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* Introduction: beta decays in the SM and beyond
* The “Cabibbo universality test” (a.k.a. st row CKM unitarity test)
e Summary of current status
* Recent progress in SM predictions

* |Implications for new physics & connection to other observables

e Conclusion and outlook



* Beta decays have played a central role in the development of the Standard Model

* Nowadays: precision measurements provide a tool to challenge the SM & probe possible new physics




* Inthe SM, mediated by W exchange = only “V-A”; Cabibbo universality; lepton universality
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* Inthe SM, mediated by W exchange = only “V-A”; Cabibbo universality; lepton universality
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* Inthe SM, mediated by W exchange = only “V-A”; Cabibbo universality; lepton universality

4 ] N\
U; €L,R
gVij/ ./ €s,P,T
d
d j W d W
- -
Ve ;

N Ve Y,

Gr® ~ G Vi ~1V2V; 1/7\2 1//\2

E <<A l £~ € ~ (v/N)2

Ten effective couplings '=L RS PT

* Precision of 0.1-0.01% probes A > [0 TeV. Several precision tests are possible....
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Measure differential decay distributions (mostly sensitive to €s,7)

Lee-Yang, 1956

b (gSSS’ gTST) : Electron

distortion of beta spectrum

Me — Pe
T  F(E,) {1+bEe o

Jackson-Treiman-Wyld 1957

Neutrino

Neutron Spin

Proton

a(ga), Alga), B(ga ga€a), ...
isolated via suitable experimental asymmetries

Bounds on €s1at the 0.1% level, A~5-10TeV



ExtractV,s=cosBc and V.s=sinB¢ from total decay rates

' = G%—v X |‘/7Zj|2 X |Mhad|2 X (1 - AR) X Fin

Radiative corrections:
(a/T)~ 2.X 10-3 and other effects

Channel-dependent effective CKM element Hadronic / nuclear
(Contaminated by the BSM €’s) matrix element




ExtractV,s=cosBc and V.s=sinB¢ from total decay rates

' = G%—v X |‘/7Zj|2 X |Mhad|2 X (1 - AR) X Fin

Radiative corrections:
(a/T)~ 2.X 10-3 and other effects

Channel-dependent effective CKM element Hadronic / nuclear
(Contaminated by the BSM €’s) matrix element

Unitarity test

2]2

Ackm = |vud|2 + \Vus|2 + \Vub|2 —1=0 A2



Hadron decays

Lepton decays

1 — 1lev

n— pev

Vud n — ,U/I/ T — hNSV
Nucl. 0* =0* |Nucl. mirror decays
Vie | K—=alv A—pev,. | K—=uv | 7— hgv
\"4 Vv, A A VvV, A

1)




Hadron decays

Lepton decays

1 — 1lev

V n— pev

ud T — uv || T — hygv
Nucl. 0* =20* |Nucl. mirror decays

Vs K—=malv A — pev,... K — uv T — hSV

Hadronic matrix elements: ‘Vector - Axial’ quark current

Berhends-Sirlin
Ademollo-Gatto

Traditionally “Golden modes™:

<f |Vyu |i> known in SU(2) [SU(3)] limit

&
corrections are 2nd order in
SU(2) [SU(3)] breaking.

Computed in lattice QCD for K =11

\'

vV, A

f

Need experimental input on

<f |Ali> /7 <f |V |i>

For neutron and hyperons,
Lattice QCD catching up but

not as precise as experiment

A

\

vV, A

N

<0 | Ay |M>
(decay constants)
from Lattice QCD
[~0.2%]

Use combination of
data and theory

(pQCD + lattice QCD)



Hadron decays

Lepton decays

-+ 0
—> n— pev
Vud & ey P T — uv || T — hygv
Nucl. 0* =0* |Nucl. mirror decays
Vs K—=malv A — pev,... K — uv T — hSV

Electroweak radiative corrections

Mesons and neutron:
well developed perturbative
framework, with non-perturbative
input from lattice QCD and / or
dispersive methods

For leptonic meson decays:
full lattice QCD+QED available

Recent activity to assess nuclear
structure uncertainties:

- Dispersive approach
- Chiral EFT

For exclusive channels, difficult
to estimate the hadronic
structure-dependent effects.

Lattice QCD+QED?



Convert Vydto Vysvia unitarity

T — m’ev
Hyperons

T inclusive

T exclusive
n— pev

0" —=0"
K—=r1lv

K—=uv /7m— uv

[——0—=]
- T ——f -
[—c—]

} =i _

(==
O.2I15I o IO.2I2OI o IO.2IZ5I o IO.2I3OI o IO.2I35I IO.2I4O

Vs

Tension among the most precise determinations

|0

Fractional
uncertainty

5.3%
1.2% +?
0.8% + ?

