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* Low-energy measurements can shed light on shortcomings of the Standard Model

No Neutrino Mass, no Baryon Asymmetry, no Dark Matter, no Dark Energy,

74% Dark Energy
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* Low-energy measurements can shed light on shortcomings of the Standard Model

* Precision / sensitivity frontiers:

Precision tests of SM-allowed processes Search for rare / forbidden processes that violate
exact or approximate symmetries of the SM

- Weak decays .
- PV electron scattering - Land B non c.onservatlon
- muon g-2 - CP &T violation

- Flavor violation in quarks & leptons

New force mediators, from dark sectors to multi-TeV Connection to Sakharov conditions for baryogenesis



* Low-energy measurements can shed light on shortcomings of the Standard Model

* Precision / sensitivity frontiers:

Precision tests of SM-allowed processes Search for rare / forbidden processes that violate
exact or approximate symmetries of the SM

- Weak decays
- PV electron scattering - L and B non conservation
_ - Flavor violation in quarks & leptons
New force mediators, from dark sectors to multi-TeV Connection to Sakharov conditions for baryogenesis

Hadronic and nuclear probes — natural meeting ground of SM-EFT and Ch-EFT




* Precision studies of [3 decays

e Cabibbo universality test

* Radiative corrections to neutron and nuclear [3 decays in ChEFT

* |Implications for new physics in the SMEFT framework

e Summary and outlook



Cabibbo universality test
a.k.a. Ist row CKM unitarity test

VoLuME 10, NUMBER 12 PHYSICAL REVIEW LETTERS 15 JUNE 1963

UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo
CERN, Geneva, Switzerland

(Received 29 April 1963)

We want,
however, to keep a weaker form of universality,
by requiring the following:

(3)—-‘]-# has ‘“unit length,” i.e., a®+b%=1. Nicola Cabibbo
We then rewrite J,, as*
. (1935-2010)

J -’«‘-COSU(. (O)-{- ‘°’)+sin6(' (1)+ 0‘)) (2)
" J“ g“ ]u g“ y

where tanf =b/a.
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In the SM, W exchange between L-handed fermions = “V-A” currents & universality relations

e, d, T

gV g

W

Ve, Vu, Vz

Vud Vus Vub
Vea Ves Vb
Via Vis Vi

Cabibbo-Kobayashi-Maskawa

Cabibbo universality (CKM unitarity)

~0..95 ~0.05 ~I.5x10-

4 h
Vad|” + Vi + %2 =1

- _/

6Vud/Vud ~ 0.03% BVUS/VUS ~ 0.2% SVus/Vup ~ 5%

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

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



* In the SM, W exchange between L-handed fermions = “V-A” currents & universality relations

Ui e, U T

gV g

W +

d Ve, Vy, V1

at low
energy

\4 \4

GF V5 ~ 1/v2 V;; |/\?

2
New physics can spoil universality: |V,4|* + |Vis|® + |Gkl = O (U_>

Current precision = probe effective scale A ~ |0 TeV

Compelling but challenging!
5



Hadron decays

Lepton decays

1 — 1lev

V n— pev
ud T — uv || T — hysv
Nucl. 0* =0* |Nucl. mirror decays
Vie | K—=alv A—pev,. | K—=uv | 7— hgv
\'4 vV, A A vV, A
Vij W e
Ve




ExtractV,¢=CosBc and V.s=SinB¢c from meson, neutron & nuclear decays

[k = (G)? x |Vij|* | Miaal® X (14 0rc) x Fian

Channel-dependent Hadronic matrix element Radiative corrections:
effective CKM element (For the vector current, known (a/m~ 2.x 10-3
in the SU(nf) symmetry limit)




‘outer corrections’
(depend on Z, (Ec)max)

Hardy-Towner, PRC 2020

For a review see
Gorchtein, Seng 2311.00044
and references therein

Example: V4 from nuclear 0* —0* beta decays

‘Vud‘Q —

2084.432(3) s

Quark-level corrections &
single nucleon
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Seng et al. 1807.10197, Czarnecki et al, 1907.06737,
Shiells et al. 2012.01580
Hayen 2010.07262 , Gorchtein-Seng 2106.09185

Viey 70" = 0.97367(11)exp (13) av (27)s[32]otar
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OVud/Vud ~ 0.03%



VC-Crivellin-Hoferichter-Moulson 2208.11707

[and references therein]
0.228 -
- Ackm = IVudl2 + IVsl2 + [Vpl2-1
| Cabibbo angle anomaly?
0.226;
| * Bands should intersect in a single region and that
v | region should overlap with the unitarity circle
= 0.224 e ~30 problem even in meson sector (KI2 vs KI3)
e ~30 effect in global fit (Ackm= —1.48(53) X 10-3)
0.222; 5
i o
5
_ e 12
o220 —— . . ... .
0.960 0.965

