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e Theoretical physicist at IFIC (Univ. Valencia & CSIC)
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e Research interests: BSM searches with precision measurements, interplay of low- and high-E
searches (flavor, neutrino, nuclear beta decays, LHC, ...), Effective Field Theories, ...

© My history with Frascati:
® 2005: tourist
® 2007 Spring School (student) [My 1st talk: "Condensates for the light quark V-A correlator"]
© 2009: 2-month visitor (PhD)
®© 2013-2014: postdoc
® 2014 Spring School (LOC member)
® 2024 Spring School (lecturer)
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® Classes of low-energy BSM searches

@ Effective Field Theories

© EFT Phenomenology
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(/ Disclaimer:

o I don't think a technical 1.5h presentation of the subject would be very useful. Instead
‘l I'll give a qualitative overview, hopefully conveying some important ideas.

o For technical details, one should resort to written lectures, books, or longer courses.
E.g., A. Pich's EW lectures (0705.4264), A. Falkowski SMEFT review
| (EPJC 83 (R0R3) 7, 656), MGA-Naviliat-Severijns's 3 decay review (1803.08732), ...

o I don't expect to go over all the slides. Stop me if you get lost.

| Itook advantage of these lectures to go outside my strict comfort zone in some points J
| and learn new things. Fun but risky. ‘




The Standard Model ;“‘

o The SM is the QFT describing electromagnetic, weak & strong M

interactions. N ‘
. . . . up gluon | F39%R
o It's the ultimate result of reductionism & unification =
[electromagnetism (— chemistry), radioactivity, nuclear physics, ...] - Q ‘
Our periodic table. down photon
0.511 MeV/c? ?.2 GeV/c?
. ©
o ~50 years old, spectacularly confirmed 9 | @ 2
. . electron Z boson o
[All particles have been observed (Higgs @CERN, 2012)] o o — §
= o
Lw W
o Whatever [future experiments] find, SM has proven to be valid S| Redttino | |§Wboson |

as an effective theory for E <TeV
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The SM 1s not enough (fortunately for us)

o Neutrinos oscillate — they have a mass! @—>@

\VW4

o What lies under the SM periodic table? @

30
R (x 10001y)

o Dark matter, matter-antimatter asymmetry, strong CP problem, hierarchy problem, dark
energy, quantum gravity, cosmological problems, ...

o All SM problems are theoretical or astrophysical/cosmological, except for neutrino masses.
© Many BSM theories around (often not very convincing)

e The SM works too well (quite curious crisis). U U e |
We need new hints. Physics = EXP + TH ~ =




BSM experimental searches

© One can divide them in high- and low-E searches.
(my reference: low-E means energies << EW scale)

o High-energy searches (— S. Lowette's lecture)

o Low-energy searches




BSM searches with low-E processes

o In this lecture: BSM = heavy new physics
(heavier than the scale of the process — new particles offshell)

QCD >> QED >> EW >> BSM

—

o b
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BSM searches with low-E processes

o In this lecture: BSM = heavy new physics
(heavier than the scale of the process — new particles offshell)

> QED >> EW >>BSM ¢
Choose * 9
leptonic or
semileptonic
Processes
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BSM searches with low-E processes

/,_, e — e \. 
\kQED >> EW >> BSM. What about QED? J
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BSM searches with low-E processes

Figure Credit: APS/Jorge Cham

a,? = 116592059(22) x 10~'" (0.19 ppm).
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BSM searches with low-E processes

‘LKQED >>EW >> BSM. What about QED?

® Solution 1: gargantuan TH+EXP precision (muon g-2)

@ Solution 2: choose a process with neutrinos (v; f — v; f)
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[Image credit: Duke U.]

scintillation

[from COHERENT coll.]

[Akimov et al.'17]
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BSM searches with low-E processes

S J— - . e \
\‘\K\QED >>EW >> BSM. What about QED? J

® Solution 1: gargantuan TH+EXP precision (muon g-2)

© Solution 2: choose a process with neutrinos (v; f — v; f)

© Solution 3: choose an observable that violates a QED symmetry

© Parity! (Atomic PV, PVDIS, Qweak, ...)

THE MIRRIR DID NI S€€M T
BE OPERATING PROPERLV.

Fields 0l o | U3

Quarks | (o) | ur |
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eptons <E‘ )L (g
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BSM searches with low-E processes

e _— = - e R — N\
\&\QED >>EW >> BSM. What about QED?