0.8% + ?
0.8% (1.7%) (PDG)

0.6% + ?
0.24%
0.21%

Largest
uncertainty

EXP

EXP + TH
EXP + TH

EXP + TH
EXP

TH
EXP + TH
TH



VC-Crivellin-Hoferichter-Moulson 2208.11707

[and references therein]
0.228 -
' Ackm = Vudl2 + IVisl2 + IVypl2- 1
0.226+
|  Bands don’t intersect in the same region
on the unitarity circle
Vs 0.224- e ~30 problem even in meson sector (KI2 vs KI3)
| e ~30 effect in global fit (Ackm= —1.48(53) x10-3)
0.222; 5
i o
5
_ e = |2
0220 ——
0.960 0.965

0970 0975
Vud



VC-Crivellin-Hoferichter-Moulson 2208.11707

[and references therein] Cablbe angle anomaly?
0.228 -
- Ackm = IVudl? + IVysl2 + 1Vypl2-1
| T u - o * Needed / expected experimental scrutiny:
0.226-—  neutron decay (will match nominal nuclear uncertainty)
| * pion beta decay (6x to |10x at PIONEER phases I, lll)
| - * new Ku3/Ky2 BR measurement at NA62
Vus 0.224
| * Theoretical scrutiny:
0.222; 5 . . -
| & e Standard Model predictions with few X |0-4 precision!
Neutron (0.043%) Z’r e Study possible BSM explanations that survive the
| 0+ — 0+ (0.031%) -
0220, — . . ... .. ——
0.960 0.965 0.970 0.975

constraints from other precision tests and the LHC
Vud
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Widely separated scales: Assm >> Mw>> Ay >> Q ~ kf ~ mn >> Me ~ Qext

LEFT: Fermi Theory + QCD + QED

Q~kr, My |
(~100 Mev)| ——

Oext, AEnucL m Nuclear many-body
(~ MeV)

|3

=  tower of EFTs

€roil _ (_Iext/ ‘.

Connection to explicit
new physics models

Non-perturbative input
from Lattice QCD and
dispersive methods



Widely separated scales: Agsm >> Mw>> Ay >> Q ~kr~mn >>mMe ~ Qexxe =

LEFT: Fermi Theory + QCD + QED

Q~Kkr, My ? |
(~100 MeV)| ™

Nuclear many-body

Jext, AEnuc, m
(~ MeV)

|3

tower of EFTs

Connection to explicit
new physics models

Non-perturbative input
from Lattice QCD and
dispersive methods

roil _ Qext/ '.




Intense recent theoretical activity on several fronts

E LFermi = ?/gvud Cu(p) £ya(1 — 5 )vp uy®(1 — v5)d + ...
e
Mw.z
* Short distance electroweak corrections to NLL (Cg(1))
* Computation of matrix elements to O(Q) and beyond
Ay - Dispersive methods
(~GeV) - Lattice QCD
K, Mn pe,.fuh,.i;:::ion - EFT for single- and multi-nucleon systems, nuclei
Qext, Me e - First-principles nuclear structure calculations

14



Intense recent theoretical activity on several fronts

E LFermi = ?/gvud Cu(p) £ya(1 — 5 )vp uy®(1 — v5)d + ...
«
Mw.z
* Short distance electroweak corrections to NLL (Cg(1))
* Computation of matrix elements to O(Q) and beyond
Ay - Dispersive methods
(~GeV) - Lattice QCD
K, Mn pe,.fuh,.i;:::ion - EFT for single- and multi-nucleon systems, nuclei
Qext, Me et - First-principles nuclear structure calculations




e _
LTermi = \/gvud Ca(pe) €ya(l —5)ve uy™ (1 — v5)d + ...

Cp(M) ~ I+ (a/m)) (ki In(Mw/H) + ko) + (a/tT) (as/TT) (k3 In(Mw/) + ks) + O((a/T1)2)

Resummation of large logarithms:
LL ~ (a In(Mw/p)» & a (as In(Mw/))n Sirlin 1982
NLL ~ a (a In(MW/))» & a ds (as In(Mw/[L))"

/ \

VC, W. Dekens, E. Mereghetti,
O. Tomalak, 2306. 03138
Adapted from Buras-Weisz ‘90

M. Gorbahn, F. Moretti, S. Jaeger
2510.27648

2-loops 3-loops

|5



G _
~Via C(1) a1l — y5)ve @y™ (1 — v5)d + ...

l Matrix elements to O(Q)