0970 0975
Vud



VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein]
0.228

- Ackm = IVudl2 + [Vsl2 + [Vpl2- 1

- * Expected experimental improvement:
0.226;

* neutron decay (will match nominal nuclear uncertainty)
* pion beta decay (6x to |10x at PIONEER phases I, lll)
Vs 0.224;

new Ku3/Ku2 BR measurement at NA62

| * Theoretical interpretation framework
0.222| 5 * Though not universally embraced in the literature,
| ‘&_: need a tower of EFTs from BSM to nuclear scale, with
Neutron (0.043%) G critical non-perturbative input from Lattice QCD,
- 0+ — 0+(0.031%) -
o220—— —— 1L
0.960 0.965 0.970 0.975

dispersive methods, nuclear many-body calculations
Vud

|0



Widely separated scales: Agsm >> Mw>> Ay >> Q ~kr~mn >> me~qexx =  Tackle through a tower of EFTs

The EFT expands amplitudes
in €’'s and sums large

ABsm logarithms ~ an*m (In(g))n
27
MWZ e e = et
(~100 GeV)
LEFT: Fermi Theory + QCD + QED
A | o With key non-perturbative
~GX v e e input from Lattice QCD and
( e ) dispersive methods
Q~kr, My

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

[ Erccoil = Gext/ A




Widely separated scales: Agsm >> Mw>> Ay >> Q ~kr~mn >> me~qexx =  Tackle through a tower of EFTs

IIIX

I/ (ABSM)2

Jext, AEnuci, M
(~ MeV)

12




Widely separated scales: Agsm >> Mw>> Ay >> Q ~kr~mn >> me~qexx =  Tackle through a tower of EFTs

II I>-<

t (ABSM)Z

EFT for Standard Model contributions to sub-% level
— radiative corrections

Jext, AEnucI, m
(~ MeV)

12




Widely separated scales: Agsm >> Mw>> Ay >> Q ~kr~mn >> me~qexx =  Tackle through a tower of EFTs

EFT for new physics contributions

II I><

t (ABSM)z

EFT for Standard Model contributions to sub-% level
— radiative corrections

Jext, AEnucI, m
(~ MeV)

12




‘End-to-end’ EFT approach to
radiative corrections in [3 decays




EFermi — \/§Vud CB(M) Z/7/04(1 — WS)VE ﬂfya(l _ ,75)d + ...

Ce() ~ | + # (/) In(Mw/p) + ...

Known to LL~ (a In(Mw/)" and NLL ~ a (as In(Mw/p))", a (a In(Mw/p))"

24

X X

16

R
Cxy 1)
X

19

ST
28 2K

R K

12 15 29 30 31

Q~kr, My Gr, Gra, Gragy
(~100 MeV)| =

26 27

> >G = D]

X
g

Jext, AEnuci, mg
(~ MeV)

Adapted from Buras-Weisz ‘90

14




. — Viud Cs(1t) €90 (1 —vs5)veuy™ (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

Jext, AEnucI, Soft: | (9, |k])~ Q ~ kr ~ mn
(~ MeV) Potential: (kO,|Kk|) ~ (Q2/mn, Q)
Ultrasoft (k9, |k|) ~ QZ/mn << kr

|5




VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

 Baryon ChPT with dynamical leptons and photons gy and ga at Hy~Ay

encode effect of

Ly = —V2G p Vs eV, Prve N (gvv, —294S,) TN + ... hard photons
gy = CE [1 + %év}

Hard phot
ard photons Combination

——— e’ of chiral LECs
| of O(e?p)

Operators that involve 2
charge matrices

Ecker-Gassser-Pich-deRafael 1989, Urech 1994, ... Knecht et al 1999, ...

|6



VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

Baryon ChPT with dynamical leptons and photons

[77/ — _ﬂGFVud éVMPLVe N (giUlu — QQASM) TN + ...

