1.0011+£0.0014
0.9964 +0.0038

g./g.]

0.986 +0.008
1.001+£0.010

1.0028+0.0015
1.008+0.012



https://arxiv.org/abs/2111.05338

e Comparison possible within a given class of models

* Instructive example: LFU violation in vertex corrections, probed by decays of W, 7, K, T

e Global fit [except for B decays]:

Bryman, VC, Crivellin, Inguglia,
2111.05338, ARNPS

0.004 |
' ge = 82 (1 + €gp)
s 0.002 _—
W
| -
E B PIONEER will have strong impact on
’ 0.000 __—— the horizontal scale in this plot
-0.002 [~ —
1 ] I ] ] ] I ] ] ] ] ] ] I ] [

-0.004 —-0.002 0.000 0.002
€ee — GMIB


https://arxiv.org/abs/2111.05338

74



* Simple test (B. Kayser): generate v beam from 1" —= Uu*Vv and check whether it produces [U* on a target downstream

A Dirac neutrino won'’t do that.
A Majorana neutrino with helicity=+1 (v(R)=Vv+) will produce J*.
But fraction of V(R)=V+ produced in Tt" = J*v is ~(mv/Ev)? < 10-16!!
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* Simple test (B. Kayser): generate v beam from 1" —= Uu*Vv and check whether it produces [U* on a target downstream

Smallness of v mass and V-A nature of the weak interactions imply that

Neutrinoless probes of AL=2 dynamics are our best bet!
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* Simple test (B. Kayser): generate v beam from 1" —= Uu*Vv and check whether it produces [U* on a target downstream

Among AL=2 neutrinoless processes (nn—ppe-e-, K* 2> TT-e*et, pp 2 ete* +2 jets,...),
OVv[3B decay is the strongest™ probe — “Avogadro’s number wins”(P. Vogel)
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371

e Determine Ci> with ~ 30% uncertainty (dominated by intermediate k)
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371

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

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 (43+7)%

Wirth, Yao, Hergert, 2105.05415
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* Framework to interpret OV[3[3 searches in terms of any high-scale model
and possibly unravel the underlying mechanism in case of discovery

&
Q
{ =
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~ 100 GeV
~ 1GeV
~ 100 MeV
S
> AAAP,PPMM AA,AP,PP , AP,PP
3 -§_8 Mp, Mgrr MF sd, Mgor s My g
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T/5(0" —07)

V. Cirigliano, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, JHEP 1812 (2018) 097 [1806.02780]
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