Contributions from photons of all virtualities — EFT captures them all

Hard: (k9, [K|) > Ay~ mn~ GeV
Soft: (k9 |k|])~ Q ~ kr ~ mnp
Potential: (kO,|K]|) ~ (Q%/mn, Q)
Ultrasoft (k9, |k|) ~ Q%/mn << kr

|6



Gr _

ﬁFerml — Vud Oﬁ(:u) 8704(1 — 75)V£ ﬂf}/a(l — 75)d + ...
V2
E l Matrix elements to O(Q)
SL i)
Mw.z Ve €
Jw
Ny |
(~GeV) [
KF, My
Hard photons
Jext, Me Gr, Gra, Graey [(% [k]) >~ Ay~ mn~ GeV]
leave behind local
interactions at low energy

|7



G _
~Via C(1) a1l — y5)ve @y™ (1 — v5)d + ...

l Matrix elements to O(Q)

Baryon ChPT with dynamical leptons and photons (soft / ultrasoft)

[”7/ — —\/§GFvud éry,uPLVe N (gV”U,u — ngSM) TN —+

gvand ga at |Uy~/\y encode gy = CB {1 | OV]

87
effect of hard photons 2T T

Combination of chiral LECs of O(e2p)

8 VG, ]J. de Vries, L. Hayen, E. Mereghetti, A. Walker-Loud 2202.10439



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

* The effective vector coupling

~

gv (Nx) — U(,ux, Ax)

U(Ay, bw) Co(pw)
B N

19

NLL RGE in LEFT @ Mierr: Uw —./\y



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

* The effective vector coupling

-~ =V a(y)
gV(Nx) — U(:“x» Ax) 1 4+ Upaq - - R U(Axa MW) CB(NW)
T NLL RGE in LEFT @ Mierr: Uw —./\y

Non-perturbative contribution

proportional to the Y-W ‘box’, v o2 diqg 2+ Q2 _TS(Va Q?)

suitably matched to cancel ‘scheme had (£0) = 7/ et Q* O N
choices’ in NLL RGE evolutions -
2 1 (1 B as(u%)>
— 3 Q%+ ué T

Seng et al. 1807.10197, Ma et al. 2308.16755

Czarnecki-Marciano-Sirlin, 1907.06737
Hayen 2010.07262
Shiells-Blunden-Melnitchouk 2012.01580

19



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

* The effective vector coupling

~ —V a(A
av (i) = T A |1+ + 28l A ) Col)

: T NLL RGE in LEFT @ Mierr: Uw —./\y

- . ™ Non-perturbative contribution
NLL RGE in ChPT proportional to the y-W ‘box’, v e2 [ dq 1?2+ Q% | Ta(v,Q?)
[soft and u-soft photons] : : (o) = — ’
suitably matched to cancel ‘scheme had i ] 2nt QF SN
LL~ (@ In(Ax/me )" Hx ™~ Me choices’ in NLL RGE evolutions N
NLL ~ a (a In(Ay/me )" 2 1 (1 B as(uo)>
— 3 Q2+ b s

Vel A WA
\{ \4/ \% \/?/ Hayen 2010.07262

@apt from Ji & Ramsey-Musolf 91 and Gimenez ’93 A VO Shiells-Blunden-Melnitchouk 2012.01580

Seng et al. 1807.10197, Ma et al. 2308.16755
Czarnecki-Marciano-Sirlin, 1907.06737

19



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

* The effective vector coupling

~ —V a( A
av (i) = T A |1+ + 28l A ) Col)

* Need input on hadronic box up to Q2=2 GeV-

. . . . VC-Crivellin-Hoferichter-Moulson 2208.11707 **
Combination™* of dispersive results — Seng et al. 1807.10197,

4 2 2\ _ -3 | - 180710
(Used in following numerics) - Had(Q < 2GeV ) — 1-56(12) - 10 Cza"“e""'l_l"f)‘,':;az“:l':'(;';';‘;z'9°7'°6737

Shiells-Blunden-Melnitchouk 2012.01580

Lattice QCD — Ead(QQ < 2G6V2) — 1,49(7) . 1073 Ma et al. 2308.16755

20



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

* The effective vector coupling

~ —V a(A
av (i) = T A |1+ + 28l A ) Col)

* Need input on hadronic box up to Q2=2 GeV-

. . . . VC-Crivellin-Hoferichter-Moulson 2208.11707 **
Combination™* of dispersive results — Seng et al. 1807.10197,

4 2 2\ —3 | - 180710
(Used in following numerics) - Had(Q < 2GeV ) — 1°56(12) - 10 Cza"“e""'I_I':;':r"az“:l':g;';‘;z'9°7-°6737

Shiells-Blunden-Melnitchouk 2012.01580

Lattice QCD — Ead(QQ < QGe\/z) — 1.49(7) : 1()_3 Ma et al. 2308.16755

* With gv(Hy) at [y ~ me = compute matrix element and decay rate including virtual (ultra-soft) and real photons

20



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

G%|Vud\2m5

= CECAE (14302) - fo- (14 A7) - (1+ B,

A=gal/gyv taken from experiment.
It includes electromagnetic shift
to both gvand ga.

