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Reminder: PQ solution to the strong CP problem

« axion arises as the Goldstone boson of the spontaneously broken U(l)pQ Peccei-Quinn

symmetry

« PQ symmetry implies a shift symmetry for the axion a — a + €f
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Reminder: PQ solution to the strong CP problem

« axion arises as the Goldstone boson of the spontaneously broken U(l)pQ Peccei-Quinn

symmetry
« PQ symmetry implies a shift symmetry for the axion a — a + €f
« Can either look at specific models (like DFSZ, KSVZ) or use an EFT approach

* Only derivative couplings for ALP due to shift symmetry (dictated by CCW2):

1 m?2 0,a _ a ~
Lo = 50ua0"a - 2’%2 + =) ey + Cae7 G, G
f »eSM !
a ~ A v A 1 [Georgi, Kaplan, Randall, 1986]
 Clon T BB + Gy JW AT 10 (f_)
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Explicit PQ breaking

There are several reasons to believe that explicit PQ breaking is interesting. For example,

* Quantum gravity doesn’t allow for exact global symmetries. ﬁ

(“axion quality problem”)
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Explicit PQ breaking

There are several reasons to believe that explicit PQ breaking is interesting. For example,

« Quantum gravity doesn'’t allow for exact global symmetries. ﬂ
(“axion quality problem”) ‘

* |t can be interesting to allow for some explicit breaking from a s

model building perspective.
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Hence, it is interesting to allow for some explicit breaking and to understand how to take the limit
from the non-shift symmetric to shift-symmetric EFT.
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Two bases for an ALP EFT

* |If we also want to capture shift breaking couplings we have to consider the following Lagrangian
2

1 m? o .
Lo = 00 a~"22a>-V (Cy,.0. H)—% (QYuHu + QY,Hd + LY.He + h.c.)
A 0 Aauw a (LY a I v

a a a !
_|_ CGG?GZVGCLHV _|_ CBB?BIUJ/BMV _|_ CWW?W;?/WAIJJV _|_ O (F)
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Two bases for an ALP EFT

* |If we also want to capture shift breaking couplings we have to consider the following Lagrangian
2

1 m? o .
Lo = 00 a~"22a>-V (Cy,.0. H)—% (QYuHu + QY,Hd + LY.He + h.c.)
A 0 Aauw a (LY a I v

a a a !
_|_ CGG?GZVGGJ,UJV _|_ CBB?BHVB'LLV _|_ CWW?W;?/WA“V _|_ O (F)

allowing for shift-symmetric and shift-breaking couplings.
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Two bases for an ALP EFT

* |If we also want to capture shift breaking couplings we have to consider the following Lagrangian
2

1 m? o .
Lo = 00 a~"22a>-V (Cy,.0. H)—% (QYuHu + QY,Hd + LY.He + h.c.)
A 0 Aauw a (LY a I v

a a a !
_|_ CGG?GZVGGJ,UJV _|_ CBB?B,U,I/B'LLV _|_ CWW?W;?/WAMV _|_ O (F)

allowing for shift-symmetric and shift-breaking couplings.

« Shift-symmetric limit? Bosonic sector: simply take some C; — 0

Fermionic sector; ??7?
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Two bases for an ALP EFT

[Chala et al., 2012.09017]

« Can map the explicitly symmetric couplings on other basis (Bauer et al., 2012.12272]
d,.a - 1 . . .
LD depy'p+ 0 (—2> — -2 <QYuHu QY Hd + LY, He + h.c.) Lo (i>
f »ESM f f 2
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Two bases for an ALP EFT

[Chala et al., 2012.09017]

« Can map the explicitly symmetric couplings on other basis (Bauer et al.. 2012.12272]
d,a - 1 . . .
LD+ Z ¢C¢’7“¢+O<—2> — Ej—g (QYuHu%—Q}@Hd%—LYeHe%—h.C.) —I—O(i)
I isu / / f?

with the following relations

~ ~ ~

Yu — i(YuCu — CQYU> Yd — i(YdCd — CQYd) Y;

Z’(Yvece — CLYve>

where Cqo, Cy, Cq, CL, Cc hermitian.