® Solution 1: gargantuan TH+EXP precision (muon g-2)

© Solution 2: choose a process with neutrinos (v; f — v; f)

© Solution 3: choose an observable that violates a QED symmetry

© Parity! (Atomic PV, PVDIS, Qweak, ...)

o Flavor (f /" — f ")

o Ist quark family: d - uev — P decays (N - N'ev)
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BSM searches with low-E processes

///" T T — e e \ generations b
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| QED >>EW >>BSM. What about QED? |} ..
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up J charmJ top J
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® Solution 1: gargantuan TH+EXP precision (muon g-2) o | R ] oo |
@ Solution 2: choose a process with neutrinos (v; f — v; f) ‘0 I-e |-'e
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® Parity! (Atomic PV, PVDIS, Qweak, ...)

o Flavor (f /" — f ")

o st quark family: d - uev — B decays (N - N'ev)
o 3 quark families (d; > ; v, d; —> d;¢ ¢, ...) > "flavor physics"
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BSM searches with low-E processes

T — - — — e e ———— /:*—.\\
'« “ eV/c: = eVic: .1 Ge'
_QED >> EW >> BSM. Whatabout QED? ) e fale]

© Solution 1: gargantuan TH+EXP precision (muon g-2) df';ﬂ S/Q ;:’bm%ﬂ
@ Solution 2: choose a process with neutrinos (v; f — v; f) ‘@0 @
® Solution 3: choose an observable that violates a QED symmetry Ué o Fa V_J
Y
® Parity! (Atomic PV, PVDIS, Qweak, ...) 0 | gecton J{ o, | netitno J
e Flavor (f /" — f ")
o st quark family: d - uev — B decays (N - N'ev)
o 3 quark families (d; > ; v, d; —> d;¢ ¢, ...) > "flavor physics"
o Leptonic (with charged leptons): £ — ¢’ v )
i
u' e+
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BSM searches with low-E processes

ccccccc
spin | %

S J— - . e \
\‘\K\QED >>EW >> BSM. What about QED? J

® Solution 1: gargantuan TH+EXP precision (muon g-2)

© Solution 2: choose a process with neutrinos (v; f — v; f)

© Solution 3: choose an observable that violates a QED symmetry

LEPTONS

© Parity! (Atomic PV, PVDIS, Qweak, ...)

o Flavor (f /" — f ")

o st quark family: d - uev — B decays (N - N'ev)
o 3 quark families (d; > ; v, d; —> d;¢ ¢, ...) > "flavor physics"

o Leptonic (with charged leptons): £ — ¢’ v

« Neutrino oscillations: v, — v
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BSM searches with low-E processes
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'&\QED >>EW >> BSM. What about QED? ) e ) (e L
- —_— T p up J chgn Jk top J
© Solution 1: gargantuan TH+EXP precision (muon g-2) I Jij il |
® Solution 2: choose a process with neutrinos (v; f — v; f) ‘@ Ju, J Y J
electron muon tau

<1.0 eVic? <0.17 MeV/c? <18.2 MeVic?
0
Ve " V} v &N
4 4
electron muon tau
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© Solution 3: choose an observable that violates a QED symmetry

LEPTONS

© Parity! (Atomic PV, PVDIS, Qweak, ...)

o Flavor (f /' — f ")

o st quark family: d - uev — B decays (N - N'ev)
o 3 quark families (d; > ; v, d; —> d;¢ ¢, ...) > "flavor physics"
o Leptonic (with charged leptons): £ — ¢’ v

« Neutrino oscillations: v, — v

© Even better — an observable that violates an EW symmetry:

CP (electric dipole moments), B-L (proton decay), cLFV (u—ey)

—> Either NP is very far (??), or it has a SM-like structure (B, CP, ...).
In the 2nd case, precision experiments might find NP first.




BSM searches with low-E processes

(QED >>EW >> BSM e () )
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© Solution 2: choose a process with neutrinos (v; f — v; f)

|| @ Solution 3: choose an observable that violates a QED symmetry

© Parity! (Atomic PV, PVDIS, Qweak, ...)
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o Leptonic (with charged leptons): £ — ¢’ v

» Neutrino oscillations: v, — Vg
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Analysing BSM searches

Theory?

EW scale ~0.1Tev

| New
| particles

Low-E << 0.1 TeV
experiments

SM
particles




Analysing BSM searches

Specific Effective Field
BSM model Theory (EFT)
Lpsu =< (¢SM’ (I)BSM) approaCh




EFT detour

[A. Falkowski's CPRO23 lectures]

Some distribution
of electric charges

Near Far
observer observer

Near observer, L~R, needs to know the position of every charge to describe electric field in her proximity

—

| . . 2 1
Far observer, r > R, can instead use multipole expansion: V(r) =4 + +
r r3 rd
d.~R
~1/r ~RIF* ~R*P ! )
Higher order terms in the multipole expansion are suppressed by powers of the small parameter (R/r). Qij ~ R

ne can truncate the expansion at some order depending on the value of (R/r) and experimental precision

Far observer is able to describe electric field in his vicinity using just a few parameters:

Ithe total electric charge O, the dipole moment d, eventually the quadrupole moment ., etc....

i’
On the other hand, far observer can only guess the "fundamental" distributions of the charges,
as many distinct distributions lead to the same first few moments