Ratio is scale independent.

Ar: proportional to
(gv (me))? X (I + O(a) virtual and
real effects from L )

21



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

G%|Vud\2m5

= CECAE (14 302) - fo- (1+87) - (1+ An),

A=gal/gyv taken from experiment.
It includes electromagnetic shift
to both gvand ga.

Ratio is scale independent.

Ar: proportional to
(gv (me))?2 X (1 + O(Q) virtual and

O(anr) + O(€recoil) |mMatrix element|2 in the low-energy EFT real effects from 57;‘ )

/: ; i ; i i g Ultra-soft photons

No large logs but contains enhanced contributions ~ (Tta/[3), which we re-sum via the
non-relativistic Fermi function ansatz (not based on a full 2-loop calculation)

2 9
2T 1 T a2 T

F = ~ 1+ | - > 1 | ..
VR =g T 5 3p° moo TR

RG-based re-summation (for me = 0) leads to +0.011% in Ar compared to our ansatz

- 7 2 2
TO T Vander Griend-Cao-Hill-Plestid

1+ 7o .. 2501.17916

ﬁ m—0 2

h'd

exp

21



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

G%|Vud\2m5

= CECAE (14302) - fo - (1+87) - (1+ An).

Includes result from

Af — 3584(5) % < Vander Griend-Cao-Hill-

Plestid 2501.17916

*

AR = 4.044(24)1ad (8) a2 (T ac2 (5) 1y [2T)total 70

X

22



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

GZ|Vya|?m?
F|27Tds‘ —C (143X) - fo- (1+Af) - (1+ Ag).

I, =

Includes result from

Af — 3584(5) % < Vander Griend-Cao-Hill-

Plestid 2501.17916

AR = 4.044(24)1ad (8) a2 (Tac2 (5) 1y [2T)totar 70
l Recent NLL(s) analysis
(3-loop anomalous dimension
4.030 and 2-loop finite parts) translates

into shift of -1.4 104 in AR

M. Gorbahn, F. Moretti, S. Jaeger
2510.27648

22



I, =

G%’ | Vud

5

“m
3

A; = 3.584(5) %

L — T

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

© (143X - fo- (1+A4f) - (14 Ag),

Includes result from

Vander Griend-Cao-Hill-
Plestid 2501.17916

AR — 4030L(24)Had(8)aa§ (7)056?( (5)UX [27]130‘5&] % ,

CORRECTION

COMPARISON with LITERATURE*

MAIN SOURCE of
DISCREPANCY

A = 3.584(5) %
AR =4.030(27)%
Aror = 7.758(27)%

-0.024%

+0.061% - 0.014%

+0.037% - 0.014%

‘Fermi function’

NLL: a?Log(mn/me)

Both related to the treatment of
O(a?) corrections in the hadronic EFT

* As compiled in VC,A. Crivellin, M. Hoferichter, M. Moulson, 2208.11707. Non-perturbative input in Ar is the same

22




G%|Vud‘2m2 9
= EDAE (1430%) - fo- (14 ) - (1+ An).
Single most precise n,PDG
measurements of lifetime Vud N 0'97417(2)Af (13)AR(82)>\(28)7’n [88]total

and A imply very \
competitive Vq!
Maerkish et al, Gonzalez et al,
1812.04666 2106.10375

VPt = 0.97389(2) A, (13) a, (35)1(20) ., [42] it

EFT treatment revealed shifts (of different signs) inVuq at the level of (1-3) x 104

Larger than hadronic uncertainty and relevant for CKM tests

Looking forward to improvements in lifetime and A = ga /gv

23



G2 V4 2,40
r, = GNPl (g gy (1)) - (14 ).
Single most precise n,PDG
measurements of lifetime Vud o 0'97417(2)Af (13)AR(82)>\(28)7’n 38total

and A imply very \
competitive Vq!
Maerkish et al, Gonzalez et al,
1812.04666 2106.10375

VPt = 0.97389(2) A, (13) a, (35)1(20) ., [42] it

EEE————————————~

EFT treatment revealed shifts (of different signs) inVuq at the level of (1-3) x 104

Larger than hadronic uncertainty and relevant for CKM tests

Looking forward to improvements in lifetime and A = ga /gv
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Implications for new physics




Q~kr, My

Jext, AEnucI, m
(~ MeV)

(~100 MeV)|

|

To connect UV physics to beta decays, use EFT

Chiral EFT

Nuclear many-body

25

e Start with GeV scale effective Lagrangian

* Leading (dim-6) new physics effects
are encoded in 5 quark-level
operators (up to flavor indices)

* Quark-level version of Lee-Yang
(1956) effective Lagrangian



G

V2

GOV

Leptonic interactions

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

\/§ L

D
€R

(LD

(LP

eLP

V2

Oy (1 = y5)vg - ay™ (1 + 75)d

0(1 — ~v5)vp - ud

Z(l — Y5) Vg - Uysd

00,,(1 —v5)ve - uo™™ (1 — 75)d

Semi-leptonic interactions

X (1 + eiD) eVl —v5)ve - uy" (1 — 75)d

[Si ~(v//\)2J

+ h.c.