DESY. | The shift-invariant orders of an ALP | Jonathan Kley | 28/09/2023 Page 5



Two bases for an ALP EFT

[Chala et al., 2012.09017]

« Can map the explicitly symmetric couplings on other basis (Bauer et al.. 2012.12272]
d,a _ 1 . . .
LD =N deyyh+ 0 (—2> — - (QYuHu + QY Hd + LY, He + h.c.) +O (i)
I isu f / f?

with the following relations

~ ~ ~

Yu — i(Yucu — CQYU) Yd — i(YdCd — CQYd) Yve Z’(YYGCQ — CL)/Q)

where Cqo, Cy, Cq, CL, Cc hermitian.

« But those relations are implicit, flavour variant and it is unclear how to implement different
power countings in both sectors. Typically,

J < Apg ~ Mp

\ Explicit PQ breaking
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Flavour invariants as order parameters

« We want to find equivalent relations that vanish for an unbroken shift symmetry and are non-zero

for a broken shift symmetry —— order parameter
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Flavour invariants as order parameters

« We want to find equivalent relations that vanish for an unbroken shift symmetry and are non-zero

for a broken shift symmetry —— order parameter

« Use language of flavour invariants, i.e. promote flavourful couplings to spurions under flavour

transformations
SU3)q | SUB)u | SUB)a | SU)L | SU(3)e
Yu, Yy 3 3 1 1 1
Yy, Y, 3 1 3 1 1
Y,.Y, 1 1 1 3 3

and build flavour-invariant combinations, e.g. Tr(X,) — Tr(UQXngg) = Tr(UggUQXU) =Tr(Xy)
Xuadae - YU’?daeYJ,d,@
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Example: order parameter in the SM

[Jarlskog, 1985]

« Famous example in the SM:

all CP breaking in the SM is given by one flavour-invariant quantity:

Jo =T (X, XgP) = 607 - v2) (07 - v2) (02 - v2) (0 - v2) 0 - ) 0 - )T

where de = Yu,dyjd j Im (V va V*)

us ¢
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Example: order parameter in the SM

[Jarlskog, 1985]

« Famous example in the SM:

all CP breaking in the SM is given by one flavour-invariant quantity:

Ty = 1T ([Xo, Xg) = 6052 - v2) (57 - ¥2) (02 - ¥ - v2) 4 - w) (0 - )T

where de = Yu,dyjd j Im (V va V*)

us ¢

We want to find a set of order parameters which capture all physical shift-breaking degrees of
freedom in all degenerate cases like the Jarlskog invariant.
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Order parameters for an axion shift symmetry

» One can construct the following set of order parameters that are equivalent to the implicit
relations:

Yl), I®=ReTr(X2Y.Y})
YY), I =ReTr(X2V,Y]),
vay)), I =ReTr(X7Vv)),

IV =ReTr (V.Y)), I =ReTr(X.Y.
IV =ReTr(v,Y)), I =ReTr(X,Y,
I =ReTr (YaY)), I =ReTr (X,
1Y - ReTr (XdYuYJ ; XquYdT) ,
I® —ReTr (ngfdyj +{ Xy, X VYT ) ,

ud,u

Xu,d,e — Yu,d eYJd e

I, =ReTr (X3V,Y + {X., Xa}¥aY) ),
Iz(Lfl) =ReTr ()(ag)(u)(di}uY;}JL 7 X’u,XquYdYJ)
Iz(;ll) =Im Tr ([Xu, X4]? ([Xd, Y, Y]] - [X“’ deYJ]))
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Order parameters for an axion shift symmetry

» One can construct the following set of order parameters that are equivalent to the implicit
relations:

IV =ReTr(Y.Y)), I =ReTr(X.YV.Y)), I =ReTr(X2.Y))
IV =ReTr (Y,Y)), I =ReTr(X,Y.Y)), I =ReTr(X2V,Y]),
1Y = ReTr (Yde) . I =ReTr (de/dyj) . I =ReTr (ng/dyj) ,
18) = ReTr ( XaVa Y, + X, YY) ),
189, = ReTr (X2%,7] + {X., X} VoY),

ud,u

Xu7d7€ - Yu,d,€YJ7d7€

12, = Re'Tr (X3V.Y] + {Xu, Xa}VaY] ),
Iz(fi) =ReTr ()(ag)(u)(ali}uY;}JL 7 X’u,XquYdYJ)
Il(fi) =Im Tr ([Xu, Xq]? ([Xd, ?UYJ] - [X“’ ?dYJ]))

