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e BSM searches at low-energy: landscape and theoretical tools

* Worked example: SMEFT analysis of charged current weak interactions
and the “Cabibbo angle anomaly”

e (Conclusions and outlook



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

No Neutrino Mass, no Baryon Asymmetry, no Dark Matter, no 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
- muon g-2 - CP&T Yiola.tion.
_ - Flavor violation in quarks & leptons
New force mediators, from dark sectors to multi-TeV Connection to Sakharov conditions for baryogenesis

Implications of high-scale BSM physics at low-energy are efficiently analyzed with EFT methods (scale separation!)



® Describe new physics originating at A >> vy through local operators of increasing mass dimension

[ A & Mgsm ] Ci [gBsm, Mo/ M)

6) .
C5) c! ,
D i 6 |
Lop =Lsy + —— O + Y =00 + ]
Weinberg 1979, Grzadkowski-Iskrzynksi- Misiak-Rosiek 2010,

Wilczek-Zee 1979, Alonso, Jenkins, Manohar, Trott 2013

Buchmuller-Wyler 1986,

e “Standard Model EFT” (SMEFT):

* Build operators out of SM fields

* |mpose Lorentz + SM gauge symmetry

*  Organize operators according to mass dimension: power counting in E//A, Mw//\.

At a given order the EFT is renormalizable and predictive
5



® Describe new physics originating at A >> vew through local operators of increasing mass dimension

[ A & Mgsm ] Ci [gBsm, Mo/ M)

%) c'%) ;

| o (5) ; (6) |

| Lg=Lsy + A O - Ez A2 Oi +
AL=2 AB=1, CPV. FCNC, ...

® Symmetries in SMEFT:

® B L Leur not enforced: per Weinberg’s definition, they are “accidental” in the SM, i.e.
consequence of keeping operators of dimension < 4 built out of SM fields & SM gauge group



® Describe new physics originating at A >> vy through local operators of increasing mass dimension

[ A & Mgsm ] Ci [gBsm, Mo/ M)

) c©) \
- (5) Z i (6) |
AL=?2 AB=1, CPV, FCNC, ...

® Beyond SMEFT: other EFTs differ in the assumptions about particle content and/or symmetry realization

e VSMEFT: SMEFT + vr
o HEFT: Higgs h is an SU(2) singlet. More general Higgs potential



To connect new physics to low-energy, use a tower of EFTs in which SMEFT is the SM-BSM link

Use appropriate
degrees of freedom
in each range of
energies

Write down all
interactions
consistent with the
given symmetries

At each threshold,
need appropriate
perturbative or
non-perturbative

matching conditions:

Ahi = Alow

Expand amplitudes
to a given order in
Mhow/ Mhi

Vew, Mw

kF. m11'

AEnuclear

e

<9 gtwe
e—

BSM dynamics

SMEFT

SU(3)c x SU(2)w x U(l)y symmetry

No B, L, CP. flavor

SU(3)c x U(1)em symmetry

Non-perturbative strong interactions

ChPT (1, N)

Chiral EFT (NN, ..)

-~

g

Matching
BSM theory
to SMEFT

Perturbative
matching
within SM

Hadronic
matrix
elements

Nuclear
matrix
elements



(

Operators that violate approximate or exact
symmetries of the SM: mediate rare or

forbidden processes (proton decay, Ov[3[3,
EDMs, u—e, quark flavor violation, ...)

\_

\

Operators that give corrections to SM
“allowed” processes: probe them with
precision measurements (muon g-2,
weak decays, electron scattering ...)




4 )
Operators that violate approximate or exact
connection between low-E and collider probes

forbidden processes (proton decay, OV[3j3, (including EIC)
including

EDMs, u—e, quark flavor violation, ...)

g J

CP violation AL=2 processes LFV processes
EDM 1<A>SPIN SM EFT & VSM EFT
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Emanuele Mereghetti Sebastian Urrutia-Quiroga Kaori Fuyuto
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Operators that violate approximate or exact
symmetries of the SM: mediate rare or

forbidden processes (proton decay, Ov[3[3,
EDMs, u—e, quark flavor violation, ...)

\_

\

J

In the rest of
this talk

Operators that give corrections to SM
“allowed” processes: probe them with
precision measurements (muon g-2,
weak decays, electron scattering ...)

