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Effective Field Theories

Basic idea: At a given scale, determine the relevant degrees of freedom!

— Operator-Product Expansion

4 Ny )
1
L= w7 2 O (W) O ()
\_ d 1=1 y

Wilson coefficients: Parametrize the (heavy) UV-physics
Operators: Built out of the relevant degrees of freedom
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Effective Field Theories

\& Factorisation scale [/ is arbitrary
—— Unobservable quantity

ng
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Effective Field Theories

\& Factorisation scale [/ is arbitrary
—— Unobservable quantity
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C— define:
dO}” ()
dln
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= —;; (1) O\ ()
“anomalous dimension matrix”
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Effective Field Theories

\& Factorisation scale [l is arbitrary

—— Unobservable quantity

ng

: = L (d) ), \
dln p Leit = zd: Ad—4 ; G (w) O; 7 (p) =0

v

(d C,fd)(u)) 09 (1) + C(u)

dln p
Renormalization-Group Evolution Equation — def:;;e:
O (1) _ ()09 ()
dln p " J

“anomalous dimension matrix”
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RG Evolution Equation

C— Central equation of this talk!

® Describes the scale 1 dependence of the Wilson coefficients (couplings).

® Anomalous dimension matrix 7 j; (,u) couples the equations of different
Wilson coefficients.

< (Very) large set of coupled differential equations!

® Even if a Wilson coefficient is zero at a high scale, it can still be generated
via a “running effect”!
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The Standard Model Effective Field Theory (SMEFT)

Assume there are new, unknown particles coupling to the known
Standard Model particles.

—— What would be the consequences?

® |[f the new particle is heavy, it is not a valid degree of freedom at “low” energies!
® This means it will not appear as an external state in scattering amplitudes.

® But: it can still modify physical processes by modifying Wilson coefficients (“couplings”)

New, unknown particles can generate operators made
purely out of SM particles that are zero in the SM!

5 Generation of higher dimensional operators!
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The Standard Model Effective Field Theory (SMEFT)

Assume there are new, unknown particles coupling to the known
Standard Model particles.

—— What would be the consequences?

® |[f the new particle is heavy, it is not a valid degree of freedom at “low” energies!
® This means it will not appear as an external state in scattering amplitudes.

® But: it can still modify physical processes by modifying Wilson coefficients (“couplings”)

Energy

Two dim-4 operators

\ One dim-6 operator
e” L b u

OW energies:
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The Standard Model Effective Field Theory (SMEFT)

Minimal basis: “Warsaw” basis [Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)]
X3 @ and *D? 23
Qo | fAPCGIGPGT || Qp (pT)? Qe (¢"e) (Loerp)
~ physics in terms of SM fields
g | FAPCGLGRPGSH | Qe (¢T)O(¢"p) Qug (0'0)(Gpurp)
Qw | VKWW WS | Qup — —— ——
S - (LL)(LL) (RR)(RE) (LL)(RR)
Xy Q(zlz) (Lo vle) (Lsv1e) Qee (€pVuer) (Esr*er) Qe (EpVylr)(és7”6t)
A aq (TpYuar) (357" qt) Quu (UpYuur) (Usy ) Quu (pvulr) (@sy ue)
Qoo | GG | Qv | o0 | @ rte)antr'a) | Qu | Emd)doid) | Qu | (o))
e Pl LG | Qen QL | Gvl) @ a) Qeu (Epvuer) (@sy us) Qe | (@7u3)(E"er)
Qew | ¢'¢ ,VK*{”WIW Qi | QO | Gt @ T'a) || Qu | Een)doidy) W | (@) @y uy)
Q,w Pl W, Wi Quw Q%) (@pyuur) (dsy¥dy) @ | (@.T%e) (@ Tu,)
Qe | ¢'BuwB™ | Qus QY | (@ THu) @y T ) | Q% | (Guar)(divd)
Qi | #¢BuB" | Qu QY | (@muT ) (dy T dy)
Qews | 'T'eW,B" || Qaw || (LR)(RL) and (LR)(LR) B-violating
Quivs | ¢'T'e Wi B | Qus | Qs (Ber)(dsql) Quug eMeg [(dg)"Cuf] [(g7)Cl]
Qo | (@u)ein(@d) | Quau e*Pe 1. [(g59)"Cqf¥] [(u2)7Ce]
QW o | (@T4u,)ejn(@TAd,) || Quoq Mg nerm [(¢27)"CeP¥] (@™ Cly]
at dimension-6: 59 operators )" (Ber)ein(@us) Quuu e [(d2)TCuf] [(ul)T Cey]
[omitting flavor indices] 1 Q0 | @oe)em(dtor )
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Axions and Axion-Like Particles (ALPs)

