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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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ALPs can be probed experimentally via:

m Higgs and Z boson decay processes (h — Z¢, Z — v¢)

m Flavour-changing neutral current processes (KT — 7% ¢)

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




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 > Myy)

: C C - G
Lillr_nP—S S +62 /(/QﬁFHVFNl, + e2 /C(bFHVFHV +g3Wg¢ G;I/Gjy
C w2 vV i, = Vo, = 1
+8i RO GG, + Ry fifi+itypdfirshi+ 0 (ﬁ>

[Di Luzio, Grdber, Paradisi,'20]

Jarlskog invariants: C,C,,yiC,, yjiC,, ygyﬂ yikyKa
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Chiral Perturbation theory: a quick recap - |

xPT is an effective field theory describing strong interactions at
low energies (see, e.g. [Pich,'95]).

m Symmetries: G%CD DSU@B), xSUB)rg — SU®3),
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Chiral Perturbation theory: a quick recap - |

xPT is an effective field theory describing strong interactions at
low energies (see, e.g. [Pich,'95]).

= Symmetries: GQcp D SU(3), x SU(3)r — SU(3),,

m Degrees of freedom: the mesonic octet ¥ (x) = exp i
Goldstone bosons emerging from SSB pattern

m Expansion parameter: ﬁ
X

Leading order chiral Lagrangian

LQcp = —4GZVG’“' + iv"(GDuqr + GrDLaR)

)\aﬂ'a(X) .

£o0) — ZTr(aﬂ»jam with g7 = (u,d, s)
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Chiral Perturbation theory: a quick recap - |l

External gauge and scalar fields enter as sources in £Lqcp:
Lacp = L{ep + 1" (2ruPr +20,P)q — d(s — ivsp)q
These enter £, ¢ via
f2
Copr = 7 Tr [DLETDME + T+ X1T]

DYy =0, +i¥l, —ir,¥%, X = 2By(s+ip)

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

/m@q@@ exp (i/d“ngxg,)) = /DZexp (i/d‘*xL;X;t) (%)




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 éé ~

'CALP =€ W¢FF+€ T(ﬁFF—G—gsW(i)GG—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:

_ 0Lqcp 0L f2
YS9 = —Y] s — Vi ik = — T BTr [ys (Z+ ZT)}

dy> i 8yiJ$ 2




Getting rid of gluons

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

.« a
= Z mqqq — 8_; ﬁgco Gy Gy — ﬁ IBCOQED F* Fuy
q
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Getting rid of gluons
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= %s 10 @ 0
T, = Z mqqq — 87757 Bacp G4 G, — Se: Baeo F" Fuw
q

m Eliminate ¢Gé via an ALP-dependent quark field
I’edefil‘lition[Georgi, Kaplan, Randall,'86]:

q— q=exp [/f (Qv+A\;Qars)|

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 10 @ 0
T, = Z mqqq — 87757 Bacp G4 G, — Se: Baeo F" Fuw
q

m Eliminate ¢G@ via an ALP-dependent quark field
redefinition[Georgi, Kaplan, Randall,'86]:

? (Qv+2;Qavs)| o'

—q= —
qg—q exp[//\

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)

c & ~ 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. + LSEFE? f::tlzns

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

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

0u , , £2
L3 = 258 [2Te(Vy T)jf° + 2 Tr(YaTa) 47 + 5 BoTr My =" + TM, 1]

A
f2
+rk = L4 [Tr(B“ZBHZT) + 4By Tr [Mq(Z + ZT)H
2 A
f2v 26y 2 &y F 4 £QCD scal
=i Bo o Tr [z(z +ZT)] e ¢FF +e v & FF + LAlp tamtons




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 . . ’
L¢X:—§m2 ﬂMz f/\|: 28(;5(2" m~Omy + momw O~ + momw O ")

1
_,_Miqb(ﬁo ; Q;ﬁfﬁo))} +2nf[a)/,fz)/‘f \ 5()/,70()/’7]
1,5
7m727w%[7 ™ 57(] + CSiNva“F CA M¢NV’Y ’YSNV
+ ez(FZ%Fﬁ—i— e Q%FF—F-i-ixyg’g livst; + KYS’Z Blit;

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

— 3272 QXC

RV
Example: Y, = *qum+m




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
Cy 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
éud Aud Cy Aud ye,s Aud K Aud Z éud C¢NN

Con | Coney | Conyes | Conrk | ConZ | Con Conn

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




Phenomenological applications

Phenomenological applications we have studied include:

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

¥
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Phenomenological applications

Phenomenological applications we have studied include:

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

¥

5
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[ i .
~ _eiQp ~ 2 ~ 2~
dp = 472 \2 Copp Cop + 6€7mpc, Cyp + 2°E, Copp

— GGy <44 %1078

m Ratio of the BRs for ¢ — 27 over ¢ — 37




Summary

We have:

m Constructed the most general Chiral Lagrangian for a CPV
ALP both in a 2-flavors and in a 3-flavors setting

m Provided the matching dictionary relating the IR couplings
in the chiral Lagrangian to the UV couplings at the EW scale

m Classified the low-energy Jarlskog invariants of the theory.

m Written a FeynRules model for both the 2- and the 3-flavors
setting — extensive, automatized pheno analyses




Thanks for your attention!
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Kinetic and Mass mixing in a 2-flavor setting - |