Precision tests with weak charged currents
(from 3 decays to precision EW tests and LHC)

n
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Ex
Vv
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LHC: pp = ev + X




Precision tests with weak
charged currents




In the SM, W exchange = only “V-A” + Cabibbo and lepton universality

-
u.
gVij/ i
d W
P e
g <
Ve
\

GrB) ~ GFM Vi ~1Iv2V;

Vud Vus Vub
Vea Ves Vb
Viae Vis Vi

Cabibbo-Kobayashi-Maskawa

12

Cabibbo Universality

-

Vol + \vusmw 1
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Lepton Flavor Universality (LFU)




* |n the SM, W exchange = only “V-A” + Cabibbo and lepton universality

-

—

Ve

u.
U; |
hl I :R/
g EL,S,PT
d j " dj W i
Ve

er~ (v/N)2

GrB) ~ GFM Vi ~1Iv2V;

| /\2

| /\2

* New physics can spoil universality. With current precision of 0.1-0.01% we can probe A > 10 TeV

~0..95 ~0.05 ~1.5 X10-

( )
Vial? + |Vas? + R = 1
- Y,

6Vud/Vud ~ 0.02% 6Vus/Vus ~ 0.2% 6Vub/Vub ~ 5%

Rey = I (T ev)/ (T V)

R,/ (SM) = 1.23524(015) x 10~*  001%

R,/ (Exp) = 1.23270(230) x 10~*  0.18%




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

Lk = (GF)? x |Vij|* X [ Miaal* x (1+ 8rc) X Fian

Channel-dependent Hadronic matrix Radiative corrections:
effective CKM element element (a/m)~ 2.x 10-3

|3



ExtractV,s=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 Radiative corrections:
effective CKM element element (a/m)~ 2.x 10-3

\
|V-z'.j|2 — |V;j‘2 X (1 + Zcz ea)
Q/ \

Calculable coefficients BSM effective couplings

|Vud|2 + ‘Vu3|2 + ‘Vub|2 =1+ ACKM(GZ')

|3



VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein, including FLAG21]

0.0pg, [ references therein ncluding i
 Ackm = IVudl2 + [Vysl2 + IVipl2 - 1

0.226}

* Bands should intersect in a single region and that region

Vv | should overlap with the unitarity circle
Us0.224 .
| e ~30 problem even in meson sector (KI2 vs KiI3)

| * ~30 effect in global fit (Ackm= —1.48(53) x10-3)
0.222;

Neutron (0.043%)
0+ — 0*+(0.031%)

220 -
0eB960 0965 0970  0.975

Vud
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VC-Crivellin-Hoferichter-Moulson 2208.11707

O 228 [and references therein, including FLAG21] ° Expected experimental improvement:
" Ackm = IVugl2 + 1IVsl2 + IVpl2-1 * neutron decay (will match nominal nuclear uncertainty)

* pion beta decay (6x to |0x at PIONEER phases I, lll)

* new Ku3/Ky2 BR measurement at NA62

0.226}

_ |  Expected theoretical scrutiny
Vs 0.224 e Lattice: K—TT vector f.f. and rad. corr. for KI3
|  EFT for neutron and nuclei, with goal 0Arc ~ 2X 104

0 222__ e Ab-initio nuclear structure calculations

Neutron (0.043%)
0+ — 0*(0.031%)

220 -
0eB960 0965 0970  0.975

Vud

* Possible BSM explanations

|5



VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein, including FLAG21]

0228———— ——— ——

 Ackm = IVudl2 + [Vysl2 + IVipl2 - 1

0.226}
Vs 0.224

0.222:

Neutron (0.043%)
0+ — 0*(0.031%)

0220 - o

o
0.960 0.965  0.970 0.975
Vud

Expected experimental improvement:

* neutron decay (will match nominal nuclear uncertainty)
* pion beta decay (6x to |0x at PIONEER phases I, lll)

* new Ku3/Ky2 BR measurement at NA62

 Expected theoretical scrutiny
e [attice: K— 1T vector f.f. and rad. corr. for KI3

 EFT for neutron and nuclei, with goal 0Arc ~ 2X 104

e Ab-initio nuclear structure calculations

* Possible BSM explanations

Will discuss in the SMEFT framework

|5
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Ke, My

To connect UV physics to beta decays, use EFT

BSM dynamics

SMEFT

SU(3)c x SU(2)w x U(l)y symmetry
No B, L, CP, flavor

Chiral EFT (N,TT,...)

Many body QM

|6

e Start with GeV scale effective Lagrangian

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

* Quark-level version of Lee-Yang
effective Lagrangian



VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

(0)

G _ _
ﬁgb()j = \/% (1 T E(LM)> eV’ (1 —v5)ve - 1 Yp(L —y5)p + ...

