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The problem is Matthias... because the directors keep repeating me
* Try to be as good as Matthias first.
* Then you can think of a Centre.



Outline

1) CP violation:

* The collective nature of CPV: real vs. imaginary interactions?
* The (flavour-)invariant measures of CPV

* Beyond Jarlskog: the 699 (minimal) CPV invariants of SMEFTs
* Opportunistic CP violation: new interference with CKM phase.

2) ALP shift symmetry

* Beyond Jarlskog: the 13 invariants of ALP shift-symmetry breaking
* The collective nature of shift-symmetry breaking
* RG invariance of the invariants

Note 1: I’ll consider only heavy/decoupling new physics

Note 2: I’ll assume that SU(2)xU(1) is linearly realised above the weak scale, i.e. SMEFT rather than HEFT. Our
construction can be generalised but we haven’t gone through this exercise (yet). I’ll also assume that possible
B and L violating effects are pushed to a high scale irrelevant for our discussion.



Part I. Does new physics break CP?

* Unlike B & L numbers, CP is not an accidental symmetry of SM4
e But its violation is “screened” by the CKM selection rules (see next slides). Not large enough for baryogenesis.

« BSM CPV effects can be O(1) in most loop-level FCNC processes
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* On the other hand, there are already strong (indirect) constraints, e.g., EDMs

 We need a map/guide to explore CPV effects:
 What are the BSM sources of CPV?
 What could be their sizes?
 What should be the structure of CPV to allow new physics still accessible at colliders? MCPV?



https://inspirehep.net/literature?q=find%20eprint%202006.04824

CPV in SM4

CPV comes from mixing among quarks and the resulting couplings to W
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Phases in CKM (can) break CP!
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https://inspirehep.net/literature/511650
https://inspirehep.net/literature/511650

Are Phases a Sign of CPV?

1625 65
96—28i BT 24

7221 4 12i
e 57641681 49— 168i
1 — 1
Vekm = — 13
325 65 65




Are Phases a Sign of CPV?

79914 4 124
395 13 13
v . 12 5764-168i  49—168i
CKM — 13 1625 65
96— 28 57 o4i
395 65 65
1
3—41 3 4 12 4+ 31
; 403' O ?2 %2 173 > 304' O
_3 +44
SRR | Rl | B
—417 —I?
0 0 = ~13 ~65 65 0 0 =%



Are Phases a Sign of CPV?

72—214 4 124

325 13 13
V: _ 12 576+168:  49—1681

CKM = 13 1625 65
96 —281 57 241
325 65 65
|
3—4i 3 4 12 4+33
° 403' ’ 1_132 5431 173 ° 304' X
3 +41

0 5 0 | 13 65 65 0 5 0 |
0 0 3—41 4 57 24 0 0 4-31

5 13 65 65 5

phases absorbed by redefining quark fields

no complex phase after appropriate phase shifts of quark fields
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enlarged U(2) flavour symmetry

no complex phase after appropriate phase shifts of quark fields

that can be used to remove phase in CKM



Are Phases a Sign of CPV?

72—214 4 124 2172—50041 178444323 2427451961
4 S T 372%—%—%996 ' 33248135?2 ' 477281121564 '
_ 12 57641681 49—1681 _ ? ? — ?
Vekm = — 13 1625 65 Verm = 8125 8125 8125
06 —281 57 244 3084144+ 43839+20521 184848641
3925 65 65 1105 5525 5525
1 1
_176+468i _9-12i 3 4 12
3-4i 3 4 12\ [443i 5 625 25 13 13 13
5 313 13 5 351-132i 16+12i 12 24 7
— - L 625 25 13 65 65
T 3?47; P % 5 T 4937; 0 0 oSGy _4 _of 24
0 0 = ~T3 —%F 6 0 0 = 85 13 ~ 65 65
phases absorbed by redefining quark fields if Mu=mc,
enlarged U(2) flavour symmetry
no complex phase after appropriate phase shifts of quark fields that can be used to remove phase in CKM

CPV « 3 phasein-kagrangian parameters



The SM4 Collective CPV

Kobayashi and Maskawa, ‘73

SU(S)Q SU(S)u SU(S)d U(l)u U(l)d U(l)B
Y, (O9R + 91) 3 3 1 1 0 0
Ya (9R +91) 3 1 3 0 1 0
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The SM4 Collective CPV

Kobayashi and Maskawa, ‘73
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* The position of this physical phase is (flavour)-basis dependent, e.q.
 Up-basis: Yy=diag, Ya= Vckm.diag
. Down-basis: Yu=Vckw diag, Ye=diag

* many other choices of flavour bases
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The SM4 Collective CPV

Kobayashi and Maskawa, ‘73
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* The position of this physical phase is (flavcur) -basis dependent, e.qg.

standard parametrisation

 Up-basis: Yy=diag, Yd= Vckm.diag (particular choice of flavour basis)
_ t .. _ 1 O 0 Cis 0 s,e % C,, S, 0
* Down-basis: Y,=Vckm.diag, Yq=diag D Vekm = |0 cy Sy 0 1 0 —s,, ¢, 0
: 0 —s5,, Cy) \—5,,€9 0 Cyq 0 0 1
 many other choices of flavour bases g ( s cass sige )


https://inspirehep.net/literature/81350

Jariskog Invariant Jasiskog ‘68

see also Bernabeu, Branco, Gronau ‘86

e The lowest order flavour invariant sensitive to CPV

Jy = ImTr ([v, V.1, Y, Y]1?)

o Explicitly
Ji = 6ci2s12¢13513¢23523 (Yo — Yu) (U — Yu) (% —ve) (v —va) (o — va) (yp — y5) sind
O (A) O (A7) O (\)
1 —\2/2 A AN (p — in)
Wolfenstein parametrisation  Vekm = 3 A 1= >\22/ 2 AN? +O(\%) A~ 0.22
Wolfenstein ‘83 AN(L=p—in) —=AA !

 Even if 6~0O(1), large suppression effects due to collective nature of CPV

* Important property: [GigEXela =AYl RIS IEN] (neglecting Oacp for now)


https://inspirehep.net/literature/192153
https://inspirehep.net/literature/216470
https://inspirehep.net/literature/227608
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exercise 1: check that indeed J4 vanishes on the two examples of previous slide (one need my=mc for the second one!)
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e The lowest order flavour invariant sensitive to CPV

Jy = ImTr ([v, V.1, Y, Y]1?)

o Explicitly
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Wolfenstein parametrisation  Vekm = 3 A 1= >\22/ 2 AN? +O(\%) A~ 0.22
Wolfenstein ‘83 AN(L=p—in) —=AA !