Matching and running: SM — LEFT — ChPT at NLL approximation

~

gv (px) = Upey, Ay)

1+

—V

a(Ay)

|
Had

T

K

UAx; bw) Cp(pw)

|6

gvand ga at [~y
encode effect of
hard photons

gv = Cj [1 + %C’V]

/

Combination
) of chiral LECs

of O(e?p)



VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

 Baryon ChPT with dynamical leptons and photons gy and ga at Hy~Ay

encode effect of

Ly = —V2G p Vs eV, Prve N (gvv, —294S,) TN + ... hard photons
gy = CE [1 + %év}

* Matching and running: SM — LEFT — ChPT at NLL approximation

~ —V a( A
g () = T Ay |1+ + 28l A ) Csl)

- N

KNLL RGE in LEFT Wilson coeff. at Uw ~mw\

LL~ (a In(Mw//Ay)" ULEFT ~ /\y
NLL ~ a (as In(Mw/Ay)", a (a In(Mw/Ay))"

J

|6



VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

 Baryon ChPT with dynamical leptons and photons gy and ga at Hy~Ay

encode effect of

[ﬂ/ — —ﬂGFVud eV rVe N (gvvﬂ — QQASM) TN + ... hard photons
gy = CE [1 + %év}

* Matching and running: SM — LEFT — ChPT at NLL approximation

S - =V a(Ay)
_ |
QV(MX) — U(Mvax) 1+ Lygaq - - R U(AX>MW) CB(NW)
i ? _

—~ T — This work N - - ‘ "
s [TmMs [ on-perturbative contribution (NLLRGE in LEFT  Wilson coeff. at tiw ~mw
°G 0.06F /1 proportional to the y-W ‘box
+ /’ ! [Seng et al. 1807.10197, 2308.16755]
i / \‘ i LL~ (a In(Mw/Ay)" ULEFT ~ /\y
Nq 0.04[ \\ I:
= y NLL ~ a (as In(Mw/Ay)", a (a In(Mw/Ay))n
) \/
Poul i - J

10'5I Illl(l)"‘l I‘III(I)""I I‘III(I)'ZI I‘III(I)*I H‘II:JO 10' 102 103 10* 10° |7

Q2 (GeV?)



VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

 Baryon ChPT with dynamical leptons and photons gy and ga at Hy~Ay

encode effect of

Ly = —V2G p Vs eV, Prve N (gvv, —294S,) TN + ... hard photons
gy = CE [1 + %év}

* Matching and running: SM — LEFT — ChPT at NLL approximation

o~ =V a(Ay)
gv (fx) = Ulpiy, Ay) |1+ Upraa - k| Uy, pw) Ca(pw)
_ T _
4 NLL RGE in ChPT O _ o '
[soft and u-soft photons] Non-perturbative contribution '\ | RGEin LEFT ~ Wilson coeff.at piw ~mw

~ proportional to the y-W ‘box’
LL~ (@ In(Ayx/me)" Hx =~ Me [Seng et al. 1807.10197, 2308.16755]
NLL ~ a (@ In(Ay/me ))? LL~ (@ In(Mw//Ay)" MLerT ~ Ay
\ AN N4 NLL ~ a (@s In(Mw/AQ)", a (a In(Mw/Ay))"

\_ J

L AL Nt A

@apt from Ji & Ramsey-Musolf ’91 and Gimenez ’93 |7




VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

Baryon ChPT with dynamical leptons and photons

[77/ — —\/§GFVud éﬁ}/,uPLVe N (gvvu — QQASM) TN +

Matching and running: SM — LEFT — ChPT at NLL approximation

~

gv (px) = Ulpey, Ay)

1+

—V
Had

a(Ay)

T

K

UAx; bw) Cp(pw)

Dependence on LEFT renormalization scale and scheme(s)™* cancels
* Subtraction scheme and treatment of ys & evanescent operators in dim-reg

gvand ga at [~y
encode effect of
hard photons

gv = Cj [1 + %C’V]

Evolve gv(llyx) down to Uy ~ me and compute decay rate including virtual (ultra-soft) and real photons

|18



A=galgv taken from experiment.
It includes the electromagnetic
shift to both gvand ga
Ratio is scale independent.

(gv)? ~ (I +0O(a))

Hard and soft
contributions from
matching and running

down to My ~ Me

VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

19




VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

(27_‘_>5 (1 -+ 3>‘2) peEe(EO_Ee)2 [gV(,ux)]Q FNR(ﬁ) (1+5RC(E€7 Mx)) (1+5recoil(Ee))

A=ga/gy taken from experiment. O(a) + O(Erecoil) matrix element in the low-energy EFT

It includes the electromagnetic
shift to both gvand ga. Ultra-soft
Ratio is scale independent. contributions

No large logs but contains enhanced contributions ~ (Tta/[3), which we re-sum via the