Minimal set capturing all conditions: 7V, ;% ;&) 1) 1@ 1D 1@ (&, & 0 5@ &) g6 g

e »de sde oty 0 ud,u’ “ud,d’ “ud ’ " ud
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Order parameters for an axion shift symmetry

» One can construct the following set of order parameters that are equivalent to the implicit
relations:

IV =ReTr(Y.Y)), I =ReTr(X.YV.Y)), I =ReTr(X2.Y))
IQ(Ll) = ReTr (Y/UYJ) ; I,l(f) = Re'Ir (Xuf/ ; 1183) = Re'Ir (XEL}}UYJ) ;
1Y = ReTr (f/dyj) . I =ReTr (de/dyj) . I =ReTr (ng/dyj) ,

88y
18) = ReTr (XaV, Y + X, YaY,) ),
1@

ud,u

1), = ReTr ( X3V.Y,] + {Xu, Xa}YaY)),

= Re'lr (Xg)}dY; +{ X, Xd}YNUYJ) ;
X =Y vl
u,d,e u,d,e

u,d,e

Iz(ji) =ReTr ()(d)(u)(ali}uY;}JL 7 XuXquYdY;)
18 = Tr ([ Xy, Xa)? ([Xa, VY] - [ X, YaY] )

 For schematic breaking of PQ: L = CPQ(éPQ) —I—QEPQ/(CW%)
All invariants proportional to spurion explicitly breaking PQ: I, o gf((—ij, é%)
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Order parameters for an axion shift symmetry

» One can construct the following set of order parameters that are equivalent to the implicit
relations:

IV =ReTr(Y.Y)), I =ReTr(X.YV.Y)), I =ReTr(X2.Y))
qul) = ReTr (Y/UYJ) . 152) = Re'lr (Xuf/uYJ) : IQ(L3) = Re'lr (ngqu,j) ;
1Y = ReTr (f/dyj) . I =ReTr (Xd?dyj) . I =ReTr (XngY;) ,
15) = ReTr ( XaVa Y, + X, YY) ),

189, = ReTr (X2V,7] + {X.,, Xa}¥.Y]),
Collectivity: up- & down-couplings W ) . i
have to conspire to give PQ Lygq=Re'lr (XdYuYJ + { Xu, Xa}YaY, ) ,

breaking ]53) =ReTr (XquXdYuYJ It XuXquYdYJ)

Xu,d,e - Yu,d,eYT

u,d,e

ﬁ ~Tm Tr ([Xu,Xd]2 ([Xd, AAE [Xu, fdej]))

DESY. | The shift-invariant orders of an ALP | Jonathan Kley | 28/09/2023 Page 8



Order parameters for an axion shift symmetry

» One can construct the following set of order parameters that are equivalent to the implicit
relations:

IV =ReTr (V.Y]), I =ReTr(X.Y.Y]), I =ReTr(X2Y.Y])
IV =ReTr(v,Y)), I =ReTr(X,Y,Y)), I =ReTr(X2V.,Y,),

I =ReTr (YVo¥f), I =ReTr(XgVaY]), I =ReTr(X7V,Y]),

18) = ReTr ( XaVa Y, + X, YaY) ),
For non-linear EWSB: correlations 1(2) B
from linear EWSB in EFT udyt
disappear and all shift-breaking
effects are captured by 9
invariants

Xu,d,e - Yu,d eYT

u,d,e
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a

CP properties of the invariants LT

* In quark sector, 9 CP-odd and 1 CP-even relation (c.f. Re vs Im)
IM=ReTr (V,Y}), I®=ReTr(X,V.Y]), I =ReTr(X2V,Y]),
1V ReTt (f/dydf) . ID=Remr (defdyj) . I =ReTr (Xﬁfdej) :

15} = Re Tr (X VoY + X, YaY]),

I, = ReTr (X2V,Y] + {X., X} VoY), CP conservation almost
Iiz?d — ReTr (ngquJ 2. {Xu,Xd}?de) | implies shift invariance