Small High
distances energies



EFT detour: QFT example

TGy poy (BW theory)

g7

M = Tft(kz)?’pp u(py) popare ) it(ky)y, P v(ks)
q=p—k;
@ @ @ q> S m; < my,
87
M = — Ym2 I/_‘(k2)prLu(p1)ﬁ(k4))/pPLv(k3) T @(qz/mév)

w

~ GeV

4
Lo = — ey, —=ys)v,-v,y"(1 —ys)u
eff \/— H 5/ %" Yy 5
2

+ higher-dim terms

5 .
Gp=—32 ™ |

Iy

wWilsow coefficlent o




EFT detour: QFT example

TGy poy (BW theory)

8r .
M = Lu(kzprLu(pl) —ii(ky)y, PV (k)
W
q=p1—k,
@ @ q S mﬂ < mW
M= — 2 u(kz)prLu(pl)u(k4)prLV(k3) + O(q*Imy))
m

w

4
Lo = — ey, —=ys)v,-v,y"(1 —ys)u
eff \/— H 5/ %" Yy 5
2

+ higher-dim terms

f Historically the logic was
| quite different: t
' Data — Fermi EFT - SM  §

wWilsow coefficlent o




EFT detour

\
-~ -~
[] L]
o

N

Bottom

up

Known theory at EFT that includes
high-E high-E effects

U [ |

Known theory at low-E

EFT at low-E (or at least symmetries & fields)

- Given a set of low-E fields &
| symmetries, one builds an |
EFT Lagrangian putting all
possible interactions and
following a power counting

M. Gonzalez-Alonso




EFT at the EW scale: SM — SMEFT

- Given a set of low-E fields &

| symmetries, one builds an
EFT Lagrangian putting all
. possible interactions and
__| following a power counting

SM

C EFT = Model-independent approach # Assumption independent)

aaaaaaa 3 MeVic: 5G 3.07 GeVic? 0 26 G
9 3 /3 23 0 0
09| 0 H .
| top guon | Hisgs 1. QFT (Lorentz inv.)
~4.8 MeV/ct =95 MeV/c? =4.18 GeV/c* 0
113 w 113 3 113 b 0 ‘
12 12 12 1
down strange bottom 7photon J 2 . SM ﬁelds + ga«p:
:.511 MeVic: -1105.7 MeVic? -1‘.777 GeVict :1.2 GeVict NP Scale >> EW Scale .
12 g 12 w 112 y 1 ‘ lé)
electron muon tau E boson J 8
2 2.2 eVic? <0.17 MeVi/c? <15.5 MeV/c? 80.4 GeVic? 8 3 . SU(3 )XSU(Z)XU( 1 ) gauge Symmetry
0 0 0 1 w
E 112 ])i 112 w 112 w 1 ‘ g
G | gecton || muon, || nediho | | Wooson | %




Building the SMEFT

Building blocks:
a k
G, ,W;,B,,q,u,d,?,e,q

)2
Field SUB)e SUQ)L U(ly Spin
G4, 8 1 0 1
W 1 3 0 1
B, 1 1 0 1
0 3 2 1/6 12
u 3 1 2/3 12
d 3 1 -1/3 12
L 1 2 —112 12
e 1 1 -1 172
H 1 2 12 0
— ——————

{

((
¢
(




Building the SMEFT

.

| Power

There are infinite gauge-invariant terms.

| counting

L B em =

I

But that's OK because there's a well-defined expansion:

®

®

®

®

Take an operator (=interaction term) O, of dimension D.

Since [£] = E* - £ D C,, 0p where [Cp] ~ D

Its contribution to a (dimensionless) amplitude associated to a process with E>>m

D—4
A

Thus, for E << A: i

a D=5 term gives a larger contribution than a D=6 one,
a D=6 term gives a larger contribution than a D=7 one, small  smaller smallest
and so on.

For a given precision, we only need a finite amount of terms: & =Zp ,+ L5+ L+ L7+ ...

This power counting allows us to define SMEFT at the quantum level
(the SMEFT is renormalizable at a any finite order in the EFT expansion)



Building the SMEFT

-
Z Ci O Complete (and minimal)
676  set of operators — "Basis"

o Finding a minimal set of operators is a subtle business.

o It's not just (O1, O2) vs (01102, O1-03). Operators can be related through integration
by parts, Fierz transformation and field redefinitions.

® Solved recently
[Grzadkowski et al. 1008.4884; Lehman-Martin 1510.00372; Henning et al. 1512.03433; Li et al.
2201.04639; ...]

e Any physical result will be independent of the basis chosen.

M. Gonzalez-Alonso BSM searches at low-E




Building the SMEFT

1 1 1 " »
— auva kuvyxrk v auv Fa
Zsu == 3 GGy, — JWHEWL, — BB, SOGHGH

+i Y FD, " f
f

— (I,ZYe(pe + goY,d + E](Z)Yuu)+h.c.

