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Overview

Lecture 2 (Fri, 16:30 — 18:00): applications

* low-energy searches and hadronic effects
e CP violation and the neutron EDM

¢ |epton-flavor violation



Overview

Goals of the lecture

¢ understand use of EFTs in the search for new physics

¢ learn about interplay of different EFTs in
phenomenological examples

¢ |earn about theory challenges in low-energy searches



Outline

Lecture 2: applications

EFT Examples
Low-energy probes of new physics
Examples and challenges

Summary and conclusions



Overview
Lecture 2: applications

EFT Examples

SMEFT (contd)
xPT
HEFT



Overview
Lecture 2: applications

EFT Examples
SMEFT (contd)



EFT Examples SMEFT (contd)
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EFT Examples SMEFT (contd)

Integrating out weak-scale SM particles
consider Higgs-exchange diagram:

1
= — | M, 1+ inl — —C
Vulrs = 57 Myl [+ erian] = Z5C0n
V2 has terms of order (m/v)?%, mv/A2, v /A4
= diagram Y?/m? is of same order as dimension-7 or 8

contributions in LEFT or dimension-8 in SMEFT



EFT Examples

Integrating out weak-scale SM particles

e for SMEFT = LEFT matching: rewrite terms

1 1 V"

AT An
——
LEFT counting SMEFT counting

e tree-level matching simple: fix Higgs field to vev
and compute W/ Z-exchange diagrams

SMEFT (contd)



EFT Examples SMEFT (contd)

One-loop matching
— Dekens, Stoffer, JHEP 10 (2019) 197

e simplify matching calculation:

tree grT + IoopLEFT‘ = treegvert + IOOpSMEFT‘
Hw Hw

¢ expand loops in all low scales

treeLert +Qf0‘pﬁ5‘?=?’ = treesmert + |OOPSMEFT‘
MW
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EFT Examples xPT

Strong interaction at low energies

¢ running QCD coupling:

_ as(fio)
as(pt) = T as uo 5 log( )

at high energies, i — oo: asymptotic freedom
at low energies: o diverges for i1 — Aqcp,
non-perturbative regime

® below ~ 2...3GeV: perturbative QCD not applicable



EFT Examples

Running of a
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Heavy Quarkonia (NLO)
e*e” jets/shapes (NNLO+res) 1
F \ pp/pp (jets NLO) =
0.25 - \ EW precision fit (N>LOYy—e— 7]
r \ pp (top, NNLO) v

D
2 o2}
[}
0.15 |-
0.1 e
P == ayMyz?)=0.1179 £ 0.0010
0.05 bt i
1 10 100 1000

Q [GeV]
— PA. Zyla et al. (PDG), Prog. Theor. Exp. Phys. (2020) 083C01



EFT Examples
QCD at low energies
e observed degrees of freedom are color-neutral hadrons,

not quarks and gluons

* low-energy spectrum contains an octet of pseudoscalars:
o+, 70, K+, K9 KO, n
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EFT Examples

Chiral symmetry
e in the chiral limit m,, 4, — 0, the three-flavor QCD
Lagrangian has a U(3), x U(3)r symmetry
e U(1)4 broken by quantum anomaly
= SU(3)r x SU(3)r x U(1)y chiral symmetry

® not observed in spectrum = spontaneous symmetry
breaking to SU(3)y x U(1)y

xPT



EFT Examples

Chiral symmetry

e Goldstone’s theorem: massless spin-0 particle for each
broken generator of a continuous symmetry

e CCWZ construction: Goldstone bosons transform
non-linearly under chiral group (L, R) € SU(3)r x SU(3)rg:

— Callan, Coleman, Wess, Zumino (1969)

U(z) = exp (fg )> s RU(z)Lt

m(x) = Zﬂ'“)\“ = V2r—  —n0 ¢ %7] V2K°
a=1 \/§K_ \/iKO _%n

xPT
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EFT Examples

energy |
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EFT Examples xPT

Chiral perturbation theory (xPT)
— Weinberg (1968), Gasser, Leutwyler (1984/1985)

e degrees of freedom: lightest hadrons as Goldstone bosons

e symmetries: SU(3)r x SU(3)r (flavor) chiral symmetry,
spontaneously broken to SU(3)y, Lorentz symmetry, ...

