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CP-violation in and beyond the SM
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CP-violation in the SM
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A. CP-violating sources in the SM

In the SM, two types of phases survive to all field redefinitions:

[ Flavor-blind phases ] [ Flavored phases ]

/ / AN

[Gauge&Higgs] [ Quarks ] [ Leptons ]
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B. Flavor-blind phases in the SM

Three CPV terms are present in the SM gauge Lagrangian:

. _ g2 » ng »
—0.-5G G"+0 W W™ +0 B B
Con ™ “16m2 ™ LT

Lop




CPV in the SM 2/9

B. Flavor-blind phases in the SM

Three CPV terms are present in the SM gauge Lagrangian:

. _ g2 » ng »
L =0.-3G G"+0 W W™ +0 B B
! “16m2 ™ LT

When massless, the quarks/leptons have identical gauge interactions
- flavor symmetry: G =U (3)° =U (3)Q xU (3)y xUB)p xU(3) xU(3)¢

Example:
Ugr Ug
Ul . U/l oA | |JUJ i —1-
R=|Cr |[PUr =|Cr |=(9y) U , 049y =1:
ty ty

£Kin: ;SUFIeiDUFIe*kZ Ufle (QG)JIiD(gu)IKUFI?:LKin
1=1.2. 0,J,K
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B. Flavor-blind phases in the SM

Three CPV terms are present in the SM gauge Lagrangian:

. _ g2 » ng »
—0.-5G G"+0 W W™ +0 B B
Con ™ “16m2 ™ LT

Lop

When massless, the quarks/leptons have identical gauge interactions
- flavor symmetry: G =U (3)° =U (3)Q xU (3)y xUB)p xU(3) xU(3)¢

These U(1)s are chiral hence anomalous:

5u‘]5 1 3/2 1/6

0,38 \ 1/2 0 4/3 gsszG“V
f 2 -

GMJ[E = 16 1/2 0 1/3|-|g WMVWluv

ath 0 1/2 1/2 g’ZBWB“V
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B. Flavor-blind phases in the SM

Three CPV terms are present in the SM gauge Lagrangian:

. _ g2 » ng »
—0.-5G G"+0 W W™ +0 B B
Con ™ “16m2 ™ LT

Lop

When massless, the quarks/leptons have identical gauge interactions
- flavor symmetry: G =U (3)° =U (3)Q xU (3)y xUB)p xU(3) xU(3)¢

These U(1)s are chiral hence anomalous:

0 Jh 0O O 0
LY 2 gAY,
GMJE N 0 1/2 -1/2 gSGWGM
f 2 Y
6HJE = I 0 1/2 -1/2|-|¢g W, W v
0,Jpo 1 0 8/3 g'ZBHVB“V
5HJE 0 O 1

U@)g_, and U(1), are anomaly-free.
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B. Flavor-blind phases in the SM

Three CPV terms are present in the SM gauge Lagrangian:

. _ g2 » ng »
L =0.-3G G"+0 W W™ +0 B B
! “16m2 ™ LT

When massless, the quarks/leptons have identical gauge interactions
- flavor symmetry: G =U (3)° =U (3)Q xU (3)y xUB)p xU(3) xU(3)¢

These U(1)s are chiral hence anomalous.

With the appropriate rotations, all three CPV terms are eliminated:
0, >0, —N; (30cQ +a )
0y — 0y —N; (1/30cQ +8/3ay, +2/3ap+0, +20¢)
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B. Flavor-blind phases in the SM

Three CPV terms are present in the SM gauge Lagrangian:

. _ g2 » ng »
L =0.-3G G"+0 W W™ +0 B B
! “16m2 ™ LT

When massive, the U (3)5 symmetry is broken by the Yukawa couplings.
We must require the quark/lepton masses to be real!
= Three U(1) are fixed to get to VY, =mVy i VYy =My ¢
Not enough freedom remains to get rid of all three CPV interactions:

0. — 0. —argdet Y, —argdet Y,
0, >0, —N; (3OLQ +ou )
6y — 6y + N (Baq +ocL)—%arg det, —%arg detY, —2argdetY,
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B. Flavor-blind phases in the SM

Three CPV terms are present in the SM gauge Lagrangian:

2 12

04 = g C7 LY g S L
L._.=0.-3G G"+0 W WH +0 B,B"
oF — 0 g W - 16n° 1‘ ¥ 16n° “V\
_ Removed
Cannot be removed: Removed thanks to U (1)5,, by partial
Strong CP puzzle. (choice for 3a.q +01 ) integration.