 Even if 6~0O(1), large suppression effects due to collective nature of CPV

* Important property: [GigEXela =AYl RIS IEN] (neglecting Oacp for now)

exercise 1: check that indeed J4 vanishes on the two examples of previous slide (one need my=mc for the second one!)
exercise 2: check that for Nr=2, J4 always vanishes
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BSM CPV is also a Collective Effect

* “Ilmaginary” Yukawa coupling gives rise to eEDM through Barr-Zee diagram

[ = Yu Qﬁ(] CuH |]—]|2Q[:_[U Brod, Haisch, Zupan ’13
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—_— _— = A 1 —’
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BSM CPV is also a Collective Effect

* “Ilmaginary” Yukawa coupling gives rise to eEDM through Barr-Zee diagram

L=Y, Qﬁ(] C,H |]—]|2Q[:_[U Brod, Haisch, Zupan '13
9§
de —amem, Im(C’uHLF m2 0
E — h?ﬁw Y s L [ — TS
Yu = ﬂvm“ (1+ Cyumv?/A?) B v, Z de 1 vm, Im(mZCuH)_F 170, |2 0
“— e 4872 m?2 A2 P\ m2

* The Yukawa can be made real by chiral rotation: ¢ — e'07" Y
 The “phase” will appear in the mass

 The CPV effect is captured by Im (y™-m), which is invariant under chiral rotation

Trivial here, but can get complicated: flavour indices, links to UV parameters...


http://arxiv.org/abs/arXiv:1310.1385

Dim-6 Yukawa’s Contribution to EDMs

N T] 2 T 19 _
L=Y,QHU + C,y |H?QHU g7 hilju;
3x3 complex 3x3 complex quj 4+ 3U20in
(9R+9I) (9R+9I) Y

One can choose U(3)axU(3)u transform'ations to make Cun (Or gnhuu) *real”

CPV effects < Im CuH
Phases can be moved to mass matrices — even in mass basis, 3 residual U(1)’s to move phase around

(flavour basis fully specified by the location of the phase in the CKM matrix)
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At two loops and 1//A2 order, Barr-Zee diagrams depends only on three phases captured by three invariants
(only diagonal phases can contribute at 2-loops because no FCNC in SM)
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Phases can be moved to mass matrices — even in mass basis, 3 residual U(1)’s to move phase around

(flavour basis fully specified by the location of the phase in the CKM matrix)
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ho ! v, Z At higher loops, more phases can appear.
. * How many?
€ e

* How many constraints should we impose to ensure CP is conserved?
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* How many constraints should we impose to ensure CP is conserved?
CP =-Curreal-matrix



Beyond Jarilskog
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Beyond Jariskog

Necessary and sufficient conditions for CPV?

A=AW + A©) 4

CP iff J4=0
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CP iff J4=0

CP iff J4=0 & 777




Beyond Jariskog

CP iff J4=0

CP iff J4=0 & 777

How many conditions”?
Any relation with the number of phases that can appear in Lsme?




Beyond Jarlskog: Building SMe Invariants

* For each operators, e.g. the dim-6 Yukawa operators, we can build a series of CP-odd
iInvariants;

dy . d
Iu,..q, =Im Tr (Yj (v (vuyl) ™ () CuH>

* Of course, they are not all independent:

e.g., for 3 families, Iy =Tr (Y, Y,) I, %(Tr (v YI)") =1 (v, v)) 1y

* Only need to consider only a finite set of invariants:

Cayley-Hamilton: A4°=A°Tr(A) - %A [Tr(A)” - Tr(A?)] + é [Tr(A)® - 3Tr(A?) Tr(A) + 2 Tr(A%)]I3.3

avbvevd
— enough to consider 1r (XuXquXd C) _ T
Xusd = Yura Y, 4
a,b,c,d=0,1,2, azb,c#d

Can find a basis of invariants linearly independent from each others (see backup)



Opportunistic CP violation

e |f J4=0, we can find 699 independent invariants = minimal basis of invariants.

“CP is conserved iff J4 and the invariants of the minimal basis are all vanishing”
e If Js20, we can actually build more invariants! Not surprising, because CP-even BSM can

interfere with CP-odd SM. But what was maybe unexpected is that many of these
interfering invariants can be much larger than J4 & maximal basis of invariants.

dim (maximal basis) = number of physical (real and imaginary) parameters

that can interfere with SM
and thus can show up in observables at leading O(1/A2)

Opportunistic CPV relies on interference with SM phase but it doesn’t
have to suffer from the same collective suppression!

How many independent invariants at a given order in Cabibbo expansion?



Taylor Rank

Taylor Rank . (M) =

Min
N=M+QO(e™
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Rank (V)
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Taylor Rank.o =1 = Rank (M‘eo)
Taylor Rank|.. =1 # Rank (M‘Gl) = 2




Scaling of Collective CPV BSM Effects

* The invariants can be evaluated in e.g. the up-flavour basis:

I, = Im Tr (Yj (v, v;H)" CuH)

. ® I =y + 42" e + 4,
dlm-6 O (;\16n_|_glg) (/)I ()\872,—;—4) IO ()\OI)
up-Yukawa
OperatOF ® I11 = €13€2351355 (yz? — 6%2?/3 - 3%23/3) Yt Put

Ii1=Im Tr (Yj (v, V) (Yd Yj) CuH)

O (A") O (A")

# independent invariants at O(An)

N [GeV]

* The BSM invariants are suppressed by scale of new physics .
* but not necessarily by small Yukawa/mixing angles as J4

Ir\./— < 10}
2 T
A -

T
N B (0)) oo
I I I

|||||||||||||||

OuH = (HTH)F]@ZUJ + h.c.
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Scaling of Collective CPV BSM Effects

* The invariants can be evaluated in e.g. the up-flavour basis:

dim.6
up-Yukawa
operator

* The BSM invariants are suppressed by scale of new physics
* but not necessarily by small Yukawa/mixing angles as J4

NA~1'000 TeV —
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Nt
O (A\°)

I, = Im Tr (Y,j (v, v;H)" CuH)

Ii1=Im Tr (Yj (v, V) (Yd Yj) CuH)

> Ji~ N0 o A < /218,

/ BSM and 3 Opportunistic

invariants larger than J4

# independent invariants at O(An)
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Scaling of Collective CPV BSM Effects
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Models of Flavours

* Other constraints from CP-even observables: totally flavour generic/anarchic dim-6
operators are severely constrained. How do additional flavour structure affect the
orders of CPV computed above in the generic case?

e [et’s first stick to the canonical flavour “model”: Minimal Flavour Violation

cart = aY, +b(Y,Y])Y, +C(Yde) Y 4.,

A [GeV]

1010 10° v 10° 107° 10710
' | ' ' ' ' | ' I ' | ' ' ' ' | ' ' ' ' |

18}
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CPV Orders in Alignment Models

* Another popular flavour structure is alignment inherited e.g. from U(1)en Symmetry

 The U(1) charges of the quarks will imprint a particular scaling of the dim.6 WC.:

fad 3 iy CueLb, e
Yu — A7 A4 AZ Yd s A6 AS AS CuH — generic = A7 A4 Az
Ryl 24 3 )3 PEOE
A [GeV]
10"° 10° v 10° 107° 10710
o | | 220t
~| Anarchic Entries 200f i — Generic Flavour Structure
1807 | A >1°000 TeV = ~120 sources of CPV larger than SM

—
(@)
o
L

Froggatt-Nielsen = | \

—
AN
o
\

—
N
o

MFV Flavour Structure
N\ > 5-10 TeV = ~50 sources of CPV larger than SM

RN
o
o

T

U(2)°

Taylor-rank r,(n

B (@) oo
o o o
| |
L

MFV We couldn’t explore effects of Flavour assumptions

C on 4 Fermi operators (too computational intensive)
o 10 20 30 4 s 60 70 80

N
o

o



Part Il. CPV in Axion couplings to fermions?