2

" (DM)T(D%) - W (e'e) = 2(o'9)

@ All coefficients have been measured

...except the theta term: Zg), D — 0 G G, i . .
s :
o b 3
g

o Interaction size OK except: 2 [ ---------- ---------- ;@ -------- ' .......... .........
o u=M72 ~100GeV < A (77) |
o EFT prediets: ¥y~ O(1) = mp~v, Vym O(1) b

Mass (eV)




Building the SMEFT

o Only one operator (Weinberg'79)

[Cs]pr T L. (p°)* 1 <v + H>
_ ~ -t = - S
Cgs_ - (#'2,) C((pfr)+h.cj 7 =iog (_(¢+)*> VAR,

VL
£ = < )
o After EWSB generates Majorana masses (for LH neutrinos): ‘L

gMz_EmMDZVL'i‘h.C., 17 =CDT

o Perfect! (neutrino oscillations — neutrino masses) APPLAUSE
Great success of the SMEFT approach: corrections to the SM Lagrangian  ((é
predicted at 1st order in the EFT expansion, are indeed observed!




Building the SMEFT

Les]pr T
$5= j\p (@Tbﬂp> C(@Tfr>+hc — myN2C5V2/A)

o Oscillation data — Am?Z.
Other experiments (KATRIN!) /observations — bounds on m.
All in all, m ~ O(0.01) eV. Thus:

CVZ/ANO.leV - A~ 10" GeVv !! J

o The mass gap is certainly OK

o But then higher dimensional effects are
then extremely suppressed
(only hope: B-number violation)

D=6 - Vv:/A2~ 1072611

R ,_
e =
00 | RS T A




Building the SMEFT

IEgEgaN=E =
‘

® Alternative:
It's possible (and even natural) that there's more than one NP scale.
This is not arbitrary since D=5 is "special": it violates B-L A

o A very high scale A; associated to B-L violating physics (D=5, 7, ...)
® A (hopefully) not so high scale, A, associated to B-L conserving

] ~ A NP
physics (D=6, 8, ...)
7 1 oA : 7 1 7 1
D5 A_L y D6 p y D7 A—%, -8 F, and so on ~A NP
e PS: Outside the SMEFT paradigm there are other explanations for m,, cwoeer 1

E.g., SM + v, — one has D=3 Majorana & D=4 yukawas (— Dirac mass).




Building the SMEFT

o First B-L conserving corrections to the SM.

Flavor structure — 3045 coefficients

© One finds 63 operators [Grzadkowski et al., 1008.4884 |

- -
n
X? ¢® and ¢'D? P2p° (LL)(LL) (RR)(RR) (LL)(RR)
Qc fABCGﬁVGEPGS” Qo (‘PT‘P)S Qey (‘Pfﬁﬂ)([pers@) Qu (P'Yu ) (L7 1) Qee (pvuer)(Esver) Qe (;'Yu r)(Esy*er)
o | peamence | o0 oot | ow|  @oaud D1 G | ow | G || G
5 - _
Qw | EWIWIWE N Qup | (9'D40) (¢'Dug) | Qup | (#79) (@) U | @rr'a)@atn'a) | Qu | (dpd)(datd) | Qu | () i)
Qi LI vy Ty K z(q) (Ll ) (@72 Qeu (€pyuer) (s uy) Qe (GpYugr) (Es7*er)
m v P _
X2 VX V22D QY | G @ ) | Qe | @en)(dnrdy) W @) @)
Q toch | Qu | Gomerow! | 00 [ (01D, o) (in"t) Qui | @a)(daotd) | Q| (GT ) @ T w,)
v e ar e )T v ? Yl
el ‘P:P ~Z N w e ) vy g) f.*",ﬂg@ _pl QEZ) (T u, ) (dy™ TAdy) Ql(;i) (@) (AP dy)
Qgﬁ Pl GG Qen (lo"er) By Qg (¢ iD, @) (Lp7'y"l;) Qf;z) (G, Tq) (A" TAdy)
>
T W1 Wwin u 7,0 T4, ) G4, . i D e, e, - - —
Qew WT‘P~;; - Quc (q_p ) I)LP ,; QZ) (SOT,H” ‘P)(_p'Y ) (LR)(RL) and (LR)(LR) B-violating
wa el W, Wik Quw | (qpo"u,)T oW, ®q (" Dy o) (@7 ar) Qtedq (lfer)( ) Quug P [(dg)TCuE] [(g¥)TCl¥]
T pv 7 > (3) ]"HI 5 LA .
Qen ¢ sO{Bin Qus _(qpa 1:«)@ BWA eq | (¥ Z% ©) (qff 7"q) QW | (@u)en(dtdy) Quau ey [(g29)TCqP) [(u))T O]
Q¢§ plp B, B" Qac | (o' T4d,)p G Qpu (pli 14-)»“ @) (Upy*ur) Qf;i)qd qJTA DR @TAd) || Quaq €*PVe jnEkm [(q}‘,’j)TC'qfk} [(q;"")TCl{‘]
Qows | @'l W, B Qaw | (3o d,)T"o Wy, || Qua | (¢'iDy¢)(dyy"d;) Qlequ (Ber)eju(dtu) Qauu e [(dg)"Cuf] [(u)" Cer]
Quivs | PT'eWaB"™ | Qus | (§0"d)¢Bu | Qeua | i@ Dup)@ndy) || | Q2 | Gowen)eju(dior u,)

Table 2: Dimension-six operators other than the four-fermion ones.

