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unbroken symmetry

Differently from the QCD axion, ALPs:
m Need not solving the strong CP problem

m Have arbitrary masses and couplings (fymg = frmy)
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Axion-Like Particles: Motivations

ALPs can address several open problems in particle physics:
m Strong CP problem (QCD axion)

m Hierarchy problem (relaxion)
m Flavour problem (axiflavon/flaxion)

m The observed dark matter abundance

ALPs can be probed experimentally via:

m Higgs and Z boson decay processes (h — Z¢, Z — ~¢)
m Flavour-changing neutral current processes (K* — 1% ¢)

m Electric Dipole Moments (EDMs) of particles, nucleons,
atoms, molecules (iff the ALP has CP-violating interactions)
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Probing the CP violating ALP - |

Electric Dipole Moments (EDMs) are flavour-diagonal,
CP-violating observables with (basically) no SM background
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Probing the CP violating ALP - |

Electric Dipole Moments (EDMs) are flavour-diagonal,
CP-violating observables with (basically) no SM background

Our idea: probe CP-violating ALPs at low energies. We started
from the most general SU(3)c x U(1)em invariant

EFT for a CP-violating ALP ¢ at the EW scale (A > M)

im- C L 6 v G W ~a
LaimS o +e277¢ FMF,, + e2f¢ FPF,, + ng% Gl G2,
6 w58 vV i, = Vo= 1
+g52 /\g(;5 G‘é G;l,l/ + K‘ysjdy ﬁf; + IKyFJ’d) ffY56 + O (/\2>

[Di Luzio, Grdber, Paradisi,'20]

Jarlskog invariants: C,Cp,yiC,, yiC,, yiyld, yikykl vk

[Bonnefoy, Grojean, Kley,'22]
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Probing the CP violating ALP - [l

Three regimes:

m my 2 3 GeV: QCD is perturbative [Di Luzio, Grober, Paradisi, 20]
m 1GeV < my < 3 GeV: QCD resonances. Dispersive approach?
m my S 1 GeV: QCD confines and xpt [Di Luzio, GL, Paradisi, 23]
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Probing the CP violating ALP - [l

Three regimes:

m my 2 3 GeV: QCD is perturbative [Di Luzio, Grober, Paradisi, 20]
m 1GeV < my < 3 GeV: QCD resonances. Dispersive approach?
m my S 1 GeV: QCD confines and xpt [Di Luzio, GL, Paradisi, 23]

Different approaches are required, but common features are:

m Renormalization of LdAil'_“,55 + running of its Wilson
coefficients (see Bresciani's talk!) [Chala, Guedes, Ramos,
Santiago,'20],[Bakshi, Machado-Rodriguez, Ramos,'23],[Bauer, Neubert,
Renner, Schnubel, Tamm,’20],[Bonilla, Brivio, Gavela, Sanz,’20]

m Lagrangian Matching on effective low-energy descriptions
m Classification of the CPV Jarlskog invariants of the theory

m Experimental bounds in terms of the Jarlskog invariants
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Heavy ALPs (m; 2 3 GeV) - |

Running from the EW scale to the ALP mass scale my 25 GeV,
then one-loop matching onto [Pospelov, Ritz, 05]

Lcpy = Z C,'j(ﬁf})(fj‘i'y5fj-')+045CGe GGéi’y5e+asC(~;e GG ée
i,j=u,d,e
i

-5 d; fi(F - o)ysfi — = Z g dE (G - o)yshi + — dG FbeGaghGe

i=u,d,e i=u,d
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Heavy ALPs (m; 2 3 GeV) - |

Running from the EW scale to the ALP mass scale my 2 5 GeV,
then one-loop matching onto [Pospelov, Ritz, 05]

Lcpy = Z C,'j(ﬁf})(fj‘i'y5fj-')+a5CGe GGéi’y5e+asC(~;e GG ée

i,j=u,d,e
) i J )
L di F(F - o)ysf — — Z g d€ F(G - o)ysfi + =2 S feeecree
2 i=u,d,e i=u,d
;O'O‘O’G“'O'O‘O'O; ;0'0‘6'0'*'0'0'0'0; 0000 00
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Heavy ALPs (m; 2 3 GeV) - |

Running from the EW scale to the ALP mass scale my 25 GeV,
then one-loop matching onto [Pospelov, Ritz, 05]

Lcpy = Z CU(ﬁf})(f;i75f])+Oé5CGe GGéi’y5e+asC(~;e GG ée
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Heavy ALPs (m,; 2 3 GeV) - Il