1 0 _ 1
a — a + €f E:ZSM+§(QL@) (0"a) 4 ;a ¢§M¢c¢7“w+(9(ﬁ)

hermitian matrices
(26 CP-even an d 13 CP-odd couplings)



Part Il. CPV in Axion couplings to fermions?

0,a _
= Z Ve Y + O

a— a-+ €f £:£SM+%(8“CL)(8%)= J wesm [ (%)

hermitian matrices
(26 CP-even and 13 CP-odd couplings)

But shift-symmetry cannot be exact (PQ as approximate symmetry)
What are the allowed couplings of an ALP after (soft) breaking of shift-symmetry?



Part Il. CPV in Axion couplings to fermions?

o.a

Y ey + O (i)

1
a — a + €f £:£SM+§(QL@) (0"a) 4 7 p 7

hermitian matrices
(26 CP-even and 13 CP-odd couplings)

But shift-symmetry cannot be exact (PQ as approximate symmetry)
What are the allowed couplings of an ALP after (soft) breaking of shift-symmetry?

L= Lon+ 5 (Dua) (9a) - 5 (QE A + QO + IRHe + hc.)

~generic matrices
(27 CP-even and 25 CP-odd couplings)

What is the power counting of these new couplings?

What are the conditions to recover a shift-symmetry?



ALP shift invariance and CP

L= Lo+ = (a a) (0"a) + 7

w N e—icwa/fw

1eSM

Nu d — Z(Yu dCu,d — CQYu d)

1 e
S J@l i+ O (%) L= Low+ 5 (Dua) (9"a) - ¢ (WA u

f

Y/e — Z.(ifece — CLYe)

+ QYyHd + LY.He + h.c.)



ALP shift invariance and CP

L= Lo + % (9,0) (9"a) +

0,a _
e Z veyy' P + O
f 1eSM

w N e—icwa/fw

(7

1 =
L= Lo+ (9ua) (9"a) - 2 QY

f

Nu,d = i(Yu,dcu,d — CQYu,d) , l~/e = i(YeCe — CLYe)

Numbers of physical parameters

hermitian matrices (6 angles and 3 phases)

generic matrices (9 angles and 9 phases)

3"6-1=17
276-3=9

U(1)s and U(1)Li conserved currents

/,9

oyaJ" added to Lagrangian

|

#Liremove 2 phases

|

#Liremove 2 phases

Shift-symmetric Wilson coefficients cg 4.4.1.. | Generic Wilson coefficients f/u,d,e Number of constraints

CP-even CP-odd CP-even CP-odd CP-even CP-odd
Quark sector 17 9 18 18 1 9
Lepton sector 4 9 7 0 3

Hu+ Q¥gHd + LYgHe +h.c.)



ALP shift invariance and CP

L= Loy + = (a a) (9"a) +

o.a
f 1eSM

Yu,d — Z.(Yu,dcu,al — CQYu

w N e—icwa/fw

— Z wc¢v“¢ +0 (%)

L= LSM+—(8 a)(@“a)——( ?ﬁu+QYde+E&H€+h.C.)

f

,d) 7 ?e = i(YeCe — CLYe)

Numbers of physical parameters

hermitian matrices (6 angles and 3 phases)

generic matrices (9 angles and 9 phases)

3"6-1=17
276-3=9

/,9

U(1)s and U(1)Li conserved currents
d,aJ" added to Lagrangian

|

#Liremove 2 phases

|

#Liremove 2 phases

Shift-symmetric Wilson coeflicients cg . a1 | Generic Wilson coefficients }Nfu,dﬁ Number of constraints

CP-even CP-odd CP-even CP-odd CP-even CP-odd
Quark sector 17 9 18 18 1 9
Lepton sector 4 9 7 0 3

13 conditions on Y to recover a shift symmetry (1 CP-even and 12 CP-odd)




ALP shift iInvariance

X, = Y, Y,
 Lepton sector
0.1.2v, . .
Re Tr(Xe’ ’ Yerj) =( 3 invariants
 Quark sector
IV =ReTr(V,Y]), I =ReTr(X,V,Y[), I =ReTr(X2V,Y]),
I =ReTr(Vv]),  Ii? =ReTr(X,V,v]), IV =ReTr(X]V,V]),
5 I8) =ReTr (X,¥,V] + X, ¥,Y]), 4 entangled conditions
i= ~ ~
1), = ReTr (XoV, Y] + {X,, X}V, Y]}, between up and down sectors

2) _ 25yt vyl
Iud,d = Re'lr (XdYuYu +{ X, XYY, ) ) = collective nature
18 =Re Tr (X, X, X,V, V! + X X, X ¥,v])

I, =ImTr ([Xu Xd]2 ([ X0 v |- X deYdT]))

one algebraic relation = only 10 independent invariants

13 flavour invariants all linear in Y (CP ensure that all but o vanish)




RG invariance

_ 15 2 9 2
I =2y 1M 1 612 + 2Tr(X,) (1§1> +3(18Y —1,5”)), Ve = =791 — 195 + Tr(Xe +3(Xy + Xq))
19 10,9 1010 42101 (19200 1) = g 2B TR 30K, 5 X,)

I = 67,18 + 1219 + 2o (X7) (189 + 3(15" - 1)) . 2
[ =9~ 1 L 67() _ 31752) _9Tr(X,,) (Iél) N S(Ic(zl) _ qul))) | Yd = —1591 — 795 — 893 + Tr(Xe + 3(Xy + Xqg))
B9 = 4y, 12 4 9189 - 3183~ 2Te(X7) (1) + 3(15) - 18V)),

B9 = 67, 1) + 12109 - 31, 2T (X7) (1) + 3(13"Y - 1V)),

159 = 29,159 + 6137 = 80) + 2Te(Xy) (189 + 3(15" - 1)),

I =y, 19 + 91 =315 + 2Te(x3) (189 + 3(15" - 1))

I = 67,137 + 1215 - 315+ 2Te (x7) (189 + 3(157 - 1))

Ind =200, + 1)L

12, = (4, + 29 )15, + 3L, = 615 = 2 Tr(X, X X,,) (I8 +3(15" - 1))
182 = (g + 29 )15 + 815 - 610 + 2T (XX, Xg) (1D + 3(150 - 1))
Fod =401, + 7)1

i -6 (’yu Fy,+ % Tr(X, + Xd)) I —Im Tr([ X, X412) (I + 18).