Table 3: Four-fermion operators.




Building the SMEFT

32324—334—344—35

o First B-L conserving corrections to the SM.

© One finds 63 operators [Grzadkowski et al., 1008.4884 |
Flavor structure — 3045 coefficients
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Building the SMEFT

o First B-L conserving corrections to the SM.

© One finds 63 operators [Grzadkowski et al., 1008.4884 |
Flavor structure — 3045 coefficients
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Building the SMEFT

32324—334—344—35

o First B-L conserving corrections to the SM.

© One finds 63 operators [Grzadkowski et al., 1008.4884 |
Flavor structure — 3045 coefficients

e Extremely rich phenomenology:
colliders,
flavor,
low-energy searches,
neutrino physics,
proton decay,
CP violation,

© All results compatible with zero — Bounds on A

1
<£Z D ﬁ@)




Building the SMEFT

g=$2+33+$4+35+26 37"‘

[A. Falkowski, Eur.Phys.d.C 83 (2023) 7, 656]

e == —_— — e —_— ==

1 YeV 10%4eV|
i
M12zev: -10%"eV|
\ |
| |
181 EeV! 11018eV
I |
c |
M1 Pev!
81 Tev
0
|
1 GeV
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© All results compatible with zero — Bounds on A
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Building the SMEFT

o At dim-6 is where all the fun starts, but 1t's also where it ends

10000000000 - 1
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2795173575
1000000000 - 4
100000000 - -
10000000 |
3 —=® 5474170
o
= 1000000 -
3
c
g 100000 |- .
S
£ 10000
5
o
z 1000 -
100 .
100
2" For complex operators Henning et al
1t complex conjugates counted arXiv:1512.03433
Nf = 1 as s Aare
5 6 8 9 10 1 12 13 14 15
Vkss dimension
, ' ' , . Li etal'22
Weinberg'79 Lehman Lietal.'R1 . . .
(Code valid at any dimension)
Grzadkowski et al.'10 Liet al.'20

Exponential
growth
with D



Building the SMEFT

o At dim-6 is where all the fun starts, but 1t's also where it ends
o Really too many operators
o For D=7, 9, ... the effect is expected to be tiny

o For D=8, 10, ... not easy to imagine situations where terms that are so suppressed (if
the EFT works) give measurable effects in observable X whereas all D=6 terms do
not give measurable effects in so many other observables.

e A few processes receive their first tree-level correction at D>6:
light-by-light scattering (dim-8), neutron-antineutron oscillation (dim-9), ...
Depending on the mass gap, they could compete w/ loop effects from lower-dim. operators.

M. Gonzalez-Alonso BSM searches at low-E




Building the SMEFT

o It's crucial to keep in mind that these operators exist.
E.g. (dim-6)"2 vs dim-8 contributions (validity of the EFT expansion)

® Let's think in a (non-forbidden) low-E process (E<<v):

V2 V4
%zﬂSM 1 + C6@ E + CS@ F + ...
5 5 V2 5 V4 V4
| A | zl‘%SMl 1 + 6‘6@ E + 660 F + 68@ F + ...

© One should *not* include quadratic terms
(equivalently: results should not depend strongly on quadratic terms)

o The reasoning is the same for E~v or higher energies.

M. Gonzalez-Alonso BSM searches at low-E




Building the SMEFT

Majorana

g = gSM -+ neutrino

M. Gonzalez-Alonso BSM searches at low-E




Down the EFT stairs

Known theory at
high-E

v

EFT at low-E

Bottom

up

EFT that includes
high-E effects

t

Low-E symmetries & fields

M. Gonzalez-Alonso

BSM searches at low-E



Down the EFT stairs

—~ -~
(] L)
L

N

Bottom

up

Known theory at
high-E

v

EFT that includes
high-E effects | SMEFT

Low-E symmetries & fields

Low-en fgy (~GeV)
EF (LEFT)
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Down the EFT stairs .

- SM
Known theory at
~ 100 GeV g _ g high-E
eff — SM
@ Low-energy
| EFT at low-E E

@)
= e

Logp =~

V(=7 v, -0, 7" (1 —ys)pu

+ higher-dim terms




Down the EFT stairs .