* power counting: expansion in p/A, < 1, Mgg/Ay < 1



EFT Examples xPT

Chiral perturbation theory (yPT)

¢ |eading- order chiral Lagrangian'

. <(D U)(DHU)TY + =C=2(MUT + UMY

two “Iow-energy constants” (Wllson coefficients of xPT):

® Fy: pion decay constant
® By: scalar singlet condensate, By = —ﬁ<0|(jq|0>0

derivative expansion, power counting no longer in mass
dimensions, intertwined with loop expansion: A, = 47 Fj

describes, e.g., nm — 7w, 7t — pty,, ...

originally QCD as UV theory, but inclusion of photons and
leptons and higher-dimension LEFT operators possible
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EFT Examples HEFT

Scalar sector of the SM

e usual linear representation:

1 2
Lscalar = (8MH)T(6”H) - (HTH - 21)2)

e =75 <h<x> +o —wg(x))

¢ spontaneous symmetry breaking SO(4) — SO(3), or
equivalently SU(2);, x SU(2)r — SU(2)v,
symmetry-breaking pattern identical to xPT

° make a field redefinition: Lgcqiar can be written in
non-linear form:

1, .., 1 . 2_ . .
Locaar = 50uh0"h— 3 My + - F(h o) (9,U)(0"V)) =V (h/v)

21



EFT Examples

Scalar sector of the SM: extend to an EFT

¢ include higher-order operators: essentially xPT with
additional scalar singlet / (Higgs boson)

e all sectors of the SM can be included in the theory

e EFT for physics beyond the SM, but more general than
SMEFT: Higgs not restricted to be part of EW doublet

22

HEFT



EFT Examples HEFT

HEFT / EWyL
¢ degrees of freedom: all SM particles, but Higgs generic
scalar singlet

e symmetries: SU(3). x SU(2)r x U(1)y gauge invariance,
spontaneously broken to SU(3). x U(1)em; Lorentz
invariance;

e power counting: nonlinear realization leads to chiral loop
expansion

23



EFT Examples

A tower of EFTs:

energy ,

Apsm+

24

Luv
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EFT Examples Questions

Two questions

discuss with your neighbor for 2 minutes:

In the LEFT, we encountered the dipole operator
Ocy = ero*erF,,,. Why are there no dimension-5 dipole
operators in the SMEFT?

What is the main difference between the (bosonic sector of)
HEFT / EWxL and xPT?

25
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Low-energy probes of new physics

Direct and indirect searches
Connecting different energy regimes
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Low-energy probes of new physics Direct and indirect searches

Direct searches for new physics
e mainly LHC searches: try to directly produce new particles,
search for bump in spectrum

¢ so far no evidence of new particles: SM works surprisingly
well!

¢ absence of a discovery in contrast to widely shared
expectations/hopes—crisis for particle physics?

* measurements are pushing the scale of new physics to
higher energies (barring very weak coupling)
= EFT methods can be applied

28



Low-energy probes of new physics

Direct searches for new physics

Direct and indirect searches

29



Low-energy probes of new physics

30

Direct and indirect searches

Indirect searches for new physics

what if LHC searches will not find new particles?
indirect searches: do not produce new particles directly
try to find their indirect quantum effects at lower energies

LHC searches are becoming indirect “low-energy”
searches, too!

single indirect signal: presence of new physics

identification of its nature will require a multitude of signals



Low-energy probes of new physics

Indirect searches for new physics

Direct and indirect searches

31



Low-energy probes of new physics

Indirect searches for new physics

Direct and indirect searches

32



Low-energy probes of new physics Direct and indirect searches

33

What are good observables for indirect searches?

© if there is a (significant) SM contribution: need to control
SM uncertainties, ideally to similar level as experimental
precision

@® easier: SM contribution strongly suppressed compared
to potential new physics (loop suppression, CKM
suppression, GIM, etc.)