VC, Gonzalez-Alonso, Jenkins
0908.1754

VC, Graesser, Gonzalez-Alonso
1210.4553

Gonzalez-Alonso, Camalich
1605.07114, 1706.00410



0228+

‘Vudlz2 — |Vud|2 (1 + Z Cz'aea) 0.226:-

— 5 5 Z S 0.224.
/ ! a 1 0.222
/ | | AN |
Channel-dependent Elements of the Calculable  BSM effective -
CKM elements unitary CKM matrix  coefficients coupligs 028960  0.965 0970  0.975
extracted in the Vid

‘SM-like analysis’

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

27



0228+ d

€p _}
Vuil? = [Vaal* (1 Cia€ | -
‘ ’ud‘z ‘ ud‘ + Z it 0.226 .
o | €r — €R
¥ 3 0.224
Visl} = Vasl? (14 Cjaca > 0224
/ ! o | 0.222.
/ | N | 3
Channel-dependent Elements of the Calculable  BSM effective | =
CKM elements unitary CKM matrix  coefficients coupligs 028960 0965 0970 0975
extracted in the V.d

‘SM-like analysis’

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

Simplest ‘solution’: right-handed (V+A) quark currents.
Shift Vud,us from vector (axial) channels by |+cr (I-€r), can resolve all tensions

Grossman-Passemar-Schacht
1911.07821

Belfatto-Berezhiani 2103.05549.
VC, Diaz-Calderon, Falkowski,

Gonzalez-Alonso, Rodriguez-
Sanchez 2112.02087

VC-Crivellin-Hoferichter-Moulson

27

2208.11707



VC-Crivellin-Hoferichter-Moulson 2208.11707

Aociw = Vol + Ve -1
0.0000 | — _1.76(56) x 107
| Adin = Vol +|VEelme82 1
—-0.0005 | = —0.98(58) x 107
<& | ACiar = [V 0P + VP 1
! _ —2
-0.0015 | : d _ =3
| | e, = —0.69(27) x 10
- R (27) Ar ~5-10 TeV

-0.010 -0.005 0.000 0.005  0.01 A€g

s d
Aep = €p — €p

~3.9(1.6) x 107°

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

* Does the R-handed current explanation survive after taking into account high energy probes!?

28



Q~kr, mx

(~100 MeV)|

Jext, AEnuci, m
(~ MeV)

|

To connect UV physics to beta decays, use EFT

Chiral EFT

Nuclear many-body

29

Need to know high-scale origin of the various €q

Tree-level LEFT-SMEFT (dim-6) matching at
scale uw ~ 246 GeV

Leading-log SMEFT (dim-6) running between A

and HW is known R. Alonso, E. Jenkins, A. Manohar, M. Trott,
1308.2627, 1310.4838, 1312. 2014

M. Dawid, VC, W. Dekens 2402.06723

One loop SMEFT-LEFT matching also known

W. Dekens, P, Stoffer 1908.05295




eLr originate from SU(2)xU(1)
invariant vertex corrections

Building blocks

l'L

_ vy i UZL C
() o= (i) 7

30

(i DL H)(

Gauge
invariance

p

a7 V"0 )

~




eLr originate from SU(2)xU(1)
invariant vertex corrections

URr H
WR WL
W_L-WR mixing in LRSM .
Dekens, Andreoli, de Vries, Mereghetti, / |
Oosterhof, 2107.10852 d 1
R ~
H
W
Y
H . H
Vector-like quarks ' '
| |

Belfatto-Berezhiani 2103.05549. ...
Belfatto-Trifinopoulos 2302.14097

31

(i DL H)(

Gauge
invariance

p

a7 V"0 )

~




eLr originate from SU(2)xU(1)
invariant vertex corrections

U;
d
-
Ve
p
ER QHud (HI D, H)(t,n"d,)
<=
| Q%) = (H'%DLH) (g v"q)
3
& = (Y DLH) (I, )
\_

32

&sp1 and additional contributions to

eL arise from SU(2)xU(l) invariant
4-fermion operators

U;

Ve

Qledq — (Ze)(EQ)‘l‘hC
Ql(el(gu — (l—ae)fab(qu)-Fh.C.

l(f:;u (lao 6) ab(QbU,wu) + h.c.

qu = 17,0l ¢y"0"q
Qu = l_%l B!