Not enough freedom remains to get rid of all three CPV interactions:
0. — 0. —argdet Y, —argdet Y,
6y — 6y + N (Baq +ocL)—%arg detY, —%arg detY, —2argdetY,



B. Flavor-blind phases in the SM

Why is this strong CP-violation term so puzzling?

sz(ec—argdetY argdetY) G G“V

/

QCD has a non-trivial topology:

Explains
the large <— ‘
n’ mass

Violates time-reversal

CPV in the SM 5/9
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B. Flavor-blind phases in the SM

Why is this strong CP-violation term so puzzling?

o ~ v
L, =(0c —argdet, —argdet Yd)ﬁGWG“
J

j \
QCD has a non-trivial topolong:\A Yukawa couplings to the Higgs:

A

We know they are complex.

niy l

Explains Y Y | | I ockm * 0
melwoe — il il rom K and & prysic

Violates time-reversal
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B. Flavor-blind phases in the SM

Why is this strong CP-violation term so puzzling?

—argdet Y, —argdet Y,) Zs G,G"

L =0
o \ , 8w

/

QCD has a non-trivial topolong:\A Yukawa couplings to the Higgs:

A

We know they are complex.

A/\%%AL l

Explains | Y ; Ockm %0
the large <— ‘ 2
n’ mass A ‘ A a from K and B physics

Violates time-reversal

Strong CP puzzle
Neutron EDM implies 0 =0, —argdetY, —argdet Y, <1070 1
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B. Flavor-blind phases in the SM

The unique flavor-blind phase of the SM is very problematic!

[ Flavor-blind phases ] [ Flavored phases ]
[Gauge & Higgs ] [ Quarks ] [ Leptons ]

\

Strong CP violation

/

| EDMs |

v
[Theory says this ]

cannot be true!
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C. Flavored phases in the SM

The U(3) symmetry of the gauge sector permits to rotate to:

L=-UY,QH -DY;QH® ~EY,LH® with vY, =m\V, , VY, =m,

e’

CP-violation hidden in the CKM matrix = Flavor transitions

/
u
/4 = Vg Vis Vi L 107" 10—2 4
Y=V Ve Vo | #[100 1 102 |+0@07)
- Vie Vi Vi 10° 10° 1
dJ

Interplay with FCNC, both CPV and CPC

q[
WJ =
q./

Loop-level only
GIM suppressed
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C. Flavored phases in the SM

In the SM, flavored phases are rather peculiar, but experiment agrees!

[ Flavor-blind phases ] [ Flavored phases ]
[Gauge & Higgs ] [ Quarks ] [ Leptons ]
Strong CP violation Unique CKM phase Massless v

| ED{4$ ] % B mesons [N LFV/ cPV |
& FCNCs o %o
,; /
Theory says this Very peculiar pattern,
cannot be true! in perfect agreement

with experiment
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D. From flavored to flavorless phases in the SM Smith, Touati, ‘17

CKM-induced lepton EDM

oo det[ Y]V, Y Y, ]~107
oc IM VeV Vi Ves)

CKM-induced quark EDM

14
Sy
—>—

® 0 ©® © 0RO

v&

dd
c Im[YIY,, YIY Y Y, Yy, ] ~107%
oc IM(VyeV Vi Vi)

The induced EDMs are way beyond experimental reach.

