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Timetable

2 lectures on EFT, at a fairly elementary level

e |Lecture 1 (Tuesday 10:30-12:00):
Philosophy and Landscape of ETs

e |ecture 2 (Thursday 10:30-12:00):
CP-violation in EF




Lecture 2

CP violation in EFT






What is CP

CP relates M(A — B) and M(A — B)

CPT relates M(A — B) and M(B — A)
CPT is conserved in any relativistic and unitary QFT

Note that CPT implies in particular /(A — A) = (A — A)

MA - A) = p*—m; + im,[,
MA — A) =p* —m* + imzI;

If A is a one-particle state

It follows my = mj I'y=17;

that is the masses and total lifetimes of particles and its antiparticle are the same

It follows » JdHn | MA B =) JdHn | #(A - B)|?

B B

However, for a particular B it is possible that | .#(A — B)|” # | #(A - B) |’
if CP is not conserved
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Known SM
Lagrangian Higher-dimensional

SU(3)c x SU(2). x U(1)vinvariant
interactions added to the SM

Question of the day: what are the sources of CP violation in the SMEFT Lagrangian ?



CP on spin-0 scalars

annihilates creates
particle antiparticle

l l

0] _[ d3k [ (k) —ikx_l_bT(k) ikx]
R ©

d’k . .
o = J b(k)e ** + a(k)e**
(27)32E;,
| T

annihilates creates
antiparticle antiparticle

Ry ¥ exchanges particles with antiparticles,

OR=ROK thus it describes charge conjugation C

For parity even scalar this is also the action of CP,
for pseudoscalar there is a minus sign



2-component fermions

4-component Dirac fermion lPa a=1...4 describes a pair of spin 1/2 fermions

Convenient for P and C conserving theories, like QED and QCD
Extremely inconvenient when Majorana fermions are involved,
or when discrete symmetries are discussed

Split the Dirac fermion into halves: l//a a=1.2

N —

The 2 halves transform independently under the Lorentz symmetry.
The Lorentz algebra is equivalent to SU(2)xSU(2):

- upper 2-component spinor v transforms under the first SU(2),
- lower 2-component spinor ¢ transforms under the second SU(2)

Thus the 2-component spinors are fundamental building blocks

Dirac mass: L=myy+mypy-
In the 2-component language:

Majorana mass: L =Myy+Mypy

By convention, I'll be always working in the basis where the masses are real



2-component fermions

4-component Dirac fermion \Pa a=1...4

Convenient for P and C conserving theories, like QED and QCD
Extremely inconvenient when Majorana fermions are involved,
or when discrete symmetries are discussed

Split the Dirac fermion into halves: l//a a=1.2

N —

The 2 halves transform independently under the Lorentz symmetry.
The Lorentz algebra is equivalent to SU(2)xSU(2):

- upper 2-component spinor v transforms under the first SU(2),
- lower 2-component spinor ¢ transforms under the second SU(2)

Thus the 2-component spinors are fundamental building blocks
At high energies, E>>m,

v describes spin 1/2 particle with negative helicity (left-handed),
< describes spin 1/2 particle with positive helicity (right-handed).

11/ <> ] TG exchanges left and right,
s . thus it describes parity operation P



2-component fermions

_ d’k —ikx 4 1,7 kx| (X (Y
P = th T [a(k, mulk, He=* + bT(k, hyv(k, h)e ]u _ <y> = (x>

4-component spinor wave functions

The same in terms of 2-component spinor

annihilates creates
particle antiparticle
= Z[ d }(k h)x(k, e  + b (k, h)y(k, h)e™*
l// - ~ (2][)32Ek ) ) ) y ) \P w
&k o ) - \y€
€= b(k, h)x(k, h)ye ™™ + a'(k, h)y(k, h)e"*
y hZ[ R [ (k, l)x(k, ) (k, h)y(k, ) ]
! T T
annihilates creates
antiparticle particle
AN C exchanges particles with antiparticles,

W2V thus it describes charge conjugation C



CP on spin-1/2 fermions

Example of Yukawa interactions:
Dirac notation:

A y h Wcl// y h l/_jl/_jc Re[y] h BY — ilm[y] h Pys¥

CP transformation, assuming the real scalar h is CP-even:*

CP[Z]=yhyw+yhyy*
CP[g] = < only if the Yukawa coupling y is real

CP is violated if y is complex (in the basis where masses are real)

* I'm glossing here over the signs, to avoid discussing how spinor indices are contracted



CP on spin-1/2 fermions

Example of Fermi interactions: Dirac notation:
& = —C}(pe"n + po*i) e6,v— C\(is"p + nc"p°) 06 e ~Goprm e GV R e
= —2C} ((pe)(nv) — (a@)(pv)) — 2C;((pe)(p) — (ne)(pD))
CP transformation:

CP[Z] = - 2C}/ ((pe)(@ip) — (n‘e)(pD)) — 2C| ((pe)(nw) — (7°e)(p‘v))

CP|Z =% only if the coupling C;/ is real

CP is violated if the coupling C}} is real



CP on spin-1 vectors

CP violation is often associated with phases in the Lagrangian, but not always !