RG invariance

_ 15 2 9 2
B = 29, 10 4 612) + 2Te(X) (1) + 3(15 - 1ED)), Ve = =791 — 195 + Tr(Xe +3(Xy + Xq))
(2 2 3 2 1 (1) 1
[ = an L2019« 2T (X (10 4 3(1,7 - 147)), Yo =~ 162~ §03 - 803 + Tx(Xe + 3(X, + X))

i = 67,18 + 1208 + 2T (X7) (189 + 3(15" - 1))

—_ 95,2 9 2 2
I§9 = 29, 1) + 6187 - 31 - 2Te(X,,) (189 + 3(13" - 1(D)), Vd = —1591 — 795 — 893 + Tr(Xe + 3(Xy + Xg))

I =4y 1P 1913 _ 372 _op(x2) (1M + 31 - 1(D)),
2= D LD =30, = 2T (X (127 +3(1,7 — 1) closed set except for:

B9 = 67, 1) + 12109 — gl - 2T (X7 (1) + 3(13" - 18D)),

(4) _ 3y v
(1) (1), @72 _ o) ! 1 _ I = ReTr (XCY.Y/)
159 = 29,159 + 6137 = 80) + 2Te(Xy) (189 + 3(15" - 1)),

I = am, 1P + 015 - 3182+ 2o (X3) (189 + 3(15Y - 189)), I = ReTr (X, X0 X, + {X, X2HYLY + X(Y,] )
I = 67,137 + 1215 - 3lge 2Te (X7) (189 + 3(157 - 1)) Iy = I (u ¢ d)

I =203, + 1)1

12, = (A, + 29 )15, + 3l 6157 = 2 Tr( X, X X,,) (I8 +3(15" - 1))
182 = (g + 29 )15, + 8l 6105 + 2T (XX, Xg) (1) + 3(150 - 1$))
I =400, + 7)1

i -6 (’yu Fy,+ % Tr(X, + Xd)) I —Im Tr([ X, X412) (I + 18).



RG invariance

_ 15 2 9 2
B = 29, 10 4 612) + 2Te(X) (1) + 3(15 - 1ED)), Ye = =791 — 795 + Tr(Xe +3(Xy + Xa))
H(2) _ 2 3 2 1 (1)
09 = 40 d? + 019 + 2Te(X2) (127 + 31,7 - 1) ). Vo= 1102 92 892 + Tr(X, +3(X, + Xa))

i = 67,18 + 1208 + 2T (X7) (189 + 3(15" - 1))

- 5.2 9 2 2
I§9 = 29, 1) + 6187 - 31 - 2Te(X,,) (189 + 3(13" - 1(D)), Vd = —1391 — 192 — 895 + Tr(Xe + 3(Xu + X4))

I =4y 12 1913 _ 312 _op(x2) (1M + 31 - 1)),
2= D LD =30, = 2T (X (127 +3(1,7 — 1) closed set except for:

B9 = 67, 1) + 12109 — gl - 2T (X7 (1) + 3(13" - 18D)),

(4) _ 3y v
(1) 1) .r(2) o) (1) 1) (1) I’ = ReTr (X.Y.Y[)
159 = 29,159 + 6137 = 80) + 2Te(Xy) (189 + 3(15" - 1)),

. I, = ReTr (X, XX, + {X, X2, Y + X3V, Y]
19 =4y, 1P + 018 - 310) 4 2Tr(x3) (10 + 310 — 1)), - ReTr (XuXa X+ (X, XEDYaY] + X0V, ] )
I = 67,137 + 1215 - 3lge 2Te (X7) (189 + 3(157 - 1)) Iy = I’ (u + d)

Lo =200, + 7)o

12, = (A, + 29 )15, + 3l 6157 = 2 Tr( X, X X,,) (I8 +3(15" - 1))

ud,u

but Cayley-Hamilton eq. tells us that these 3 invariants

(o , . 1 are actually linear combinations of our original set
182 = (g + 29 )15, + 8l 6105 + 2T (XX, Xg) (1) + 3(150 - 1$))

(3 3 *
Ift(l,d) =4(7, + ’Vd)lz(uz)’

: 1 ey n : -
i - 6(% #7+ 5 Tr (X, +Xd))1$i) —Im Tr([ Xy, Xq2)(ID + 1), shift-invariance conditions are closed under RG




Conclusions

 CPV is a collective effect.
 CP is not an accidental symmetry but CPV is accidentally small in SMa.

 Many new possible (large) sources of CPV at dim-6 level.

* Shift-symmetry of an ALP reduces to Jarlskog-like invariant conditions

* ALP shift-symmetry is surprisingly closely connected to CP-symmetry



BONUS




SMe

Basis of dim-6 operators,

1:Xx3 2: HS 3: H*D? 5:¢?H? + h.c.
Qc | [ABCGAGErGSr  Qy \ (HIH?®  Qun (HYH)O(HTH) Qerr | (H'H)(lpe, H)
& | FABCGHvGErGYn Qup | (H'D,H)" (H'D,H) Qu.u | (H'H)(g,u,H)
Qw | eEWlvwew En Qan | (HYH)(gpd,H)
QW GIJKWJVW;]prM
4: X2H? 6:Y2XH +h.c. 7 : )2 H?>
Que | HYHGH,GA™ Qew | (otve, )T HW], @) (H'i'D , H) (17",
Que | HUHGA GAw Qs | (lLo™e,)HB,u, ®) (H'i DL H)(I,r41,)
Quw | HHHWLWI  Quq | (4o TAu,)HGA, Ore (H''D  H) (e, er)
Quiv | HHWLW™  Quw | (G0 u)r HW], Qi (HYi'D \ H) (G gr)
Qus | H'HBLB"  Qup | (40" u)H B, Q¥ | (HYDLH) g vq,)
L5 | HUHB,,B" Quc | (Go"TAd,)H G4, Qi (H'i'D . H) (@, u)
Quwp | HIFTHWL B Quw | (Gootdy)r  H WL, Qua (H"'D  H)(d,"d,)
Quivy | HITTHW], B Qa | (go*d,)H B, QHua + h.c (H'D, H)(u,y"d,)
8 :(LL)(LL) 8 : (RR)(RR) 8: (LL)(RR
Qu (Lpyulr) (Tsy*12) Qec (Epyuer)(esy™er) Qe (Lpvulr) (€57 er)
Wl @we) @) Quu | () (@ ) Qu | (pyule) (s ur)
W | @t e) @ T ) Qaa | (dpyudy)(deydy) Qua (Ipyulr ) (deydy)
Q| Gl @ a)  Qew | (Epyuen) (e u) Que | (@ruar) (@ er)
QY | Gy 1)@V a)  Qea | (Epyuer)(deydy) Wl @) @y )
Qul | (@yyun)(dsydy) i | (@WTAa) (@7 TAu,)
QW) | @y T ) d TAd) QL | (@ vuar) (deydy)
QW | (@) (dey"TAdy)
8:(LR)(RL)+h.c 8:(LR)(LR)+h.c.
Queag | He)(doqy) Qs | (@ur)ejn(@idy)
QY | (@THu)ejn(@TAdy)

1
Ql(eq)u ( €r)€jk

)e i (a5
(3) 17 pv
Qlequ ( O-MVer)ejk(q g ut)

ut)

aka Warsaw basis

cn N
LSMEFT = ﬁ( [V s Z o)

n25

59 types of operators.
2499 independent Wilson coefficients
(1350 real and 1149 imaginary).