(gv)2 ~ (I + O(a)) non-relativistic Fermi function ansatz (not based on a full 2-loop calculation)
2 92 20,2
Hard and soft Fyp()= 2L ~14 T2 T » 14 7o - :
contributions from b 1 _e 78 b 30 m—0 3

matching and running

down to My ~ Me Enhanced terms are related to IR divergences in the u-soft loops, RG-based

re-summation leads to (for me — 0)

T . | Ie | Griend-Cao-Hill-Plestid
exp | — > 1+ ma A - 2501.17916
5 m—0 2

19




VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

Vud :
2‘71_>5 ‘ (1 =+ 3>‘2) peEe(EO_Ee)2 [gV(,ux)]Q FNR(ﬁ) (1+5RC(E€7 lux)) (1+5recoil(Ee)>
l Somewhat arbitrary separation, to align with literature
G%’|Vud‘2m2 2
r, oo (13X - fo- (14 A7) - (1+ An).

*%* Griend-Cao-Hill-
Plestid 2501.17916

Af — 3-573(5)a><recoil % — Af — 3-584(5)oz><recoil % (+00| | % shift in the rate)

Ap = 4°O44(24)Had(8)aa§ (7)()563( (5),ux [27]tota,1 70

20



VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138, 2410.21404

dl',  G% |[Vual?
dfn — }(72‘7_‘_;5 | (1 T 3>\2) peEe(EO_Ee)2 [QV(Nx)]Q FNR(ﬁ) (1_|_5RC(E67 /’LX)) (1+5recoil(Ee))
l Somewhat arbitrary separation, to align with literature
GQ Vu 2m5
r, = GNPl gy gy S ) (14 ).
CORRECTION COMPARISON with LITERATURE* AT SOURCE of

DISCREPANCY

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

Aror = 7.761(27)%.

E kL

-0.035% — -0.024%

+0.061%

+0.026% — +0.037%

‘Fermi function’:
P33 . .
rel. = non.rel. = factorization

NLL: a2Log(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.

21

Non-perturbative input in Ar is the same




G%|Vud\2m5

AR = 4.044(27)%
A = 3.584(5) %
VC, W. Dekens, E. Mereghetti, O.

Tomalak, 2306. 03138 +
Griend-Cao-Hill-Plestid 2501.17916

A=galgv '), = 53 = (1 —|—3)\2) - fo - (1 —I—Af) : (1 —+ 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) -1.2754:0.001(1(Error scaled by 2.7)
2
X
2 L1 HASSAN 21 SPEC
X — BECK 20 SPEC 75
4= GONZALEZ 21 CNTR 3.7 Ho MAERKISCH 19 SPEC 3.4
-------- EZHOV 18 CNTR 0.0 coo- - BROWN 18 UCNA 0.8
"""""" PATTIE 18 CNTR 0.9 4 .. ... ... ... .MUND 13 SPEC 02
—+— - - - SEREBROV 18 CNTR 11.0 : -+ - SCHUMANN 08 CNTR
—_—t ARZUMANOV 15 CNTR 2.2 S MOSTOVOIlI 01  CNTR
I STEYERL 12 CNTR 3.9 R 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
| (Colnfldence Level = 0.0015) (Confidence Level < 0.0001)
|

874 876 878 880 882 884 886 888

neutron mean life (s)

T — T

22



G2 [Vyq|2m? 5 Ar = 4.044(27)%
o5 (L+3A9) - fo- (1 +4y) - (1+AR), Ay = 3.584(5) %

VC, W. Dekens, E. Mereghetti, O.
Tomalak, 2306. 03138 +
Griend-Cao-Hill-Plestid 2501.17916

A:gA/gV F’I’L —

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

Single most precise n,PDG
measurements of lifetime Vud - 0'97424(2)Af (13) 25 (82)1(28)7,[88]total Expect improvements in
and A imply very lifetime and ga /g.
. | L .
competltl\;eVud. VuncibeSt _ 0097396(2)%? (13)AR(35))\(20)7—n [42]t0ta1 within reach in next 5 years
Maerkish et al, onzalez et al,
I8I2.046:6 2I06.I03;5

EFT treatment shifts the results by more than the assigned theoretical uncertainty.

Overall shift of -0.0175% inVy4 (neutron) compared to pre-EFT literature — does not help unitarity!