Consider CP acting on spin-1 vector fields A, = (A, A)):

* CP: Ay— —A4A, A —A

It follows the field strength transforms as o = 9yA; —0iAg = Fy,  Fjj = 0,A;— 0,A; = — Fy;,

P: Ay— Ay A - —A4 C: A~ —4,

- 1
Then F, = 2eﬂmﬂF Fo5=2c"FyFy — — 2" FF, = — F, F*
Thus e.g. the Higgs interaction & O & —F [FW is CP odd,
ey HF even though it has no complex phase

Similarly one can show that e.g. the cubic gauge coupling:

C .
3G fabc GY Gb GC is CP odd,
uv=—"vp~"pu  even though it has no complex phase

/

Weinberg operator



CP on spin 1/2 and spin 1 interactions

Another example of dipole interactions
Z =dy o™ yF,, + d oty °F,,

P: Ay— Ay A - —A4 C: A~ —4,

* CP: Ay— —A4A, A —A

Looking only at one part of the expression but the result the same for all components of FW:
L D 2dyc "y Fy + 2d ey Fy; — 2d e Fy, + 2d we e F,
=2dy‘o O’l//FOl + 2d we"y© Fy,;

CP[Q] = only if dipole couplings d are real
CP is violated if d is complex

Real part of d corresponds to anomalous magnetic moment of fermion y (CP conserving)
Imaginary part of d corresponds to anomalous electric moment of fermion y (CP violating)



CD violation at D=4



Lrys = —% >

VeB,W!.G*
+ ), ifr'D.f
fE N/ N -

—(aY,gH + deHTq +eY, H?Ll + h c.) _
+D HDH-JHH?

Yukawa couplings are complex in general, thus they can provide source of CP violation

a _ a a abcyybysc . . ; Gi .
V=0,V =0,Vi+gf*V, V) D,f=0,f-1igG,Tf - lgLW;‘Ef_ igyB,Yf



CP violation in the Standard Model

e After redefining away all the phases, 2 sources of CP violation
remain in the D <= 4 part of the SMEFT

e One is the phase in the CKM matrix, describing charged current
iInteractions between W and left-handed quarks.
The effects of this phase have been observed in the B-meson,
D-meson, and kaon systems. The value of this phase seems to
be generic, that is it is consistent with order random one phase
In the quark Yukawa couplings

 The other is a combination of the 8 parameter and the phase of
the determinant of the quark matrix. This phase should lead to
an EDM of the neutron and composite nuclei. The effects of this
phase have not been observed so far and we have only stringent
limits. It is a mystery why this phase, unlike the former one, does
not take a generic value



CD violation at D=5



SMEFT at dimension-5

1 1 1
Z'sMEFT = Z'sMm F3D=6 | A13:%1):7 | A431)=8‘|‘
& Cap 505,5 T P T _ H_><v/0 2)
Z D=5 — Z [_(LaH )(LﬂH ) | (H La)(H Lﬁ)
a,ff=1 I\L IKL - U
h 2 V2 3 i e (e“>
=11 — C ol Vg~ C ol U
(143) 5 2, v+ camts

a,p=1

h\~ V2
CP[gDzs] — (1 + _) — Ca'ﬁljaljﬁ + C_'aﬁl/al/ﬁ]
v/) Af

Neutrino masses can violate CP if they are complex!



SMEFT at dimension-5

QFT it is awkward to work with complex and off-diagonal masses, so we usually
diagonalize the mass matrix and remove the phases by field redefinition

V2 3 Unitary PMNS matrix
ZLps D e Z CapVals + Coplols l,]/
L ap=1 Rotate Ly = Uyl

CapVatp = U aic(xﬁU pilVilV; Choose U'cU = —diag(cy, ¢, c3)

2 3
v - — — V2 v
Les D —— CUV; + C.UU m = c— = || e
D=5 Y Y i y; — G i
I~
=1
Rephase v, —> Pl.yl., Pl. — o~
3
gD=5 :) - Z myi I/il/i + I/il/l'
—1

Masses are now real and all traces of CP violation vanish...



