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The strong CP problem

* Canadd fgcp waéa“” to the Lagrangian without breaking QCD symmetries
» Neutron EDM measurements suggest that §gcp < 10~ [nEDM collab., 2001.11966]

» Well-motivated solution is the axion relaxing 6qcp to 0
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The strong CP problem

* Can add O DGZVGG“W to the Lagrangian without breaking QCD symmetries
» Neutron EDM measurements suggest that §gcp < 10~ [nEDM collab., 2001.11966]
» Well-motivated solution is the axion relaxing 6qcp to 0

* QCD axion: potential fully determined by QCD. For 1nstance,

dm,my
m —_— m [Weinberg, 1977]
afa \/(i”u_|_7,nd)2 7Tf7l'

 Quality problem: How stable 1s the axion solution against additional contributions to its potential?

In particular: What happens if there are additional CP-violating parameters in the theory?
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Corrections to the axion potential

» Corrections to the axion potential can come in different forms

V(a)
30 -
i QCD axion

25
... solves strong CP problem.

1.5}

05"

Via) ~m2f2 (1 — cos

| e
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Corrections to the axion potential

» Corrections to the axion potential can come in different forms

V(a)

3.0 - :

- QCD axion
25- Aligned contribution
20
15l ... solves strong CP problem.

f ... solves strong CP problem but changes axion mass.
1.0 -
05"

| | | | | a
0 2 4 6 8 10 12

V(a)z(miﬁ#—g) 1 — cos %

Example: instantons, but contribution scales as o< € s
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Corrections to the axion potential

» Corrections to the axion potential can come in different forms

QCD axion
Aligned contribution
Misaligned contribution

.. solves strong CP problem.
.. solves strong CP problem but changes axion mass.
.. does not solve strong CP problem and can change mass.

0 2 4 6 8 10 12 V(a) ~ (m?rfg i g) 1 — cos a f
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Corrections to the axion potential in the SM

V(a)
3.0

25

Sources of CP violation can offset minimum

2.0}
of axion potential :

15
1.0 -

05

Not a problem in SM, due to flavour suppression of CPV: o 2 4 6 8 10 12
" [Jarlskog, 1985]
J4 — IIIlTI' ([Xu, Xd]g) Xu,d — Yu,dYu p [Bernabeu, Branco, Gronau, 1985]
, . [Ellis, Gaillard, 1979]
Corrections only appear at 4-loop and 7-loop level, corresponding to [Khriplovich, 1986]
— _19 [Georgi, Randall, 1986]
0ing ~ 10 [Khriplovich, Vainshtein, hep-ph/9308334]
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Corrections to the axion potential in the SM

V(a)
3.0

25

Sources of CP violation can offset minimum

2.0}
of axion potential :

15
1.0 -

05

Not a problem in SM, due to flavour suppression of CPV: o 2 4 6 8 10 12
" [Jarlskog, 1985]
.]4 — IIIlTI' ([Xu7 Xd]g) Xu,d — Yu,dYu q [Bernabeu, Branco, Gronau, 1985]
, . [Ellis, Gaillard, 1979]
Corrections only appear at 4-loop and 7-loop level, corresponding to [Khriplovich, 1986]
— _19 [Georgi, Randall, 1986]
0ing ~ 10 [Khriplovich, Vainshtein, hep-ph/9308334]

...but what about new physics?
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BSM scenario

A p
 Generally, when only QCD explicitly breaks PQ, CPV effects suppressed by ( AQCD )
CPV

—> Consider small instantozns by enhancing strong coupling in UV
xX e os
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BSM scenario
A p
 Generally, when only QCD explicitly breaks PQ, CPV effects suppressed by ( aeD )

Acpv
—> Consider small instantozps by enhancing strong coupling in UV
s
xX e os
* We use non-interacting gas of 1-instantons. Think of the following scenario: [Kitano et al., 2103.08598]
[Bedi et al., 2205.07948]
A

Acpv T [ new source of CPV — SMEFT }

Agr + [ small instantons }
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BSM scenario

A p
* Generally, when only QCD explicitly breaks PQ, CPV effects suppressed by ( AQCD )
CPV

—> Consider small instantozns by enhancing strong coupling in UV
xX e os

* We use non-interacting gas of 1-instantons. Think of the following scenario:

A
Acpv T [ new source of CPV — SMEFT }

Agr + [ small instantons }

Aqep

How do UV contributions look like compared to SM contributions suppressed by Jarlskog invariant?
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BSM scenario

A p
* Generally, when only QCD explicitly breaks PQ, CPV effects suppressed by ( AQCD )
CPV

—> Consider small instantozns by enhancing strong coupling in UV
xX e os

* We use non-interacting gas of 1-instantons. Think of the following scenario:

A
Acpv T [ new source of CPV — SMEFT }

Agr + [ small instantons }

Instanton computations are difficult!

