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AXions, axions everywhere

® ALPs (axions) are very appealing BSM candidates.

® Thereis an intense experimental program.
A 2
Cw
m Mass gap =————=p Axion EFT =3 \\/ilson Coefficients

v
— ) @teCtION

What does an IR measurement say about the UV?
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Axion phenomenology

Effective axion-gauge boson couplings play the main role.
2
f\/\/\/\/\/\/Ai,u

a= Atk A(a — AA) x C

qﬂf
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Photons and gluons <= Anomalies dpg (Lgrr) ox D@44
C — DPQAA

Axion DY = N P2 () = 3 g (af)
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This relation is not so clear...
E.g. it is violated in DFSZ [Q&S, 1903.12550]
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Axion EFT with a massive abelian gauge field

Non-anomalous coupling linked to longitudinal degrees of freedom.

DPQAA ~ C — DPQAA O QA N
Lo —-g° E,, FH - aa,(” —A)F“”
7 w2 f i J &2 f "\ my I
\ J \ J
| |
(1): anomalous (2): non-anomalous
5PQ (ﬁEFT) X DPQAA A (a — AA) x C

When does this happen?

Massive chiral =———— C =+ DPQAA - (2) NON- ZErO0
3.
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Non-abelian: EFT terms for the SM

g Cww ayyrayise 0,0 Tr(TV,)) B*
1672 f g ’
e d,a Tr(V, WHY)
-9 ZBE%pp :
1672 f 0,a Te(TV, ) Te(TWH)

U=V DU =00 ~igWU +ig B Vu=DuUUY T =UosU!

Non-linear EW Is a consequence of chiral matter in the UV.
[Cohen et al, 2008.08597]
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Sum rules for the axion EFT

Sum rules from anomalous-only operators

2 1 _ -9
Coy + s (1 = t3)C —Cz7=0, Cyy+s7Cz,—(1+t7)Cww =0
S, C
wW=WwW
In the mass basis: - ¢ - Ol FF a0 ST Opy, G2z a5, 2OWW gregi-
e? f CWSWf CWSWf SW

Sum-rules violation by non-anomalous effects

1 Cl1 —C2 —C3 -9 ) Cl1 —Co +C3
Corytsi (1=t )Cpy———5Czz = 57 3 Coy sy Czy =1+t ) Cwrw = 52
Sw Cw CwSw Sw

clg ’_Ly . 29 732 3g ~‘u,y
iraOuc aTr (TV,) B i FOuc Tr(VW )+z47r2f8 Tr(TV)Tr(TW )

.. Which only appear after integrating out chiral matter

¥

The violation of these sum rules i1s the hallmark of chiral matter!
5.
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A minimal model with axions and chiral matter

DFSZ-like extended scalar sector
(SU(S)Ca SU(Q)La U(l)Y)U(l)pQ

1

a==(Voap + Xqvia1 + Xoveas) , [2=Vi+ X7v% + X203

Hip o (1,2,45)« | f(<1><1> wiar + Xovaaz) . f7= Vo + Xyop + X305
ia_ O %a’_ 0 Ty
® (1a 170)1 Hy o %6 vi (1) , Hy»> %8 '”3 (1) ® D %ez‘&p

New heavy fermions
1
Ly ~ (1727+Y)XL1 By~ (17 L,+Y — §)XL1—X1 Ny~ (1’1’+Y+ )XL1+X2

1
2
1 1
‘ L2 ~ (1727 _Y)XL2’ \E2 ™~ (1’ 1’ —Y + E)XL2+X2 N2 ~ (1’ 1’ —Y - §)XL2_X1’

Left H'anded Right Illanded
— L"Y = yElLlElHl + yE2L2E2H2 + yN1L1N1H2 + yN2L2N2H1 + h.c.