I$) Re Tr ( Xy X, Xa¥u Y + Xu XX, YaY])
Iz(fi) =Im Tr ([Xu, Xa)? ([Xd, YuYJ] - [X“’ i/deT]))
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a

CP properties of the invariants LT

* In quark sector, 9 CP-odd and 1 CP-even relation (c.f. Re vs Im)
IM =ReTr (V,Y)), I?=ReTr(X,V,Y)), I =ReTr(X2V,Y]),
1V ReTt (f/dya;r) . ID=Remr (Xd?de) . I =ReTr (Xﬁfdej) :
15} = Re Tr (X VoY + X, YaY]),

I, = ReTr (X2V,Y] + {X., X} VoY), CP conservation almost
Iiz?d — ReTr (ngquJ 2. {Xu,Xd}Yde) | implies shift invariance

I$) Re Tr ( Xy X, Xa¥u Y + Xu XX, YaY])
Iz(fi) =Im Tr ([Xu, Xa)? ([Xd, YuYJ] - [X“’ YdeT]))

« Studied the RGEs of the invariants. E.g., running of CP-even invariant:

-6 (’yu ry, % Tr(X, + Xd)) 1% I T ([ Xy, X4)?) (1D + 15V)
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a

CP properties of the invariants LT

* In quark sector, 9 CP-odd and 1 CP-even relation (c.f. Re vs Im)
IM =ReTr (V,Y)), I?=ReTr(X,V,Y)), I =ReTr(X2V,Y]),
1V ReTt (f/dya;r) . ID=Remr (Xd?de) . I =ReTr (Xﬁfdej) :
15} = Re Tr (X VoY + X, YaY]),

I, = ReTr (X2V,Y] + {X., X} VoY), CP conservation almost
Iiz?d — ReTr (ngquJ 2. {Xu,Xd}Yde) | implies shift invariance

I$) Re Tr ( Xy X, Xa¥u Y + Xu XX, YaY])
Iz(fi) =Im Tr ([Xu, Xa)? ([Xd, YuYJ] - [X“’ YdeT]))

« Studied the RGEs of the invariants. E.g., running of CP-even invariant:

-6 (’yu ry, % Tr(X, + Xd)) I - I Tr([ X, Xa)*) (IE + 1My

/

Y

J4

DESY. | The shift-invariant orders of an ALP | Jonathan Kley | 28/09/2023 Page 9



Applicaticns — EDMS [Di Luzio et al., 2010.13760]

« We can identify the breaking parameters in low-energy observables like EDMs.

« Example: EDM of mercury can be expressed as follows: LD —G—\/gCSNNéi%e

dye ~ 4.0-107*d,, — [2.8Cs — 2.1Cp| 10" ** ecm
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Applicati()ns — EDMS [Di Luzio et al., 2010.13760]

« We can identify the breaking parameters in low-energy observables like EDMs.

« Example: EDM of mercury can be expressed as follows: LD —G—;CSNNéz"yg,e

5
dug ~ 4.0-107%d,, — [2.8Cs — 2.1Cp] 10"*? ecm

« Those get non-perturbative contributions from the following operators

C c e
—f = —17(Cue + Cde) + 4.7 GeV Cge U—;D = 35O(Ceu + Ced) + 1.1 GeV Cée '
- :
» Matching the ALP EFT to those operators gives ,,6666" S0y
v? yiyy AT Vg Bl n
Cij =~ 43 mzp ) Cae = 3 2z CaVp 0
b ¢ S
—>—i—>—
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ApplicatiOnS — EDMS [Di Luzio et al., 2010.13760]

« We can identify the breaking parameters in low-energy observables like EDMs.

« Example: EDM of mercury can be expressed as follows: LD —G—\/gCSNNéz"yg,e

dye ~ 4.0-107*d,, — [2.8Cs — 2.1Cp| 10" ** ecm

« Those get non-perturbative contributions from the following operators

C
U—f = —17(Cye + Cae) + 4.7 GeV Cae % = 350(Cty + Cea) + 1.1 GeV Cg,
1(1’213)
» Matching the ALP EFT to those operatorigives/ u,dye
C Nv_zygyg CG' — dm v ee/

j—AQ m2

—5 A2 9Yp
é WL¢A
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ApplicatiOns — EDMS [Di Luzio et al., 2010.13760]

« We can identify the breaking parameters in low-energy observables like EDMs.