Semi-leptonic interactions

GOV y
V2

+ ep Ly (1 —y5)ve - ay™(1 4 5)d

o
o
!

|

(1 + eiD) eVu(l = y5)ve - uy"(1 — 5)d

+ e’ L1 =) -ud {a'*(v//\)z]

e (1 — v5)vp - Urysd

+ e Lo, (1 —y5)ve - uo™ (1 — v5)d | +h.c.




VC, Gonzalez-Alonso, Jenkins 0908.1754, NPB VC, Graesser, Gonzalez-Alonso 1210.4553, JHEP

Leptonic interactions

G(O) ) i
ﬁgb()j = \/% (1 T E(LM)> eV’ (1 —v5)Ve - UuYp(1 —y5)p0 + -
G Vaa () Semi-leptonic interacti
. 1 _ ) emi-leptonic interactions
A U
G Vi

o
o
!

|

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

V2

+ ep Ly (1 —y5)ve - ay™(1 4 5)d

R o

e (1 — v5)vp - Urysd

+ e Lo, (1 —y5)ve - uo™ (1 — v5)d | +h.c.




0228+

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

— 5 5 Z S 0.224.
/ ! a | 0.222
/ | N |
Channel-dependent Elements of the Known 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 V.4 and Vs bands meet on the unitarity circle

|18



0228+

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

— 5 5 Z S 0.224.
/ ! a | 0.222
/ | X |
Channel-dependent Elements of the Known 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 V.4 and Vs bands meet on the unitarity circle

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

|18



* Right-handed currents (in the ‘ud’ and ‘us' sectors)

Vil e = Vil <1+26
Vidlnsper = Vaal® (1 +2¢
Vislices = [Vasl’ (1+26
Vadlz . = [Vaal’ (1 +2¢
Vs, = [Vasl’ (1 —2e
Vidls,, = [Vaal® (1 — 2¢

0.228

0.226!
| >§ 0.224|
0.222|

0.22(5)-

960

0.965

_0.970
Vud

0.975

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

e CKM elements from vector (axial) channels are shifted by |+&r (l-€r) = Vus/Vud, Vud and Vs shift in

anti-correlated way, can resolve all tensions!

19



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
| | €, = —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 in conflict with constraints from other low-E probes

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

20



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
| | €, = —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 in conflict with constraints from other low-E probes

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

20



To connect UV physics to beta decays, use EFT

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

(>TeV) | |
/i\ SMEFT
><

SU(3)c x SU(2)w x U(l)y symmetry
No B, L, CP, flavor

Vew, Mw |
\ —— i
SU(3)c x U(I)em symmetry
Ax
(~GeV)

9 atwe

kF_ My 3 Y

L
v
&

. Many body QM

21
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kF, m'n

To connect UV physics to beta decays, use EFT

A

&8 gte
)

BSM dynamics

SU(3)c x U(l)em symmetry

Chiral EFT (N,TT,...)

Many body QM

21

T~
LEFT

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

v - uZL .
() ‘(dz) H = (

/

4 PN )
3 - . _
i = (H'%DLH)(g7" ")
Gauge
invariance
EL
\
4 )
ER
\ %

Can be generated by

W_L-Whr mixing in Left-Right symmetric models

Dekens, Andreoli, de Vries, Mereghetti,
Oosterhof, 2107.10852

22

or by exchange of vector-like quarks

Belfatto-Berezhiani 2103.05549
Belfatto-Trifinopoulos 2302.14097



eLr originate from SU(2)xU(1)

invariant vertex corrections

W_L-WR mixing in LRSM

Dekens, Andreoli, de Vries, Mereghetti,
Oosterhof, 2107.10852

Vector-like quarks

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

23

(i DL H)(

Gauge
invariance
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a7 V"0 )
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eLr originate from SU(2)xU(1)
invariant vertex corrections

U;
d
-
Ve
R Qrud = i(H'Dy,H)(upy"dy)
| Q%) = (H'%DLH) (g v"q)
3
& = (Y DLH) (I, )

24

&spT and one contribution to

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

U;
d,
-
Ve
Qledg = (ze)(zf{)‘l‘h-c-

Ql(el(gu — (l—ae)fab(qu)-Fh.C.

(3)

lequ

qu

(laa “e)e® (gpo ) + h.c.

= 10"l q7"o"g

Qu = Z_W/Ll Rl




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

25

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 §y*o’q
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 7'’
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




Qledg = (Ze)(zq)—i-h.c.