©® even better: process forbidden (or completely negligible)
in the SM
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Lecture 2: applications

Low-energy probes of new physics

Connecting different energy regimes
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Low-energy probes of new physics

35

Connecting different energy regimes

Where should we best search for new physics?

deficiencies of SM provide some guidance

a priori: try to search wherever possible, considering
criteria for promising observables

EFTs provide a systematic and model-independent
framework for connecting widely different energy
regimes

(motivated) UV models can give a guidance where
interesting effects might occur

= much stronger correlations between observables than in
EFTs, but model dependent

first take existing bounds systematically into account:
match UV models to EFTs



Low-energy probes of new physics Connecting different energy regimes

Low-energy precision searches

energy / GeV
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Low-energy probes of new physics

Low-energy precision searches
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Examples and challenges Controlling the SM background: muon g — 2

Magnetic moments
e relation of spin and magnetic moment of a lepton:

- e
= —3S
He = ge 2y

g¢: Landé factor, gyromagnetic ratio
¢ Dirac’s prediction: g, = 2
e anomalous magnetic moment: ay = (g¢ — 2)/2

¢ helped to establish QED and QFT as the framework for
elementary particle physics

39



Examples and challenges Controlling the SM background: muon g — 2

Dipole moments in QFT

e consider vertex function
¢ b = (—ieqe) a(p)T"(p,p')ulp), k=p —p

¢ Lorentz invariance gives form-factor decomposition

ok,
' (p,p') = ”FE(kQ)‘H S FM(kQ)‘f‘ o

K2yt — kMg

mj

ok,

e Fp(k?)

Vs Fa(k?)

40



Examples and challenges Controlling the SM background: muon g — 2

Dipole moments in QFT

e consider vertex function
¢ b = (—ieqe) a(p)T"(p,p')ulp), k=p —p

¢ Lorentz invariance gives form-factor decomposition

oMk,
P (0 p) =7 Fp () + %5 () + %5

K2yt — kMg

mj

ok,

e Fp(k?)
Vs Fa(k?)

. 1
anomalous magnetic moment: a, = 5(9@ —2) = F(0)

40



Examples and challenges Controlling the SM background: muon g — 2

Dipole moments in QFT

e consider vertex function
¢ b = (—ieqe) a(p)T"(p,p')ulp), k=p —p

¢ Lorentz invariance gives form-factor decomposition

ok,
' (p,p') = ”FE(kQ)‘H S FM(kQ)‘f‘ o

K2yt — kMg

mj

ok,

’Y5FD(k2)
Vs Fa(k?)

€qe
Fp(0
- p(0)

electric dipole moment: d, = —

40



Examples and challenges Controlling the SM background: muon g — 2

Electron vs. muon magnetic moments
e influence of heavier virtual particles of mass M scales in
many cases as (“naive scaling”)

Aag m%
—_— (X —_
ap M?

® (my,/m.)? ~ 4 x 10* = muon is much more sensitive to
new physics, but also to EW and hadronic contributions

* qa, experimentally not yet known precisely enough

41



Examples and challenges Controlling the SM background: muon g — 2

SM contributions to g — 2
e QED contribution starts at 1 loop (Schwinger term)

* SM electroweak contribution via the LEFT up to dim.6:

- o ALK
- A&

42



Examples and challenges Controlling the SM background: muon g — 2

Hadronic contributions in the SM

e strong interaction at low energies: non-perturbative
effects

e either simulate QCD on the lattice or use dispersion
relations

43



@ Examples and challenges

44

Hadronic vacuum polarization (HVP)
photon HVP function:

WW@WM = i(¢* G — Qua)T1(¢?)

unitarity of the S-matrix implies the optical theorem:

ImlII(s) = e(z>20(e+6_ — hadrons)

Controlling the SM background: muon g — 2



@ Examples and challenges Controlling the SM background: muon g — 2

45

Dispersion relation
causality implies analyticity:
Im(s)

Cauchy integral formula:

TI(s) = — ﬁ ()

211 s’ —s

R

deform integration path:

TI(s) — I1(0) = S/OO _Imll(s)

T Janz (8" — s —i€)s’




