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Finding new physics: the energy frontier

1. collide protons at high energy, and see what comes out

® create new particles and/or
study their effects on rare processes
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Finding new physics: the precision frontier

Majorana
demonstrator

2. search for tiny indirect effects,
with no (very precisely known) SM background

® electric dipole moments ® muon and electron g — 2

® neutrinoless double 8 decay

® kaon physics
® lepton flavor violation (. — e(7y))

® rare B decays, b — sy
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Finding new physics: the precision frontier
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1. observables w. SM background
need precise SM background to claim discovery
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Finding new physics: the precision frontier
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. observables w. SM background

need precise SM background to claim discovery

. observables w/o (w. negligible) SM background ~
need precision to extract microscopic symmetry violation params (8, mgg,. . .)

competitive/complementary to energy frontier.
What can we learn from the complementary?
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vV, my —

My —

Connecting high-

and low-energy probes

new physics A > v

SM-EFT operators

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

perturbative matching
integrate out heavy SM d.o.f.
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v, mwy

Connecting high- and low-energy probes

new physics A > v

SM-EFT operators
d

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

Chiral Effective Theory

DAy
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v, mwy

mz

Connecting high- and low-energy probes

new physics A > v

SM-EFT operators

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

Chiral Effective Theory

strong nuclear interactions

Many body

O

=

DAy
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Effective Field Theories: the Standard Model

1= -_; Flw ke
+ LIE)L +he

t %:%q’%¢fh

A Y RY)

All possible operators:
® written in terms of SM fields (and maybe some light vx)
® with local SU(3). x SU(2). x U(1)y invariance

® organized in a power counting based on canonical dimension

L= ESM+ZC15051+ZCIGOGA+E 17071
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The Standard Model as an EFT

LS
three/four bosons h self-coupling scalar-gauge
i
Yukawa dipole vector/axial currents four-fermion

® many dimension 6, oc 1/A*
Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula et al. ‘91, Grzadkowski et al. ‘10 . ..
® model independent description of BSM physics
® robust framework to analyze LHC data
see K. Mimasu, R. Boughezal, W. Altmannshofer
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https://agenda.hep.wisc.edu/event/1644/contributions/26117/
https://agenda.hep.wisc.edu/event/1644/contributions/26165/
https://agenda.hep.wisc.edu/event/1644/contributions/26420/

Effective Field Theories: Chiral EFT

2N Force 3N Force 4N Force 5N Force
from D. R. Entem and R. Machleidt, ‘17

see also:

P. Reinert, H. Krebs, E. Epelbaum, ‘18

M. Piarulli et al, ‘16

M. Piarulli et al, ‘14

A. Nogga, R. Timmermans, B. van Kolck, ‘05
D. Kaplan, M. Savage, M. Wise, ‘96

;\/‘J\:O | b - 1[" L I | see talks by C. Drischler, H. Hergert,
’ v | ‘\ X . M. Piarulli

Exploit QCD symmetries & scale separation in hadronic/nuclear physics

O~my KNy =47F: ~1GeV

® expand NN potential and external currents in Q/A,,
e fit LECs to data in 2- and 3-nucleon systems & calculate everything else
® small expansion parameter allow for uncertainty estimation
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https://agenda.hep.wisc.edu/event/1644/contributions/26196/
https://agenda.hep.wisc.edu/event/1644/contributions/26154/
https://agenda.hep.wisc.edu/event/1644/contributions/26153/

External currents in chiral EFT

@\ «J\gl_i\ Axial current: g y"vsq
H \ 1 \

X 5,% two-nucleon currents

2 Jjjﬂ {{::{ H% [ A E

@) [ ) [ 5 (m) (n) § (o)

%‘ l“ﬁ l‘b ﬁ%‘ j[,ﬂ %1< %,g %{ %\g from A. Baroni et al, ‘16

® formalism can be applied to operators that mediate BSM interactions
® external currents consistent w. nuclear potential
e.g. vector, axial, scalar, pseudoscalar, tensor
® and symmetry-breaking potentials
e.g. neutrino potential in Ov3/3, P- and T-violating potentials
® Lattice QCD needed for LECs!
see M. Wagman
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https://agenda.hep.wisc.edu/event/1644/contributions/26425/

