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Beta decay

The Cabibbo-Kobayashi-Maskawa matrix
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e Underestimated SM uncertainties?
e BSM physics?
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Scrutinizing CKM unitarity with a new measurement of the K3/ K|, branching fraction
V. Cirigliano et al. (arXiv: 2208.11707)
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The CKM unitarity test

The Cabibbo-Kobayashi-Maskawa matrix

Unitarity
Probing physics beyond Standard Model Ackrs = |1 V,g 1+ | V., P=1~0
Work on three different fronts:
Global fit
Enhancing the accuracy of experiments Acxy = — 1.48(53) X 1072

V

u

V,. = 0.22422(36)

4 =0.973670(25)
Improving precision of SM calculations

Advancing theory for BSM physics

Standard Model Effective Field Theory

Discrepancy with SM

e Underestimated SM uncertainties?
e BSM physics?



Effective Field Theories

To connect UV physics to beta decays, use EFT
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Standard Model EFT

The EFT constructed with Standard Model fields & symmetries

1 1
Lsvprr = Loy +—CO00 + — Z C(6)Q(6) +O0(—) + ...
V v3

N

The Standard Model is a part of the leading order of SMEFT

C - Wilson coefficients
O - local interaction terms (operators)

Example of EFT: Fermi Theory
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With C, ~ v/ A



Standard Model EFT

The EFT constructed with Standard Model fields & symmetries
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6-dim operators With C, ~ v2/A2
No fermions NO oy
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Four fermions



Standard Model EFT

The EFT constructed with Standard Model fields & symmetries

1 1 1

\ k
The Standard Model is a part of the leading order of SMEFT With C]i ~ P AT

C - Wilson coefficients
Q - local interaction terms (operators)

Operators that contain particles

/ directly involved in a process

SMEFT contributions to beta decay are well-known at a tree level
What about quantum fluctuations?

Goal of the work: identify leading contributions to beta decay at a one-loop level.
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GeVscale effective Lagrangian > 7
d > u
d—-ul v &
o
From muon decay
€ = ef — €
GrVua ) _
g = — [ 1+€ ey 1—)/ Vu}/M 1—}/ d left quarks
LEFT \/z ( L) ,u( 5) [ ( 5)
+ ep a,ﬂ(l _ yS)‘/l ft}’”(l + )/5>d right quarks
+ €g e (1 — 75)"1 nd scalar
— €Pé(1 — 75)"1 aysd pseudo-scalar
+€Té6,uv(1_y5)vl uoct’ (1—]/5)61'] tensor

ei‘ SMEFT correction to GF as extracted from muon decay



Anomalies in global SMEFT analyses. A case study of first-row CKM unitarity
V. Cirigliano, W. Dekens, J. de Vries, E. Mereghetti, T. Tong

G ‘ O ba ‘ Fit (arXiv:2311.00021)

flavor-assumption-independent analysis

e Drell-Yan collider processes ('C')
* |ow-energy charged current processes ('L)

— Neutron and nuclear 3 decays

~ Kaon and pion decays (T(K — uv,),
R,=1(zx — ev )/ (m - pv)),
Ry =1'(K — ev,)/T(K — pv,),
R,=T(K - /,wﬂ)/f‘(it - pv,) )

* electroweak precision observables ('EW’)

— observables measured at the Z pole (decay widths, asymmetries, hadronic cross section obtained

frome + e~ = Z — gg, W mass
—> put constraints on €;'s ~ vE/A?

(1) © () ~ _ —4
e, € €'~ 8.3+25%10

Otherfit:

A. Falkowski, M. Gonzalez-Alonso, O. Naviliat-Cuncic
(arXiv:2010.1379)) —> 20 TeV



Global Fit

0.004+
0.002+
0.000
-0.002+
Current B decays
------- Current LHC
- — Future B decays
-0004r @ mmmemee- Future LHC 1
-0.002 -0.001 0.000 0.001 0.002

ET

Isovector and flavor diagonal charges of the nucleon from 2+1+1 flavor QCD
Rajan Gupta et al. (arXiv:1812.03573)

e Currentand projected 90% C.L. constraints on € and e defined
at 2 GeVin the MS bar scheme

o Beta decay:

e The current analysis includes all existing neutron and
nuclear decay measurements,

e Future projection assumes measurements of the various
decay correlations with uncertainty of 0.1%

e |HC:
e Obtainedfrompp — e + MET + X

o ATLAS resultsatq/s = 13 TeV

e The projected future LHC bounds are obtained by
assuming that no events are observed at transverse mass
greater than 3 TeV

e LHC cannot constrain €;, and €p
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Beta Decay at the Tree Level

Four fermion operators Nertex correction

(3) = (lquTIlr) (QSVuT qt), QHua = i(H D H)(apy d )
Qledq = (Iper) (dsqe), Q%) = (HYiDLH)(T, T'y*1,),
Qlequ = (Tper) en(@ue) <~°’> = (HiDLH) (@, T'v*ar)