SMEFT at dimension-5

... hot so fast o
SMEFT Lagrangian at D=4 contains gD:S D = Z m, Vil T VY
the CC interactions between leptons and W i=1 . -
3
8L -\ 7 vy = ) UyPu, P =eit
ZLp=y D W, ) Cs0,+h.cC a ~ al Vi Pi=e
\/5 a=1 J=

3
EL xr— ~ _ e

WM Z Uaij fagﬂyj +h.c. CP-violating if U or P are complex
\/z a,j=1

CP violation migrated from the neutrino mass matrix to charged-current interactions of leptons

Lp_y =

( _is )
C12€13 $12€13 € 513 _
= i i — e (ial2  ipI2
U=1=51203 —€"c1p81353 o3 — €"9512813823 €133 Pi = € (e / e pl 1
is i
| S12923 7 € C12513C23 T %23 T € 51813¢23 €13C23

PMNS matrix U is totally analogous,
to the CKM matrix for quarks
(though numerically it is very different)

These are qualitatively new phases
compared to the quark sector

The phase 06 is called the Dirac phase They are called the Majorana phases



Neutrino oscillations in QFT

S M(S — Se ) MW T — Tey) M %
M(ST — SeaTeﬁ)=z R S EZ o e
= k k=14 k

Oscillation probability

L(m —m V

Zk,lzl exp | —1 T3 fa’Hp/% ngdHD/%gk/%lﬁ),

oA P,



Neutrino Oscillations

3  Lmg, —m) P P D yD*
Zk,lzleXp T Jdnpﬂak/%al IdHD%ﬂk'%ﬁl

P, — vp) = 3 2 2
Zk,l=1 fdnplﬂ{;kl deDl./%gll
3
gL — - + - =
gD=4 > > 2 {Wﬂ UakPk (fadﬂl/k) + W'u U;kkplzk (deﬂfa)}
o k=1
P % D% P*
Neutrino production: %ak ~ UakPk ’%al ™~ UalPl
D D*
Neutrino detection: ﬂﬁk i UﬂkPk ﬂﬂl ~ U,;klpl*
3 A2
_ SE T T *
Plv, = vp) = Z ¢ - ”UakUalUﬂkUﬂl 2 2 2
v Ay =my, —m,
¥ 7 ~isl % [ %
P(I/a — I/ﬁ) — Z e b UakUalUﬂkUﬁl

k=1

The Majorana phases cancel out in neutrino oscillations



CP violation in Neutrino Oscillations

Py, — vp) = Z
k=1
3

P(v, — Dﬂ) = Z e

k=1

3
Py = v) = PB, > D) =2i ) e '® Im[U UaUn U]
k=1

In the usual parametrization of the PMNS matrix, for o #

P( )= P(0, > Dp) =% 2 eypsin[sin(221) g AL + i Al
UV, — Up) — U, = Up) = T §511512592C1~»C1~,CHr7 S1N S11n — S11 S11n

v v

whilefora =, Pu,—>uv)-P@,—0,)=0  byCPT

CP violation is hard...
- At least 3 neutrinos must exist in nature
= All 3 mixing angles have to be non-trivial
- All 3 mass splittings have to be non-zero
- The Dirac phase needs to be different from 0 and from Tr

Fortunately, it seems that these conditions are fulfilled in the real world,
barring confirmation about the Dirac phase...



CP violation in Neutrino Oscillations

- --. Tot. Pred., 0p=- %
_.T
------ Tot. Pred., 6CP—-|§

—e— Data

p—
N
IIII|IIII|IIII|IIII|IIII|II

Some mild preference 1 Best fit
foro ~ — /2 £ 10[- -
;%10: T2K, ] 0= — 1891_823
8- 1910.03887 '

0 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Energy (GeV)

Another triumph of SMEFT?
As expected by power counting arguments, CP violation first observed at D=4, then at D=5...



Interlude: why is CP violation hard

CP violating amplitudes:
M(A - B) = re'? MA - B)=re
where r is real and ¢ is a CP violating phase in the Lagrangian
Rates:

R(A — B) ~ /%(A—>B)2=r2
RA - B)~ | MA - B)|* =r?

In this simple example, CP violation present at the amplitude level
is invisible at the level of observables



Interlude: why is CP violation hard

CP violating amplitudes:
M(A = B) = re'? + r,e'? MA — B) = rie” + r,e”'
where r1 and r2 are real and ¢1and ¢2are CP violating phases in the Lagrangian

Rates:

R(A—)B)N ﬂ(A—)B) 2=I’12+I”22+27‘17‘ZCOS(¢1—¢2)
R(A = B) ~ | M@A - B)|* = r? + 12 + 2r;ry cos(¢; — )

In this less simple example, CP violation present at the amplitude level
is invisible at the level of observables



Interlude: why is CP violation hard

CP violating amplitudes:

M(A = B) = rieMe'? + r,e'e'? MA — B) = rieMe™'P 4 r,ee~:

where r1 and r2 are real,
¢1and @2 are CP violating (weak) phases in the Lagrangian,
and n1 and n2 are CP conserving (strong) phases from the dynamics