Electric dipole moments and BSM CP violation



Electric dipole moments

@ nEDM
@ PEDM, dEDM
@ uEDM

@ Tho, HiF

@ Hg, Xe, Ra

® probe BSM CP-violation, needed for baryogenesis
® Jarge worldwide experimental program

d, <1.0-107"% ¢ fm d, <18-107"¢fm
dosg, < 1.2-107¢fm diwy, < 6.2-107"7 ¢ fm

Anaive ~ 10-100 TeV
® orders of magnitude improvements in next generation G. Bison, R. Garcia Ruiz, Y.

Sato, A. Tewsley-Booth, W. Schreyer, F. Piegsa, J. Chen, R. Mammei, A. Aleksandrova, J. Singh
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https://agenda.hep.wisc.edu/event/1644/contributions/26192/
https://agenda.hep.wisc.edu/event/1644/contributions/26431/
https://agenda.hep.wisc.edu/event/1644/contributions/26053/
https://agenda.hep.wisc.edu/event/1644/contributions/26053/
https://agenda.hep.wisc.edu/event/1644/contributions/25901/
https://agenda.hep.wisc.edu/event/1644/contributions/26017/
https://agenda.hep.wisc.edu/event/1644/contributions/25900/
https://agenda.hep.wisc.edu/event/1644/contributions/26133/
https://agenda.hep.wisc.edu/event/1644/contributions/26019/
https://agenda.hep.wisc.edu/event/1644/contributions/25899/
https://agenda.hep.wisc.edu/event/1644/contributions/25897/

CP violation in the SM(EFT)
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® two CPV sources in SM

£@

CPV —

Grzadkowski et al. ‘10

2 ) )
035 G G -+ T, Vel 7/ W

® 53 (1350) CP-even, 23 (1149) CP-odd dimension-6 operators ( O(v*/A?))
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CP violation in the SM(EFT)
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Grzadkowski et al. ‘10
® two CPV sources in SM

583\/ = =056 Gy Gag + ity [Vexmly S

85
6472
® 53 (1350) CP-even, 23 (1149) CP-odd dimension-6 operators ( O(v*/A?))

® focus on bosonic operators

arise in “‘universal theories”, evade flavor bounds
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Collider constraints on CPV operators

CMS 137 fb (13 TeV) CMS 137 fb (13 TeV),

X SM
+ bestfit ][5[18 0.01]
- 68% CL{ [ 16

95% CL|

o =)
U
—

o Cag

CMS 2104.12152

used to be an afterthought, more and more SMEFT analyses coming up

ATLAS:1905.04242,2202.11382, ...
CMS:1907.03729,2110.11231,2104.12152, ...

most studies involve heavy SM particles (Higgs, WW, WZ, single ¢, tr)
CPV-sensitive observables via angular correlations

A <1 —2TeV, larger sensitivity for loop-dominated processes
See A. Gritsanetal, 2104.12152,2109.13363 for HL-LHC study and A. McDougall

-2AIn L
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https://agenda.hep.wisc.edu/event/1644/contributions/25887/

Matching & running to low energy

A O.c O+ O, O O,1irp: Oy

9 N h 7z N h

q q q 0,0 0.0 0. d,u, u,d,v d,u,

® Cow Cuwps Cp and Cy = lepton & quark EDM @ 1 EW loop
gluonic operators => qCEDM and gCEDM @ O(«;)

1072 — 10~ suppression
flavor observables suppressed by same CKM/mass factors as in SM

hadronic matrix elements?