SMe

1:Xx3 2: HS 3: H*D? 5:¢?H? + h.c.
Qa | fABCGIGErGSH  Qu | (HTH)?*  Quo (H'H)O(H'H) Qerr | (HYH)(lye, H)
& | FABCGHvGErGYn Qup | (H'D,H)" (H'D,H) Qu.u | (H'H)(g,u,H)
Qw | TEWlrw lrwin Qar | (H'H)(gpd, H)
Qi | KWW oW En
4: X2H? 6: 42X H + h.c. 7 2H2D
Qua | HIHGAG*™ — Quy | (o™ e )r HW, Q' (HY'D L H) 0,1,
Qua | HIHGAGA™ Q.5 | (L,o"e,)HB,, Q%) (H'i DL H)(I,r41,)
Quw | HHHWILWIW  Quq | (o T4u)H G4, Qe (H'i'D ,H)(e,"er)
Quiv | HHHWLW™  Quy | @o™u)r HW], Q) (H'iD . H) (@ ar)
QHB H'H B,,, B* QuB (q_pU“”ur)fI B, QS?; (HTzﬁﬁH)(q iykg,)
L5 | HUH BB Quc | (Go TAd,)H G4, Qrru (H''D  H)(ayy"ur)
Quwp | HIFTHWL B Quw | (Gootdy)r  H WL, Qua (H''D  H)(d,"d,)
Quivp | HiTTHWL, B Qa | (go*d,)H B, Quua + hec. | i(H'D,H)(a,y"d,)
8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Qu (Ll ) (Lsy*1) Qee (Epyuer)(@ster) Qi (Lpyulr) sy er)
Qi | (@ma) @ e Quu | (W) @y ) Qu | (pyule)(@syue)
QW | @y a) @' ) Qaa | (dpyudy)(dsyPdy) Qud (Ll (dsydy)
QW | L)@ %) Qew | (Epyuen) (@ us) Qe (@ ypar) (s er)
QD | Gt )@V @) Qea | (Epruer)(dsyds) Qul | (@ e @y ue)
QW | @) (dndy) QS | (@A ar) @y T uy)
Q% | (@ T TAd) QY| (@ua) (dy dy)
Q% | @THa,)(dy T Ady)

8 : (LR)(RL) + h.c.

8: (LR)(LR) + h.c.

Qledq

(3

er)(ds qtj) Qgt)qd
QW | (@T4u,)e;

1
Qe

")
Q| (Bouwer)ejn

(@hur)en(qsdy)

R(@Tdy)

(er)esn(qSue)
(g

q. kghv ut)

LSMEFT = 5(4) + Z Cn o)

n25

59 types of operators.
2499 independent Wilson coefficients
(1350 real and 1149 imaginary).

1. How many new sources of CPV?
2. Which ones can appear at BSM leading order (1/A\2)?

3. What are the collective breaking patterns
associated to these new sources of CPV?
4. Where should we look for CPV?



Beyond Jarlskog: Building SMs invariants

Playing with new fermion bilinear interactions first

 |In the Warsaw basis, Manohar et al. counted 7 /Hermitian (6R+31) and 12 [g€Rerie bilinear
(9R+9I) operators for a total of 129 phases (and 150 real parameters)

5:¢?H? + h.c. 6:9*XH + h.c. 3 Q SU 3 d 3 L SU

7:2H2D
* In the limit my=0, lepton numbers in each family are conserved. The WC not invariant

under these U(1)’s can never show up at linear order in any amplitude: 129 — 102 phases

(H' D, H)(dyv"d,)
(and 150 — 123 real parameters) — see later for more details

generic
matrices

Hermitian
matrices

generic QHud i(H' D, H)(u,7"d,)




Beyond Jarlskog: Minimal Basis

ReC

I, ReC5

( & ) = (7" 1) ReC,
In ) ImCh
ImC,

transfer matrix that depends
only on Yy and Yq



Beyond Jarlskog: Minimal Basis

ReC
I, ReC5
2o (7" 171 ReC,
In ImC’
ImC,

transfer matrix that depends
only on Yy and Yq

The problem boils down to find what is the maximal rank of the transfer matrix
In general and also when J4=0



Beyond Jarlskog: Minimal Basis

Seems a simple exercise to compute the rank!
But the invariants are real monsters when computed explicitly in a particular flavour basis
(up to 97=5x106 of terms for some of the invariants)
Hopeless to analytically compute ranks.
Numerically tricky too =& compute ranks for rational matrices



Beyond Jarlskog: Minimal Basis

Seems a simple exercise to compute the rank!
But the invariants are real monsters when computed explicitly in a particular flavour basis
(up to 97=5x106 of terms for some of the invariants)
Hopeless to analytically compute ranks.
Numerically tricky too =& compute ranks for rational matrices



Beyond Jarlskog: Minimal Basis

Seems a simple exercise to compute the rank!
But the invariants are real monsters when computed explicitly in a particular flavour basis
(up to 97=5x106 of terms for some of the invariants)
Hopeless to analytically compute ranks.
Numerically tricky too =& compute ranks for rational matrices



Beyond Jarlskog: Minimal Basis

Seems a simple exercise to compute the rank!
But the invariants are real monsters when computed explicitly in a particular flavour basis
(up to 97=5x106 of terms for some of the invariants)
Hopeless to analytically compute ranks.
Numerically tricky too =& compute ranks for rational matrices

Type of op. # of ops | # real # im. | # CP-odd invariants

% Yukawa, 3 27 27 21
& Dipoles 8 72 72 60
s current-current 8 o1 30 21

all bilinears 19 150 129 102




Beyond Jarlskog: Minimal Basis

Seems a simple exercise to compute the rank!
But the invariants are real monsters when computed explicitly in a particular flavour basis
(up to 97=5x106 of terms for some of the invariants)
Hopeless to analytically compute ranks.
Numerically tricky too =& compute ranks for rational matrices

Type of op. # of ops | # real # im. | # CP-odd invariants
% Yukawa, 3 27 27 21
£ Dipoles S 2 T2 60
2 current-current 8 o1 30 21

all bilinears 19 150 (129 102

Note that there are fewer CP-odd invariants than phases

Not all the phases can appear in observables — not interference theorems



Non-Interference

Let us see it in a fixed basis, e.q.