& Hud i(ﬁTDMH)(@pyudT)
R e B
Qi) = (H'D}H)(@"v"q,)
3 J—
g—lg — (HTZ%);ILH)(lpTI’Y'uZT)
\

33

Q

Qledg — (Ze)(zq)+h.c.

Ql(f:zl;u — (l_ae)fab(qb'll)-l‘h.c.
3) _

lequ —

(lao We)eab(quuu) + h.c.
Qz(? = ly,0°l gy* o’y
Qu = Iy, 1"




Qledg (Ze)(ﬁq) +h.c. -
Esp Quegu = (la€)e™ (@) + hoc. .
eT Ql(eggu = (l,0"e)e”(Gyo,u) + h.c.
£l Q1Y = Iyl 7o’
3 — I~ 1 [A*
) a8 Qu = Iyl Iy" )

Contribute tp pp —® ev+Xand pp = e*e” +X at the LHC

Events

LHC: pp = ev + X

o c c

OE anas | WeT baa
(s=13Tev, 361" —W'(@4Tev) [IW

O N evedeston  —W (5TeV) 7oy quak €qa ~10-3-10-4

10°¢ 1706.06786 Izk

[]Diboson
VC, Graesser, Gonzalez-Alonso

1210.4553
Alioli-Dekens-Girard-Mereghetti 1804.07407
Gupta et al. 1806.09006
Boughezal-Mereghetti-Petriello
2106.05337
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Q) —
|

\_

Qledq — (Ze)(EQ)'FhC
Ql(i;u = (l_ae)e""(cjbu)-l—h.c.

3) — (1.0" e)e™ (G0 ,u) + h.c.

]

Q1Y = 1.0 470
Qu = Iyl VM

Can be probed at the LHC by associated Higgs + W production

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

, H

Current LHC results allow for to €Lr ~ 5%
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. esp| Qi = (fe)(dg)+he.
_ —T— 1 = R
QHuud = (H'D, H)(u,y"d,) Es,p Ql(;u = (lae)e™(gsu) + h.c.
SO ) | | oh (oo he
_ 3 7 aj] = a
** Qpp = (H’f@ﬁl{H)(szfwr) el Ql(q) = lv,0°l ¢y o"q
3 — I, 1 Iy
. ) L xx Qu = Iyl 14" )

Can be probed at the LHC by associated Higgs + W production

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

, H

Current LHC results allow for to €Lr ~ 5%

Contribute to Z-pole and other precision electroweak (EVV) observables, including®™* Mw
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VC, W. Dekens. J. De Vries, E. Mereghetti, T. Tonqg, 2311.00021

* An informed global analysis of 3-decays in SMEFT requires data from Collider, Low energy, and ElectroWeak tests

Corollary: a global SMEFT analysis of
precision EVV observables requires
including constraints from low-

energy CC processes ([3-decays)

Challenge: identify a manageable set
of observables and corresponding
operators that ‘closes’

EW (at least at tree level)
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The CLEW analysis with no flavor symmetry assumptions requires 37 couplings
But not all operators matter

To gain qualitative and quantitative insight on most relevant operators (model selection),
use the Akaike Information Criterion

AIC — (Xz)min'l' 2 k
- LV
N # of estimated parameters

Minimization of AlC:

balance between goodness of fit (rewarded) and proliferation of parameters (penalized)

36



) 2:?2;§dcI?;:?;f:&::;{/?ﬁ:;:ﬁ:gr; Category | Operators Description # of Ops.

I. Csr Oblique corrections 1

IT. Crud RH charged currents 2

I11. Cgl) C’g)l) LH lepton vertices 6

Operators grouped in |10 categories V. Cyy. RH lepton vertices 9

Scanned this model space v C'I(-;) C'l(-;l) LH quark vertices -
210 = 1024 ‘models’ 1 1

VI. Cru Cra RH quark vertices 5

VII. C Lepton 4-fermion 1

VIII. Cl(; ) C’l(j ) Semileptonic 4-fermion 6

IX. Cledg C’l(jq)u Scalar 4-fermion 6

X. Cl(jgu Tensor 4-fermion 2

37



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

* Scanned model space by ‘turning on’

certain classes of effective couplings ol (B A O e Model
*4a & Cyua & Model D {Csr, Cy)
u ode el Y
- A ﬁ ﬁ*A v Hud sT, L |
e Akaike Information Criterion favors = ol . Y © Rest of the models _' Fav%"eid
. . _ A A _
models with Right-Handed Charged <F ) o Agﬁ 1024 models | mofs
Currents of quarks = | 89 A 8 4 |
C‘f 0l 08 R5-G LORBARS Standard Model
: o) 8o ) ¢ '
H 2N
> 00 I |
| _ 8 g Disfavored
w  -10} models
@, - o
2 :
< j 8
=20+
e Models with oblique corrections (Csr)
also fare better than SM |
% 10 20 30 40