i . i Peccei, Quinn (1977); Weinberg (1978);
-} Peccei-Quinn solution to the strong CP-problem Wiesai (1978§] ) 9(1979)
O a «
— S ma a, v s _S a a,uu
L==-"G, LGOH 7 g O ,G

=) Potential Dark Matter candidates (Presi, Wise, Wiczek (1963)

-} Give a contribution to a,” - a;" = 4.20 [B. Abi et al. (2021)]

Most general Lagrangian for a classically shift symmetric, gauge singlet,
pseudoscalar ALP:

[H. Georgi, D. B. Kaplan, L. Randall (1986)]
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-} Give a contribution to a,” - a;" = 4.20 [B. Abi et al. (2021)]

Most general Lagrangian for a classically shift symmetric, gauge singlet,
pseudoscalar ALP:

\ = T ~a Auva a T/ LV a DUV
’\ LgM—?—foLP — OGG ? G/J'V G'u 7 _|_ OWW ? W/{V W'u ! —l_ CBB ? B,UJV B'u

—%(Q Y’LLR-I-QH},CldR-I-LHYeR-l-hC)

VYrp — Yp + 1 % cr Yr flavor universal ALP: f’u =1Y,C,, f’d =1Y3;Cy, 176 =1Y.C,
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ALP-SMEFT Interference

Virtual ALP-exchange with only SM external states in one-loop diagrams, i.e.:

r r
f f ' f o f f \
T 4 N 5 ~ 1/€ where €>0

7

UV-divergent amplitudes!

Shrink loop to a point:

T 6
f> f> : f f : f
/,a a\

Ny % g * C(()iipole y
/

“bare” UV-divergent quantity “dipole operator”
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ALP-SMEFT Interference

Shrink loop to a point:

o5 g

> > o—f>— —f>¢¢ > L d- 1
A N g 1pole
~ /e N =gy (OTPOC
0
Vv \% /

“pbare” UV-divergent quantity “dipole operator”

In detail: (still schematically)

. 1 1 2 .
Adlpole — (47Tf)2 f(CﬁxLP’ CBALP) (E + In (%) 4. ) <Od1pole>
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ALP-SMEFT Interference

Shrink loop to a point:

9 %

A IS 1 .
aner el * Cdlpole
1% joa a’sy 1% X
0
Vv Vv /

“bare” UV-divergent quantity “dipole operator”

In detail: (still schematically)

2
Adipole _ (473]3)2 f(CALP CALP) (i +1In (]1\22) 4. ) <Odipole>

Absorption of the pole in the bare dipole operator Wilson coefficient:

Cdlpole L (473f) f(CALP C’ALP) (1 + In (]/\1;2) + . )
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ALP-SMEFT Interference

Shrink loop to a point:

O f1? g !