&0 (Ny|go™ qFuIN) & (NY[go" GuugIN)  Co{NYIG* GG IN)
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From quarks to hadrons. Nucleon EDM matrix elements

= LQCD'

e QCD sum rules™

vz‘é’(yu) \H‘-‘ T T T TTTT] Py
V25gd) o ) -
e —
|
el —
V2C‘G — [ ]
Ll Lol Lol Ll | | | |
10—9 10—8 107 10—° 02 04 06 0.8
dy(efm) od, [ dy
T FLAG 21 * Pospelov and Ritz, ‘05, Haisch and Hala, ‘19

® small error on the eEDM and ThO precession frequency
de = emeel” ~ 1710720 e fm
® tensor charges control gEDMs, very well calculated in Lattice QCD

® Jarge (uncontrolled) errors on purely hadronic operators
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A (TeV)

Constraints on weak gauge-Higgs operators

UeLHCOEEDM + B — X,y + LEP

102 £
L 8.7 9 -
100 E 1
E 2.8 =S
g Cx (47 A)?
100 £
= 0.11
-1
10770 0.029 0.026
10=2 [£0.006
10—3
Cop Cow Coivn e

V. Cirigliano, A. Crivellin, W. Dekens, J. de Vries, M. Hoferichter, EM, ‘19

® Jow-energy observables not affected by large theory uncertainties

® ¢EDM dominates single coupling analysis

DA
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Constraints on weak gauge-Higgs operators

marginalized over Cy, C 5

o
L _
-2 —  LHC36.1fb! L )
—  LHC 300 b LHC projections of Bernlochner et al, ‘18
—  LHC3000 b
— EDMs + B-X,y + LEP
gl
-3 -2 -1 0 1 2 3
2 N
v CwW

® EDMs constrain 2 directions
dy, dyg and dr, largely degenerate

® need LEP, B — X,y or LHC to close free directions
strong correlations to avoid EDMs
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Constraints on gluonic operators

10~!

OOcentral [BRfitBBLHC
102 £
§ . “central”:
S 10! no theory errors
(] = 2.7 2.8
2 Foe 2
~ F “Rfit”:
< 10° E 0.5 vary ME in allowed th. ranges
= 0.21
i .
\ \
G NG

c

® depend strongly on treatment of hadronic uncertainties
® limits on C,¢, C; weakened by factor ~ 20

® very close to collider constraints

need improved LQCD & nuclear theory calculations
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Lattice QCD calculations of EDMs

B(0

Neutron 2—) d,(a,m,) Fit ~ 0.10 T
0.00: E a12m310 @ a09m310 e+  a06m135 M-
= ai2m220 +&+  a09m220 &+ Extrap =¥+
0.000 ~ a12m220L 7+ a09m130 w<
Continuum \@Z 0.05
—0.002]
£ < 1
L. _0.004 N 0.00
s =
J E,—o.oos <ID|
% ™ _0.008 g 005 F
IS = ,
~0.010 ool 010 x°/dof = 1‘.21 ‘ ‘
~0.0125—145585 369360 500 65976 0 0.03 20.06 ) 0.09 0.12
mx[MeV] My [GeV7]
J. Dragos, T. Luu, A. Shindler, ef al ‘19 T. Bhattacharya, et al, 21

® EDM from QCD @ term extremely challenging

vanishing signal at small m, large excited state contamination, ...
® published results compatible with zero
e approaching d, ~ 107> @ e fm, size of “chiral log”

Crewther, Di Vecchia, Veneziano and Witten, ‘79
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EDMs from dimension-6 operators

8 ‘
al2m3i0 @« a0Im310 e+ Extrap K« P
w B alom220L w5+ a06m310 -m- 1 qm30Gq
Zo4 0 |
% 5l | power div. subtracted
=
I Y
Ti
‘\'3 -2 E‘J‘M‘NA‘{
R L
SO |
x%/dof = 0.44 | thanks to T. Bhattacharya and B. Yoon
-8 | | 1 1
0 0.03 0.06 0.09 0.12
M [GeV?]