22



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Chiral EFT (NN, NNN, ...) with dynamical leptons and photons

-
L2 = —\/26*G Vg €10V X

Hard photons leave behind local multi-nucleon
electroweak operators (as in the one-nucleon case)

\ NTTTN (egp1 NN +€eg

vy NTT2N)

J

Soft, potential, and ultra-soft photons contribute to multi-nucleon amplitudes

Soft: (9% 1q))~ Q ~ kr ~ mn
Potential: (q°,|q|) ~ (Q¥mn, Q)
Ultrasoft (q9% |q|) ~ Q%/mn << ke

23




VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

e Chiral EFT (NN, NNN,...) with dynamical leptons and photons

8 )
L2 = /262G pV,y ervovL X
 Hard photons leave behind local multi-nucleon FVud CLOVL
electroweak operators (as in the one-nucleon case
peratrs | ) NI N (26N NTN + e2gdY N1 N)

\_ J

* ‘Integrate out' soft & potential photons (and 1Ts) — obtain EW n-body transition operators (‘potentials’)

% |
e’ Ee, e’ 2 NN o 1
VE ~ q4’ Vmag ~ qu2 Vcontact ~ € gV1,V2 ~ € AXFE HEW D) ﬂGFVud erYoVr X Z Cn, Vn

GrO€n Gragy Gragy
24



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

e Chiral EFT (NN, NNN, ...) with dynamical leptons and photons

a )
. . L = —V2e°GpVyg érvovr X
* Hard photons leave behind local multi-nucleon
electroweak operators (as in the one-nucleon case)
N'TTN (e*gp1 NN +€e°gyy N'T°N)
\— _
* ‘Integrate out' soft & potential photons (and 1Ts) — obtain EW n-body transition operators (‘potentials’)
%%/ g{ (1S)
Scaling of contract determined by RGE, finite part not known
2 2 1
e F. V € Y, 2 NN 2
~ ’ ~ ~ € ~ € 5
VE q4 mag qu2 contact gvl,VQ AXF% HEW D ﬂGFVud er,YolVr, X Z Cn Vn
n

GrO€n Gragy Gragy
24



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Chiral EFT (NN, NNN, ...) with dynamical leptons and photons

8 )
L2 = /262G pV,y ervovL X
Hard photons leave behind local multi-nucleon FVud CLOVL
electroweak operators (as in the one-nucleon case
( ) NN (@ NN+ gl NN

‘Integrate out' soft & potential photons (and 1Us) — obtain EW n-body transition operators (‘potentials’)

Ultrasoft photons: Z-dependent running of effective couplings
between mp and me & matrix elements at 1 ~ me

P P

—>» @

Courtesy of
W. Dekens

HEW D) ﬂGFVud éL/yOVL X Z Cn Vn

25



= Qf//\

NLO
O(GFCYGX)

NLO,,
O(GF 042)

N-LO
O(GFO(Ei)

2N current

><

3N current

Courtesy of E. Mereghetti

26

* |dentified the leading 2- and 3-body ‘potentials’
that contribute to Ons ~ 2in ¢ <f |V, | i >

* NN short-range interactions at O(Gragy)
involve two (unknown) LECs

* Work in progress on N2LO corrections



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

e EFT-based decay rate formula reorganizes ‘traditional’ corrections using EFT principles
(e.g. large logs appear only in effective couplings and are re-summed with RGEs )

Ultra-soft Hard, soft, potential Ultra-soft

Point-like nucleus, O(a/mt)
[Sirlin function]

L GElVaadlme [ tav) 4] < -
F T log2 C )| X [1+ 0% ()] (1 + dns

.ﬂ t.
*%* See also. K. Borah, R.

Hard and (ultra) soft Hard, soft, potential Hill, R. Plestid, 2309.07343
’ ° ) ® b
2309.15929, 2402.13307

27



VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

EFT-based decay rate formula reorganizes ‘traditional’ corrections using EFT principles
(e.g. large logs appear only in effective couplings and are re-summed with RGEs )

Ultra-soft Hard, soft, potential Ultra-soft

Point-like nucleus, O(a/mt)
[Sirlin function]

L GElVaadlme [ tav) 4] < -
F T log2 C )| X [1+ 0% ()] (1 + dns

ﬂ t l
*%* See also. K. Borah, R.

Hard and (ultra) soft Hard, soft, potential Hill, R. Plestid, 2309.07343,
2309.15929, 2402.13307

Need for improvement
* Two currently unknown LECs contributing to Ons to O(Gragy)
* Two- and three- body potentials to O(Gra(€y)2): may be relevant at 0.01%, needed to check EFT convergence

* Non-logarithmic terms of O(a2Z) in the Fermi function (finite parts of two-loop diagrams)

27



40O — 4N: ons contributions in rough agreement with corresponding terms in Hardy-Towner 2020

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti,

2405.18469, 2405.18464

Vud\MO = 0.97411(10) ey (12) 4 (22),1(12) 5. (43) 3z [55] o

9v
/

Residual scale dependence
due to missing terms of

O(a2Z) in the Fermi function

T

Largest uncertainty from unknown LECs.
Assumes g\, = 1/(4myFy7)