0D, = (Bower) ep@omue),

p ,r, s, tareflavorindices
here all 1

We work in the weak eigenstate basis
Mu — dlag (mw momt): Md= dlag (mdth!mt) VT li — (Vll.) i ( ui ) H

e, u, d — right-chiral fields,
T — SU(2) generators,

Du - covariant derivative



Muon Decay

eg‘) arises from the SMEFT correction to the Fermi constant extracted
from muon decay and is given by

ol - -
00 = (HTiDﬂH> (1, z"y"1,) A/e

Qll — (7pyﬂlr)(7sylult) -7
flavour indices:
(1,2,2,1)

>~

(1) — — <) o
°L T (C”ml + Cllzllz ) Z(CHIH T CHIZZ

e, u, d — right-chiral fields,
T — SU(2) generators,
D, - covariant derivative



Matching at the Electro-Weak Scale

o
|7 LEFT
Vector interactions for left quarks:

. € = egj) + eg) — el

L
(3)
3 [VCHq] u |,V Catly,
eV =2CH) +2 +4 ’
I/ud Vud
o
o Géc) —- — 2 llv
Vid
G _ 3) 3)
. GLM — (C”lzzl + Cllznz ) Z(CHIM + CH122)

eé”) - vertex correction

eg) - contact correction

eg‘) - correction to muon decay

—
J smerrly,

3
[V Cial |,
€R - = y
Vi
3
vep)
_ —_9 11
€s—€p= v ,
ud
1
[Vcl(ec;u ] 11
€S + €P = 2 V y
C(3) ud
o = lequ
= —
Vid
VC<3>] = COV,, + COV,, + COV,
[ Hg " Iilér 11 ﬁqu 21 %q 31

Bounds from beta decay (CKM unitarity)

2
Ackm =2|Via| el+2|V,

2 S
us €L
(0 o L) ~ _ —4
e, € €~ 83+x25%x1077,
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- SMEFT operator

Mixing Procedure

d u
H - - - - - /. —
.
3)
3) 0% 5 0
i o~ L

Triplet

3) —

0% = (H'iDH)@q,""q,) D = @,7,7'9)@r )

! T;‘

2 quarks and boson 4 quarks

20



More Examples

/ \
/ \
7/ \
/ \
/ \

- SMEFT operator

\/

Contribution to Ql(fl) and Q,qu) Contribution to Ql(;’) Contribution to Qy
3 1 3 3 1
from QC(ICI)’ QC(ICI)’ Ql(q) from Qc(zq)’ QC(ICI) from

21



Renormalization Group Equations

RGE Initial conditions for A = STeV
Tree level —wmmip Cﬁ B (yﬂﬁ 7,Bx> Cﬁ Cﬂ(A) =0
Loop level == Cx B Vi Vix Cx CX(A) — 1

; ' 3 ~3) 3)
Example of solutions of RGE's for CHq, CHZ and Clq

Mixing of operators

0.30F (Wilson coefficient
—_— B ("(:“Hq
Cﬂ](iuW) - z / l]jk(luW’ A)ka(A) 0.25} o,
k | (_f’("”l(l
0.20r
K‘ 0.15} |
_ 0.10f
0.051
/ \ 0.00F
0 1 2 3 1 5
mixing parameter bound from Energy seale g [TeV]
from RGE's the experiment

22



RH, Scalar, Pseudoscalar, and Tensor Terms

This class of couplings are suppressed by y,

Example:

. 4
O Ny ) T
Chud C 4<Cud + Cd> [YquL3

u
" 1331 1331

Results for €; at py, = 246 GeVin terms of Cgand C, at A = STev

eg = 0.950 Cpy,y —0.001 C)—0.0011 C®,

ep = 0.603 C)) = 0.600 Cjoyq +0.143 C)

es = —0.603 Cj}) = 0.600C,,q,+0.143 C)
er = 0.003 Cl(elq)u — 0465 Cl(géu

Coefficienents in blue are matched to a given €; at a tree level

Solving RGE

—

bounds of O(1)
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LH Currents

The largest contribution to €; ata loop level (k;; > 1072 0L = (szyﬂqr> (2,09,
09 =@y,7'q) (a,""q)
(3) 3) (3) OFg1&) - ’

Results for € at py, = 246 GeVin terms of Cpand C, at A = STev

;) = 0946 Cy —1.052CP +1.012C , - 0.965Cy
11 1111 1221 - —  Betad
+ 0198 C'y —0.026 C'y +0.026 C'gy —0.0471 C y_—0.100 C;) cladetay
1133 1331 1331 1122 2233 |
0.942 5 1.052 3 n
(S) v 3 Y v(3)
e’ = —— Cug— —— Cyy +1010C ;, —0.960 Cyy,
12 1112 1221 e
0.198 3  0.028 3  0.026 e
+ = C'g ——=—Clqq +——C'q —0.099C% —0047C y  — Kaon decay
A 1233 A 1332 A 1332 - 1122
+ 0.0144 (Cy, + Cg,+ Cy)) —0.016 (C'5) +CY) +C3)
11 7) 55 1111 1122 1133
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Results