A N
Known theory at
~ high-E
100 GeV g _ g
eff — SM @
Low-energy
| EFT at low-E E

Cs 6 .
+—=05 + zi:ﬁ@ + ...

4

@,
Lo = — ey, (I =yv, - o, ry*L=y)pu |
\/5 + higher-dim terms




Down the EFT stairs .

A | S
M
Known theory at
~ 100 GeV _ high-E
Zz eff — Z SM @
Low-energy
‘L EFT at low-E Ef
0 % 1
st a0
l
8 C6
= +f( = |
. 4 ﬂG _Ay2my Q
The SMEFT has ~3K coefficients,
but it generates only one new term = A =rs)ve- 7" A=y |
to the muon decay low-energy EFT + higher-dim terms

Lagrangian.
@ Moreover this term can be

neglected in most cases
(contributions ~ m,/m,,)




SMEFT — Low-energy EFT

B Dragons uUuv physics

IR physics
(data!)

e Various names: LEFT, WEFT, WET, ...
o Variants: LEFT-5, LEFT-4, ...

© In any case, the full LEFT (generated by the SMEFT) has of course many many terms.
The matching between LEFT & SMEFT is known at 1-loop
[Jenkins et al., 1709.04486; Dekens & Stoffer, 1908.05295].

e For concreteness, I'll focus on beta decays (d — uevr).




SMEFT — Beta-decay LEFT

A
W ~ 10 TeV NP :
TrT) = ' eldas, elas
i el £(z) = £ (SM fields, bSM fields)

o a a
~1TeV SM L
>X"M< >< i Lowgrr = Lsu + ), %@’6 T

¢ ¢ U

2V
>< >< ZLweFT 2 — Vzud {(ay* P d)(ey,PLv,) + Z er (@ld)@ely,)} |
r

~ GeV

J
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SMEFT — Beta-decay LEFT

A
W ~ 10 TeV NP :
TrT) = ' eldas, elas
i el £(z) = £ (SM fields, bSM fields)

o a a
~1TeV SM L
>X"M< >< i Lowgrr = Lsu + ), %@’6 T

¢ ¢ U

2V, _ _ ~ _
>< >< Lwerr D — d{(1+€L)(u;/”PLd)(eyﬂPLl/e) + eR(uy”PRd)(e}/ﬂPLve)

2

1 1
+ Ees(ﬁd)(ép Vo) — 561)(57’5‘1)(6]) LVe)

1
+ ZGT(IZG'W P, d )éo,, Pv,) + h.c.




SMEFT — Beta-decay LEFT

et
Lsuerr = Lsu + Z ﬁ@% +
i

2V 4

LWErT D — > {(1+€L)(ﬁy”PLd)(éyﬂPLve) + ey Prd)(ey,PLy,)

1 1
+ Ees(ﬁd)(éPLl/e) - Eé’P(ﬁ}’sd)(eP LVe)

1
+ ZGT(ua””PLd )eo,,Pv,)+ h.c. }

V2

€g X m[ch]u

V2

~N - k *
s~ 2A2V,, (de[clequ]njl i [cledq]lm)’

v2

€p N = 2A2Vu ( Jd[clequ]n i1 [cledqlllll)
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SMEFT — Beta-decay LEFT

.
‘gSMEFT = 3SM + ZE@% + ...
i

2V 4

V2

LWErT D — {(1+€L)(ﬁy”PLd)(éy”PLve) + ex(ay”Prd)(ey, P v,)
1 1
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1
+ ZET(L_tG#VPLd)(édﬂUPLUe) +h.c. } ,
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o — v (V. e, 1%  —[c.. ]* ) ‘g — RH currents are lepton flavor universal!
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SMEFT — Beta-decay LEFT

Reminder:

.
‘gSMEFT = 3SM + ZE@% + e
i

2V,
V2

LWErT D — {(1+€L)(ﬁy”PLd)(éy”PLve) + ex(ay”Prd)(ey, P v,)
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SMEFT — Beta-decay LEFT

i
3SMEFT = 351\4 + ZE@% + ...
I
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SMEFT — Beta-decay LEFT

¢
‘gSMEFT - 3SM + ZE@% + ...
i

2V, ) ] ]
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LEFT from SMEFT

A
W . ~ 10 TeV NP :
xr) = I nelds, 1 nelds
o L(z) = £ (SM fields, bSM fields)

& o o
~1TeV SM L
>X"M< >< i Lowgrr = Lsu + ), %@’6 T

¢ ¢ U

2V
>< >< ZLweFT 2 — Vzud {(ay* P d)(ey,PLv,) + Z er (@ld)@ely,)} |
r

~ GeV

c
M. Gonzalez-Alonso BSM sea




withouk

froth SMEFT

A
w
PN WY L(z) = £ (SM fields, bSM fields)