Number of Parameters

\/\/\/\/\/‘\/\/\/\m

38



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

* Scanned model space by ‘turning on’

certain classes of effective couplings ol (RH2 A Oy e Model
RS
) / . ﬁ g*A e O Cruyd §é Model D {CST; Cll} _

e Akaike Information Criterion favors S YP © Rest of the models _' Favczlreld
models with Right-Handed Charged Qﬁ (Gl ¢ o gggﬁ A 1024 models | mofs
Currents of guarks e St ¥ P

: _ ] / Disfavored
The winner (AAIC 19): two RH CC CHua = (—0.030 & 0.008) TeV ™~ § models
vertex corrections and a 11

combination of oblique parameters

: CHud = (—0.040 £ 0.011) TeV 2,
Modell (UV completions! Vector-like 12

quarks generate RH CC at tree level Cst = (—0.0038 = 0.0022) TeV—2 |
and oblique at |-loop)

See talk by Benedetta Belfatto 3

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

* Scanned model space by ‘turning on’
certain classes of effective couplings

20t A Chgua € Model
O CHud §é Model D {CSTa Oll}

e Akaike Information Criterion favors

_ g A 0 Rest of the models ‘ Favored
10 £ |

— AIC;

: : _ 2 A - models
models with Right-Handed Charged = Agggﬁ 024 models |
| o | !
Currentsofquarks _ — - | —~ 589, ARAA o

T o0 g &randard Model

l

Disfavored
models

~0.01}

The runner-up (AAIC=18): e

. just two RH CC vertex corrections!

also fa} R

-0.08 -0.06 -0.04 -0.02 0.00
9 ‘
C Hud [Te\/]

B VR ST e e o sas Soaiils Sk D DB _—TIE SIS 1§ L VB R S S P 5 o TSt . Bga 2. Lo Y sea
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VC, W. Dekens. J. De Vries, E. Mereghetti, T. Tong, JHEP 03 (24) 33, arXiv: 2311.00021

Scanned model space by ‘turning on’

certain classes of effective couplings ol A A Cos € Model
RAA
N ﬁ ﬁ*A v, O Cruyd §é Model D {CSTa Oll}
Akaike Information Criterion favors ol A ﬁ 2 Restof the models
. . A A
models with Right-Handed Charged ) o Agg 1024 models
8 .

Currents of quarks

/

A A N
.........

¥

1%

' 9> 69> 100 >re>3>
j‘v>>:»:<0»» SO O

B IITODIENS 1
L D> 10 93¢ >

I
—_—
o
M T T T T T T

CZ = AICgqn — AIG;

— CHuoo

|
|
)
|

UpR

: Messages from this exercise: 3
Models with of < “Cabibbo anomaly” still consistent with other EW precision & collider data {4

also fare bette| . “Preferred solution” (RH quark currents) testable in the future

* CKM unitarity test provides relevant input to unravel new physics scenarios

2P s ek = (O Ly i s 2 i e e ga _ o ame 2R B L P B S e 2D A GO ST _Oama g —oon e Sl o 4 Oidaicr e e A2 B WO ETA LT B S e e~ gD e T D L e A2 Lo _hosha e~ g~ = ST X WS B
AT e X St T AT SR 7 ) L= % 5 Aew A« e C OGP Bl - A g Slaa - B
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Favored
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T

| Standard Model

l

Disfavored
models



* Precision studies of 3 decays are a great tool to test the

0228+
Standard Model and explore what may lie beyond -
Vs 0204 |
 Current tensions in Cabibbo universality test could point to 0222j P :
222 3
new physics at A ~ few TeV ernson | :
“*o60 0965 0970

0970 0975
Vud

T —

* Further scrutiny is needed & there is lots of activity in the community
* Experiment: nuclei, neutron, K, T(, 7

* Theory: lattice QCD+QED for neutron, K, 1, 7; EFT+ dispersive + first-principles methods for nuclei;

4]
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Nicola Cabibbo

(1935-2010)
~0.95  ~0.05 ~I1.5XxI10°
(- )
Vial? + |Vasl? + D = 1
- W,

5VuilVus~ 0.03%  8VulVus~02%  Veo/Ves~ 5%

Vud and Vs are the most accurately known
elements of the CKM matrix =

|st row provides the most stringent test of
universality & sensitivity to new physics

43



=V
Had (120) is the usual ‘box’ up to Q2~(|up)2

__ - 14 _
% Had (H0) = —62/ < S V4O Lo 21 os(pg)\ Q' =—¢
(2m)* Q4 2myv 3 Q% + r )| v=w-gq

72 TS a So'o
TVA,O — Zglu’yo-pqpvo_ 4m I . . e T’LLV (q U) _ 7-’635 1 dd iq . -
NV VV(A),0 % 5 | dee Nk o) T @y a (z) @7 (v5) T79(0)] N (K, 0, 1))