QHud Ql(i;u = (l_ae)eab(cjbu) + h.c.
3 7 v ab( —
Qlry = Ql(e;uz (1.0" e)e™ (G0 ,u) + h.c.
= Qi) = ol 7"
— ] ]~/
L Qu = Iyl Iy" )

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

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

Current LHC results allow for to €Lr ~ 5%

26
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QHud

QY
(3)

* % Hl

i(H' D, H)(w,7"d, )
R e _
(H'i DLH) (G, 7"q,)

(Y DL H)(,r yw1,)

Contribute to Z-pole and other precision electroweak (EVWV) observables, including™ Mw

27




i 1 7 a - _ PI——
Qrua = i(H'D,H)(,v"d,) QW = (le)e®(gsu) + hic.
H _ 3 7 v ab s —
Qtpy = (H'D [ H) (@ 7 qr) Quere = (0™ €)™ (Gp0,u) + hc.
: 7 3 1 aj = a
* % g{g = (HTiﬁfLH)(lpTW“lr) Ql(q) = [y,0°l gv"'0"q
- /
E le: omyy p2 -20 - O + 2 (20(3) -C )
Xamp c. m‘Q/V — S%U o C%U - HWB ™ 28w HD C,w HI [l -

% Wi v
www @y < \

‘Oblique corrections’
Shift to Gr
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* A consistent analysis of [3-decays in SMEFT requires data from, Collider, Low energy, and ElectroVWeak tests

EW

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



* A consistent analysis of [3-decays in SMEFT requires data from, Collider, Low energy, and ElectroVWeak tests

Corollary: a consistent SMEFT analysis
of precision EWV observables requires
including constraints from low-energy

CC processes ([3-decays)

EW

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



* A consistent analysis of [3-decays in SMEFT requires data from, Collider,

 Minimal set of operators involved **

L=~Lsu+ ) CiQ;

Low energy, and ElectroWeak tests

P —

Operators L | EW C
H*D?
QHD (HTD“H)* (H'D,H) | parameter shift (myz)
X?H?
QHWB H'r'H WI{VBW parameter shift (sin Oy )
V2H?D

Q') (HYD H)Gnl) | X | v v
Q% @Y D)1y ) | v | /
Qe (H'i'D H)(ete,) | X | v /
Qn, | WiD.mante) | x| v v
Qgé (HTiﬁﬁH)(‘pTI’y“qr) |V v/
QHu (HTiﬁuH)(ﬂpvﬂur) X| 4
Qua | (H'WD,H)(dn'd) | x| v /
Qrua + he. | i(H'D, H)(ayy*d,) |/ | X v/

29

T Operators L | EW C
(LL)(LL)
Qu (l_m’“ lr)(_s%lt) parameter shift (G F)

Qly’ (Lp 1) (@57 a) X| v v

Qi I ) @t a) | V| v v
(LR)(RL) + h.c.

Qedg (Tper) (dsqy) /X /
(LR)(LR) + h.c.

Ql(elg)lu (Bher)ein(qEu) | oX /

Qo | Bowwer)en(@a™u) | v v




* A consistent analysis of [3-decays in SMEFT requires data from, Collider, Low energy, and ElectroVWeak tests

 Minimal set of operators involved **

L=~Lsu+ ) CiQ;

P —

Operators L | EW C
H4D?
QHD (HTD“H)* (H'D,H) | parameter shift (myz)
X2H?
QHWB H'r'H WlfVBW parameter shift (sin Oy )
Vv2H2D
Q') (HYD H)Gnl) | X | v v
Q% @Y D)1y ) | v | /
Qe (H'i'D H)(ete,) | X | v /
Q| @D @) | X /
Qgé (HTiﬁﬁH)(‘pTI’y“qr) |V v/
Quu | (HUD H) (@) | X | 7 v
Qua | (HUD,H)drd,) | x| v v
Qrua + he. | i(H'D, H)(ayy*d,) |/ | X v/

29

U

Operators L | EW C
(LL)(LL)
Qu (l_m’“ lr)(l_s%lt) parameter shift (G F)
Qz(ql) (L 1) (Tsypuat) X| v v
Qi @y L) @vr'a) |V | Y
(LR)(RL) + h.c.
Qredg (Ber)(dsgry) /| ox v/
(LR)(LR) + h.c.
Qi Beep(@dhu) | /| X v
Q. | Boween(@o™w) | /| X v

**We are not including ‘Id, lu, ed, eu, ge’ 4-fermion operators that affect Drell-Yan
(included in our analysis), NC processes at low-E & DIS (not included in our analysis).
Inclusion of such operators would lead to a ~ closed set of observables & operators.