Rates:

RA—-B)~ | #(A - B) 2 = r12 + r22 + 2rirycos(@py — @, + 1y — 1)
RA - B) ~ | MA = B)|* = r12 + r22 + 211, cos(¢p; — ¢, — 1y + 1)

In this much less simple example, CP violation present at the amplitude level
finally survives at the level of observables

R(A - B)—R(A - B) = 4r,r, sin(rn, — n,)sin(¢p; — ¢P,)



Interlude: why is CP violation hard

%(A —> B) p— rleinlei¢l -+ rzein26i¢2 %(A — B) — rleiﬂle_i¢1 + rzeirbe_iqbz
R(A - B)—R(A - B) = 4r,r, sin(y, — n)sin(¢p; — ¢P,)

In neutrino oscillations,
the interfering amplitudes come from contributions of different mass eigenstates

the weak phase comes the PMNS matrix,
and the strong phases come from neutrino propagation in coordinate space

In addition: PG,—v)—-P@,—-v)=X = P@,—-1v)-P@,—-0)=-X

by conservation of probability... that’s why at least 3 neutrinos have to involved

More generally, strong phases can also come from loops, and from the width



SMEFT at dimension-5

3
EL vx— > —
gSMEFT B W,u Z Uaij ?/ﬂaﬁlﬂ/j +h.c. CP-violating if U or P are complex

\/5 a,j=1
( —i5. )
C12€13 $12€13 € 53
i5 i5
—810C3 — € (12513523 CipCr3 — € 812813523 €13923
i5 i5
| 012923 7 € C12513C23 T C2%3 T € 51281363 €13C23

PMNS matrix U is totally analogous,
to the CKM matrix for quarks
(though numerically it is very different)

The phase 0 is called the Dirac phase

Almost there

Pi:eicb (eia/Z oifI2 1)

These are qualitatively new phases
compared to the quark sector

They are called the Majorana phases

Are these physical ???



Neutrino antineutrino oscillations

Transition rate

1%

2 mvkmvl L(myzk R myzl) — _
Ry = 5~ Y, i exp (i [dnpﬂgkﬂgl[dnl)ﬂgkﬂg,
k, =1 v



Neutrino Antineutrino Oscillations

2 2
> om,m, ( L(m, —m})
—1

) Jdnp/zp M JdHD/%gk/_%gl

ki=1 2E,
EL 3
gSMEFT D — Z {W U kPk (f I/k) + W+U;kkplj< (I/k )}
2 o k=1
~ U* P* P
Neutrino production: %a UakPk %al UalP [
%
Anti-Neutrino detection: 'ﬂﬁ ~ U;kplzk %'lg)[ ~ U,BlPl
3 A%
R, = D) ~ Y, mymye” HUs UyUs Uy (PP AL =m? —m?

k=1

= 2( P2
R@, = vy ~ Z m, n,e "2E, U U Upy *Z(Pk) (PF)
k=1

Majorana phases don’t cancel out!



Neutrino-Antineutrino Oscillations

3
7 —izA—é%l % % $)\2( P2
R, = D) ~ Y, mym,e” T Uk U Us Ug(PE)X(P)
k=1

3 A
_— _l_
R, — vg) ~ Z my, m,e U

akU;klUﬁkU;l(P k)Z(P l*)Z
k,l=1

Take the limit for s;; — 0 simplicity
2
2E,

—_ —_ 2 2 . .
R(v, — yﬂ) - R, — vﬂ) ~ My, My, C1HS15 sin(a — /#)sin

Majorana phases control CP violation in neutrino-antineutrino oscillations
The effect occurs even in the 2-neutrino oscillation limit

Unfortunately, the effect is very suppressed by the small neutrino masses,
and may never be observed...

De Gouvea et al
hep-ph/0211394



CD violation at D=6



1

Z smepT = ZLsm A Z ps

VK A K AL

Bosonic CP-even
Oy (HTH)3
(HTHYO(H'H)

HD,H|

H'HGY,G,

HTHW! W/,

H'H B, B,
H'o'HW/, By,
IR, Wi, WE,

Oc f achszngfw

\/

HYH W, W,
H'H B,,B,,
H'o'"HW}!,B,

ik J Tk
€ WWW,/,)WW

HYH Go,G%,

.
.

fabcézy Gb el

vp T p

1

Lps+ ...