« Example: EDM of mercury can be expressed as follows: LD —G—\/gCSNNéi'yg,e

dye ~ 4.0-107*d,, — [2.8Cs — 2.1Cp| 10" ** ecm

« Those get non-perturbative contributions from the following operators

C
v—f = —17(Cye + Cae) + 4.7 GeV Cg, ng = 350(Cly + Ceg) + 1.1 GeV Cg,
(1,2,3)
- Matching the ALP EFT to those operatorigives/ L.
v? yfgzyg B 47r v (,()/
Cig T A2 mé ’ Cee = md) m2 A2 2z Covp

* This implies the following sum rule at leading order in 1/f:

dirg ~ 4.0 -107"d,
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ApplicatiOns — EDMS [Di Luzio et al., 2010.13760]

« We can identify the breaking parameters in low-energy observables like EDMs.

« Example: EDM of mercury can be expressed as follows: LD —%CSNNéi'yg,e
dug ~ 4.0-107%d,, — [2.8Cs — 2.1Cp] 10" ** ecm

« Those get non-perturbative contributions from the following operators

CS CP

? = —17(Cue + Cde) + 4.7 GeV Cgq, ? = 350(Ceu + Ced) + 1.1 GeV C@e

](1’273)
» Matching the ALP EFT to those operators gives u,d,e
/ More complete analysis in
5w i ) [Das Bakshi et al., 2306.08036]
V7 Ysy T U . e ~ .
Cij o W fnép : Coo = @FCQ?JP talk by Maria

* This implies the following sum rule at leading order in 1/f:

dirg ~ 4.0 -107"d,
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Outlook: beyond the leading order (Grojean, JK, Yao, 2307.08563)

« Can we extend this discussion beyond the leading orderin 1/f?
« Used Hilbert series to derive operator basis up to dim-8 for the ALP EFT

* Find that there are no further EOM redundancies up to dim-15 like the one at dim-5

d,.a _ 1 L . .
LD =N deyyh+ 0 (—2> —  r-o-Z (QYuHu + QY Hd + LY.He + h.c.) Lo (i)
=y / f f?

» Have to keep track of field redefinition that removes redundancy at higher mass dimension, e.g.

for £ 5 4QCu,Hu+h.c.: Cory = 5 (C2Yy 4+ Yuck) — coYucy
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Summary

Have considered shift-breaking effects in ALP EFTs

Derived order parameters for shift-breaking that vanish for shift symmetry and are non-zero for
shift-breaking

Have studied interesting properties of these order parameters under CP transformations, in the
EFT below the EW scale and for different scenarios of EWSB

Can use the invariants to differentiate between a generic pseudoscalar and an ALP by
identifying the invariants in calculation of observables

» Work in progress: extend construction to higher order in EFT
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Thank you!
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Backup
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Applications — Coleman-Weinberg potential

* We expect that all PQ-breaking quantities in the theory are proportional to the shift-breaking
invariants.

« Example: Coleman-Weinberg potential of an ALP [Bonnefoy, 2212.00102]

Calculate the 1-loop corrections to the potential to all orders in external fields

One can show that leading correction to potential is proportional to a subset of the shift-breaking
invariants. This correction can change the minimum of the potential, the physical theta term.
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Shift-symmetry in non-shift symmetric basis

We can check that the ALP EFT in the Yukawa basis can be made shift symmetric by itself.
First, shift the ALP in the ALP-fermion sector of the Lagrangian:

a

f

(—QYuHu +QYyHd + LY.He) + h.c

Lo=—(QYyHu+ QY Hd + LY.He + h.c.) (Q?uf{u +QY;Hd+ LY, He + h.c.)

a-—+c
f

— —QY,Hu— QY ;Hd — LY, He—

C
Now, we can make a field redefinition ¢ — 1) + i—C1) on the fermions

f
_ ¢ }r ¢ (—Q}Nfuﬁu + QY Hd + Z_Lf/eHe) + h.c.

where the Cw are hermitian s.t. the kinetic term is invariant. We can absorb the shift iff

~ ~

Yu — i(YuCU — CQYu> Y/d — ’i(YdCd — CQYd> Y; — i(Yece — CL}/e)
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Counting of physical parameters

» Before we can construct the explicit relations we have to count how many physical parameters

exist in both bases.