Do not expect big impact on the operators kept in our current analysis.

Bussolotti-Boughezial-Simsek 2306.05564, Boughezial et al. 2303.08257, 2204.07557
Crivellin et al., 2107.13569



* Most analyses impose flavor symmetry to reduce number of couplings (e.g. only 9 Wilson Coefficients in the
CLEW analysis if assume U(3)?). However:

* Lead to model-dependence (e.g. excludes classes of operators / models such as LRSM)

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

30



* Most analyses impose flavor symmetry to reduce number of couplings (e.g. only 9 Wilson Coefficients in the
CLEW analysis if assume U(3)?). However:

* Lead to model-dependence (e.g. excludes classes of operators / models such as LRSM)

* Results 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

Bn strongly constrained by FCNC.
Often appear in CLEWV observables
suppressed by powers of Ac~0.2
= Set B,=0. Expect minimal impact on A,

Wilson Coefficients: An
An’ Bn, Cn

(testable with more computing and people-power)

Liot = Letew(An, Bn) X Lreene (Bn Ch) X oo 2 Lot = Letew(An, Bn=0) X Lrenc (Bn Ch) X ...
?

30 ~ factorized likelihood




CLEW analysis with no assumption about
flavor symmetry requires 37 couplings

Global analysis

Indices (mass eigenstates)

(1,3)

CYI—Il ? CYHe
pr pr
(d)

C1Hq ) 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

pr € {ee, pup, TT}

pr € {11,22,33}

pr € {11,22}

pr € {11,12}

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

te{e, put

31

d 1 3
Cyp) = CYy) + O

q

U 1 3
Cliy = V|Ch -]V

d 1 3
c® = oV 4

U 1 3
o = veW - o] vi



Large fits (e.g. with 37 Wilson Coefficients) not particularly enlightening

Not all operators matter for the fit!
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Large fits (e.g. with 37 Wilson Coefficients) not particularly enlightening

Not all operators matter for the fit!

e Best fit W.C)s are all consistent with zero at the 2-0 level

0.51 Cs7 4 0.33C) +0.45 Cjogy — 0.40 CY
22

lequ
2222 5911 2112

0.41 Csp — 0.47C%) +0.42C |
29 2112

/ Extreme example: CLEW37 fit with CDF input for mw

* Analyze eigenvectors of the covariance matrix, their corresponding best fit values, and their
(uncorrelated) variance = A handful of eigenvectors are non-zero at > 3-0 significance

—0.34C ;; = —0.0016 x (3.7+ 1) TeV~*

= —0.0030 x (6.5 + 1) TeV 2

= 0.0093 x (3 -

\ —0.83Cp. — 0.34CY) —0.31C)
11 11 11

:'I)TFG\I_Q.

~

/
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Large fits (e.g. with 37 Wilson Coefficients) not particularly enlightening

Not all operators matter for the fit!

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

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

Minimization of AlIC;

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

33



) 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

34



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 &tandard 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’

0.0

certain classes of effective couplings ol ) O e Model
RAA
| N ﬁ ﬁ A v, O CHud §é Model D {OSTa Oll} |
. . L s o |
e Akaike Information Criterion favors = ol . YYD o Rest of the models | Favored
: : _ A A A _ models
models with Right-Handed Charged Qﬁ — . Aggg A A 1024 models |
_ % - _ T
Currents of quarks R [ 8800, BRRAA. L
e Most important operators: R-handed CC, 1.0 . . |
oblique corrections, 4-lepton | PDGmw | |  }§ Disfavored
08 ._ ....................................................... CDF m ..... .: models
e R-handed neutral currents (CHe, CHd) | L v
aPPear in ‘next beSt mOdeIS’: mitigate WC 0.6 h ............................................................................................... , ‘
|  some Z-pole tensions oo NI |
e Modelt | | i
: Weisht f del 1 Sum of the weights of models - :
also fa elg I or mode i which 8is turned on 0.2 h . I . B h \“,
, o SAAIC, | W ﬁ? !