® preliminary results for qCEDM and gCEDM

® complicated by power divergences on the lattice

® error still a factor of 5 larger than QCD sum rule estimate
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https://agenda.hep.wisc.edu/event/1644/contributions/26061/
https://indico.hiskp.uni-bonn.de/event/40/

4(q°=0) / aMye

s
:
EN

F3

EDMs from dimension-6 operators

qm30Gy

power div. subtracted

x%/dof = 0.44 | thanks to T. Bhattacharya and B. Yoon

8 ;
al2m310 @«  a09m310 ~e~ Extrap +-
6 [ al2m220L =+ a06m310 -m- 1
4+ 4
2 |
0
I N
PREVT
-6
,8 | !
0 0.03 0.06 0.09 0.12
M [GeV?]

preliminary results for qCEDM and gCEDM

complicated by power divergences on the lattice

error still a factor of 5 larger than QCD sum rule estimate

sustained effort in LQCD community

EFT/LQCD collaboration for renormalization and excited state subtraction

see A. Shindler and T. Bhattacharya, J. Kim, K. F. Liu, A. Shindler at Lattice 2022

more results coming soon!
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https://agenda.hep.wisc.edu/event/1644/contributions/26061/
https://indico.hiskp.uni-bonn.de/event/40/

BSM in charged-current interactions.
The Cabibbo anomaly and more

see R. Pattie, EW /3 decay session


https://agenda.hep.wisc.edu/event/1644/contributions/26020/
https://agenda.hep.wisc.edu/event/1644/sessions/2750/#20220901

CKM unitarity and the Cabibbo anomaly

0.955 0.955
30950 . = o.950“‘>g
i |
0.945 0.945 "
o _ p— adapted from
0.0010 - neutron decay _pion decays i 00010  Towner and Hardy, ‘18
0.0008 0.0008
0.0006 0.0006
0.0004 0.0004
0.0002 0.0002
0.0000 -.—- . 0.0000
BN Experiment HEE Radiative corr. WM Nuclear corr. Lattice

e improved radiative corrections to 0T — 0" Fermi decays

C. Y. Seng, M. Gorchtein, H. Patel, M. Ramsey-Musolf, ‘18;
A. Czarnecki, W. Marciano, A. Sirlin, ‘19; J. C. Hardy and I. S. Towner, ‘20

® high-precision lattice QCD calculations of fx /f» and f (0)
A. Bazavov, et al, FLAB and MILC, ‘18; FLAG21

A=1— |Vl = V| = |Vs|" = (1.5£0.7) - 10~
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[ decays probes of BSM physics: g4

0.03 T
b wH, Vs =14 Tev
v Z pole
0.02 &
ga FLAG'19 —
; Most precise €R Vuallry dRWM
0.01 { 99 @ 0.1%
g ---- (MR- D)2
0.00 = = - |
-0.011 ]
from L. Hayen, 21
—-0.02
-0.03 -0.02 -0.01 0.00 0.01 0.02

&R

® nucleon axial coupling g4 sensitive to right-handed currents

8A _ LQCD l A _ AVY _
o 84 (1 T3 (AR AR) 2(€R)ud) )
* if EM corrections A% — A under control and g5% < 1%

—> outperform collider probes of RH currents
& sensitive to RH current explanations of Cabibbo anomaly
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[ decays probes of BSM physics: 3 spectra

2.0 |
15 ®He decay
dt GIWV? m2 4T (o
Sl G _orMo Y [y e 200 _ 22T (02
si10 e 3 2 ( ) 5 I
0.5 o 2
x(1-87 4 Lo (22 4,
0.0 E. ga my - ms
0.03
£0.02 Q ~ 4MeV
[
c’\00.01
0.00

® spectral shape determined by phase space and small recoil/EM corrections
® next generation of experiments aims at 10™3-10" uncertainties

® probe of chiral-breaking charged-currents at A ~ 10 TeV

is theory controlled at the same level?
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®SHe-CRES

W. Byron!, W. DeGraw?, M. Fertl2, A. Garcia?, B.
Graner?, H. Harrington?, L. Hayen3, X. Huyan?, D.
McClain®, D. Melconian®, P. MuellerS, N. Oblath4,
R.G.H. Robertson?, G. Rybka!, G. Savard®, D.
Stancil3, D.W. Storm?, H.E. Swanson?, R.J. Taylor?,
B.A. VanDevender?, F. Wietfeldt’, A. Young?