From the coupling to the axial current and from the mass term
we have both kinetic and mass mixing between ¢ and m:

LALP mixing _ 53“907—23;1%0 . ESOTMQO with o= (¢>

xpt o
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From the coupling to the axial current and from the mass term
we have both kinetic and mass mixing between ¢ and m:

LALP mixing _ 53“907—23;1%0 . ESOTMQO with o= (¢>

o

xpt
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Kinetic and Mass mixing in a 2-flavor setting - |l

On the choice of «

a = a(Qa) can be tuned at will by choosing proper values of g,

The standard choice is a = 0, but setting o = —mi [Bauer, Neubert,
Renner, Schnubel, Thamm,'21] yieIds much simpler expressions |

_ 1 M4
qu/d - 2 my + my
q — } md/“ m<2D Aﬁd A m72T B mi(yu_yd)
u/d =9 my+mg = m2—m22\%’ ud m2 AT A
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Some comments

m In a 3-flavors case, the ALP will mix with all the neutral
mesons. Due to Tr(Qa) = 1/2 we can choose the g}, in order
to avoid the mixing of the ALP with 1 or m (not both!)




Some comments

m In a 3-flavors case, the ALP will mix with all the neutral
mesons. Due to Tr(Qa) = 1/2 we can choose the ¢/, in order
to avoid the mixing of the ALP with 1 or m (not both!)

m Baryons can be included as well via the Lagrangian pieces
Lun = iNA*DyN, — gaN,y*v5A,N,

where D, = 0, +V,

i 0
AP = é(ﬁ@“{f —fore) = ;c: +... &(x) = exp [17;(;;)}
_ Yoeauet o ctouey _ LT 0"




Getting rid of GG

The coupling of the ALP with the scalar gluonic density can be
eliminated thanks to the trace anomaly equation [Leutwyler,
Shifman,’89]:

_ as . « 0
T, = Z mqqq — 8_75r Bacp G4 G, — %5@0 FHFL
q
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Getting rid of GG

The coupling of the ALP with the scalar gluonic density can be
eliminated thanks to the trace anomaly equation [Leutwyler,
Shifman,’89]:

— o «
Tu,u = Z mqqq - 877:' /8(%CD GAJVGSV - %B(OQED Fw/Fuu
q

This:
m Introduces the operator ¢ 6},
m Modifies the coupling of the operator ¢ff (y°> — 2)
m Modifies the coupling of the operator ¢FF (C, — C.)
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Getting rid of $GG

The coupling of the ALP with the pseudoscalar gluonic density is
eliminated via an ALP-dependent quark field redefinition:

g — q=exp [’i (Qv+X5Qavs) | o

with Qy and Qp are arbitrary hermitian 3 x 3 matrices (Qy is
diagonal).




Getting rid of GG

The coupling of the ALP with the pseudoscalar gluonic density is
eliminated via an ALP-dependent quark field redefinition:

q—q=exp [’i (Quv +X5Qavs) |

with Qy and Qp are arbitrary hermitian 3 x 3 matrices (Qy is
diagonal).
= Eliminates ¢GG if Tr(Qa) = 1/2, Ag = 327r2(.:é

= Modifies the coupling of the operator ¢F F ((:/, — (:/;)

m Modifies the coupling of the operators 9,,¢ f,(7s)f (via the
kinetic term for fermions)

m Modifies the mass term for quarks as

PPy x P Dy
GMagr = e N UAMGe NNy = § MG qk




Chiral Perturbation theory for Baryons - |

The baryon octet B(x) is described by the 3 x 3 matrix

20 4 Mo +
\/%-l-\/% ¥ p
n
L/\O

- V6




Chiral Perturbation theory for Baryons - |

The baryon octet B(x) is described by the 3 x 3 matrix

PN A Z+
\/%+\/% - A p
_ - 0 0
B = > ﬁ+\/6 n
= =0 2/\
= = —760

The expansion in terms of p/Aqcp does not converge because

p ~ mg ~ Nqcp.

By parametrizing the momentum as p = mgv + k (v is the velocity
of the baryon) we can define the definite-velocity baryon field B,:

1 .
BL(x) = 5 e B(x)

Its derivatives produce powers of k, allowing for a meaningful
perturbative expansion.




Chiral Perturbation theory for Baryons - |l

Introducing the quantities

g_exp[zf]

_ I b gt
At = Leoret —clong) = T

1 [, OF7]
f‘2

(53’@ +lore) =

one can build the leading-order heavy baryon Lagrangian :
Lyg = iTr(B,4"D,B,) — D Tr(B,y"vs {A,, B,})
— FTr(Boy" s [Au, By])

where D), = 0y + [V, ]




Chiral Perturbation theory for Baryons - |lI

Introducing the quantities

N, — (pv)
ny
& =exp [/27;]
Al — i(f@#fT _ gTaug) — ai

= S (eore! +eore) = : [” o

one can build the leading-order heavy baryon Lagrangian :

LHN = i,\_lv’YMDqu - gANv’YMFYS‘A,qu

where D, = 0, + "V,




FeynRules model

m Available both for the 2-flavors and the 3-flavors case

m Customizable in the choice of the mixing coefficients (choice

of QA)

m Allows for the extraction of the Feynman rules for the
low-energy chiral Lagrangian and for extensive
phenomenological analyses

m Interface to FeynArts and FeynCalc easy to build