The SM dynamics effectively shields strong CPV from weak CPV.
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D. From flavored to flavorless phases in the SM

CKM-induced strong phase:

3 b Imaginary part of the vacuum polarization

(shifts G, G")

y gww@ y . -
W U ‘i - Imaginary contributions to quark masses
u
MW (shifts argdet, ;)

AOy ~0(107'°)
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D. From flavored to flavorless phases in the SM

Wilczek, '78
) ) Ellis, Gaillard, 79
CKM-induced strong phase: Khriplovich, Vainshtein, ‘93
w
® & dy
w12 —> W
‘ w
®
W i x12
d % d
. > >— /4
%’%\/\J\EW /4
16 ' .
A6 ~O(10)

UV divergent! v

eef
If Oggr (Mgyr) =0=> Og (Myy ) ~ O(107)

. is a physical free parameter
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D. CP-violating phases in the SM

Coincidental
dynamical shield

Flavored phases ]

|
/ AN

[ Quarks ] [ Leptons ]

/ \

Unique CKM phase Massless v

[ Flavor-blind phases ]

/

[ Gauge & Higgs ]

|

Strong CP violation

; /
{ , mesonsJ

o FeNCe [ No LFV, no CPV |

/

Very peculiar pattern,
in perfect agreement
with experiment

Theory says this
cannot be true!
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E. The axionic solution

1 39° < _. _
Laxion = _ZGWGW - 329722 QSGWGW +W|_,R"D/W|_,R + Y wrHi +V (H;)
Step 1: Invariant under some global U(1) symmetry.

Spontaneously broken by the Higgses VEVs.

One massless goldstone boson, (OlJ’“‘ |a(p)> =ivp”,
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E. The axionic solution

1 39° < _. _
Laxion = _ZGWGW - 329722 QSGWGW +W|_,R"D/W|_,R + Y wrHi +V (H;)
Step 1: Invariant under some global U(1) symmetry.

Spontaneously broken by the Higgses VEVs.

One massless goldstone boson, (OlJ’“‘ |a(p)> =ivp”,

Step 2: Design Lyion such that Q(y ) # Q(wg)

This makes the symmetry anomalous: aﬂ\]“ ~ GWG“V

1 <
Net effect: Lyion = Locp +;aGWG”V +...
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E. The axionic solution

1 39° < _. _
Laxion = _ZGWGW - 329722 QSGWGW +W|_,R"D/W|_,R + Y wrHi +V (H;)
Step 1: Invariant under some global U(1) symmetry.

Spontaneously broken by the Higgses VEVs.

One massless goldstone boson, (OlJ’“‘ |a(p)> =ivp”,

Step 2: Design Lyion such that Q(y ) # Q(wg)
This makes the symmetry anomalous: aﬂ\]“ ~ GWG“V
1 ~
Net effect: Lyion = Locp +;aGWG”V +...
Step 3: Non-perturbative QCD effects induce

Loyion = Lener (0 2,m,m,1m',..) + Vet (05 +a1V, 7,77,...)

Miminum at 6. +(a)/v=0: Strong CP relaxes to zero!
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E. The axionic solution

1 39° < _. _
Laxion = _ZGWGW - 329722 QSGWGW +W|_,R"D/W|_,R + Y wrHi +V (H;)
Step 1: Invariant under some global U(1) symmetry.

Spontaneously broken by the Higgses VEVs.

One massless goldstone boson, (OlJ’“‘ |a(p)> =ivp”,

Step 2: Design Lyion such that Q(y ) # Q(wg)

This makes the symmetry anomalous: aﬂ\]“ ~ GWG“V
1 ~
Net effect: Lyion = Locp +;aGWG”V +...
Cannot be EW-scale!

Step 3: Non-perturbative QCD effects induce
Loyion = Lener (0 2,m,m,1m',..) + Vet (05 +a1V, 7,77,...)

Miminum at 6. +(a)/v=0: Strong CP relaxes to zero!



CPV in the SM 9/9

E. CP-violating phases in the SM+axion

Coincidental
dynamical shield

Flavored phases ]

|
/ AN

[ Quarks ] [ Leptons ]

/ \

Unique CKM phase Massless v

[ Flavor-blind phases ]

/

[ Gauge & Higgs ]

|

Strong CP violation

; /
{ , mesonsJ

o FeNCe [ No LFV, no CPV |

/

Very peculiar pattern,
in perfect agreement
with experiment

Add an invisible
axion to get rid
of the puzzle




I1.