He6-CRES phases

Phase I: proof of principle
Observe #Kr lines

Develop 10 source.

140 measurements.

Understand RF issues and spectra

Study power distribution

Show detection of cycl. radiation from fHe
Phase II: first measurement (b < 103)

He and **Ne measurements.

Phase lII: ultimate measurement (b < 104)

ion-trap for no limitation from geometric effect.

Cyclotron Radiation Emission Spectroscopy

Beta in magnetic field produces cyclotron
radiation

_le|c?B
~ 2 E

Recently demonstrated:

5 keV- 5 MeV capability of detection
measurements of % from 6He and 1*Ne

see H. Harrington

See talk at CIPANP by Heather Harrington

thanks to A. Garcia
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https://agenda.hep.wisc.edu/event/1644/contributions/25898/

Radiative corrections to nucleon decay

2
| Viud | neutron

5024.7s

v a mz
s =— (4ln—=+4+A >
(1 +3g3) (1 + 0r (Eo) + A}) K w( my
® 0z(Eo) (universal soft photon emission) and ptb. log dominate EM corrections
® A, is nonperturbative and small, but dominates the error

¢ for Fermi decays, Ay, proportional to the W — - box




Radiative corrections to nucleon decay

°
3
8

o
5
8

1@ (1 ,002) 1(1+Q%M,2)
o

M.
o
g
R

[ — This work

-=-MS$
A
/Y
/B
I
oy
ooy
1
\ 7
i
Vi
i
i
[

5024.7s

T O N N R IO S IR
10° 10° 102 10° 10° 10° 102 10° 10° 10°

Q2 (GeV?)

2
‘ Viud | neutron

, AV=i<41n%+A )
(1 +3g2)(1 + 6r(Eo) + AY) R™ on mp P

0r(Eop) (universal soft photon emission) and ptb. log dominate EM corrections

Ayp is nonperturbative and small, but dominates the error

for Fermi decays, Ap, proportional to the W —  box

new dispersive analysis

A} = 0.02361(38)

—5 0.02467(22)

C. Y. Seng, M. Gorchtein, M. Ramsey-Musolf, ‘18; + H. Patel, ‘18.
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Pion-induced electromagnetic corrections to g4

mfro = ZZWFfre2

® very small EM corrections to g4/gv in standard methods
Af — A} =0.60(5) - 1073
L. Hayen, ‘21; C. Y. Seng, M. Gorchtein, ‘21

® chiral EFT analysis reveals overlooked pion-mediated corrections
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Pion-induced electromagnetic corrections to g4

AQCD . FLAG21
™ E:t;t;fs ga = g3’ <1 = Z A(:ln)>
—— A o 27
Aexp PDG20
PERKEO3
! UCNA
V. Cirigliano, J. de Vries, L. Hayen,
29D (1 + 6c) | R | 1.271(30) g Y
T 1.289(12) EM, A. Walker—Loud, 22
1.242(40) see L. Hayen’s talk
120 125  1.30 135

no corrections to the vector current
sizable correction to g4

EENOENOI o
- (Am +Aem) = 1.9% + -—Ca

shift improves agreement between LQCD and data, but need to predict Ca!

construct QCD representation of Cy and C4 (for lattice/models)?
in progress with O. Tomalak and V. Cirigliano
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https://agenda.hep.wisc.edu/event/1644/contributions/26062/

thanks to B. Yoon

0.08

W — ~ box in Lattice QCD

W JEm0.0) “
JWAT

B

.l

e

=

7 [ Cont. Limit, Iwaseki
— 32D-fine Cont. Limit, DSDR
— 320 PT (n=4 match with n=3)
— 24D — PT (n=4 down'to 1 GeV)
— 64l, type(A)only | || - Q@ =2cev?
— 24D, type (A) only o