LEFT

4 4

2V
>< >< ZLweFT 2 — Vzud {(ay* P d)(ey,PLv,) + Z er (@ld)@ely,)} |
r

~ GeV
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Building the LEFT

Building blocks: Rules

[ i i [ i
G/77AM7QL7qRaeL7eR,VL

g=g2+g3+g4+gs+g6+g7+

[Jenkins et al., 1709.04486]




Beta—decay LEFT (not necessarily from SMEFT)

2V
FLwerr 2 = H{ ()@ PLd)erPu) + e Ped)enPrr) |
1 ~ _ 1 _ opero&ors
+ Ees(ud)(ePLve) — Eep(u}/Sd)(ePLve) (SMEFT
1 generates
+ Jer(@o Prd)(@,, Py, +h.c. b them all)x
erYuVr - urY dr
Nob (V-A) x (V+A)
mecesso\ritj
true
anjmore

*Not always the case. E.g., in b — s e*e- some structures are forbidden!
[Alonso, Grinstein & Camalich’2014]
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Matching to NP models

“ire Motching Ganv

>\,V\‘,’W< > ...... < ~ 10 TeV NP gmulti—Tev = 3 (¢SM’ (I)BSM)
. ! | . 1

n . Y #
| I’ ke - \
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4 No—
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@ @ ‘ : 1
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F = 4\/5771%,‘/ | Near observer, L~R, needs to know the position of every charge to describe electric field in her proximity ‘
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(SM)EFT phenomenology




(SM)EFT phenomenology

o First step: calculate observable X in the (SM)EFT:

l

® Sometimes it's trivial.
Sometimes it's not:

© New quark currents? Hadrons? Nuclei?

o "Indirect" BSM effects: X = X,,(V,,) + 3C6(13)

One can't just take the value of V,; from the PDG.
More generally: V,; — CKM, PMNS, FFs (FLAG), ...

u

© PDFs, cuts, correlations, FFs, EFT at 1 loop, consistent EFT expansion, ...

© Was the SM assumed to hold in the experimental analysis?

® Other complications...




(SM)EFT phenomenology

o First step: calculate observable X in the (SM)EFT:

- = S

///'

\&?EFT:ESM + Y COi+... — X=Xg + Zaicg+...>

1

® Sometimes it's trivial.
Sometimes it's not.

@ But once it's done, it's done.
(you don't have to do it for each model)

M. Gonzalez-Alonso BSM searches at low-E




(SM)EFT phenomenology

o First step: calculate observable X in the (SM)EFT:

///'

l

® Sometimes it's trivial. Xi=Xisu + Z a;Co+ ...
Sometimes it's not. i

@ But once it's done, it's done. B
(you don't have to do it for each model) $

100 200 300 400 500 600 700
electron energy (keV)

{ This approach gives us a model-indep.
|| parametrization for the observable X

dX _ (dx
- (1+2C8) + Zc8
dE ), E

M. Gonzalez-Alonso




(SM)EFT phenomenology

((Correlated)\
[ Measurement ] » bg;}d;vci)lr; ;Ee

Coefficients
\_ Wy,

Matching with A
# a specific NP -

T (Cé = f(gNP’ MNPD

o Useful especially if...
© Global analysis

o Final likelihood public

(correlation matrix!) N %

o Avoid additional
assumptions

@ Valid also if NP is found!

M. Gonzalez-Alonso

BSM searches at low-E



(SM)EFT phenomenology

((Correlated)\ e
bounds on the .
[ Measurement ] » EFT Wilson # a specific NP o f( y )
Coefficients model 6 Enp> Mnp
\_ Wy,

The EFT setup allows us to...

o Obtain results that can be applied to
any given model later;

M. Gonzalez-Alonso BSM searches at low-E




(SM)EFT phenomenology

((Correlated)\

[ Measurement ] » b]g):;r'}d;v(i)lr; ;Ee
Coefficients
Wy,

\_

The EFT setup allows us to...

o Obtain results that can be applied to
any given model later;

© Assess the interplay between
processes (related by symmetries) in a
general setup;

M. Gonzalez-Alonso BSM searches at low-E




Comparing different probes

e Choose an operator basis {O1, O, ..., On}, e.g. the Warsaw basis
Let= Lsm + 2 C; O;

o Calculate the observable you like in the EFT, e.g. O = Osy + 3C;- Cs

© What are the known limits on the Wilson coeff.? e.g. from LEP... C; =0.001(3), C>=..., ...
More precisely: ¥2 with (LEP) measurements gives you central values and error matrix.

o Implications for your observable? e.g. error matrix — 3C;- Cs = 0.02(4)
o ~ 4% sensitivity (th+exp) to be competitive (or to check a LEP anomaly);

o If your sensitivity is better than that, you are exploring new SMEFT territory and your
measurement should be added to the big fit.

® A deviation larger than that indicates some wrong assumptions in your EFT!