@ Examples and challenges Controlling the SM background: muon g — 2

HVP contribution to (¢ — 2),,

) .
Hve _ My ade}(@ﬁ

TN o(ete” — hadrons)

e basic principles: unitarity and analyticity
e direct relation to data: total hadronic cross section
o(ete” — hadrons) = R ratio

e dedicated eTe~ program (BaBar, Belle, BESIII, CMD3,
KLOE, SND)

46



Examples and challenges Questions

Discuss with your neighbor for 2 minutes:

Q1
How does the naive scaling of heavy-particle contributions to
_ ise?
g — 2 arise” A . m_;
ay M?2

In which cases do we get a different scaling?

Q2

Which SM diagrams correspond to which LEFT diagrams?
Why does the Higgs-exchange diagram not contribute at
dimension 6 in the LEFT?

o A b

47



Examples and challenges Controlling the SM background: muon g — 2

SM (according to white paper) vs. experiment
— T. Aoyama et al., Phys. Rept. 887 (2020) 1-166

10! x a, 10" x Aa,
QED total 116 584 718.931 0.104
EW 153.6 1.0
HVP 6 845 40
HLbL 92 18
SM total 116 591 810 43
experiment (E821+E989) 116592061 41

difference exp—theory 251 59

48



Examples and challenges Controlling the SM background: muon g — 2

Hadronic vacuum polarization

e final white-paper number: data-driven evaluation

a0 HVRpReno _ 931 (40) x 1071

e previous average of published lattice-QCD results

ato HVP, lattice average _ 7116(184) x 10~

e most precise lattice-QCD result — S. Borsanyi et al., Nature (2021)

ato HVP lattice _ 7 075(55) x 10711

49



Examples and challenges Controlling the SM background: muon g — 2

Hadronic light-by-light scattering

e dispersion relations + hadronic models (LO, without charm)
az”_bl_, pheno — 89(19) X 10—11
e lattice-QCD results

a1 — 79(35) x 107'" — T. Blum et al., PRL 124 (2020) 132002

ali®- 1M — 106.8(15.9) x 107" — E.-H. Chao et al., EPJC 81 (2021) 651

50



Examples and challenges Controlling the SM background: muon g — 2

Muon anomalous magnetic moment (g — 2),
recent and future experimental progress:
e FNAL will improve precision
further: factor of 4 wrt E821
¢ theory: clarify tensions and

reduce uncertainty in hadronic : =
contributions! Photo: Glukicov (License: CC-BY-SA-4.0)

® new physics interpretation?

muon g — 2 discrepancy

T T

SM: white paper
Brookhaven E821
FNAL E989
experimental average

—400  —300  —200  —100 0 100 200 300 400

51 10" x (a, — aS™M)
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Muon anomalous magnetic moment (g — 2),
recent and future experimental progress:
e FNAL will improve precision
further: factor of 4 wrt E821
e theory: clarify tensions and
reduce uncertainty in hadronic ;
contributions! Photo: Glukicov (License: CC-BY;SA-4.0)

® new physics interpretation?

muon g — 2 discrepancy

T T T
SM: white paper
Brookhaven E821
FNAL E989
experimental average
FNAL E989 projected

—400  —300  —200  —100 0 100 200 300 400

51 10" x (a, — aS™M)




Examples and challenges Controlling the SM background: muon g — 2

Muon anomalous magnetic moment (g — 2),
recent and future experimental progress:
e FNAL will improve precision
further: factor of 4 wrt E821
e theory: clarify tensions and
reduce uncertainty in hadronic : _ »
contributions! Photo:GIukicov (License: C-B;(;SA-4.0)

® new physics interpretation?

muon g — 2 discrepancy

T T T
SM: white paper
Brookhaven E821
FNAL E989
experimental average
BMWec lattice QCD

—400  —300  —200  —100 0 100

51 10" x (a, — aS™M)

400
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Examples and challenges

Hadronic matrix elements for neutron EDM searches
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Examples and challenges Hadronic matrix elements for neutron EDM searches