C(fm~1)

28

12

HT L
Vid |1ap = 0.97405(37 |0t (31) from ns
14O(O+)—>14N(O+)
0.10;
,‘V.'A". Use N2LO local chiral potentials,
ve? Gezerlis et al. 1406.045.
0.05; VO:MI A
T
0.00 A
~0.05]
¢ mag _
_o010! . ¢ GTp, MZF9 =-0.48
. i GTn, MIY =0.18
-0.15, } T x10, M9 =0.016
° CT _
0200 . & v GTp, M ,=0.054
y L GTn, ME, =0.03
—0.23, i 6 8 10
r(fm)



e 40O —I4N: Ons contributions in rough agreement with corresponding terms in Hardy-Towner 2020

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Vud\MO = 0.97411(10) exp(12) 4, (22),(12) 5. (43) 3 [55 ot Vad |1ap = 0.97405[37]io—— (31) from Bns

v
P
/ H
Largest uncertainty from unknown LECs.
Assumes g\, = 1/(4myFy7)

Residual scale dependence
due to missing terms of

O(a2Z) in the Fermi function

King-Carlson-Flores-Gandolfi-Mereghetti-Pastore-
Piarulli-Wiringa, arXiv:2509.07310

e 10C —I0B:

0.05f
0.00 s

—0.05f

0.02% spread from
Vud ‘ 100 — O°97355(66)6Xp(12)gv (17)“(9)50 (38)9‘1jN use of different

—0.10f

C(r) (fm~1)

. . . * *
< —0.15} ok mag GT, mag GT,
chiral Hamiltonians X, > * magGTp | magGTp
—0.20} . * (b) A mag GT,n /' mag GT,n
oy ﬁ?ﬁ ¢ 10x T 10x T
| Xk 10 x LS 10 x LS
0305 1 2 3 4 5 6 7 8

r (fm)

Empty and filled symbols correspond
to two different chiral interactions
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40O — 4N: ons contributions in rough agreement with corresponding terms in Hardy-Towner 2020

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Vud\MO = 0.97411(10)exp (12) 41 (22),,(12) 5. (43),, o [55] ¢t Vad |1ap = 0.97405[37]io—— (31) from Bns

/
/ 7~
Residual scale dependence

Largest uncertainty from unknown LECs.
Assumes ng vo = L/(dmyF; %)

due to missing terms of
O(a2Z) in the Fermi function

King-Carlson-Flores-Gandolfi-Mereghetti-Pastore-
Piarulli-Wiringa, arXiv:2509.07310

I0C —10B: Reasonable agreement with HT & dispersive + NCSM

0.05f
0.00p
0.02% spread from 7 -o.osf
de‘loC — 097355(66)exp(12)gv (17),“(9)50 (38)9NN use of different £ -0
V' chiral Hamiltonians <% i R + magGTp | magGTp
O —0.20f X (b) A rlnoag iT.n A rlnoag iT,n
—0.25} ***ﬁ:,ﬁ?ff z z
VUd 1OC = 0. 97318(66)exp(9)Ag (24)5NS (9)50 ~0.30} — 3 A - LS@ 710 - 3
N r{rm
NCSM Genn.ari, Drissi, Gorchtein,
Vud‘lo(j —= 0. 97317(66)exp(9)Ag (16)51\13 (9)50 Na""atl';"’l’sz';%::'go';:;" Lett. Empty and filled symbols correspond

to two different chiral interactions
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3060

VC, W. Dekens,, ]J.de Vries, S. Gandolfi, M. Hoferichter, E, Mereghetti, 2405.18469, 2405.18464

Hardy-Towner, PRC 2020

3060}

| (aj

3080F

3080

10C 22Mg 34C| 4280 SOMn 62(3a
140 26mA| 38mK 46V 54CO
2°8i 3Ar¥Ca

{ : t*} {{}t} ty . E

(b)

74Rb

10 20 30

Z of daughter

«—

EFT has identified new method to compute structure-
dependent corrections and (temporarily) increased the
uncertainty. But in the long run it will allow for robust
uncertainty quantification

LECs can be obtained by

e Fitting data (along with V4 and possibly BSM effective
couplings) once NME calculations for several
isotopes become available

 Theory: dispersive analysis, Lattice QCD
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Implications for new physics

Up quark

What can precision [3 decays teach us about new physics!?
(Whether or not the Cabibbo anomaly survives scrutiny)



Q~kr, My

Jext, AEnucI, m
(~ MeV)

(~100 MeV)|

|

To connect UV physics to beta decays, use EFT

Chiral EFT

Nuclear many-body

32

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

34



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

34

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!?
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To connect UV physics to beta decays, use EFT

E A

Standard Model Effective Field Theory
Mw.z < -

(~1 OO GeV) S A T I =

NBsm
??