' - - % Observable 1
e Often we have a dataset (instead of a single data point O). servable

The same logic applies, but it's often better to look at
the (C;, Cs) space — example.

Observable 2




Comparing different probes

(D"H)Y(D"H)B,, ——

P —
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e'e >W-W- (LEP2)
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z :

- W~ |
e
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-10¢: . . . L

[Falkowski et al.,
0g; . 1508.00581]




Comparing different probes
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€r [Falkowski et al, JHEP 04 (2021) 126]
[Gupta et al., PRD98 (2018)]
[Gupta et al., PRD98 (2018)]
[Cirigliano et al.,

1210.4553]




Fitting room: global analyses

‘ ((Correlated)w T.‘ .
| [ Measurement 2 ] G > _ )(Z(Cia bounds on the | | Specific NP model
0 EFT Wilson ! Ci = f(&np Mp)
| Coefficients | #
k [ Measurement N ] \- J/ ‘,

fitting
room




[Efrati et al., 2015]

EWPO ﬁt in the flavorful SMEFT
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EWPO ﬁt in the flavorful SMEFT

[Efrati et al., 2015]
[Falkowski & Mimouni, 2015]

;-

i

[
i
.

[cee]1111
[Cee] 1111
[ce]1221
[cee] 1122
[cee]1122
[Cee]2211
[Cee]1122
[cee]1331
[cee)1133
[cee]1133
[Cze]3311
[Cee]1133
[¢ee)2222

_1.00+0.64

2.30 £0.88

—1.36 4 0.59
1.95+0.79
—0.023 £ 0.028
0.01 £ 0.12
0.018 & 0.059
—0.033 4+ 0.027 {
0.00 & 0.14
0.042 & 0.062
—0.8+£31
—0.154+0.36 §
—03+38 |
14451
—0.3540.53
—0.9+44
0.9+28
0.334£0.17
3+£16
34449

1.01£0.38
—0.224£0.22
0.20 £ 0.38
—48+16
1.5+21
1.54+2.2
—14+£22
34+£26
1.5+1.3
0+11
—23£72
1.7+£7.2
—1+12
—2+21




[Efrati et al.,, 2015]
E \ X ] P O f‘ [Falkowski & Mimouni, 2015]
1T i the «{:Lo\vor‘fui. SMEFT  [Falkowski, MGA & Mimouni, 2017]
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A new low-energy observable:

the COHERENT experiment




EFT analystis of NP at COHERENT «caﬂ@“ﬁs

uuuuuuuuuuuuuuuuuuuuu
L B

’ scattered
L 0, .
Capture: ~99% neutrino

7

- ‘ Ze Decays at rest \ o“--Z 4
Q_>G$e’>:;/7@ boson '128'??@
q =
© o Tk

T: ~26nsec

secondary
recoils

[fPOIIl S ChO].b eI’g' S scintillation

talk at IPA18] [from COHERENT coll.]

© COHERENT observed for the first time CEVNS (Coherent Elastic Neutrino-Nucleus
Scattering): VN — vN

o It occurs for Ey small enough so that the neutrino does not resolve the nucleus
— CEVNS cross section enhanced by N2.
Theoretically known since the 70's [Freedman'74; Kopeliovich & Frankfurt'74 ]

o Extremely challenging experimentally (very small nuclear recoil)




EFT analysis of NP at COHERENT  (ce%® “ﬂé
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[Breso-Pla et al., 2301.07036]

EFT analysis of NP at COHERENT

o COHERENT data (LAr + Csl, recoil & time distribution: 664 data, 13 nuisance parameters) give:

0.68 €47 +0.61 ¢l — 0.30 € — 0.27 ¢/ = 0.037(42) e y
0.30 € +0.27 ef' + 0.68 € +0.61 €t = — 0.004(13) >‘<
14 ‘u

_

| WEFT/SMEFT

€u =097" + 095" + (
Matching

i. €d \zégfd + 5g}Z,3d — (

\

o Is COHERENT probing a new region in the SMEFT parameter space?
These operators are constrained by many EWPO: LEP1, LEP2, APV, ... — Global fit needed!




[Breso-Pla et al., 2301.07036]

COHERENT in the SMEFT
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EWP0 w/o
COHERENT

EWPO w/
COHERENT




LEPTONS

genet gen ration ger

® Intro;: SM — BSM

1}e. 'V,‘. Vt.
- |e @ @
® Classes of low-energy BSM searches *;{ C:) :
— Plenty of activity! o st gt
QUARKS

@ Effective Field Theories

— A natural theory setup to study low-E probes with minimal assumptions
(plenty of theory activity)

© EFT Phenomenology
— Efficient & model-independent (plenty of theory activity)
— Forbidden processes probe huge scales
— Precision low-E measurements probe TeV scales

(interplay with high-E!) E FT! !

M. Gonzalez-Alonso

BSM searches at low-E