With C, ~ v/ A*

C.(A =5TeV) | Constraint from | Strongest constraints Process
B decays from other processes

Cf?és —0.004 £+ 0.0013 |  —0.0073 £ 0.006(1) Top production
+0.00002(?) K — v

c) 0.008 +0.0025 | —0.00024 +0.00021® | B decays (Rx)

2233

C’1 un 0.018 &+ 0.005 —0.0018 4 0.0029 Muon pair production

C%Zél ~0.0314+0.009 | —0.035+0.027() Top production
+0.0009(2) Amg

Cii’éél 0.03 =+ 0.009 —0.042 + 0.024(V) Top production
+0.000042) K — nvi

(1) indicates that the fit was performed assuming U(3), X U(3), X U(3),; X U(2),, X U(2)q symmetry

M.D, V. Cirigliano, W. Dekens
ArXiv: (2402.06723)

Example of tree level
process, tf production at the LHC

Ny
VRN

Result: Stronger constraints on BSM operators from
loop-level processes than those achievable in other

channels at tree level.

25

(2) indicates that the constraint would disappear if one used the weak basis in which the down-type quark mass matrix M ; is diagonal.



Results vs LHC

Transverse mass distributions for events satistying all selection criteria in the electron channels.

| S
SN N

AN

N
2
|
2
|

Scattering amplitude I

C/ 2
J smt < SMEFT

. 2 2
Cross-section o6 =|Tgu| +2Re [.75M X .7SMEFT] + | T smerr]



Results vs LHC

Transverse mass distributions for events satistying all selection criteria in the electron channels.

SM

do /dE

' New Physics
EFT ,

E < ELHC VB> ELHC E

Search for a new heavy gauge boson resonance decaying into a lepton and missing
transverse momentum in 36 fo " of pp collisions at /s = 13 TeV with the ATLAS experiment



M.D, V. Cirigliano, W. Dekens
ArXiv: (2402.06723)

Results :

C Vv
A2

Cii| : . | 10.018 +0.005

lq ¢ —e— 10.0083 +0.0025

qq [} ° = 1—0.031 £ 0.009

qq r = ® 110.030 £ 0.009

qq | ot 1-0.0042 +0.0013 A~ 8 TeV

-0.04 -0.02 0.00 0.02 0.04

Result: Beta decay at loop level can probe higher energies (that correspond to masses of BSM

particles) than other processes, e.g., from LHC

28



[-decay on loop level

100 GeV

~1 GeV

100 MeV

>

4.BSM model

] )

: )

~" Matching

3. Loop-level SMEFT

Mixing: using RGE's to evolve

Wilson coefficients

2. Tree-level SMEFT
Matching

1. Global Fit

Beta decays

e Nuclear,

® neutron,

e |eptonicand semileptonic K
* Pion



Beyond the SM: a model above the high-energy scale

Assumption of BSM above the A scale

1. ZLpgspisinvariant under linearly-realized SU(3) . X SU(2), X U(1)y.

2. L pgascontaints only particles of spin < 1.
3. Adding one new particle at a time.

(), operator Heavy field
0o wy S S A A
II‘I’Gp (37 1)—% (37 3)—% (67 1)% (67 3)% (17 1)0 (87 1)0 (87 3)0
<(z}1) Wi q 92 T B g, H*
Irrep (37 1)—% (373)—% (67 1)% (673)% (173)0 (87 1)0 (873)0
Ql(s) Wi C W UQ X
Irrep (37 1)—% (37 3)—% (17 3)0 (37 1)0 (37 3)%
Qu S1 = B 4%
Irrep (17 1)1 (173)1 (17 1)0 (173)0

J.De Blas, J.C. Criado at al.
(1711.10391)



Summary

The CKM unitarity test is important for constraining €; and €5

eBeta decay probes BSM physics at a tree-level at ~ 20 TeV (needs
experimental and theoretical scrutiny!)

e\\Ve put constraints on New Physics operators that include top quarks

at ~ 8TeVataloop-level, which exceeds the LHC results!

\\Ve connect these operators to the BSM model



FLAVOR-CHANGING NEUTRAL CURRENT OPERATORS

« Atalooplevel (AF = 2):
Cﬂ = ¥pxCo
CFCNC = Yrene Cx
 Rotation to the mass basis

The strongest constraints arise from the rare p s
Vv —
AS =1 procesK — TVV — [LVLL] < 097 X 10 TeV

7y Vd = ~ ~ CV <20x1077, cD « 057 %103
v [Lyy 1= Gz + /1<Cllll — szzz) + - iids 1331

= 1 3 1 3 C® <2.0x%x107>, C® <037%x 1074
Cllij — Cl(q) — Cl(q) + 5HC§I; + 5”C}I; lq < X ag <

1133 1331
lj lj i i

With C, ~ v/ A*