Vector-like UV charges, but chiral spectrum
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Axion-gauge bosons EFTs and sum rules

,Xl—XQ a

p (1+12Y72) (X - Xo) @ 2X1-Xza
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Sum rules
1 X1 - Xo 9 2 A2 — X
C’Y’Y-l_SW(l tW)CZ'-Y %CZZ - 12612/‘/8‘2/1/ C’y’y—i_SWCZfY_(l-'_tW)CWW = 12812/1/

The sum rules can be written with observables

My > 2Mmy
2 2 2
SR.1. r(a_>ZZ)_1_(t§V—1) N(a—2Zy)| 2(ty-1) Pla—2Zy)
| Tla—>y) 2ty T'(a—77) tiy  Tla—>77)

SR-2: F(a—>fyfy)+%(tf,v )I(a—>WW) -ty F(a,—>ZZ)+—(1 tW)F(a,—>Z’y) 0
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Sum rules for partial widths, graphically
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Chiral extensions: heavy fermions direct searches
Y =3/2

CMS DY bounds DY cross-section CMS DY bounds DY cross-section
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Conclusions

The longitudinal component of massive gauge fields allows us to write
non-anomalous axion-gauge field operators.

They break the correlation between couplings and anomalies.
Integrated-out chiral matter generates those operators.

In the non-abelian case, sum rules distinguish between couplings fully
related or not to anomalies.

This is relevant for axion couplings to EW gauge bosons.
It links axions with chiral extensions of the SM.

We provided an explicit chiral extension of the SM that showcases this
phenomenon and is still allowed by experiments.
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Appendix



UV and IR chirality

Vector-like gauge charges can yield a chiral mass spectrum.

Charge under | Y, | Y, | Yr | Y'r

U(1) | +1 | 0 | 0 | 1
Lo ~yhrred -y Ui bR’ + he. o —mp —m' iy
v=(5) W =(2)

@Z¢&+hﬁ-
Can be forbidden

: —
by symmetries

w_}/wR-l-h.C. .
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Axion EFT In the abelian case

Consider a pseudoscalar axion, @1, and abelian gauge field Au

Lowest dim. CP-inv. Operator with those fields

C ~
Lerr > -9 a F, F* opg (1) xC

1672 f
Sum and subtract DFQ44 A(a — AA) x C

and integrate by parts /
B 2DPQAA 2C . DPQAA

r - PQAA
g 672/ al,, F* +g oy oua A, F* —»513@ () x DF®

Anomalies may not capture all of
the axion-gauge bosons couplings

5PQ03 = Epr

A2.
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EFT with a fake PQ-gauge symmetry

Couple your theory to an auxiliary gauge field APQ a € O
And consider “local” PQ transformations H pEPQ #

Anomaly matching must hold for consistency of the fake gauge theory
DPR4A4is the same for global and local PQ transformations

> DPQAA B
dpo (L = — F, F*
Pq (LeFT) = —g €pPQ Tonzf 1k

+ DPQAA
But: T
DPQAA 5 C . DPQAA B C _
) —q? F, " + g? d,aA, " | = —g? F, "
PQ( T exzy VT H +\g gn2f ¢ ,) T PQIGrzf H
Y

We'd like this term to not contribute to the anomaly

A3.
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Introducing the GCS term Generalized

Chern-Simons
(GCSi term

- [ _
% AI/ F;u/ e (6;(1, gPQAEQ) AVFUJV

Non PQ invariant PQ invariant
Gauge invariant

9,0,
) —gA, | F
g\ f IPQu ma

At the end, set Afo =0
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Minimal chiral axion model: Yukawa sector
~ Ly =yp, L1 E1Hy + yp,LoFEyHo + yn, L1 N1 Ho + yn, LoNo Hy + h.c.

(L1 = (N, Er,)7T

Axion couplings
LQZ(EL27NL2)T) Ping

c X5 By E TR B E
- YDmEl & LA 1+mE2 € LoL22

_iXo08\ =— X, A\ —
+ mpy, (6 ! 2f)NL1N1-I—mN2 (62 1f)NL2N2+h.C.

Mass N; = N; + Ny,

. Custodial _
. ™Mmn. = 1.
eigenstates: Ei — Ei | EL?; limit N; E;

A5
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Chiral extensmns + 2HDI\/I nggs couplings
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