Aqcep 1 Simplify using flavour invariants.

How do UV contributions look like compared to SM contributions suppressed by Jarlskog invariant?
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CP-violation in the SMEFT

* Use the SMEFT to describe new sources of CP violation beyond the SM
£(6)

LsverT = Lsm +  VE + ...

» At dimension 6: 1149 CP-odd couplings in the SMEFT. How to study them systematically?
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CP-violation in the SMEFT

* Use the SMEFT to describe new sources of CP violation beyond the SM
£(6)
Lsverr = Lsmy + —— + ...
A2
» At dimension 6: 1149 CP-odd couplings in the SMEFT. How to study them systematically?

— Flavour invariants!
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CP-violation in the SMEFT

* Use the SMEFT to describe new sources of CP violation beyond the SM
£(6)

LSMEFTZESM+F+---

» At dimension 6: 1149 CP-odd couplings in the SMEFT. How to study them systematically?

— Flavour invariants!

[Bonnefoy et al.,2112.03889]

« Construct generalised Jarlskog invariants. Example: O,z = |H|?QHu Bonnofoy ot al. 2302.07288]

- Wilson coefficient has 9 complex parameters

- Can be captured by flavour invariants of the form

ImT'r (XZXSX,ZX;; CuHYuT) Xud = Yu,dYJd

Can show: only 705 dimension-6 SMEFT phases can be written in flavour-invariant way (possibly
less flavour suppressed than Jarlskog invariant).
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More flavour invariants?

 Allowing for non-perturbative effects, Jarlskog invariant is not the only CP-odd invariant in the SM.

« We have another spurion now: 6qcp

UGB | UG | UG | UG)L | UG).
eiacp | 1 15 14 1g 1,
Yy 3.1 3-1 1 1 1o
Yy 3.1 1o 3_1 1 1o
Ye 1o 1 1 3.1 3.1

« Can build more invariants, e.g. Jy = Im(e a0 det Y, det Yy)
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More flavour invariants?

 Allowing for non-perturbative effects, Jarlskog invariant is not the only CP-odd invariant in the SM.

« We have another spurion now: 6qcp

UGB | UG | UG | UG)L | UG).
eiacp | 1 15 14 1g 1,
Yy 3.1 3-1 1 1 1o
Yy 3.1 1o 3_1 1 1o
Ye 1o 1 1 3.1 3.1

« Can build more invariants, e.g. Jy = Im(e a0 det Y, det Yy)

» Are there also more non-redundant EFT invariants?
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More flavour invariants?

 Allowing for non-perturbative effects, Jarlskog invariant is not the only CP-odd invariant in the SM.

« We have another spurion now: 6qcp

UGB | UG | UG | UG)L | UG).
eiacp | 1 15 14 1g 1,
Y, 341 31 1 1 1o
Yy 311 1o 3.1 1o 1o
Ye 1 1 1 341 31

« Can build more invariants, e.g. Jy = Im(e a0 det Y, det Yy)
* Are there also more non-redundant EFT invariants? No!

» But invariants featuring fqcp are more suitable to describe SMEFT CPV in non-perturbative
computations. E.g.,

Im(e_iOQCDEIJKGijkYu,[iYu,JquH,Kk det Yd) Oul = |H|2Qf{’u,
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Small Instanton Contribution

« Small instantons generate axion potential of the form

V(@) = xo(0) 1~ + x(0) 7 :><1>Egind:_x6(o)
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Small Instanton Contribution

« Small instantons generate axion potential of the form

V(a) = xs(0 )E + x(0 );—3 N <%> — 9. — _9;6((00))