Y, = diag(yua Yes yt) Yo = VCKMdiag(yda Ys, yb) Y = diag(yea Yus yT)

In the lepton sector, this choice breaks the UQ3), x U(3), of the free Lagrangian down to the U(1)°
described by the transformation

(L,e) — diag(e 251 ié? 7“53)(L e)

At dimension 6, operators containing leptons are charged under this symmetry, e.g.

. N C11 Ci2 €13 (1) C11 c1pet92701)
Ore = ECHe,mn (HTZ' DMH) emYen CHe,mn — CTZ Coo (€923 > CT26_2(52_51) C29
C>{36—’i(53—51) C;ge—i((Sg—(SQ)

S X
Ci3 Co3 (€33

Cl 67,(53 51)
(el (93—02)

C33

)



Non-Interference

Conservation of individual family lepton numbers

inv. under U(1)r, —U(1)L, # CP-odd
Type of op. # of ops | # real # im. | # real # im. invariants
% Yukawa 3 27 27 21 21 21
;ié Dipoles 8 72 72 60 60 60
2 current-current 8 o1 30 42 21 21
all bilinears 19 150 129 193 S —

Minimal sets can be built explicitly
— not a unigue choice —




Minimal Sets for Fermion Bilinear Operators

Wilson coeflicient

Number of phases

Minimal set

Cen
Ce =4 Cow 3 { Lo (CeYd) Ly (CeYd) Ly (Covd) }
CeB
f
ZUH ( Loooo (CuYJ) L1000 (CuYJ) Lo100 (CuYJ) |
Cu =+ CUZ 1 L1100 (CuYJ) Lo110 (CuYJ) L2200 (CuYJ) }
CZB | Lo220 (CuYJ) L1220 (CuY’j) Lo122 (CuY’j) J
f :
Can
ST Same with C, Y — C,Y]
Caw
CaB
Cud Same with C, Y, - V,C,, V]
Caz.s Crre 0 2
(L) () () )
Cr 3 Same with Cfyy) = Y, Oy, Y
Crra Same with Cly;) — Y,Cpy, Vi

102

One explicit basis of invariants

Lapea(C) = Im Tr( X2 X, XEXGC)




4-Fermi Operators

* |n the Warsaw basis, Manohar et al. also counted the free-parameters in 4F operators:

1014 phases. As before, not all these phases can show up at leading order when the
neutrino masses are taken to vanish: only 597 survive (adding to the 102 bilinear ones and

J4 for a total of 700 phases)
SUB)g  SUB)u  SU3)d

e.g.

Couwod QuQd 1+3+6 3 3
* One can build two types of 4F-invariants out of the bilinear invariants:
A-type B-type
i (M 0ol O i (M 213 €

—_— =

matrices built out of Yu and Yd that to form bilinear invariants, e.g., Im Tr (M"“"C,p)

An explicit basis of 597 invariants for the 4F operators can be built (see bonus slides)



4-Fermi Operators

# independent invariants at O(A") for some 4F operators

Taylor-rank r,(n)

A [GeV]

1010 10°

T T T T T T

max rank

Oge =

(QiuQ;) (v er)

min rank

A order n

Taylor-rank r,(n)

A [GeV]
1010 10° v 10°
28' T T T T T T "‘ T T T . T
26 max rank :
24 + :
2z (1) = = E
= 20t Org = (Livul)(Qi" Q1) ;
= 18}
~ 161
G 14
S 12t
% 10+ min rank
=8l
6_
41 T
ol '_l_I:
O ....... (IR I T T T TR T TR N T 1
0 10 20
A [GeV]
1010 10° U 10° 107° 10-10 10°1°
1400 L L L LR
- N 1344
max rank !
1200+ :
4-Fermi :
1000 | 747
800+ '
min rank
600F-----------------pe=im===ccccc_ < 597
400+
200+
O bk [N A A | A Lo vaaa | A | A A | A 1
0 10 20 30 40 50 60 70 80 90 100

Aorder n

Taylor-rank r,(n)

1010 10° (% 100

T
max rank

|
50+ :
40 H Ofvg, = (Lie;)eap(Qhu) +huc. |
30 min rank r
20+
10+
O ........ | T T T Y T O T O T T T Y N | |
0 10 20 30 40 50 60 70
A order n

54

27



Minimal Set

parameters for the different types of operators

inv. under U(1), ~U(1)r, primary sources of CPV
Type of op. + of ops | # real # im. + real + im.
Bilinears 4-Fermi
% Yukawa 3 27 27 21 21 Cunt
Cuc 1,3
£ Dipoles g 72 72 60 60 o o
= 1,3 1,3 Cqe 1,8
= current-current 8 51 30 42 21 Flavour symmetries Cerr | Cup cL? “ie | ¢y, “da | ¢, C’jdg Credo | 15
Cew Cin Chu Cre | Cyuu CQ’U 1.3 CQ’qu
. of the quark sector of the SM CHe Clee Ceu 1| C LeQu
all bilinears 19 150 129 123 102 Cep | Cac Cra Caa | | Caa
Caw
LLLL 5 171 126 99 54 Cap o
CHud
= RRRR 7 209 195 186 126 U(D)s 5 . o 3 1 o013 1 9 | 36| 2 21
3 LLRR 8 360 288 246 174 vy L I T O O O I I A T B
i U(1)3 3 3 0 0 0 3 0 0 3 9 15
LRRIL 1 K1 K1 AT AT U(2)xU(1) 3 2 0 0 0 3 0 0 1 6 7
U(3) 3 1 0 0 0 3 0 0 0 3 2
LRLR 4 324 324 216 216 Two degenerate electron-type leptons x% x1 x1 x% x1 x% x1 x% x1
aH A-Fermi 95 1191 1014 774 597 All electron-type leptons degenerate X3 x1 x1 X3 x1 X3 x1 X3 x1
all 1341 1143 897 699




CPV for Degenerate Spectrum

* As noticed already in SM4, degenerate spectra (equal mass, zero or maximal mixing angle)
have different CPV counting than generic case

Flavor symmetries of Bilinears
Parameter values :
the SMy4 Lagrangian C "
Generic Vogm U(l)s !
[Vexmiiogol = 15 Vermiijo = VorM,ios = 0 U(1)? i
My, F Me F My 1 #10, ] *J0 OuW
mqg + Mg ¥ My 11 £ 19 # 13 1,3
VerMin | = [VerMyinga| = [Vormyiggs| =1 for = = 3 : Cen | Cup 13 | Cw Q
J1 %2 * 73 U(1) Flavour symmetries . . Cyr .
Verarii = 0 elsewh eW dH Hu
CKM,ij = 7 CSCWACTE of the quark sector of the SM CHe
Generic Vogkm  (see Eq. (4.16)) U(1)r C.n CdG Chy
[VerMyigjol = 1, Vermyige = VorMigs = 0 U(1)? Caw
My * Me = My i # 10, J # jo C
mqg + Mg £ My ‘V | |V | |V | |t 11 £ 19 * 13 aB
CKM,i1j1| = |YCKM,i2j2| = |VCKM,i3j3| = or
171 2J2 3J3 i1 g % s U(1)3 CHud
Vekwm,ij = 0 elsewhere U(l)B 3 0 0 3
My £ Me + My . _ ; o
Same as the previous case with V. < Ve U ( 1) 3 5) 0 1
mq=mg + My
Generic VogMm U(1)? U( 1)3 3 3 0 0
V = V = V = 1
. Verm,i1| = [Verm,22| = [Vexw s3] (1)} U(2)xU(1) 3 2 0 0
Vekw,ij = 0 elsewhere
mq = Mg # M d U(3) 3 1 0 0
[Voxm, 13| = [Voxm,22| = [Vekm,31] = 1 U(2) % U(1)
Vorai; = 0 elsewhere Two degenerate electron-type leptons x% x1 x 1
3
Mg * Ms * My U(1) All electron-type leptons degenerate X % x1 x1
MMy, = M = MMt mg = Mg F+ My, U(2)XU(1)
md = mS = mb U(S)
e # U0l maximal rank of transfer matrix
Mg = Mg = My My * Me = My U(2)xU(1) . . .
S— G for different flavour symmetries of the Yukawa matrices