53

C'P violation: a case for new physics

baryon asymmetry in the universe requires more C P
violation than Standard Model (SM) can provide

electric dipole moments (EDMs) are sensitive probes of
C P violation

SM (CKM) contribution many orders of magnitude below
current limits

non-observation leads to strong constraints on
C P-violating sources

observation would be a clear signal of physics beyond
the SM or QCD 6-term



Examples and challenges Hadronic matrix elements for neutron EDM searches

Experimental progress in near future
neutron EDM:
e SM prediction tiny

e current limit: |d,| < 1.8 x 10~ !3¢ fm
— nEDM Collaboration, PRL 124 (2020) 081803

e n2EDM experiment at PSI will improve sensitivity by
two orders of magnitude

neutron EDM

—e+  SM (Seng 2015)
excluded by nEDM (PSI) 2020

I1x107¥1x1070 1 x107 1 x 10712 1x 1071 1 x107® 1x 1076
|dy,|/ (€ fm)
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Examples and challenges Hadronic matrix elements for neutron EDM searches

Experimental progress in near future
neutron EDM:
e SM prediction tiny

e current limit: |d,| < 1.8 x 10~ 13efm
— nEDM Collaboration, PRL 124 (2020) 081803

e n2EDM experiment at PSI will improve sensitivity by
two orders of magnitude

neutron EDM

—e+  SM (Seng 2015)

excluded by nEDM (PSI) 2020

1x1078 1 x10701x1074 1 x 1072 1x 10719 1 x 1078 1x 106
|dy,|/ (€ fm)
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Examples and challenges Hadronic matrix elements for neutron EDM searches

55

Theory challenges

non-observation: how to turn experimental bounds into
best generic constraints on new physics?

observation: how to disentangle different possible
sources of C'P violation?

work with generic, model-independent EFT framework
accuracy of theoretical description needs to match
experimental precision

control uncertainties, in particular non-perturbative
aspects



Examples and challenges Hadronic matrix elements for neutron EDM searches

Neutron EDM in LEFT

e calculate matrix element in LEFT at a renormalization
scaleof u ~2...3GeV

¢ contribution schematically given as

56
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Examples and challenges Hadronic matrix elements for neutron EDM searches

Neutron EDM in LEFT

e calculate matrix element in LEFT at a renormalization
scaleof u~2...3GeV

e contribution schematically given as

= ZLi (N|O;|Nv)

hadronic matrix element

e at present, large uncertainties on matrix elements dilute
experimental sensitivity

56



Examples and challenges Hadronic matrix elements for neutron EDM searches

Neutron EDM in LEFT

¢ hadronic EDMs (nEDM) complicated: QCD is
non-perturbative

e any P-odd, C'P-odd flavor-conserving operator
contributes non-perturbatively to nEDM:

QCD 6-term

dimension-five quark (C)EDM operators

dimension-six three-gluon operator

e dimension-six P/CP-odd four-fermion operators

57



Examples and challenges Hadronic matrix elements for neutron EDM searches

Neutron EDM in LEFT
dy =— (1.5£0.7) x 10730 e fm
—(0.20 + 0.01)d,, + (0.78 £ 0.03)dg + (0.0027 + 0.016)d,
— (0.55 £ 0.28)e d,, — (1.1 + 0.55)e dq + (?7)e d,
+ (50 + 40)MeV e dg + (??) four-quark
— Alarcon et al., arXiv:2203.08103
¢ ideally use lattice QCD to compute matrix elements
e problem with lattice and LEFT: dy ~ 37, Li (1) (N|OMS| N )
MS cannot be implemented on the lattice!

e requires a matching calculation

58



Examples and challenges Hadronic matrix elements for neutron EDM searches

Neutron EDM in LEFT

energy lattice QCD
A

27?