P SR e P B S

3 4

Q@ 1Gevd] & [GevY

X. Feng, et al,

e first calculations for 7° — 7 ev & K — wlv

® good agreement between LQCD & dispersive approach

205 C. Y. Seng, et al, 20



W — ~ box in Lattice QCD

T5e0.0) 0.08 ] e e
' W J5M(0,0) W
/
f ‘ JNAX, 1] . ///,/
R 5 ------\~..
/ (0,0 64 =
— 48 Cont. Limit, Iwasaki
Jm(0,0) /H \X, /H A(x, — 32D-fine Cont. Limit, DSDR
® — 320 PT (=4 match with n=3)
— 24D — PT (n=4downto1GeV)
0.02 — 64, type(A)only | [ Q@ =26ev?
— 24D, type (A) only ot
C D
0\\\\\\\\\\\\\\ v b b b
0 3 2
Q" [Gev]] Q* [Gev?]
thanks to B. Yoon X. Feng, et al, ‘20; C. Y. Seng, et al, ‘20

e first calculations for 7° — 7 "ev & K — wlv

® good agreement between LQCD & dispersive approach
® calculations for neutron decay in progress:

1. signal to noise? excited state contamination?

2. beyond the W — ~ box for GT decays?
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®He 3 spectrum in chiral EFT

1.01
1.00
sk
(b) ~
518
0 0T 02 3%0 01T 02 0.99 GFMC
g (fm™1) g (fm™1)
0.00f% — VMC
__0.65 .
3 S 002 0.98— - - -
S 2 0.04 5004
!_50.60 © £ @ s
—0.08 wo.OZ\-/
. <3
00T 02 00T 02 S
q (fm™) q (fm™) 00070204 06 08 1.0

&
G. B. King, A. Baroni, et al, 22; A. Glick-Magid, D. Gazit (et al), 21, ‘22

® SM uncertainties validated by 2 ab initio calculations

® estimate theory error by varying EFT cut-off, NN energy range
input for three-body force & QMC method

e total error on normalized spectrum well below 1072
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Fitting the Cabibbo anomaly in LEFT

o8 inclusivef  b————a——t
KV
Ko
Kopvim-py
Kopv]
B Neutron|
B Superallowed

0.218 0.220 0.222 0.224 0.226 0.228

Vis

V. Cirigliano, D. Diaz-Calderon, A. Falkowski, M. Gonzalez-Alonso, A. Rodriguez-Sanchez, ‘21

® most general charged-current Lagrangian at low-energy

4G - ; ;
Ligrr = —7; Vudj X { ZL’YMVL[ (1 + 6?) ﬁL'y“dLj + 61? ﬁR'y”dR_,']

2

1 g ~ 1 g - .
+ 76? Lruy, ﬁdj — 561{] Lrur ﬁ’)ﬁdj + 6? ERO'“,,I/L ﬁRO"U‘VdLj } + h.c.

® can be fit by new left- or right-handed charged-currents

® scalar, pseudoscalar and tensor currents do not improve the fits
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Fitting the Cabibbo anomaly in LEFT

ts inclusive —
KVl —_—— el x 107 | ey x 10° [ e x 107 [ ¥ x 10° | ef x 10° [ ey x 10°
il —— L] -0.79(25) -0.6(1.2) | 040(87) | 05(1.2) | 5.0025) |-182(6.2)
Kespvim-spy e R| -0.62(25) 5.2(L7) | -0.62(25) | -5.2(1.7) | -0.62(25) | -5.2(1.7)
Ko I e— S| 1.40(65) -1.6(3.2) x -0.51(43) -6(16) | -270(100)

B Neutron —_ P | 0.00018(17) | -0.00044(36) | -0.015(32) | -0.032(61) | 1.7(2.5) | 10.4(5.5)

£ Superallowed — T 02902) 0.035(70) x 2(18) 28(10) -55(27)

0.218 0.220 0.222 0.224 0.226 0.228 > 30
Vis

V. Cirigliano, D. Diaz-Calderon, A. Falkowski, M. Gonzalez-Alonso, A. Rodriguez-Sanchez, ‘21

® most general charged-current Lagrangian at low-energy

4Gr = i\ - j =
Ligfr = ——— Vudj X ZL’YMVL[ (1 + 6?) uL"/“dLj + 61? uR'y”dR_,']