Minimal Sets for 4-Fermi Operators

Wilson coefficient | Number of phases Minimal set
A?(l)gg (Coeqq) A%(l)gg (Coeqq) A(l)igg (Coeaq) Wilson coefficient | Number of phases Minimal set
0000 1100 1000
A900 (Coeq) 41100 (Coeq) 42200 (Coee) AR (Caaaa) AN (CLa7) AT (Cligi)
AOlOO (C ) AOOOO (C ) AllOO (C ) 0000 uudd 1100 uudd 1100 ad,
cLd) 18 | £12200070QQQ) £1122A2QQQQ) {19200 A QQEQ) | Ato06 (Caaai) A3300 (Canaa) ANGS (Craad)
@ A3100 (Coeeq) Ati2z (Coeeq) Aiize (Coqeeq) A8888 (C JJ) Aﬂ88 (C &J) A(lﬁ(l)g (C ~~)
1100 2200 0000 w it il
‘ ‘ o A1123 (C0Qaq) 43300 (C00ee) Bl (Cooeq) AR (o) AR () ANR22 (O
Wilson coefficient | Number of phases Minimal set 0000 0000 2200 2200 \ ™~ aad 2100 \ ™~ @add 0000 uudd)
By (C ) Bz (C ) A1132 (C0qq)
2200 \VQQQQ 1122 \VQRQQ 1122 \VQQQQ A3588 (wa) A(l)(l)gg (C ) /%88 (wa)
Crr,Cee 0 2 AV (Cuuaa) AR (Craza) AN (Caaaa) 1000 (1N 0100 (r N ATI00
D 1 v o(18) 36 A9 (Caaga) A2 (Caaga) ANz (Caaga)
CLe 3 { By (Crree) By (Crree) Bi (Criez) } Aggg (Cunaar) Aéégg (Caaaa) Aﬂgg (Caaaa ud BYO (Caaaq) BYoos (Cizgi) BON (Cndd)
Cu 18 | 2200 (Caaaa) Atrzs (Cuan) Azaoo (Caana) BUK (Craad) B (Craaa) B (Crnia)
AllOO C, ce AllOO C, ce A1100 C ce A C~~~~ A C’~~~~ A C~~~~
5% (Cogee) A" (Cogee) A (Coqee) ggg( aaiii) 1122 (Cina) g%gg( i) B0 (Cazda) Botto (Cazaa) B2t (Caada)
Cqe AT (Cogee) AP (Cogee) A3 (Cogee) A3300 (Caaaa) Biiog (Cuaau) Biigo (Caaaa 30200 (C ) 30200 (C’ ~~) plooo (C ”)
0 0200 1200 1000 2000 \ ™ @ad 2110 \“aad 0110 \™~ @ad
A2 (Cone) AN (Coone) AV (Conee) Bioo (Caaaa) Aiiz (Caaaa) Bizgo (Caaaa) B35 (Ciada) Bisoo (Caada) Bazoo (Cazaa)
0000 1000 0000 h h H
o Same with Cggee = Ceedd (exchanging upper Aﬂgg (CdeJ> Aé%gg (CJJJJ) A%%gg (Cddcﬂ) Bt (Caaf) B%%SS (Caaf) B%%SS (Caﬁf)
ed with lower indices and with Y, <—>Yj) A2000 (CJJJJ> AllOO (CJJJJ) AllOO (CJJJJ) 40000 (Conod) 40000 (Conod) 41000 (Conod)
A%ggg (C’J~~~) A9000 (Cdddli) A;;gg (CJ”J) 0000 {LQaQd) 1000 (CQaQd) Aoooo (Y QuQd
o 9 Same with Cggee = Ceean (exchanging upper Cud 18 ) 41000 (C~~~~) 41100 (C~~~~) 41200 (C~~~~) A%ggg (Cqaqd) A8(1)88 (Coaqd) A8(1)88 (Cquqd)
h with lower indices and with ¥ < Y.) (2100 (Cffw) 12200 (Ccfw) 50000 (de ) AT100 (Caaqd) BTt (Coaqd) Alu (Coaqd)
0122 \™d 1220 \™d 1100 \™~dddd 1000 . 1100 . 0110 -
A0 (C557) Al (CL7) Ao (0157 B (C5255) BIO (C1s) BIZYO(Cas0) Ap100 (Caqd) Aoooo (Ceaqd) Ao (Coiqd)
13) LQ L@ L@ 2100 1100 d 2000 d AlOOO (C ~ ~) AlOOO (C ~ ~) AIIOO (C ~ ~)
Céé A% (0&)3)) Abooo (C&f)) A2y (C&’f)) 41100 (- 40000 (1 41000 (- 1100 \YQaQd) o110 \YQuQd) 1000 (Y QuQd
0000 (CQquu) Atioo (Coqaa) Arion (Coqan) AQI00 (-0 ) A0 (Cand) AN (Couod)
A0 (0(1,3)) Al (0(173)) A2 (0(1,3)) 1100 1100 1100 0100\~ QuQd) 411100 \*QuQd) 10110 \~QuQd
1122 (Cro 122 (CLg 1122 (VL Apioo (Coqaa) Atioo (Coaa) Aprio (Coaa) AN (Coand) ANX (Coaod) ANR (Couod)
. (1,3) B 1200 B 2200 1100 - 0100 \~QuQ 2200 \“~QuQ 0220 \“~QuQ
Cra Same with C} 57 > Cp 1 g Ao (Coqan) Adooo (Coquu) Az (Coaa) 0200 N 41100 ) A1100 -
(1,3) 1100 2200 1100 A2000 (CQﬂQd) AllOO (CQan) AOIIO (CQan)
Cru Same with CLQ’? - CLLaa A0220 (CQQaa) A0110 (CQQﬁfL) A1122 (CQQaa) Azooo(c . ~) AQlOO(C B ~) 40110 (C’ . ~)
A3 (Caqan) AT (Caqun) BN (Caqun) 010 (oo 40210 () A0 (G
Aooo (Creqa)  Agooo (Crega) — Afooo (Creqa) 0000 0000 0000 Apiio (Cad) Aigoo (Coaqd) Atz (Coaqd)
. ) ) 0(1,8) 36 ) Biooo (Coqaa) Bpiio (Coeaa) Bozso (Cogaa) \ AlZOO(CQ”QJ) AOOOO(CQ~QJ) 40100 (Coaod)
o o . 2000 @ 0122 @ 1220 @
A1000 (CLeQu) A1000 (CLeQu) A1000 (CLeQu) Qu B(l)(1)88 (C’QQﬂﬂ) 38(2)(2)(1) (CQQaﬂ) B%gg (CQQﬂﬂ) AlOOO (CQ*QJ) A1100 (CQ~QJ) AllOO (CQ~QJ)
ABio0 (Crea)  Abioo (Crea)  Afioo (Creqa) B?%(())g (Coqan) B%gg (Coqan) Bgﬁ)g (Coqaa) A?;gg (C ’ ) A;fgg (C ’ ) Agfﬁg @ ) )
aQd iQd i@Qd
A% 00 (Creoa) Al (Creos) A%y (Creoa) Baooo (Coqaa) Batoo (Coqaa) Bt (Coqan) (18) 21007~ Quad £ 1200 A Qued) <0210 A - gued
3) B9 (Conn) B9 (Conan) B (Cooma) Couda 81 Adiro (CQaqd) Az (Cuqd) Anao (Coaqd)
CLequ Ab110 (Crega)  Apiio (Crega)  Afiio (Crega) 0110 A~ QQuu) 20220 A= QQuu) 20221 A= QQuu 0112 7) A1100 7) A2100 7
B (Cooua) BLO (Coom) B2 (Coous A0 (Cad) Ai2z0 (Coaqd) Apiiz (Cqaqd)
27 AY (Creon)  Abooo (Creon) Ao (Creon) 1100 \~VQQua) P2200 \~QQuu) 22100 \“VYQQua 1200 N 19900 0110 i
2200 (&LeQa) - A0 {&Lea) A0 (CLeqa B9 (Coona) BAY (Cooan) B (Cooan) A1320 (Caqd) Az (Caqd) Al (Caqd)
ABaoo (Crega)  Agoao (Creqa) — Afazo (Creqa) Ajj2s (Cqaqd) AR (Cqaqd) B (Coaqd)
; 1 : AR (Caqar) AN (Caqi) A (Cagad) 0000 (o B0 (e B0 (O
Algoo (Crega)  Ajzeo (Creqa) — Alago (Crega) A 1100 (CQQcicZ) 42200 (CQQdd) 40100 (CQQJJ Byioo (CQﬁQd) Bio00 (CQﬁQd) B0 (CQﬂQd)
1000 0000 1100 N _ ~
Ad1a2 (Crega)  Abize (Creqa)  Afiz (Crega) A0 (Conid) AN (Coodd) AN (Coodd) Bazoo (Cqued) Boto (Couad) Bz (Couqa)
‘ ) ) 2200 \~QQ 1100 \~QQ 2100 \~QQ BY% (Cpand) BUY (Coaod) BYY (Coand)
Credq Same with Cregn > Crziq and Aiede = Acier Ao (Cagaa) AT133 (Caqad) Al (Coqdd) o100 o0 o0 g
1100 -\ 41000 -\ A1100 - Biioo (Cqaqd) Baino (Cqad) Boizo (Coad)
Anzo (Coqdd) Atizz (Coqdd) Aiizz (Codd 0100 N 10200 N 11000 B
(1,8) Ag%gg (CQQJJ) 38(1)88 (CQQJJ 3?888 (CQQJJ) Bi220 (Cqaqd) Bitz (Cquqd) Boooo (Coaqd)
CQé 36 50000 (C ~~) 30000 (C ~~) 30000 (C ~~) ( B(%?gg (CQQQJ) Bllg(())(()) (CQQQJ) B(%(l)(l)g (CQQQ&)
0110 \~QQdd) L0220 \~QQdd) 1100 \~QQdd 1000 N 1000 N 1100 3
B (Caqid) BYSS (Caair) BB (Coqir Poizz (Caiad) Puzio (Caiad) Fono (Caiad)
0100 ~\ 0100 ~\ 10100 . BHO (Crznd) B (Cozod) B (Coaod
Biooo (Coqdd) Boizo (Caedd) Biig (Coqdd) ﬁgg( © Q‘f) ﬁgg( © ch) 2}253( © ch)
B (Coid) B (Canid) B (Caqid Joa (Clanad) iz (Canad) Dhion 1€0na)
BYY (Cogdd) B (Cogdd) BN (Coodd Biias (Cqaqd) Boooo (Cqad) Aitz (CQiqd)
Byt (Coad) Bsino (Caqdd) Bt (Coodd)