Bounds are set from:

m Neutron EDM: ¢° < 18-10=%ecm ,

h ~ 0.8d, —0.2dy — 0.6e df — 1.1e d$ — 50 MeV e dg +30 MeV e (Cyy — Cay)
m Hg EDM: d7? <6-10"%ecm ,

dyg ~ 4 x 107%d, — [2.8Cs — 2.1Cp] x 10722
m ThO electron precession frequency: w37, < 1.3 mrad/s,

wrho = 1.2 mrad/s (Mﬂ) + 1.8 mrad/s <10 9>

with Cs/v2 ~ —17(Cue + Cge) +5 GeV Cge, Cp/v2 ~ 350(Cey + Ceq) + 1 GeV Cée-



Heavy ALPs (m,; 2 3 GeV) - Il

Bounds are set from:
m Neutron EDM: ¢° < 18-10=%ecm ,
h ~ 0.8d, —0.2dy — 0.6e df — 1.1e d$ — 50 MeV e dg +30 MeV e (Cyy — Cay)
m Hg EDM: d7? <6-10"%ecm ,
dyg ~ 4 x 107%d, — [2.8Cs — 2.1Cp] x 10722
m ThO electron precession frequency: w37, < 1.3 mrad/s,
wrho = 1.2 mrad/s (Mjﬁ) + 1.8 mrad/s <1(§:§9>

with Cs/v2 ~ —17(Cue + Cge) +5 GeV Cge, Cp/v2 ~ 350(Cey + Ceq) + 1 GeV Cée-
For instance (mg =5 GeV, A =1 TeV):
m |GGyl < 1.4-107° from d,, dyg(dc)

m |ye'yEe, |y_gdy,§e| < 2.1-10713 from wrho(Cs)



Light ALPs (m, < 1 GeV) - |
External gauge and scalar fields enter as sources in £Lqcp:

Lacp = L{ep + 1" (2ruPr +20,P)q — d(s — ivsp)q




Light ALPs (m, < 1 GeV) - |
External gauge and scalar fields enter as sources in £Lqcp:

Lacp = Ldcp + Gv*(2r.Pr + 20, P1)q — G(s — isp)q

These enter £, ¢ via
f2
Copr = Tr D, DE + T+ AfE

DY = 8,5 +i%l, —ir,¥,  x=2Bo(s+ip)
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Light ALPs (m, < 1 GeV) - |
External gauge and scalar fields enter as sources in £Lqcp:
Lqcp = L%CD + gy"(2r,Pr +20,PL)q — (s — ivsp)q
These enter £, ¢ via
2
Copr = 7 Tr DI DME + Tl +x'T

DY = 8,5 +i%l, —ir,¥,  x=2Bo(s+ip)

Chiral counterparts to quark-containing operators are found
exploiting the low-energy path-integral duality

/Dq@éDGM exp <i/d4ngxg,3> = /DZexp (i/d‘*xL;X;t) (%)
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Light ALPs (m, < 1 GeV) - I

EFT for a CP-violating ALP ¢ at the QCD scale at O(A~2)

LRR M = LG FF+ &Ly FF 4 K Ou® gt (Vy + Yars)

R 2T+ X paza aMan+he. + £3D 1S,

Its counterpart is found by using the duality in (*)

low-energy CP-violating ALP Lagrangian

C 1 my Ay
XT3 mE - M3 N

I
|
|
1
3, .

{ 20¢(2nt = Omg + mom T On T + mow— O7t)
+ M6 3 + 20 m0) | + 26 L0 o + 2 9un000)

- miwfi [rtn~ + % 3]+ CS¢NVNV + CAava YHys Ny

+ eZ(Z%Ff—i— e’ C;%FF + +ixy,'i7g Plivst; + xyg’g plit;
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Light ALPs (m, < 1 GeV) - Il

| o | wvs | & | 2 | Cenn
E—y E’y Cy E—y Ye,s E'y K E'y Z E'y C4>NN
yep | Yepcy | Yeryes | Yeprk | YeprZ | yo,p Conn
éZ‘d éﬁ‘d Cy éZ‘d ye,s éﬁ‘d K éﬁ‘d Z éﬁ‘d Conn
Con | Coney | Conyes | Conk | ConZ | Con Conn

Table: Jarlskog invariants of the low-energy chiral Lagrangian £y,

10




Light ALPs (m, < 1 GeV) - Il

| o | wvs | & | 2 | Cenn
(:"—y E’y Cy E’Y Ye,s E'y K E'y Z E'y C4>NN
yep | Yepcy | Yeryes | Yeprk | YeprZ | yo,p Conn
éZ‘d éﬁ‘d Cy éZ‘d ye,s éﬁ‘d K éﬁ‘d Z éﬁ‘d Conn
Con | Coney | Conyes | Conk | ConZ | Con Conn

Table: Jarlskog invariants of the low-energy chiral Lagrangian £y,

EDMs of protons, neutrons, atoms, molecules ...