SMEFT

LEFT

matching

4N\ 7

D Lilu) (NIO}FIN)

experimental nEDM constraint

59



Examples and challenges Hadronic matrix elements for neutron EDM searches

60

Matching to lattice QCD

MS: subtraction of 1/ poles in dimensional regularization

define renormalized operators in a scheme amenable to
lattice computations

compute their matrix elements in lattice QCD

calculate relation between MS and lattice scheme in
perturbation theory (at x ~ 2...3GeV)

use this matching to derive matrix elements of MS
operators
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Examples and challenges

Non-perturbative enhancement and lepton-flavor violation
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Examples and challenges  Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: 1 — ey

e forbidden in the SM

¢ impressive constraint from MEG (PSI)
— MEG Collaboration, EPJ C76 (2016) 8, 434

BR(p — ey) <4.2x 10713
e puts limits on beyond SM physics equivalent to many
hundreds of TeV

e induced in the LEFT at tree level by dimension-five dipole
operators

Oe»y = éLO"Lw,U,RFMV, Oe’y = I[_j,LO"uVGRFuV, h.c.
ep ue

62



Examples and challenges  Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: y — ey
— Dekens, Jenkins, Manohar, Stoffer, JHEP 01 (2019) 088

¢ hadronic effects can show up in purely leptonic process

e LF violation due to many operators, e.g.

O = (erper, ) (qLsane)
OVEL

T,RR
Ocs

(erpY'err)(qrsYuqre)

(éLpo'lweRr) (qLSO.MVth)

63



Examples and challenges ~ Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: ;. — ey

energy
A
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Examples and challenges ~ Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: ;. — ey

energy
A

Ley(Myw) L7FR (M)
eH epqq

Ley(p) LT8R (p)
e enqq

64



Examples and challenges  Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: . — ey

energy e perturbative mixing of
A
7?7 semileptonic tensor
T SMEFT operators into dipole
L ey (AJVV) LT({,?R ( M, w )
LEFT| “* enqq ol
q

¢ helicity flip introduces
suppression by light-quark
Ley(n) LT () mass

ep enqq

64



Examples and challenges ~ Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: ;. — ey

energy
A

e still need to evaluate
matrix element at low
energies:

P (M £ 000 M~ ST L) (e O3 () 1)
A

1 < ————

64



Examples and challenges  Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: j — ey

e atlowest order in aqep: (v(p, €)|S]0) and (y(p, €)|V*|0)
vanish due to Lorentz and gauge invariance

¢ semileptonic tensor operators contribute to y — ev:
v

W

e non-perturbative effects not suppressed by light quark
masses

65



Examples and challenges  Non-perturbative enhancement and lepton-flavor violation

Matching to xPT

e matching of semileptonic operators to xPT is standard:
external scalar, vector, and tensor sources
— Gasser, Leutwyler (1984), Cata, Mateu (2007)
e at O(p*):
Gro™ tuwqr — Mt (UFE + FEU)) + ik (t* D, UUTD,U)

¢ no external Goldstone bosons:
(L™ er)(qLouwgr) — —2Qqe A1 (i er)Fuw,  q=wu,d,s

* Ai2: low-energy constants for xPT with tensor sources.
NDA: A1 = CT%; with cr = O(l)

66



Examples and challenges  Non-perturbative enhancement and lepton-flavor violation

Lepton-flavor violation: . — ey

e constraints on SMEFT operators at the weak scale through
matching SMEFT = LEFT
¢ two competing effects:

¢ perturbative RGE mixing of tensor operators into dipoles
when running from p = My to p = 2GeV
* non-perturbative matching effect proportional to cr

* 1, — ey gives best limit for strange-quark operator at the
electroweak scale:
(er —3.1) LTI <28 x107° TeV ™

euss

67
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Summary and conclusions
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Summary and conclusions

Important EFT concepts

e EFT core principles
e [ agrangian construction
¢ renormalization and matching

¢ RG improvement

Discussed examples of EFTs

e LEFT, SMEFT, xPT, HEFT

e EFTs ideal framework to connect different energy
regimes and combine different constraints

69



Summary and conclusions

Low-energy searches

® |low-energy precision searches: need to control SM
prediction
e process ideally strongly suppressed or forbidden in SM

* non-perturbative effects at low energies:

¢ often dominate SM uncertainty (e.g., g — 2)

® hadronic matrix elements of EFT operators required to
extract information about EFT coefficients (e.g., NEDM)

® showing up also as virtual effects in beyond SM
contributions (e.g., 1 — ev)

e indirect searches may reach scales much above directly
accessible energies
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