Yukawa
(01,11 | HUHeSHT,
. . [Q}H]IJ H'HujH'q,
A [O4ylrs | H'HdjH'q;
Vertex Dipole
Ols | itroutsH DL Olylis | esowH et W,
091y | ilyoic, 0 Hio D H Ol s | 0w B,
Oy | ie5o,eqH D H 01l | uSowTeHYgs G8,
Oy | im0 HID,H (Ol | ufouHlo'ay W,
[Oﬁff,]u itiztf"@QJHTffiﬁ;H O gl | wSouwH s B
Omdis | o, aqH DLH Okl | dsoToH g, G2,
Ondis | idSo,dsHID,H Ollis | dsoHlaiq, Wi,
Omudl1s | o, d5HI D, H [OLB]IJ d$ouH'qy By

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices
denoted by I, J. For complex operators (Op,q and all Yukawa and dipole operat.
the corresponding complex conjugate operator is implicitly included.

. (RR)(RR) (LL)(RR)
"” O | (e 0,e) (e 0,e) On|  (To,0)(c0,e)
:‘ Ouwu | n(u‘o,a®)(uo,uc) O (t,.0)(uo,u)
Oda | n(d°o,d”)(do,de) Ou | (lo,0)(d0,d")
Ocy (e°0,e%)(uo,u) Oeq (€°0,,€°)(q5,q)
Oca | (c°0,8)(d"0,ud") Oqu | (40,9)(u0,uc)
Oui | (ufo,u)(do,d") Ofu | (00, Tq)(u0, Tu)
O | (o, Tw)(d0, Td°) O | (70u)(d°0,d°)
O | (G0,T"q)(d°0, T d")

(LL)(LL) (LR)(LR)
Ou | n(lo,l)(lo,t) Oguqd (ueq?)eu(dq")
% Oy | 1(76,9)(75,9) Ol | (T ) e (dTq")
“‘ Oy | M35,.0°9)(35,.0°q) Ovequ (e°t)ejn(uqr)
" O | (5,0)(q0,0) Ohegu | (€5, 7)1 (T )
S 0,| e Oun |  (e)(dq)

Table 2.%  Four-fermion D=6 operators in the Warsaw basis. Flavor indices a
suppressed,here to reduce the clutter. The factor 7 is equal to 1/2 when all flav
indices are egual (e.g. in [Oceli111), and n = 1 otherwise. For each complex operat
the complex ognjugate should be included.

« Ogug =[d°u?)(QF)
Vg =(qq) (L")
Oyeq —(qq)(¢f)
Odun =(d%uf){u"e’)



Z smepT = ZLsm A

1

L

VK A K AL

Bosonic CP-even

TR, Wi, Wk

(HTH)?
(HTHYO(H'H)
HD,H|
H'HGY,G,
HTHW! W/,
H'H B, B,
H'o'HW/, By,

PH
facha Ggp Gf),u

1
A3

—L 71

1
A4

Lps+ ...

Yukawa

Ol 11s | HTHeSHTE,

0! 11y | HTHuSH gy

(O} )1y | HTHdSH g,

Vertex Dipole

oM, | ilie b HIDH Obylrs | o HIo, W,
091, | itio's,0,H ' D H Oty | €50 H CrB,
Omelrs ie?aﬁéf]HTﬁuH Ouj M,;QJ Gl
[OE};]U iqroug s H TﬁuH 07 W11y | wSowHo'qy Wi, —
[Ogg]u iQIJif?MQJHTJiE)H [O,ZB]U uf,am,fITqJ B,
Omdis | iu§o,usHIDLH Olglrs | djowToHig; GS,
Ondlrs | idso,dsH D, H Ohy 11y | dso Blaiqy Wi, .
[Onudlis | S, dSHI D, H O .)rs | dSo.Hiqy B,

&)

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are »
denoted by I, J. For complex operators (Op,q and all Yukawa and dipole operators) )
the corresponding complex conjugate operator is implicitly included. "

Gt G¢

vp T p

fabc Ga

€W Wh,WE,

k)

Table 2.4:  Four-fermion D=6 operators in the Warsaw basis. Flavor indices a
suppressed here to reduce the clutter. The factor n is equal to 1/2 when all flav
indices are equal (e.g. in [Ocel1111), and 7 = 1 otherwise. For each complex operat
the complex conjugate should be included.

Odug —rdcuu)(QE)
Dggu =(qq) (")

Oyay —q7)(qF;
Oa'uu —"dcwc) lL e” )



CP violation in leptonic dipoles

i .
Electron’s EDM in the Lagrangian: Z C Ede [e"a/we — eo Vé"] F Zc —édeéoﬂnyeFW

17 pv

Dipoles in the SMEFT Lagrangian:

Cep . C.gV COS Oy,
L pg D Aze o, LB, +h.c. - \/EAZ e‘o,eF,, +h.c.