Explicitly shift-symmetric basis

Non-shift-symmetric basis

2x6—3=9 CP-even

(7))

s CL,Ce

§ 2x3—2=4CP-odd
%ECW“@D

9 3x6—1=17 CP-even

= CQ, Cu, Cd

S 3 x3 =9 CP-odd

~ 1 x99 =9 CP-even

Y,
1 x9—2=7CP-odd
G— ~ U(1);, reph.
?@bLY@bH VR D" —
-~ 2 x9 =18 CP-even
Y.. Yy

2 x9 =18 CP-odd

We expect 3 CP-odd relations in lepton sector and 9 CP-odd and 1 CP-even relation in quark sector.

DESY. | The shift-invariant orders of an ALP | Jonathan Kley | 28/09/2023
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Construction of invariants

« Start from relation obtained from enforcing shift invariance via field redefinitions:

~

Yu,d = 1(Yu,dCu,d — €QYu,d) < Cu,d = _iYu:cli (Y/u,d * iCQYu,d)

_ f
- Then, enforce hermiticity of ¢y 4 Xud = YudVyg

h _ (v f vl
ngd) ~ Cud CL,d =0 — @ Xud) =1 (Yudeu,d i YuadYu,d)

 Use well-known commutator relations to construct invariants.
E.g.using Tr(A"[A,B])=0 VneZ canget
—iTr (X7 [e, Xx]) = Tr (X7 (VY] + ¥, )) = 0

Since we started with the equations which characterize shift-symmetric ALP-fermion interactions
the last equation is only zero iff the couplings are shift-symmetric.
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Redundancies in invariants

During the construction of the invariants and the calculation of their RGEs other flavour invariants

arise which look different from the invariants in the minimal set but can be expressed in terms of

them. Example: Can write down another beyond invariants Ié1’2’3> = ReTr ( 2’1’2}7€Y€T) in minimal set.

I — ReTy (ng/eyj)
» Use Cayley-Hamilton theorem for 3 x 3 matrices:
A% = A°TrA- %A((TI-A)Q - TrA%) + %11 ((TrA)° -3Tr A°Tr A +2Tr A°)
* Then, can write additional invariant in terms of invariants in minimal set

5 1 1 ‘ '
Y = Tr(X) LY - 5 ((Tr Xe)” - TrX2) I + 5 (Tr Xo)* -3 Tr X Tr X + 2T X]) I

* Further example:

!

I, =%[1(1’1) (Tr(X,)? Tr(Xg) - Tr(X2) Tr(Xg) + 2 Tr( X2X,) - 2 Tr(X,,) Tr(XuX4))

+2I3) (Tr(XuXq) - Tr(Xy) Tr(Xq)) + 2 Tr(Xg) IS + % (Tr(X2) - Tr(X,)?) 1)

FTr(X, )2+ % (Tr(X,)® - 3Tr(X2) Tr(X,) +2Te(X3)) 1"
) )
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Invariants for degenerate mass spectra

Degeneracies in the SM spectrum can lead to enhanced flavour symmetries. Thus, parameters
become unphysical and can be removed with symmetry transformations. This reduces the

number of expected relations.

Shift-symmetric Wilson coefficients ¢g .4

Generic Wilson coefficients Y, 4

Number of constraints

‘ - Primary
All Primary All Primary All
(# of indep. invariants)
Flavor symmetries of : _ : _
CP-even | CP-odd | CP-even | CP-odd | CP-even | CP-odd | CP-even | CP-odd | CP-even | CP-odd | CP-even CP-odd
the quark sector of the SM
U(l)g 17 9 17 9 18 18 18 18 1 9 1 9
U(1)? 16 8 10 3 18 17 10 10 2 9 0 7
U(1)? 15 7 6 0 18 16 6 6 3 9 0 6
U(2) x U(1) 13 5 4 0 17 15 4 4 1 10 0 4
U(3) 9 1 2 0 15 13 2 2 6 12 0 2

C.f.: CP violation in the SM.

implying vanishing Jarlskog invariant:
Jy =T ([Xu, Xg°) = 6007 - v2) (07 - w2 (02 - v2) (i - v2) 0 - ) o - )T

Xu,d — Yu,dyjyd
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Invariants in LEFT+a

* We can repeat our discussion in the EFT below the EW scale where all heavy particles
(H,W,Z,t) are integrated out. \We have following Lagrangian for the fermion sector

- = - a ,_ . o _ o~
Lo -urmyur —drmgdr — ermeer + h.c. L>o—— (uLmu,uR +drpmgdp + e meeR + h.c.)