(1,3)
lequ CHl

ledq

Crhua Csr O Cl(:q)u C'He C]}{IU Cg(}?’) Cl(;’:g) C(l)

d

_posaa o O 23 0 Al A e e VT b ) SR e e B4 Lo b2 B
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AAIC; = AICg\ — AIG;

e Qualitatively similar** conclusions if one includes the CDF mw measurement

20 -

-30

10 |

-10|

-20r

I PDG mw

<

wd € Model

rua & Model 2 {Csr, Cy}

O Rest of the models

10

20

Number of Parameters

40

D
o

AAIC; = AICg\ — AIG;

-20r

60 [

o

38

10

20

Number of Parameters

40

Model 2 {Cyua, Csr, Cy}

Crug € Model D {Csr, Cy}
Cst ¢ Model D {Chuq, Cu}
Cy ¢ Model D {Chua, Csr}
{Chua, Cs7} ¢ Model > Oy
{ChHua, Cu} ¢ Model > Cgp
{Csr, Cy} ¢ Model 5 Cyuqg

Rest of the models



AAIC; = AICg\ — AIG;

e Qualitatively similar** conclusions if one includes the CDF mw measurement

20

-30

10

-10}

-20 1

I PDG 11RAY Y

wd € Model

< Chua & Model D {Cgsr, Cy}

O Rest of the models

10

20 30

Number of Parameters

40

AAIC; = AICg\ — AIG;

D
o

N
o

-20r

60 [

o

20

Number of Parameters

CKM “anomaly” not ruled out by other data!
Unitarity test provides relevant input to unravel possible new physics.

38

40

Model 2 {Cyua, Csr, Cy}

Crug € Model D {Csr, Cy}
Cst ¢ Model D {Chuq, Cu}
Cy ¢ Model D {Chua, Csr}
{Chua, Cs7} ¢ Model > Oy
{ChHua, Cu} ¢ Model > Cgp
{Csr, Cy} ¢ Model 5 Cyuqg

Rest of the models



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

/ Er W
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0.228

* The Cabibbo angle anomaly is one of few low-energy “cracks” in )
the SM, probing new physics up to A~ 20TeV — big deal if
confirmed, requires both experimental and theoretical scrutiny

Vis 0204

0.222 g

I Neutron (0.043%) %

- 0+ — 0+(0.031%)
020960 0965 0970 0975
. . . . . Vud
 Simplest BSM explanations of Cabibbo anomaly given by “right- —
handed vertex corrections” in the SMEFT language

B

C
e CLEW framework is necessary for consistent analysis and RH CC
‘explanation’ of the Cabibbo anomaly survives CLEWed analysis

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

EW

T —
40



The traditional set of EWPO considered in the literature should be extended
(both in the U(3)> and general flavor case) to include at least low-energy CC
processes & Drell-Yan: they constrain subset of couplings at similar precision!

Flavor symmetry assumptions reintroduce model-dependence in the SMEFT approach. Flavor
symmetries can make the analysis ‘blind’ to simple BSM scenarios (e.g. U(3)> and RH currents). We
argued that likelihood can be approximately factorized.

A SMEFT-based ‘model selection’ analysis (with AIC or other metric) can be quite insightful and ultimately
should help unraveling the underlying new physics if anomalies arise / survive

Towards a complete (tree-level) SMEFT analysis of precision observables that do not involve FCNC and CPV:

e Observables that currently have weaker sensitivity: K decays; HW, ZWV production at the LHC
* NC processes: PVES, APV, DIS (— EIC)

4]
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VC, Dekens, deVries, Mereghetti, Tong 2204.08440, 2311.00021

e (Cabibbo universality test quantitatively and qualitatively affects global fits to precision EVV observables

e Example: explanations of mw ‘anomaly’ in SMEFT + U(3)>

o2 SunnC ) A\
=00 w2 2Cpwp CHD + 2 C( ) Cll)
miy s — Ci )
. \ Shift to Gr

= < ‘ .
Z 2 Oblique

] = corrections’ v e‘m<vu

VN ‘\/\/\/\/w 0
~20 0 20 40 60 80 100



VC, Dekens, deVries, Mereghetti, Tong 2204.08440, 2311.00021

e (Cabibbo universality test quantitatively and qualitatively affects global fits to precision EVV observables

e Example: explanations of mw ‘anomaly’ in SMEFT + U(3)>

SmZ, 5 SwCw  Cu Sw (5B A)
mIZ/V — U 3121; — 6121) _2 CHWB - 25, Cup + a (2 CHZ IS Oll)_
R = R - N
3
| ACKM — U2 [CA — 2 Cl(q)}
Z )
% % Ch =2 {Cﬁ; — CSZ) i CH} \
| = \_ / J

) L u
. e qL
20 0 20 40 80 80 d




VC, Dekens, deVries, Mereghetti, Tong 2204.08440, 2311.00021

e (Cabibbo universality test quantitatively and qualitatively affects global fits to precision EVV observables

Example: explanations of mw ‘anomaly’ in SMEFT + U(3)>

deBlas et al 2204.04204,
Bagnaschi et al 2204.05260, ...