the 597 Invariants associated to the 4F operators




4-Fermi Operators

e As for the bilinears, one can construct a minimal basis of invariants:

“CP is conserved iff J4 and the invariants of a minimal basis are all vanishinc

The dimension of the minimal basis is always equal to the number of physical phases
associated to an operator: QQQQ — 18, QuQd — 81, LLuu — 36/9 (w/wo neutrino masses)

e But the real coefficients also contribute to CPV: the dimension of the maximal basis is

equal to the total number of parameters associated to an operator: QQQQ — 45, QuQd —
162, LLuu — 81/27 (w/wo neutrino masses) ...



SMEFT CPV Invariants with Theta QCD

SUB)q, | UM)q, | SUB)ug | UDuy | SUB)ay | U(1)a,
0, 3 1 1 0 1 0
UR 1 0 3 1 1 0
dp 1 0 1 0 3 1
Y., 3 1 3 -1 1 0
Y, 3 1 1 0 3 -1
efoop 1 0 1 -3 1 -3

» Given that 6 =0 — arg det (Y, Yy) is a flavour invariant, no new SM4 invariant can be constructed

* In SMeg, In principle, new structure can emerge

[m (e PacpeABCeibey, YV, sCumcedet Yy)

* Probably highly suppressed in the perturbative regime of QCD (6_8”2/93 ~ A7)

e Relevant at low scale?



Shift-invariant axion: non-pertubative condition

Cy g§ a ~ breaks shift-invariance non-perturbatively (instanton effects)

(in the operator basis where fermion couplings are derivative)
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IS the basis independent condition for the shift-invariance to be maintained at the non-perturbative level



Shift-invariant axion: non-pertubative condition

Cy g§ a ~ breaks shift-invariance non-perturbatively (instanton effects)

(in the operator basis where fermion couplings are derivative)

I,=Cy+ImTr (Y, 'Y, +Y;'Y,;)=0

IS the basis independent condition for the shift-invariance to be maintained at the non-perturbative level

It can be shown again that this condition is RG invariant

u—= =0 whenever shift-symmetry holds (/¢=/i=0 for i=1...13)