CP-violation beyond the SM
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A. CP-violating phases beyond the SM

Still two types of phases, but a lot of each of them!

[ Flavor-blind phases ] [ Flavored phases ]
[Gauge & Higgs ] [ Quarks ] [ Leptons ]
Many phases Many phases Many phases

Lagrangian contains new particles & couplings

In general, number of couplings increases a lot!
Many of them are physically complex.
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B. Flavor-blind CP-violating phases beyond the SM

Flavor-blind CP-violation much more problematic than in the SM:

Effect 1: Large contributions to AGS#JSY
[ Flavor-blind phases ] g
/ g
[ Gauge & Higgs ] q
X ... but the usual axion is sufficient.
Many phases Effect 2: (In)direct contributions to EDMs

q ® Y 8

/ : PR

| EDMs | R 7, o
T 0

Some fine-tuning unavoidable!
E.g., SUSY CP puzzle from Arg(u,...) <1°.
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B. Flavor-blind CP-violating phases beyond the SM

Flavor-blind CP-violation must be controlled, but axions not enough.

[ Flavor-blind phases ] [ Flavored phases ]
/ / N\
[Gauge & Higgs ] [ Quarks ] [ Leptons ]
| / \
Many phases Many phases Many phases
/
| EDMs |

A

Serious puzzle!
Axions no longer
sufficient.
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C. Flavored CP-violating phases beyond the SM

Hierarchy puzzle = Stability of the EW scale:

- New physics must be light.

Flavor puzzles = non-observation of new effects at low energy:

- New physics must be very heavy.

OR
- New physics must have tiny, fine-tuned couplings.

The SM flavor sector is full of «tiny» parameters.
New Physics just needs to be approximately aligned with the SM.

To do this consistently: Use the tools of Minimal Flavor Violation.
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C. Flavored CP-violating phases beyond the SM

Example : The Z penguin in the SM: OZSM ~ x M x@'y“QJHTDﬂH

My

2
1J ML
CSM - (YJ Yu) - V_EVtITVtJ

b—>s b—>d s—d
0.04 0.008 0.0003
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C. Flavored CP-violating phases beyond the SM

Example : The Z penguin with NP: OZNP ~%><C” x@'y”QJ HTDﬂH

2
1J ML
CSM - (YJ Yu) - V_EVtITVtJ

b—>s b—>d s—d
0.04 0.008 0.0003

Current bounds on A (in TeV):

C'J 1 92/47r
B, >y 1 12 2.2
By > 11 17 3
K— zvy 100 18
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C. Flavored CP-violating phases beyond the SM

Example : The Z penguin with MFV: OZNP ~%><C” x@'y”QJ HTDﬂH

1 10* 10°° 0 10 10°°
C=ayl+a Y Y, +a, YV, +..~[10% 1 107 |+i|10* 0 10°°
107 10 1 10 10* 0

The pattern of CPC and CPV is similar as in the SM.

Current bounds on A (in TeV):

c” ! 9° /4n Vt?LVtJ VJVU g°/Ar
B, —> i i 12 2.2 2.5 0.45
By = i 1 17 3 1.5 0.27
K—zvv 100 18 1.8 0.33
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C. Flavored CP-violating phases beyond the SM

Example : The Z penguin with MFV: OZNP ~%><C” x@'y”QJ HTDﬂH

1 10* 10°° 0 10 10°°
C=ayl+a Y Y, +a, YV, +..~[10% 1 107 |+i|10* 0 10°°
107 10 1 10 10* 0

The pattern of CPC and CPV is similar as in the SM.