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

Q~ke Mx
(~100 MeV)|

Oext, AEnuc, mr Nuclear many-body

(~ MeV)
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To connect UV physics to beta decays, use EFT

NBsm

® Need to know high-scale origin of the various €q
(~100 GeV)|

G e
* At the weak scale match LEFT & SMEFT

AX T
(~GeV)
Q~kr, mx ‘ o

(~100 MeV)[ ™

Oext, AEnuc, mr Nuclear many-body

(~ MeV)

36



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

Building blocks

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

/

W_L-Whr mixing in Left-Right symmetric models

4 PN j )
Qi) = (H'iD[H)(gyr'v"q,)
Gauge
invariance
N dr,
4 )
\ %

Can be generated by

or by exchange of vector-like quarks

Dekens, Andreoli, de Vries, Mereghetti,

37

Oosterhof, 2107.10852

Belfatto-Berezhiani 2103.05549
Belfatto-Trifinopoulos 2302.14097



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, )
\_

38

&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)
\

39

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




O

T w

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

40



VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 2311.00021

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




VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 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)

EW

4]



VC, W. Dekens, J. De Vries, E. Mereghetti, T. Tong, 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)

4]



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,

43



The CLEW analysis with no flavor symmetry assumptions requires 37 couplings

Large fits are not particularly enlightening:

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)
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) 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
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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 (B A O e Model
*4a & Cyua & Model D {Csr, Cy)
- Aﬁg*A RS3 Hud odel 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
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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 (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 quarks St Y S —

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

combination of oblique parameters

j 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)

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\/]

BV S R e e o sas Shoaic Dk e PR TR ST 6 PR P B R S = SeSt . TS VARSES
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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 (1) O e Mo
RAA
SAg, — © Citua ¢ Model 2 {Cisz, Cu} |
* Akaike Information Criterion favors o o A ﬁ © Rest of the models | Favored
models with Right-Handed Charged — 23 A 024 models |  models
Currents of quarks 8 | T

>R o HRRC Standard Model
: 09o0 3:3 5 ‘
- (o JO) 8 : ‘ R <& l
_ : ‘¥ .
_ *Joge Disfavored
-10} 3 4 2 b models
- o RB2, N

|
|
{
|

iC; = ATCgy — AIC,

|
|
) )
|

! Messages: ,.
» Cabibbo “anomaly” and its explanation in terms of RH quark currents are consistent with other precision data }
* Unitarity test provides / will provide relevant input to unravel new physics scenarios "
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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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e ChEFT and SMEFT work together to sharpen the Cabibbo universality test, one of few
low-energy “cracks” in the SM, probing effective scales up to A ~ 20 TeV.

Chiral EFT:

SMEFT

e A SMEFT-based ‘model selection’ analysis (with AIC or other metric) can be

Framework for computing radiative correction and achieve robust uncertainty

Uncovered new effects in neutron and nuclear decays, relevant at the 0.02% precision

e CLEW framework is necessary for consistent analysis of precision [3 decays

RH CC ‘explanation’ survives the flavor-assumption-independent CLEVWed analysis

insightful in dealing with current / future anomalies

50

0.228 -

0.226 -

Vs 0.224:

0.222

Neutron (0.043%) —

0+ - 0+(0.031%) —»
0.226)

Kyuepun

960
Vud

T —

0.965 _ 0.970

0.975

E A
> 3k

NBsm

T

— o .

??

Mw.z
(~100 GeV)

* [ (Aesm)?

NN

T

1/ (ABsm)2

(~GeV)

\"
n p i : I Y
Q"‘kF, M Gr, Gra, Gragy

(~100 MeV)

\%
n p

1/ (ABsm)?