om? R
TnQW — fU2 ;wch QCHWB | Cw CHD + S—w (2 Cj(—_:;l) 1 Oll)
mW Sw — Cw L 2511) Cw J
e - ™
9 3
| ACKM = U [CA — 2 Cl(q)}
_ : Y v
Z 2 Ca =2 [02; — O+ sz}
| = \_ J
Global fit to EWPO without Ackm = too large a Ca
—o— A = —(0.012 4 0.005) .
_20 20 40 60 80 100
my-m3)" (MeV)



VC, Dekens, deVries, Mereghetti, Tong 2204.08440, 2311.00021

Cabibbo universality test quantitatively and qualitatively affects global fits to precision EW observables

Example: explanations of mw’anomaly’ in SMEFT + U(3)>

0.3

0.0F

-0.2

-0.3

2
5mW: 0

SwCw
2 _ 2
W Cw

2CHWB

0.2~

01-

EWPO

-0.4

02
C, (TeV?)

0.0

0.2

44

23w

Y Cup + 22 - (2 Cj(-ﬂ) éu)

4 )

ACKM = U [CA — 20(3)}

Ca =2|C) = O3} + Cu

\— _J

Include Ackm & decouple from mw by
turning on Ciq(3): but constraints from
Drell- Yan at the LHC can’t be ignored!



VC, Dekens, deVries, Mereghetti, Tong 2204.08440, 2311.00021

e (Cabibbo universality test quantitatively and qualitatively affects global fits to precision EVV observables

e Example: explanations of mw anomaly’ in SMEFT + U(3)>

om? SunC ) c S A\

%% 2 w Cw W w 3

5~ =V 5 2CgwnB - CHD+_<201(-JZ)—CZZ)
mW Sw - C’UJ i 28’11} Cw -

0'3_ ,

2] N .y CKM — U A—2C

0.1- L ot i _ [ _(2) _(2) A

Quantitative point: best fit values for effective couplings with or without Ackm change

Qualitative point: global analyses of ‘electroweak precision observables’ should be extended to
include low-energy (such as Ackm) and collider (such as Drell-Yan) observables

_03L . | . . 1 - ! \ ] . \ \ | , ]
-0.4 -0.2 0.0 0.2

Ca (TeV'z) 44




e

Bagnaschi et al 2204.05260

mw 2020 w/ LHCb
Diboson & Higgs
Z-pole

my, 2022 w/ LHCb

Ackm

Combined 2022: 2 parameter fit
Combined 2022: 5 parameter fit

AckmMmis at the same level of
the strongest constraints

...................

01 __ 00 01-0.05 000  005-01 0.0
(3)
Chp Co Cy
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VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein, including FLAG21]

0.opg__ Lond references therein,including FLAGZ1]
 Ackm = IVudl2 + [Vysl2 + IVipl2 - 1

0.226+
Vs 0.224

0.222}

Neutron (0.043%)
0+ - 0+(0.031%)

020960 0965 0970 0975
Vud
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0.228,
0.226.
Vis 0004
0.222

0.220

0.

VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein, including FLAG21]

Ackm = Vg2 + Vsl + [Vypl2 - 1

Neutron (0.043%)
0+ — 0*+(0.031%)

~

/ Ratio of decay constants s from Lattice QCD

QED + strong isospin-breaking: Lattice QCD and ChPT

ChPT: VC-Neufeld, | 102.0563
LQCD:

No contact (LEC):
contribution cancels

960 0.965 0.970  0.975

Vud

FLAG:2111.09849
Di Carlo et al.,, 1904.0873 |
Boyle et al., 2211.12865

in the ratio!

\_ /
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0.228,
0.226.
Vis 0004
0.222.

0.220

0.

VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein, including FLAG21]

Ackm = Vg2 + Vsl + [Vypl2 - 1

Neutron (0.043%)
0+ — 0*+(0.031%)

ﬂr{ [VIK> form factor from Lattice QCD  rLAG:2111.09849 \

QED + strong isospin-breaking: ChPT + LECs estimated with
dispersive methods and LQCD |

960 0.965 0970  0.975
Vud

VC, Giannotti, Neufeld 0807.4607

Seng et al, 1910.13209, 2103.00975. 2103.4843. 2107.14708.
2203.05217. Ma et al. 2102.12048
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0.228

0.226
Vs 0.224
0.222

0.220

0.

VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein, including FLAG21]

Ackm = Vg2 + Vsl + [Vypl2 - 1

Neutron (0.043%)

/

NLL RGE in ChPT
and pion-less EFT

0+ — 0+ (0.031%)

960 0.965 0970
Vud

\

/‘L’n and <p|A|n> form experiment (use most precise results) \

<p|V|n> with QED: ChPT + LECs estimated with dispersive
methods and LQCD

RSV

T

T

Non-perturbative contribution

A Vo

ol = U0 1 T+ B ] 00 ) )

\ \

NLL RGE in LEFT

Wilson Coefficient
at hw ~mw

)/

Matching and running: VC-Dekens-Mereghetti-Tomalak 2306.03 138
Input from dispersive theory and LQCD
[Seng et al. 1807.10197, 2308.16755]
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VC-Crivellin-Hoferichter-Moulson 2208.11707
[and references therein, including FLAG21]

0228+

Ackm = Vg2 + Vsl + [Vypl2 - 1

ﬂong history. Current bottleneck from nuclear-structure \

dependent radiative corrections

0.226+

Vus 0204

0.222}

Towner-Hardy 2020 PRC
\ Gorchtein, Seng 2311.00044 and references therein /

Neutron (0.043%)
0+ — 0*+(0.031%)

020960 0965 0970
Vud
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: Widely separated scales: Assm, Mw, Ay, Mn, Me ~ Qext = Tackle the problem through a tower of EFTs

One nucleon

VG, J. de Vries, L. Hayen, E. Mereghetti, A.Walker-Loud 2202.10439, PRL
VC, W. Dekens, E. Mereghetti, O.Tomalak, 2306.03138, PRD

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

Point-like nucleus
K.Borah, R. Hill, R.Plestid, 2309.07343, 2309.15929, 2402.13307
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: Widely separated scales: Assm, Mw, Ay, mn, Me ~ Qext = Tackle the problem through a tower of EFTs

l Perturbative matching

Standard Model Effective Field Theory
l Perturbative matching

LEFT: Fermi Theory + QCD + QED

l Non-perturbative matching: Lattice QCD,
dispersion relations, data, ...

Chiral Perturbation Theory

l Integrate out pions

Chiral & pion-less EFT

The EFT expands amplitudes in €’s and re-sums large logarithms ~ ar*m (In(€))"




C Widely separated scales: Assm, Mw, Ay, Mn, Me ~ Qext = Tackle the problem through a tower of EFTs

¥
S 2V i e et e T . S e NSRRI R R R IER2 R e

Single nucleon

Larger radiative correction to neutron
decay rate shifts Vuq by -0.013%

[effect due to difference in treatment of the
NLL ~ a? Log(mn/me) terms]

ot A A
A et A




C Widely separated scales: Assm, Mw, Ay, Mn, Me ~ Qext = Tackle the problem through a tower of EFTs

¥
e e Tl e et e T . S e NSRRI R R R IER2 R e

Multi nucleon

Hard photons induce NN — NNev contacts =

4 )
£2b — _\/§€2GFVud éL”)/OVL X
L N'TTN (e’gp1 N'N +€e°gyy N'°N) 5

. NN 1
Renormalization = gyiyv2 ™~ —
’ Fﬂ' AX

Ons in EFT: weak two body potentials of O(Gragy)
(Recall mn/Ay~0.1)

Two currently unknown LECs!




* Wilson coefficients determined from the matching condition Asmert = ALerT

* Tree-level matching for BSM operators determines ELRrspT

d'g‘"/— +L§=Z€i' o e”
e - ) _

B U
Ve €

.

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

BEE RO

“Full” theory (higher scale EFT) “Effective theory” (lower scale EFT)
GrViud _ .
Lec — = Cs(11) €ava(l —y5)1 - uy™ (1 — y5)d + . ..
V2
M
Cs(p) =1+ glog Z 4. > Large log @ M << Mz

560 H



e (General case

Vadlor 0+ = |Vaudl’ (1 +2(e7° +€r—€f )) + 5. (7) € )
‘V“dln—weu = |Vadl* (1 2 (e +€r — 62‘)) ek + cTegf)

‘VUS I%(e3

o (1426 + 67 - &)

Va2 = [Vadl® (1 P2 4 en— el ))

[/ s s By .
‘V‘USI%{”Q — ‘Vus‘z 1 -+ 2 (6#“( ) G%) — 6%‘)) — QE elg‘( ))
[/ B
Vil = Waal (14206 - en— ) 220 )
p -
£s() : shifts the slope of the scalar form factor, £1(): suppressed

at levels well below EXP and TH uncertainties by miept/mi
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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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And references therein