Vv cos Oy,
Dictionary: de — _Im[CeB]

/2 A2

g 1.7 x 1071
acveimit:  |d,| < 1.1 X107 e - cm =
GeV

It follows A2 10 GeV A/ |Im[CeB] |



CP violation in leptonic dipoles

A > 10° TeV | Im[c 5] |

The reach of electron EDM depends on the hypothesis about the Wilson coefficient ces

C,p ~ 1 » A Z 1()6 TeV 5 orders of magnitude

above LHC!

m :
@ CeB ™ Te » A2 10° TeV 2 orders of magnitude

1 m, 2 1 order of magnitude
@CeB ~ 1671-2 N » A Z 1() TeV above LHC!

Unlikely there is new physics below 100 TeV, because CP violation seems generic in nature
and electron's EDM does not violate any other symmetry than CP and chiral symmetry




EDM as a lightning rod

At D=4

d, = —0.003(7)(20) e fm|0 + argdet M,| ~ Bratachane etal

2101.07230

At D=6
’LJ Im __ 7m u j z] Im _
Nuclear dipoles pick up many OvLr =d 7 Fr u' @'y, Prd’ O3 = da' PLuﬂ uﬂ%PRd
contributions from many
CP violating operators;
even more when RG running is
taken into account
d, = 43 + 27) Cfi"ﬁ + (210 + 130) Ogi"ﬁ + (22 4+ 14) CY4% 4+ (110 4+ 70) Cygud
(0931005) (40i02) — (0.8+0.9)¢? Cyd *de S ma, CH Lot F,d)
ije{d,s,b}
—(3.9+£2.0) ¢ — (16.8 £8.4) ¢ j:(320i260)1126’é)><10 Yefm,
_6Q“ Z muJC” uLa’“’ IWUR
et Alioli et al.
1703.04751
— Y my G Gt =5 Y ma, Cady o Gl d, P
tje{u,c} zge{d s,b} CG?f G/,tl/GI/p G,D,Ll



Z smepT = ZLsm A

1

VK A K AL

Bosonic CP-even

L - A?

=6

1

AV

°CZD=8

_|_

facha

(HTH)?

(HTHYO(H'H)

H1D,H

H'H G}, G,

HUH W, W,

H'H B, B,
Hic'HW}, By,
EijkW/iVngW[?M e
Gb G¢ .

vp ™~ pu

Yukawa
(01,11 | HUHeSHT,
[Of iy | HYHuSHtqy
[Olyls | HHASHg,
Vertex Dipole
Oy | itroutsHIDLH (Ol | esouwHlo™ts W),
. [Ogg]u izlaiz’ru(JHTUiS;H [OEB]U elau,,HWJB
BOSOI]_]_C CP—Odd Oy | ie5o,eqH D H 01l | uSowTeHYgs G8,
[OHq]IJ g5, H1 D, H (Ol | ufouHlo'ay W,
(0% ]IJ itiztf"@QJHTffiﬁ;H O gl | wSouwH s B
[Onlrs | o HI D, H (Ollts | dion T Hlqs Gy,
Ondis | idSo,dsHID,H Ollis | dsoHlaiq, Wi,
Omudl1s | o, d5HI D, H [OLB]IJ d$ouH'qy By

HTHW! Wi,
H'H B,,B,,
HTO'ZH W/i,/B,Lu/
WL WIL,W 3,

fabc éa

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices
denoted by I, J. For complex operators (Op,q and all Yukawa and dipole operat.
the corresponding complex conjugate operator is implicitly included.

1 Table 2.4:

b C
GG

Ogug =(d°u°)

Dggu ={qq) (i1"E

—(qq) '.qf)
Od'uu :_I:dc,uC) f

OV‘W

(RR)(RR) (LL)(RR)
Oee n(e‘o,e)(e‘o,e%) Ope (5,0)(e°0,°)
Ow | n(u‘c,u)(u’o,uc) O, (0,.0) (uso,uc)
Oua | n(d°0,d°)(d°c,d°) O (05,6)(d°,,d°)
—~ Ocu (eone) (uo,uc) Ocq (e°0,e)(q0,q)
HT H G a G a Ou | (o) do,d)  Op| (@) (o)
Al Ou| WoiNend) O |@T0inTw)
. v e Chlataisace. 0Ly | (¢, Teuc)(d°o, Td°) Oya (q0,q)(d°o,d)
O/qd (tjﬁ'uT" )(d° UuTad )
(LL)(LL) (LR)(LR)
Ow | n(ta,0)(la,0) Oquga (uq?)eju(d°q")
Oy | (40,9)(40,9) Ohuqa | (wTq)ejp(dTq")
04y | 1(26,0°¢)(70,0'q) Otequ (e°t)egn(usq®)
Oy, (€5,6)(q0,q) Olequ | (€57 )ejp(ua ¢7)
0y, | (05,00 (G5,0'q) Oredq (Le*)(d°q)

Four-fermion D=6 operators in the Warsaw basis. Flavor indices a
1 suppressed here to reduce the clutter. The factor 7 is equal to 1/2 when all flav
1 indices are equal (e.g. in [Ocel1111), and 7 = 1 otherwise. For each complex operat
the complex conjugate should be included.
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CP violation in Higgs sector