> > /,,o—>— —>—¢\\\ > > CdipOle
v an, SV * O X
1% 1% /

“bare” UV-divergent quantity “dipole operator”

In detail: (still schematically)

2
Adipole _ (473]3)2 f(CALP CALP) (i +1In (;&2) 4. ) <Odipole>

Absorption of the pole in the bare dipole operator Wilson coefficient:

2
Cdlpole . 1 f(CALP CALP) (1 + In ( M ) 4+ . )

M2

< A (Arf)?
Cdipole 1 ) f(CEMF, C3M) <X+ In (“—2> + .. )

(4 f)?
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ALP-SMEFT Interference

Shrink loop to a point:

O f1? g f

> > /,,o—>— —»&\\ > > CdipOle
v an, SV * O X
1% 14 /

“bare” UV-divergent quantity “dipole operator”

In detail: (still schematically)

ipole 1 :u’z
Cv;ierll) le __ (47_‘_]()2 f(CaALpa CBAxLP) <X+ In (W) + .. )

* Derivative wrt. scale

2 f(CaALP7 CIBALP) =

Sdipole

d dipole __ 2
¢ (4 ])?

dlnp " = (4« f)
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ALP-SMEFT Interference

A consistent effective theory necessarily includes the dimension-6 SMEFT Lagrangian!

Legg = Lsv + LsM+ALP + LSMEFT
Sc =8¢, Cé

. - Suw=-29;Cyw
> o Sup = —24i Cip
f&‘—\_\ Saws = —491 92 CpB Cww
E e.g. leptonic:

R SRR I ? Sep = ~2ig1 (V1 + Ve) Ye Cp

Sew = —2ig> Yo Cowy

[AG, Neubert, Renner (2021)]
...etc!
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ALP-SMEFT Interference

Main message of this talk:

Dimension-6 SMEFT Wilson coefficients are generated via modification of the
Renormalization Group evolution even if the ALP is very light!

d C@SMEFT . ,yJSZMEFT CJSMEFT _ S’L ( for 0 < A f)

(4 )?

dlnp

[AG, Neubert, Renner (2021)]
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ALP constraints from SMEFT fits

Si
CoMERT — (for p < 4 f)

(47 f)?

e Large set of coupled differential equations!

Gets contributions from  four-fermion operator:
(for instance)

Qnv(v)-type - Weinberg operator:
OperatOr: \ 7 Q'
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ALP constraints from SMEFT fits

Si
CoMERT — (for pu < 4 f)

(47 f)?

e Large set of coupled differential equations!

e Solved numerically using a modified version of
DeixTools [Celis, Fuentes-Martin, Vicente, Virto (2017),
Fuentes-Martin, Ruiz-Femenia, Vicente, Virto (2020)]

Result: SMEFT Wilson coefficients at a low scale 11 in terms of ALP-couplings
at the scale A\ .

We use SMEFT constraints from low-energy,
Higgs and top data in a X2 fit to constrain

the ALP-coefficients.

from e.g.[Ellis, Madigan, Mimasu, Sanz, You (2021)]
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Model-Independent Bounds on Axion-Like Particles
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Model-Independent Bounds on the Axion-Like Particles

® SMEFT searches are independent of axion-like particles!

® Direct searches often need to make assumptions on the decay of the ALP,
on its mass, lifetime etc!

—— Often very model-dependent statements

® Only caveat:

Discussion valid if the ALP is the only source of new physics between and the
electroweak scale.

Matching of concrete ALP models could generate non-zero SMEFT coefficients
on top of the inhomogeneous source terms.

—— Discussed for two models in our paper: arXiv: 2307.10372

September 10 - 15, 2023
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Summary

In this talk we have seen..

v/ how to derive the RG evolution equations for Wilson coefficients.

v/ that ALPs couple to the SM via dimension-5 interactions (or higher).

v that divergences from one-loop virtual ALP exchange with external
SM particles are absorbed in SMEFT Wilson coefficients and the ALP thus
generates nearly the whole dim-6 SMEFT basis at one-loop order .

v/ how RG running and ALP-independent SMEFT bounds can be used to obtain
model-independent bounds on ALP coefficients.

* Indirect bounds from global fits are a model-independent way to constrain
ALPs and the results are competitive to or even exceed current constraints!
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Take Home Message

ALPs generate nearly all dimension-6
SMEFT operators at one-loop order
allowing for a derivation of

model-independent bounds!
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Thank you!
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