« Can write down the following invariants which are the same as ‘lepton-like’ invariants in SMEFT
Lg-i+1,IR) _ Tl,(X;ﬁ:o,l,...,Nm—177&:[:7,))3;) - %=, die; Nu=2, Nge =3

« Can use LEFT operators with EFT power counting E/v to build more invariants. Then, we

. 1 , | ) )
find at O (W> , 15.31"IR) < Re (Lﬁdﬁgrst [(mdml})rs (m‘“m’z)tp ¥ (mdm:l)rs (m’“'mL)tp])
« Matching the SMEFT to the LEFT allows us to identify this with the following invariant:

(L,LIR) _ Ty T ~ T ~ B v | TY _
Lo = Re Tr( Vo™ am g Vern ™y My + Voo ™a Mg Ver ™M ) = 0

u

EFT operators encode intermediate UV behaviour like the collectivity of the SMEFT due to linear
EWSB. Collective effects are therefore suppressed in the LEFT power counting.
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Non-linear EWSB

Another viable option for EWSB beyond the linear EWSB with a Higgs and fermion doublet are a

class of non-linear scenarios described by HEFT-like EFTs where the dofs in the doublets of
linear EWSB are independent of one another.

+ For non-linear EWSB can package Goldstones into matrix as U = ¢'™ 7 /¢

 Treating the Higgs and U as independent we can write down more interactions
dua

Z Q,Z_JE,quf)f“‘u’) , 1T'= UosUT and

f o5
%(QLU [KQ +O'3KQ:| (SR) +ZLU[KL +O’3KL] ( 0 ))
R

€R
Repeating the counting now gives 3 CP-odd relations in the lepton sector and 6 CP-odd relations
in the quark sector which look like

~

23) _ 0,12 i
1 = ReTr (X2 VaaeY, )

u,d,e

Non-linear EWSB decorrelates the dofs in the doublets and removes the collective effects
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Matching: Two Higgs Doublet Model

« Start with Lagrangian of 2HDM which fixes PQ charges
—L = QYu(l)ﬁlu + QYd(Q)HQd + h.c.

« Lagrangian gives rise to the following SM and axion Yukawa couplings
U1 (1 V9 (2 ~ . -
Yu — %YIE ) ) Yd - ?QY; ) ) Yu — _ZQHlyu ) Yd — ZQHQYd

- Evaluating our invariants gives I; = 0 Vi as expected

+ Add PQ breaking interactions: —Lpg =Y, ;Qiflu; +he. with V", = 5,5,
giving the following couplings: Yy, = %Yél) + %Yp : Y, = —qul%YIEU — z’qHZ%Yu@)

* Then, for instance: LSI) = —(qu—QHQ)%Im(Yé,QﬁYzE}1>1*)
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Applications - SMEFT RG running (Gad et L., 2105.01076]

« Can study RG running of SMEFT operators induced by ALP couplings. Define source terms

SMEFT
dC:

S

SMEFT ~SMEFT _ {

H ~ Vji Cj - 2 - ~
4 sl O = Qo™ HT"uGY,

* Can write down the following sum rules for source terms L
J Sug = —419:Y,Caa

Im Tr (X o ’QS.»I; W YJ) = —g2Cyw I
Im Tr (Xg’l’zs;,;gyg) = -01(yQ + Y2) IS

ud

Im Tr (Xd X'u, Xd SuG }/UT + X U Xd Xu. Sd(-} Yvd]L ) 2 4-(]3 CGG I -

« Expect some non-trivial zeros if the ALP is exactly shift-symmetric.

* Observations compatible with SMEFT RGEs would suggest weak PQ breaking, while uncertainty
of measurements implies bound on breaking
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