V2
L0 Gpvpidy — 2 Gy ivsdy + €9 4 iiro* d h
+ €5 Lrypudp — EGP RVL Uysdj + € LRO VL URO Lj ¢ +hec

2

® can be fit by new left- or right-handed charged-currents

® scalar, pseudoscalar and tensor currents do not improve the fits
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Charged currents in the SMEFT

y I,’ uL,R vL
S W, Z
Ael
dlqR eL

c,C
g9’ ude

® ¢ are defined in a low-energy theory w/o SU(2). x U(1)y invariance
to make contact with high-energy pheno, match to SMEFT !

1. “vertex corrections”: correlated corrections to W and Z couplings

affect Higgs and electroweak precision data

1
€L = V2 (CS; + CL(:q)) €R — §v2C(pud
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Charged currents in the SMEFT

qL eL qL eR uL vL ULR vL
-

qL \A qR \f dL eL dR L eR

® ¢ are defined in a low-energy theory w/o SU(2). x U(1)y invariance

to make contact with high-energy pheno, match to SMEFT !

1. “vertex corrections”: correlated corrections to W and Z couplings
affect Higgs and electroweak precision data

2. 5-fermion operators (2 purely left-handed, 3 scalar/tensor)

corrections to high-invariant mass Drell-Yan

1
€ = v2 (CSZ) + ng)) 7V2C21> - Vzcg), €ER = §V2C¢ud

ep

v 1) v? (1) v o)
5 <C[3d‘1 - Clequ)’ €s = E (C[”[‘i - CIBqu)’ €r = 75Clequ
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Dimension-8 contributions to Drell-Yan

Wilson coefficients
a

D" (gv" q)Dy (£7,.€)

— charged currents

Dimension-6 four-fermion bounds Dimension-8 four-fermion bounds
[a—— 2]
—_—
—_— —_—y
—
— L |
o
———
— —_—
N=4TeV =} Cegn] —
. o | A=aTev 7
- O(1/A?) — c
. = ool s owan] —_—
- O(1/AY) = O(/AY)

¥ 0

95% CL range

T £y
95% CL range

R. Boughezal, F. Petriello, EM, ‘21

® 4-fermion operators affect the high mr, my, tails in charged/neutral current DY

® need dim-8 contribution for consistent analysis

® high-energy data sensitive to classes of dim-8 ops at 2-4 TeV scale
® with 8 TeV data

(e1)ar €10,3.4]-107°  95%CL

(€1)afloxn € [~8.9,—5.4] - 10~

disfavoring 4-fermion interpretation of V,4/V,s anomaly
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Vud/Vus vs colliders. 13 TeV data

2 E
§ W E ATLAS * Data
o 10E (s 13 TeV, 139 b E%pqwk
10 W' - ev selection CiMutiet
o oz
E DDiboson
10*
10°
10?
10
1
10"
e .
e more data and higher masses!
©
|

Data/ Bkg
(post-it)

200 300 1000 _ 2000
Transverse mass [GeV]

® in a single coupling analysis
(e1)ar € 10,2.5]-107* 95%CL (€1)afloxn € [~8.9,—5.4] - 107

® bound is stable against including dim-8 corrections
V. Cirigliano, W. Dekens, J. de Vries, EM, T. Tong, in preparation
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Cq (Tev™?)

Electroweak precision observables and the W anomaly

0.3 ——
e o
N (3) 3) ¢
01 & o Ca=2 (qu = Cpp + Cu
= pp->l
|
-0.1
, T/, .
‘02‘ V. Cirigliano, W. Dekens, J. de Vries, EM, T. Tong, ‘22
-0.3! T X S

Ca (TeV?)

® [-handed vertex corrections contribute to EW precision observables (EWPO)

® in MFV, tension between EWPO, W mass, DY and V,q/V,s anomaly

right-handed currents most viable explanation?
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Conclusion

® EFTs powerful tools to connect different frontiers

® and exploit the complementarity of high- and low-energy to probe BSM physics

How robust are collider constraints?
e extend to higher order in couplings, v/A expansions
e dedicated high-invariant-mass SMEFT studies @ ATLAS, CMS?