 Coefficients in the potential can be computed from following correlators

1 ~ 1 ~
_ 4, ikw
x(0) = ’I,I].cl_rf(l) d*xze' <O 25,2 GG(0), 35,2 ()

)

~

1
_ 4, ik
x6(0) = leclir(l) d ze <O 35,2 GG(:I:),(%(O)‘O>
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Small Instanton Contribution

« Small instantons generate axion potential of the form

V(a):X6( )——I-X( );2 :><%>Egind:_);6((00))

 Coefficients in the potential can be computed from following correlators

1 ~ 1 ~
_ 4, ik
x(0) = lecl—r% d’ze' <O 25,2 GG(0), 35,2 (z)

)

~

1
_ 4, ika
x6(0) = leclir(l) d*xe <O 35,2 GG(:L'),O(;(O)‘O>

« Compute these 1n instanton background

27’]2,/(% o mo)y Q . 1
(@ — 207+ 47 s2m?
\

(Q = 1 BPST solution

a 4 a /ya,uv
Aj(z) = d*z G%,G™"
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Adding the SM degrees of freedom

« We want to calculate contributions of SMEFT operators — have to add fermions and Higgs

* Calculate the correlation function in topological susceptibility from path integral

872

(0]0]0) = / DADYDYDh e~ 5elAl iS00 giSolh] giSiml¥:h] ) Spld] = —-1Q| + Q0
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Adding the SM degrees of freedom

« We want to calculate contributions of SMEFT operators — have to add fermions and Higgs
* Calculate the correlation function in topological susceptibility from path integral

— . - . . - 2
(0]0]0) = / DADYDYDh e~ 54l giSol¥:¥] g k] g S 1:h] ) SplA] = Sgiz|Q| +iQf

 Zero modes of SU(3) charged fermions take special form in instanton background

o DR — ™\ — 0) () — XL):l p (0)
1y DM AP, Ao =0 P (z) (XR ”[(m—mo)z—l—pz]?’/z 1]%¥
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Adding the SM degrees of freedom

« We want to calculate contributions of SMEFT operators — have to add fermions and Higgs

* Calculate the correlation function in topological susceptibility from path integral

. e . - 2
(0]0|0) = /DADtzZDh e~ SElAlgiSo ¥l giSolh] giSimilv k] ) SelA] = Sgiz|Q| +iQ8
 Zero modes of SU(3) charged fermions take special form in instanton background
: (0) (xr) 1 P 0
iy, D*p™ = X,h ™ Ay =0 Y (w)—( )—— ( p
Z n XR ™ [(z — 0)? + p?] 3/2 \ 1
* Can split of zero modes from the non-zero modes to simplify calculation [t Hooft, 1976]
=90 + ¢/ DYDY = ||¢<°>|!‘1d@\||zz<0>||‘1d£¢ Dy’ Dy’

simple Grassmann integration

* First, ignore non-zero mode interactions and integrate over free action of non-zero modes
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Identifying the flavor invariants

* As an example, let’s take a 4-fermion operator, like (’)gt)qd = (Q'u)e;;(Q7d)

* After splitting of the zero modes we have something that schematically looks like

XG(O) -~ (bOSOIliC) > /d€¢1d€¢1d£¢2d5¢2 ei fx 51¢§O)Y1h¢§0)§1+52¢§0)Y2h¢§0)§2+h.c. Cgl’lpg())glzzg())g_f(/—)g))¢g0)€2
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Identifying the flavor invariants

* As an example, let’s take a 4-fermion operator, like O((;L)qd = (Q'u)e;;(Q7d)

* After splitting of the zero modes we have something that schematically looks like
X6(0) ~ (bosonic) x /d€¢1d§¢1d€¢2d£¢2 [ ViR 60 oy o e CEW e Expy ) €
 This almost looks like the well-known Grassmann integration identity
/ d"ad"B e = det A
* Need generalisation with operator insertion, for 3 generations

1
/d3€ d3£ 651 §2515)52 2 111213631]2]3‘421]1AZ2J2B@3J3
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Identifying the flavor invariants

* As an example, let’s take a 4-fermion operator, like (’)gt)qd = (Q'u)e;;(Q7d)