Qext, AEnuc, mk i Via i Vi
T

C associated

Collider:
Drell-Yan,

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

EW
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Knecht et al, hep-ph/9909284
Descotes-Genon & Moussallam
hep-ph/0505077

 Trick: introduce electromagnetic (q.r) and weak (qw) spurions in LEFT

Lrerr = qrlqr + qriqr — e (grarAgr + drarAqr) + (ELvpver Grawn’qr +h.c.) + ... + L8

Classical sources [, 7, qr, = qr = diag(Qu, Q4), Qi = _ZﬁGFVudCE +

* |nvariance under local G = SU(2)L x SU(2)r x U(l)v qr. — L(m)eiaV(m)QLa qr — R(z)e

if spurions transform as qr — RqgrR! arL.w — LQL,WLT

 Matching: will require that the LEFT
and ChPT generating functionals
lead to same Green functions

eiWLEFT qar.9r.9w ;-] i [deLrgrr|arL,9r.Qw,--]

EFT €
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Include electroweak spurions in ChPT, by constructing operators invariant under G

O(p) L0\ = Nyiv- (9 + )Ny + g NS - uN, u = exp(im - 7/(2Fy))
I, = ! [u(@ — il u' +u' (0, —ir )u} Uy =1 [uT(a —ar,)u — u(9, — il )uq
H 9 H I H 7 M M M H H

by = l_u —eqr A, +aw eryuler + q];yﬁeLweL,

L
r, =T, — eqrA,.

6
O(e2p) LRy =Y erprerNy (Viv —245987) OiN, + hee,
1=1

/0p = uqrut )

01 =1[Q1,91 |, Oy = [Qr, OV, QR ,
QY = uqwu
05 — <QLQE/>7 06 — <QRQ2/> KL v /

53
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CLEW analysis with no assumption about
flavor symmetry requires 37 couplings

Global analysis

Indices (mass eigenstates)

(1,3)

CYI—Il ? CYHe
pr pr
(d)

CHq ) CHd
pr pr
(u)

CHq ) CH’U,
pr pr

CHud
pr
(d)

C lq ) Cledq
Lepr tepr
(u) ~(1,3)

¢ lg 7 Clequ
0011 0011

CsT

C
2112

pr € {ee, pw, 7T}

pr € {11,22,33}

pr € {11,22}

pr € {11,12}

te{e,u}, pre{ll, 22}

te{e, put
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d 1 3
Cip) = Cy) + O

q

U 1 3
Cliy = V|Ch -V

d 1 3
c® = oV 4

U 1 3
o = veW - o] vi



Obs. Expt. Value SM Prediction Obs. Expt. Value SM Prediction
Tz (GeV) | 2.4955(23)  [53,113] | 2.49414(56)  [60] || mw(GeV) | 80.4335(94)  [39] | 80.3545(42) [60]
ol a(nb) | 41.480(33)  [53,113] | 41.4929(53)  [60] || T'w (GeV) | 2.085(42) 3] | 2.08782(52) [60]

RO 20.804(50)  [53,113] | 20.7464(63)  [60] Rwe 0.49(4) 3] | 0.50
R), 20.784(34) 53,113] R, 0.998(41) [114] | 1
RO 20.764(45)  [53,113] Br(W — ev) | 0.1071(16) 3] | 0.108386(24)  [60

Al 0.0145(25)  [53,113] | 0.016191(70)  [60] || Br(W — wv) | 0.1063(15) 3] | 0.108386(24)  [60

A% 0.0169(13)  [53,113] Br(W — 7v) | 0.1138(21) 3] | 0.108386(24)  [60]

AT 0.0188(17)  [53,113] ) 0.982(24) 3] |1

RY 0.21629(66) 53] 0.215880(19)  [60] AUialag 1.020(19) 3
R? 0.1721(30) 53] 0.172198(20)  [60] 1;%‘3(,:55)) 1.003(10) 3]
ALL 0.0996(16) 53] 0.10300(23)  [60] raroed | 0.961(61) 3
ALe 0.0707(35) 53] 0.07358(18)  [60] e 0.992(13) 3
A 0.67(3) 53] 0.66775(14)  [60] || A4(0—0.8) | 0.0195(15)  [115] | 0.0144(7) 116
Ay 0.923(20) 53] 0.934727(25)  [60] || A4(0.8 —1.6) | 0.0448(16)  [115] | 0.0471(17) 116
A 0.1516(21) 53] 0.14692(32)  [60] || A4(1.6 —2.5) | 0.0923(26)  [115] | 0.0928(21) 116
A, 0.142(15) 53] A4(2.5—3.6) | 0.1445(46)  [115] | 0.1464(21) 116
A, 0.136(15) 53 g\ 0.201(112)  [117] | 0.192 118]
AzPel | 0.1498(49) 53] g\ -0.351(251)  [117] | -0.347 118)]
ATPol | 0.1439(43) 53] g 0.50(11) 117] | 0.501 118
As 0.895(91) 119] | 0.935637(26)  [60] | gy -0.497(165)  [117] | -0.502 118
Rue 0.166(9) 3] 0.172220(20)  [60]
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