How well do we control hadronic/nuclear theory?

e nucleon matrix elements with one/two weak currents in Lattice QCD
e two-nucleon matrix elements in Lattice QCD

e extend ab initio methods to medium mass and heavy nuclei
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Lepton-flavor-violation and the Electron-Ion-Collider



Charged lepton flavor violation

e
) W
u,c,t Z
d e

® mismatch between quark weak and mass eigenstates
= quark family number is not conserved
visible in several rare AF = 1 and AF = 2 processes

® in minimal SM with massless neutrinos, no such mismatch
= lepton family (LF) is exactly conserved



Charged lepton flavor violation

e T
b W W q
Z Z
ugt ViVpVs
d e e q

mismatch between quark weak and mass eigenstates
= quark family number is not conserved
visible in several rare AF = 1 and AF = 2 processes

in minimal SM with massless neutrinos, no such mismatch
= lepton family (LF) is exactly conserved

but neutrino have masses! oscillation exps. imply LF broken in neutrino sector

...still charged LFV highly suppressed by GIM mechanism

4
BR ~ (@) ~ 1074
my

S. Petcov, “77; W. Marciano and A. Sanda, ‘77



Charged lepton flavor violation

. Type | Type Il Type 11l
dim5 8 ; 3 .
N Fi R
A e A st
/r/"\\
L L L L L
dimé 4 &
N ’ V N\ /
\ Ve / g > J
//\
KL ZL ll zl z[ lL
® .. however, models that explain m, usually introduce new CLFV

at tree or loop level

e.g. type I, II and III see-saw
A. Abada, C. Biggio, F. Bonnet, M. B. Gavela, T. Hambye, ‘08

® CLFV experiments crucial to falsify TeV origin of m,,



CLFV at low- and high-energy

3

® 1 — e transitions well constrained at low-energy

® study 7 — e transitions in 7 and meson decays
T ey, T >ennm, T — eKn,B— TTe, ...
® pp collisions
pp — eT,h = Te,t = qTe ...
® & the upcoming EIC



High-energy vs low-energy: four-fermion

Upper limit on LFV coupling and lower limit on new physics scale

1 EIC (left)

® LHC (middle)

= Low energy (right)
107!

1072]

8}
1 -3
107
107
Toenn TenK Bonre ToenK Toen B-Kre By-te B-Kre Toenn

[CLo.plaa [Cro.plss [Cro.pla [Cronlsa [Croolss [Cro.pls [Cro.plba [Cronles [Cro.ples

[T
[AdL] vV

0

g

EIC with /S ~ 100 GeV, £ = 100 fb!

® competitive on heavy flavor and flavor-changing channels

® complementary to Belle II and LHC



High-energy vs low-energy: four-fermion

Scenario B
uy I TTT I LI I TTrT I LI I LI I TTT I 1=
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x b =
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= F o ]
= - N -
s} ' 1
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[CLo,plbn X 10
EIC with v/S ~ 100 GeV, £ = 100 fb~"

® competitive on heavy flavor and flavor-changing channels

® complementary to Belle Il and LHC



Vua/Vus vs colliders in the SMEFT

1071 Cey Cu 10-1
N — sm — sm
& a®/(aTev)? — a'/(4Tev)?
3 b©/(4Tev)* --= b©/(aTev)*
8102 1073
= ()
g do  dosm a;”’ (meg) c®
S _— = el Oh
EIO’S 1075 dmgg dmgg A2 !
(6)
by~ (mee) (6) (6)
10 10 T e PG
e
Sos 0.5
5
Q
0.0 0.0

200 300 400 600
my (GeV)

10°

200 300 400 600
my (GeV)

10°

® 4-fermion operators affect the high mr, my, tails in charged/neutral current DY

® for operators that interfere with SM,
quadratic contributions as important as interference, even for converging EFT

® scalar, tensor only constrained via quadratic term

need dimension 8 operators!
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