* After splitting of the zero modes we have something that schematically looks like
_ _ — o 27Oy O 7 70y (0) _ —(0)= -
X6 (O) ~J (bosonlc) X / d€¢1d§¢1 d€¢2 d£¢2 ez fx 51"/)1 Y1h¢1 §1+£2¢2 Yzh% §2+h.C. Cglwg_O)glwg_O)gngO)ng) 52

 This almost looks like the well-known Grassmann integration identity

oW

quqd

/ d"ad"B e = det A

* Need generalisation with operator insertion, for 3 generations

1
/d3€ d3€ 651 5261352 2 gh1t213 cJ172J3 A21J1AZ2J2 B’ngg N .
H
* Identifying A with Yukawa couplings, B with operator and adding anti-instanton, we find
N 0 giriam _jijan (1) k1koo l1lop int. over zero mode
x6(0) ~ Im [ € YuirjiYuisgy Cquqd mnop® € Ya ki Ya ko, | > coordinates and Higgses
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Now, start from invariants...

oM — (Lie)ei;(QIu)

lequ

Im [e-ié’c(” y! eklkzkelllzlYu,klllYu,kzl2detYd]

lequ,ijkl~ e,j1
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Now, start from invariants...

Im [e—wc(” y! eklkzkelllzlYu,klllYu,kzlzdetyd]

lequ,ijkl~ e,j1

Treat non-zero modes ’gb/perturbatively:

Y Prhap = OV Prhp©) + OV Prhap’ + 'Y Prhap©) + 'Y Prha)’

. - B S'm I, 7,172
e’LSint[w 7¢] — 1 —l_ iSint[¢,,¢,] . t[,gbz ?70 ] _|_ o

/D«p’D&’ eiso[wf,¢/]¢;(xl)¢;($2) = Ap(zy — 22)0;;
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Now, start from invariants...

—i0 iriam _jijony . v . . (1) k1kso Lilop —i0 _iriam _j1jan v .. @ krkzo _Lilop
Im [e € € YUﬂlJlYuﬂﬂchuqd,mnope € Yd,klllyd,kle Im |e € € (XUYU)thYU,l2joquqd,mnop€ 1h2en2 Yd,klllyd,k2l2
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Now, start from invariants...

0% = (Q'u)e;;(Q7d)

szzm n (1) kikso U1l zﬂzzm n (1) kikoo 111
Im |: 172 6‘71‘72 Yu 7/1]1Yu 12]20 € e € ! r)de,kllle,kzlz] Im |: = 6]1J2 (X Y )7/1]1Yu 12.720 € e € ' 2de,k1l1Yd7k2l2

quqgd,mnop quqgd,mnop
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Conclusions

« Axion solution to the strong CP problem depends on quality of PQ symmetry
« Additional contributions to axion potential can spoil resolution of strong CP problem

* We studied small instanton contributions to the axion potential and showed that they are proportional to

SMEFT CPV invariants

* We can also use the invariants to study the contributions of all remaining CP-odd operators
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Thank you!
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Backup
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Trace basis vs. determinant-like basis

Example: Oux = |H|*QHu

ImTr ( u HYT) Im (e ecnel 7K e'ijkYu, i Yu,7iCur k1 det Yy)
ImTr (X,CurY,) Im (e Yacr el K ciiky, 1V, 7:(XyCurr) kr det Yy)
ImTr (X4CunY,) Im(e Yacrl 7K ¢iiky, 1V, 1:(XqCurr) ki det Yy)
ImTr (X XdCuHYT) Im(e 0ecrel 7R eiiky, 1.V, 7/(XuXaCumr) ki det Yy)
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Trace basis vs. determinant-like basis

Example: Oux = |H|?QHu

ImTr ( uHYT) Im (e ecnel 7K eijkYu,Iz-Yu, 7iCumr k1 det Yy)
ImTr (X,CurY,) Im (e Yacr el K ciiky, 1V, 7:(XyCurr) kr det Yy)
ImTr (X4CunY,) Im(e Yacrl 7K ¢iiky, 1V, 1:(XqCurr) ki det Yy)
ImTr (X X4CunYy) Im(e Wecrel 7K ik, 1V, 1/(XuXaCurr) ki det Yy)

The two bases can be related:
Labed(Cumr) = zgeR(a—l)bcd(CuHYuT) + KoL (g 1)bea(CurY,))

Det-like CP-odd inv. SM CP-odd @ \ SM CP-even @-inv. \

Trace CP-even inv. Trace CP-odd inv.
| Flavour-Invariant Contributiond-the Strong CP Problem | Jonathan Kley | 04/06/2024 Page 15



CPV in the SM — Example: electron EDM

[Pospelov, Ritz, 1311.5537]

. . . . , [Smith, Touati, 1707.06805]
* How can we use flavor invariants? Estimate size of electron EDM in SM.