5
@ é 5

, _LL‘
IJ+—¢—5—'—>—I’
e Qp ~ 2 ~ 2~
P T Am2N2 [C¢Ppc¢p +6e mpcy Cop + 2€7°¢, C‘“’"]

— |CyC,| < 44 x 1078
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Summary

kil

We have:

m Shown that EDMs are flavour-diagonal probes of CP violation
and offer huge potentialities for discoveries (here ALPs)

m Provided the matching dictionary relating the IR couplings in
low-energy Lagrangians to the UV couplings at the EW scale

m Classified the Jarlskog invariants of the theory (at high and
low energies)

m Explored the parameter space for light and heavy ALPs

m FeynRules model available for both the 2- and the 3-flavors
setting in ypt — extensive, automatized pheno analyses



2

Thanks for your attention!
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From quarks to mesons
We want to find the chiral counterpart to our Lagrangian

EFT for a CP-violating ALP ¢ at the QCD scale at O(A~2)

QCD scale 2 C’Y 2 C’;’ r 2 Cg 2 5; ~

'CALP =€ W¢FF+€ TngF—}—gsW(;SGG—FgSTgbGG
0.0 _ v

+ LG (Ys + Vo) g + 5 03yas 4+ L3R F,

Chiral counterparts to quark-containing operators are found
exploiting the low-energy path-integral duality (*). For instance:

_ dLqcp oL f2
Giviaj = —vi a§§ — -y 8;‘; =~ BoTr [yS(Z + ZT)}
ij
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Getting rid of gluons

m Eliminate ¢ GG thanks to the trace anomaly equation
[Leutwyler, Shifman,’89]:

= @s 40 @ 0
T, = Z mqqq — 87757 Bacp G4 G, — Se: Baeo F" Fuw
q
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Getting rid of gluons

m Eliminate ¢ GG thanks to the trace anomaly equation
[Leutwyler, Shifman,’89]:

= @s 40 @ 0
T, = Z mqqq — 87757 Bacp G4 G, — Se: Baeo F" Fuw
q

m Eliminate gbG@ via an ALP-dependent quark field
I’edEfinitiOI’l[Georgi, Kaplan, Randall,'86]:

q— q=exp [/f (Qv + A;Qms)] q

with Qy and Q4 are arbitrary hermi’Eian 3 x 3 matrices (Qy is
diagonal, Tr(Qa)=1/2, A} = 327°C}).
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Getting rid of gluons

m Eliminate ¢ GG thanks to the trace anomaly equation
[Leutwyler, Shifman,’89]:

= @s 40 @ 0
T, = Z mqqq — 87757 Bacp G4 G, — 8e7r: Baeo F" Fuw
q

m Eliminate gbG@ via an ALP-dependent quark field
I’edEfinitiOI’l[Georgi, Kaplan, Randall,'86]:

? (Qu+ A;cms)] q

—q= | —
a—q exp[l/\

with Qy and Q4 are arbitrary hermi'Eian 3 x 3 matrices (Qy is
diagonal, Tr(Qa)=1/2, A} = 327°C}).

m Other couplings are modified (currents, masses, . ..)!
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Chiral Lagrangian for the CPV ALP

All of the previous modifications lead to the following

EFT for a CP-violating ALP ¢ at the QCD scale at O(A2)

@ o -~ 0
CQR s = 22 G FF 1 S G FF 4 L g (v, 4 Vans) g
¢ v = = 1o
—ry TH, + ~ $q2q+ LM qr + h.c. + LSEF? f::tlgns

Its counterpart is found by using the duality in (*)

Mesonic Chiral Lagrangian for a CP-violating ALP ¢ at O(A~?)

B , , £2
LXEp = =55 2TOV T Y7 + 2Te(YaTa)j3 "] + 5 BoTr [M@zT i ZMQT]

Ty %”2 % [Tr(0"£0,57) + 4BoTr [Mo(= + 51|

f2v 2Cy 2 &y = QCD scal
_ ?KBOd)Tr [Z(Z+ZT)] +e W¢FF+G W¢FF+£’ALP,ISeC;t§nS
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Matching onto the low-energy Lagrangian (nf = 2)

The O(A~2) low-energy Lagrangian £, valid for E < 1—2 GeV is:

low-energy CP-violating ALP Lagrangian

1 m2 Ay . . J
Loy =— §m2 ﬂ’Mz A |: 28(;5(2— m~ Omg + momw " O mom O ")
M2g(md +2ntn 2 4 DT OF T 3) 70970
+ M3 (5 + 21 7 m)) | + 26 [(//“ orm SO ]
> @
A NA

1,
7m77w7[7 T 57] +CS¢NVNV+CA M¢NV’Y Hoys Ny
!

+ ez(‘i’y%Fﬁ-i— e CviFF + -HAyP o Pyl + KYS’Z ®li¢;

All the couplings in L4, can be expressed in terms of those in
Lf\'[“P5 or at most of measurable/computable quantities.

— 3272 QZC

. iji_ _
Example: Y, = qum,+m
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CPV Jarlskog invariants (ns = 2)

The low-energy Jarlskog invariants are found from L, by
multiplying the Wilson coefficients of operators possessing
opposite CP transformation properties

Example

o, FF £ ¢ FF

— ¢, C, is a Jarlskog invariant!
. rE CPL . pFE
& FF — —&,FF
Sy ye,s K ‘ Z ‘ Conn
& & &y &y yes &K & Z & Conn

Ye,p Ye,p Cy Ye,p Ye,s Yep K| Yep Z Ye,p C¢NN
A A A A A A
A~ud Aud Cy Aud ye,s Aud K Aud Z éud C¢NN

Con | Coney | Conyes | Conk QNZ Con Conn

Table: Jarlskog invariants of the low-energy chiral Lagrangian L4,
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