~ — B = a By — ayB
QCZD=6 D HTHB B /“/ _|_ HTHWCZ Wa CHWB H'{‘GaHWCZDB,uy ~# H I
A A H BHM = eﬂvaﬂ Baﬂ

This leads to new CP violating interactions of the Higgs boson with electroweak vector bosons

h _
Z sMEFT 2 Y 2’””lv2vW[¢F W, + m%ZMZ” 6 SM interactions

+ — ~
+CWWW/11/W +CWFWF +c, FWZW .. 2 » W]

6 New CP violating interactions

4 couplings ¢, from 3 Wilson coefficients cyz, cyyw» Cyyp

Thus SMEFT predicts one relation between these CP violating couplings

These couplings will affect the Higgs production rates and decay width, e.g. Higgs decay to two photons

SANANANAN y
W \I“\rg ) ¢
h ST h
___________ ‘T‘q\‘:r > W fmmmmemmma-
b >
W
w %mvij O(1) number /

/

[(h — yy) =T(h = yp)gu(1 +#162%[¢,,|7)



CP violation in Higgs sector

[(h — yy) =T(h = ysu(1 + #1622, |7)

The Higgs branching ratio to photons is known at the 10% level

16721, 1°$01 = |¢,|$3%x107

Translated to the scale of new physics Lpe D CHB Hi HBWF””
= 2

V2

5}/}/ ~ CHBF — A Z 1.5 TCV\/ |CHI§|

Only new physics close to the TeV scale can be probed
(this is the feature of all Higgs physics, not only for CP violating Higgs couplings )

Note that this observable cannot distinguish CP-violating and CP-conserving contributions

Higgs decays to either two positive or two negative helicity photons
and the relative phase between the two is affected by the CP violating coupling.
However, polarisation of high-energy photons is very difficult (impossible?) to observe

Bishara et al
1312.2955



CP violation in Higgs sector

CP violating observable can be constructed for 3- and more-body final states of Higgs decay
Process

h—yZly* -yt~

-

Z, h
A Z SMEFT 2 "

CWF L F » + cZyF /wZﬂv]

All conditions for CP violation reunited:

= weak phase due to CP violating couplings of photons and Z to the Higgs
= strong phase thanks to the relatively large Z width

= interference of different amplitudes with different weak and strong phases

= Polarization of Z/y* can be probed by looking at the distribution of the lepton decay angle
in the rest frame of intermediate Z/y*

dI'(h — y£7¢7)
dcos

= (1 + cos*)A,,., + cos OA 44
1—‘Z ~ ~ Chen et al.
Aggqg ~ m_z <#1CW + #2%/) 1405.6723

Thus CP violation can be in principle observed in the Higgs sector (also in h— ZZ— 4l, h—1T, ...)
However, the sensitivity remains only for new physics around the TeV scale



Have you checked EDMs?




Higgs vs EDM

h
gSMEFTD_C F F y fZCzd [€6 e — eo éC]F

y 1 7 i

€ €
By dimensional analysis: d C?’}’ n,€
(or RG running) e ™ 1671'2 V2
1.7 x 10710 i
ACME limit |de‘ < ¢, | S 1073

GeV

Unless conspiracy, electron EDM limit exclude CP violating Higgs coupling to photon
large enough to be ever observable at the LHC



5 GeV Y,9,Vi,6,, T + U, d! S, G, b

2 GeV Y,9,Vi,e, I, T + U, ds S,C

= T - = ——
= = = T —~ e =~ o =
== =—. ,_‘!‘_, ~ = en i e D e, -

— =

1 GeV V,vi,e,l + hadrons



CP violation in flavor physics

C —
PLpeg D A—lz [(@s)(d59) +h.c.|+ ...

One slide about 5 hour topic....

AlTeV]

kKV-g* pl_pv pO_RBY By -E.v

Borrowed from J. Kamenik



CP violation in nuclear physics

CKM element
2V _ _
ZweFr 2 ~ 2 <1+€L) ery, vy - upyhdy V-A
Normalization scale, 1 _ ——
set by Fermi constant +€TZ€ ROWVL - URO dL Tensor
Ve ~246 Gev
\VV2Gr 1

+€SEéRVL - ud Scalar

l_ _
Pseudo-scalar —€p5CRL iysd } +h.c.