« We know: - EDM breaks chiral symmetry —> d, o< m, ;
Ldip — _Edeéawj pvY5€
- EDM breaks CP — d, x J4

 Draw diagram that can generate J,
[Roussy et al., 2212.11841]

3 19 Experiment:
~ 10 ¢ - cm do| < 4.1 %1073 ecm

m%V (4m)4 m%f,

« EDMs are strong experimental probes = Repeat analysis for new physics?
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Details of instanton calculation

quqd k—0

1 ins ikx
() (0)17st = _3lim [ diz e (O 35,2 quad

oW
T{LGG(:):) gl AL (0)}

o)

_if 4 dp b osolHHT [T (0) 7¢(0) 12 7(0)
. QCD[dxof—SdN(p)fDHDHe o[H, fn(pdfufd§ Q)
P f=1

: C(l)
« of d'2(QYuHu+QYqHd+h.c)(z) 1 fd%GG(a:) quqd QuQd(0) + hec. | .
327r2 Aglar
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Details of instanton calculation

3
((:il)qd(o)l —inst. —ZHQCD f d4$0f d—dN(P) fDHDHT -So[ HH H (,02 df(o)dﬁég)de(O))
[) f=1

1
X / d4$1d4$2d4$3d4$4 — { Z (0) (¢(O)Yu 1131HIPR7/)(0))(561)€(0)

4] perm. over QI i1
fermion fields
<€) ) GOV Y PRy ) (22)€) s“” PO gy, B Prop©@) (23)€” (3.14)
oW
GG(SC) quqdmnop (O)

i (P10 Proy )l enrn

=(0) /.7.(0) L (0) (0) 4
x§ 52("” Y4 ko1, H™ PRY )(x4)§dl2 fd 3972 Aép«

<Eon (PO Pry®)el”) (0)]
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Details of instanton calculation

(1) 1-inst. 1 -i0QecDp Lt1t2m j1j2n (1) kikgo lilop
quqd(o) 4A2 e 7P € Yu 1171 1122JZC’quqd mnop6 € Yd,klllyd,k2l2

—100cD ’lezm j1j2mn - ~(1) kikoo lilop 4 dp 6
+e 7R € Y ’LlJlYuaZ2J2Cquqd,onmp6 € Yd,klllyd,kzlg d xo Fd]v(p)p

2
foHDHTe’SO[H’HT] [f d4x1d4x2(@(0)H}Le”PR¢(O))(wl)(@(O)WKHKPR?P(O))(@)]

-

B 75

=2 [f d4w1d4x2(’[L(O)PR’lp(0))(IL’]_)AH(xl—xz)GIJCJI(QE(O)PRw(O))($2)]2E 2! 72

" MN 7.(0) (0) 7.(0) (0) 4 GG(ZU)
(earne ™ O Pryp© 5O Pry (O)fd ey

(1) _ e~10Qcp ci1iam jijan =l kikoo lilap

Aquqd 3 G Yy 1171 Y, 1272 C’quqd mnop6 ¢ Yd,k?lll Yd,k2l2
(1) _ —10qcD 217/2m J1j2n (1) kikoo lilap

Bquqd e 8 o Yy 111 Yy 1272 C’quqd onmp6 € Yd,klll Yd,k2l2
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Details of instanton calculation

Final result:

1 () - ( 1), pO) i [ dp o460t 1
quqd(o) Aquqd Bquqd i d (p)p°Z ! (a: + p2)6
A(l) — e‘ZGQCD le2m€]1]2nY Y. C(l) €k1k2061112py Y.

quqd w4171 4 W,i272 ~ quqd,mnop d,k1l1 £ d,kals
(1) _ —iboc zzmj]n (1) kikoo lilop
Bquqd =€ D2 € = Yu '111_7]_ u22]20quqd Onmp€ He € 2 Yd,klllyd,kQZQ
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