1

EDMs: The y penguin with MFV: OYNP “'—sz” ([_)IGWQJ)H EH
A

ImC)' =V, Imc" =Y, (Imagl+Ima (Y] Y,)" +Ima,(Y]Y )" +..)

v

Imay, +aj det] Y, Y,, Y]V,

]
l —

I

l

Flavored: suppressed
Flavor blind: unconstrained

MFV shields EDMs from flavored phases.
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C. Flavored CP-violating phases beyond the SM

Neutrino masses require some new flavor structures. Cirigliano,Grinstein
Isidori,Wise ‘05

For example, with a seesaw mechanism:

Y, Yy y'mty, . vyiMtmly,

e’ v v

l \ Neutrino masses:

Lepton masses: .
g v2YIM LY, =U*m U

VyYe =Mg
Casas,Ibarra ‘01,
Not completely fixed (we take M =Mg1): Pascoli,Petcov,
i Yaguna ‘03,...
2viv _ x 12, 20D 12t J _ UK
VoY, Y, =MpgU my“e” " m,"U’", ©° =& ¢

Main constraint then comes from u—ey:

Once satisfied, difficult to have visible effects elsewhere.
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C. Flavored CP-violating phases beyond the SM Smith, Touati, 17

EDM : What happens with new Majorana structures?

Majorana-induced quark EDM Majorana-induced lepton EDM

o Im[ YTV YeY, YOV, Yl Y, ] ceim[ ), yh vy, T

R

Both could lead to visible effects in a seesaw Type II scenario.

Flavor-blind CPV not always well-protected against leptonic phases.
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C. Flavored CP-violating phases beyond the SM Smith, Touati, "17

EDM : The simplest invariant in terms of Majorana phases?
1 T
£majorana - X(LH) Y, (LH)

In analogy with det[YJYu,YJYd] , Why not construct:

A3 .
Imdet Y, ~——m m ,m .sin(ay +By) <O0Q)
VEw
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C. Flavored CP-violating phases beyond the SM Smith, Touati, "17

EDM : The simplest invariant in terms of Majorana masses?
1 T
£majorana - X(LH) Y, (LH)

In analogy with det[YJYu,YJYd] , Why not construct:
A3 .
Imdet Y, ~V6—mvlmvzmv3 sin(ay + By +vu —a) =0
EW

Spurious! Bad choice of phase conventions:

Beware though: No freedom remain for Qg !

Typically, baryon-number violating operators must violate CP.
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D. CP-violation beyond the SM

Not always separated,
.1 and depends on MFV

/

/

[ Flavor-blind phases ] Flavored phases

o |
/ S AN

[Gauge & Higgs ] ot [ Quarks ] [ Leptons ]
Many phases \ Many phases Many phases
[ ED’I\//I ] \ K, B mesons | [ LFV/LUV ]
s \
\ (Global fits) ) d
| B J

Serious puzzle! /[ Semeilavor h Not much remains
Axions no longer / alignement beyond 1 —>ey.
sufficient. // to rule out

large effects. )
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E. Is MFV ruled out by Flavor Universality violation?
Quark and lepton universality appear quite automatic with MFV:

CYU Q' QY x () > C=agl+a Y]V, +a,Y Y, +..

<1
Brimmer, Kraml,
But actually, there is a peculiar point: Kulkarni, CS, ‘14
. 1 00
CYxQ'y QY x () » C~1+ ; Y'Y, =0 1 0
<YU YU> 0 O O

Maximal violation of flavor universality!
Natural thanks to the large top Yukawa,

Respects MFV: no problem with FCNC

But is intrinsically fine-tuned!
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E. Is MFV ruled out by Flavor Universality violation? CS, ‘16

Consider Geometric MFV expansions:

1

C=14nY, Y, +7°(YY )2 +7°(YIY, )P +...=
Yy Yyrn Ty Yy Yy Ty 1—77YJYU

No need to fine-tune 5, it just needs to be large enough:
1 1
1-ny; 1
1-717y¢ 1 ~0
1—773’t2

C =

But 1+ X+ X+ X2 +... >0 if x>1 ???
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E. Is MFV ruled out by Flavor Universality violation? CS, ‘16

Consider Geometric MFV expansions:

1
CY <0 0 x (L) > (= ~
Q y7Q” x(...) vy

o O -
o = O
o O O

Dynamical toy model to resum the series:

1. Add heavy vector-like flavored fermions + Higgs singlet:

2 2 a2 21 .2
My =Mg —Mggs =Mgl-vZY[Y,
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E. Is MFV ruled out by Flavor Universality violation? CS, ‘16

Consider Geometric MFV expansions:

1
CY <0 0 x (L) > (= ~
Q y7Q” x(...) vy

o O -
o = O
o O O

Dynamical toy model to resum the series:

1. Add heavy vector-like flavored fermions + Higgs singlet:
2 2 2 2 2
My =Mg —Mggs =Mgl-vZY[Y,

2. Ensure C is induced by a Fermi-like interaction:

The large parameter is dynamical: p :vg / M(‘)2
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E. Is MFV ruled out by Flavor Universality violation? CS, ‘16

Why could this concern leptons?

Because it is the ONLY way to naturally express Y, in terms of Yu q:

1 00
Ye=CYy-C = C=0 1 0
0 0O

Can be induced dynamically:

Dressed lepton Yukawa, with Y, Y, ,M,,N, = poly(Y,,Y,):

ff 1
Yo' =¢,Y, - -
1+ (Vg I M) Y0 Y, +6, YY)
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E. Is MFV ruled out by Flavor Universality violation? CS, ‘16

What about lepton flavor universality then?

Consider the leptonic part of a semi-leptonic operator:

. 1 00
QNP=FC” «L'7#Ux(.) —> C~[0 1 0
0 0 O

Very suppressed for the 3™ generation gauge state:

h
€ i 0O 1 0 e PryS
Ye=C Yy C = | ~0 0 1]
T, 1 00 T,

So we actually expect QNP (1)~ 9P (z) > NP (e) !

Overall: Accounting for LFUV requires quite some work!

But note: adding vector fermions + Higgs singlet is
precisely the DFSZ receipt to make the axion invisible!
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Flavor-blind
CP violation
& axions

Axions can solve the SM CP-puzzle, but this looks very coincidental



Conclusion 1/4

Flavor-blind ' 1ptrinsically similart | Bayon & lepton
CP violation -« > Number
& axions Violation

Axions can solve the SM CP-puzzle, but this looks very coincidental

Baryon/lepton number conservation is also very coincidental in the SM

U (l)PQ,U (1g,U (@), = anomalous combinations of flavored U(1)s.

Note: flavor-blind # unflavored!!!

Not trivial to make axion models compatible with BNV / LNV.

Watamura & Yoshimura, ‘82
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Origins of flavor

/

|
\

Flavor-blind Bayon & lepton
CP violation < Number
& axions Violation
Axions should have more than one role:
- FIavored/M FVV axions? Ema, Hamaguchi, Moroi, Nakayama, 1612.05492

Calibbi, Goertz, Redigolo, Ziegler, Zupan, 1612.08040
Arias-Aragon, Merlo, 1709.07039

Choi, Im, Park, Yun, 1708.00021

Ema, Hagihara, Hamaguchi, Moroi, Nakayama, 1802.07739
Reig, Valle, Wilczek, 1805.08048

Bjorkeroth, Chun, King, 1806.00660

Bonnefoy, Dudas, 1809.08256

Bjorkeroth, Di Luzio, Mescia, Nardi, 1811.09637

- Majoron = axion? A la DFSZ or through multiloop processes

q g Latosinski, Meissner, Nicolai, ‘12
A Ballesteros, Redondo, Ringwald, Tamarit, ‘16

Ma, Ohata, Tsumura, ‘17
<« R000000 g

a v W
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[ Origins of flavor ]

/ \

Flavor-blind Bayon & lepton
CP violation « > Number
& axions Violation

[ Cosmology]

Axions may play a big role in the Universe:

Dark Matter candidate
_|_

Baryon/lepton number violation

_|_

CP violation
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[Orlglns of fIavor

| ALPs at the LHC| / \ | BNV at the LHC |
| oo s

A

& axions Violation
[ New light state(s) \ / Ne‘%trof‘
oscillations
Cosmology ]
[ Dark sector ] [ Proton decay]

Rich non-standard phenomenology to explore!

Plenty of exotic signals to look for!