_gad(uo) is the usual ‘box’ up to Q2~(|lo)2

_y (1) = _62/ idiq 2+ Q% [T3(v,Q%) 2 1 (1 ozs(,u%)>_ Q° = —¢°
Had (27_‘_)4 Q4 i QmNV 3 QQ 4+ ,u(2) T ] UV = -
* Use non-perturbative input on T3 from dispersive analysis or LQCD Seng et al. 1807.10197, 2308.16755

* No dependence on scheme, M and o (up to higher perturbative orders)
* For Uy~ U~ Mo~ | GeV all large logs are in the NLO Wilson coefficient 62 (1)

* Dependence on [y canceled by loops in pion-less EFT



VG, J. de Vries, L. Hayen, E. Mereghetti, A. Walker-Loud 2202.10439

* (ga/gv) gets %-level corrections proportional to the pion EM mass splitting (100x larger than previous estimates)

e Radiative corrections generally improve agreement between data (neutron decay) and lattice QCD calculations

A QCD

FLAG21
CalLatl9
PNDME18

) exp

PDG20
PERKEQO3
UCNA

AQCD(]. 4 5RC) 1

s

1.271(30)
1.289(12)
1.242(40)

1.20 1.25 1.30

1.35

45

= 94
gv
\EXP
\QCD L+ 0rc

Spe ~ (2.0 £0.6£27)%

/N

Scale variation +
nownL ECs Unknown LECs

Large uncertainty due to unknown LEC that
could be determined by future lattice calculations

CY Seng 2403.08976
VC, W. Dekens, E. Mereghetti, O. Tomalak , arXiv: 2410.21404




L="Lsu+ Yy CiQ

Operators L | EW C Operators L | EW C
HD? (LL)(LL)
QHD (HTD“H)* (H'D,H) | parameter shift (mz) Qu (L1 ) (Lsyule) parameter shift (G )
X*H? Qly’ (") (G5 7uqt) X v v
QHWB HirTH WL{VBW parameter shift (sin 6y ) Ql(g’) (l_pv%'[ ZT)(QSVMTI @) |/ | V v
Yv2H?D (LR)(RL) + h.c.
— .
Qg{g (HTZD H)( pfyul ) X 4 4 Qledq (lgjoer)(ds%j) v X v
Q% (HYDLH) i) | v | v v/ (LR)(LR) + h.c.
R —
Qe (H'i D ,H)(epy'er) | X | / Qle (Been(@u) |V | X /
= _
Q| \ND @) | x| v / Q. | Boween(@ow) | /| X v
QY | HDLIH)(gr!ve,) || v
Q Hu (HY'D  H) (@) | X | v *We are not including ‘Id, lu, ed, eu, ge’ 4-fermion operators that
O (H''D 1) dtd) | X | v / affect Drell-Yan (included in our analysis), NC processes at low-E &
O + hc. | iDL Y @A d) | /| X , DIS (not included in our analysis). Inclusion of such operators
U 'L Y D T
would lead to a ~ closed set of observables & operators.
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e Most SMEFT analyses impose flavor symmetry to reduce number of couplings. However
* This re-introduces model-dependence (e.g. excludes classes of operators / models such as LRSM)

e Results can depend strongly on flavor assumptions L. Bellafronte, S. Dawson, P. P. Giardino 2304.00029

* We perform a flavor-assumption-independent analysis: exploit approximate decoupling of CLEW and FCNC

CLEW precision observables = FCNC observables

Wilson Coefficients:

Bn strongly constrained by FCNC.
An, Bn, Cn

Often B, appears in CLEWV observables
suppressed by powers of Vys= Ac~0.2

/

Liot = Letew(An, Bn) X Lrene (Bn Chr) X ... = Lot = Letew(An, Bi=0) X Lrene (Br Ch) X ...

T

~ factorized likelihood.
Expect minimal impact on A,
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VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 2311.00021

 Currently less-sensitive probes of R-handed couplings

0.04:-

* galgv: neutron decay vs Lattice QCD (need ~ order
of magnitude theoretical improvement) 002

0.00+

-0.02}

Citq [TeV™2]

-0.04}

e K —(1um)i=2 decay amplitude: experiment vs Lattice —0-062-
QCD (difficult to improve) 008"

-0.08 -0.06 -0.04 -0.02 0.00 0.02
Cilq [TeV72]

+ WH &WZ production at the High Luminosity LHC q_ e W z .
will reach sensitivity need to test the R-handed a.;>,{
current solution to the Cabibbo angle anomaly q

/ ErR W
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