100 GeV  V,9,W,Z,vi,e,l, T+ U, d,s,c,b,t+h

5 GeV Y,9,Vi,6,, T + U, d! S, G, b

2 GeV Y,9,Vi,e, I, T + U, ds S,C

=3 e - = —— %
= = = = W"‘)"‘" —— e = < -
= — =—. - - et e 2 WP, -

— s

1 GeV V,vi,e,l + hadrons

100 MeV V,vi,e,l + pions and kaons



Illustration #4

Fermi EFT



From WEFT to Ferm1 EFT

At a scale of order 2 GeV the quarks of WEFT becomes
strongly interacting

Below that scale, the useful degrees of freedom are no
longer quarks but hadrons: baryons and mesons

We have to switch our EFT description to take into account
the new degrees of freedom (and the lack of quarks)

| focus on a special sector of the that EFT, which describes
beta transitions involving nucleons (protons and neutrons)
and leptons

| call this the Fermi EFT



From WEFT to Ferm1 EFT

Let us take only SM-derived interactions for the start:

A )
LWERT 2 2 (eLypyL)(uLyde) +h.c.

This interaction leads to beta decays, in particular to the neutron decay

d—uev = n-—-pev

Amplitude for the latter process is

M(n — pev,) = — 2\‘//;61 (pe v, | (ry v )iy,d) | n >
= = o5, | @10 > (p Gz I > .
= — 2:2””[ (@(p)y,Prv(p)){p | GiLy,dy)|n > T
= —%(ﬁ(pe)prLV(py)) { {p|ay,d)|n>—(p|(ay,ysd)|n> }

where u(p), v(p) are the usual spinor wave functions for particle and antiparticles




Fermi EFT

%
M(n — pe™p,) = —V—”f(ﬁ(pe)prLV(py)) { (p|(ay,d)|n>—(p|Qy,ysd)|n> }

Due to strong QCD interaction, the quark matrix element cannot be calculated perturbatively

However, with the input from dimensional analysis and QCD (approximate) symmetries
they can be reduced to a few unknowns,
which can be subsequently calculated on the lattice or using phenomenological models

Lorentz invariance + Parity of QCD implies

~ N q=DP,— pp
grv@® 84(q°)
0,4 +

(plGy,d)|n>=i(p,)|gyqDy, + q,| u(p,)

" 2m

_ _ gralg> 8p(g?)
(p| Gy, rsd)|n> = i(p,)|gaqy, + T;m 0,,9" +

n

n

Qp] s u(pn)

2m,



M(n — pe v, = —

Fermi EFT

V2 (u(pe)prLV(py ) {(p | (l’_t}/pd) | n> — (p | (l/_t}/p}/Sd) | n > }

For beta decay processes, and especially for neutron decay, recoil is much smaller than
nucleon mass. Therefore at the leading order one can approximate

(p | (ity,d)

n > = gyi(pyy,ulp,) + 0(q)
n> = guu(p,)y,rsu(p,) + 0(q)

q pn_pp

where gv=gv(0) and ga=ga(0) are now numbers, called the vector and axial charges

Furthermore, in the isospin symmetric gv=1, because the quark current is the isospin current
One can prove that departures of gvfrom one are second order in isospin breaking, thus tiny

All in all

M(n — pe v, =

Vi
T2 (“(pe)?’pp LV(pl/)> {l/_t(pp)ypu(pn) — 84U(Py)Y,ysu(p,) + @(6])}



Fermi EFT

%
M(n — pep,) = —V—”f(ﬁ(pe)prLV(py)) {b‘t(pp)ypu(pn) — g4li(p,)7,Ysu(p,) + @(q)}

2V . )
LWERT 2D > (eLypve)(uLyde) +h.c.
\

* Matching
q

VM — — —
gFermi D d (eL}/pI/e){ (p}/pn) — gA(p}/p}/Sn) } + h.c. —+ O (-)

V2 m,

as our n—p e v amplitude can be obtained from this effective Lagrangian

The non-perturbative parameter ga appearing in this matching
has to be calculated on the lattice or measured in experiment

Lattice Experiment

g, =1271+0.013 g4 = 1.27536 £ 0.00041



Fermi EFT

Now let’s take into account At nucleon scale, we then get
non-SM interactions in WEFT more general set of interactions
2V, i i bt =
ZLWEFT 2 — Vzd{ (1+€L) eVl - upytdy Z Fermi 2 —CV]?)/ n eL}/,uUL
_I_
+eg egy, by - Ugy"dg B CA priysn eLyﬂyL
+
L — _lc+
1 _
—ep—éRvL-L_t}/Sd} +h.c. +Copysn égyy +h.c.
2 Short-distance

i - T.D. Lee and C.N. Yang (1956
radiative corrections g )

v Seng et al
Dictionary is 1+ AR(1+ €+ eg) Ay = 0.02467(22) 1307 10197
) Flag’19
optained 200G (o it TT AR +e—c) 4= 125120033 3-8} =4mmacio-
the same lines A= v2 R\'TEL™ER)  8A Hayen
as in SM case 1% 2010.07262
CH=_"", ¢
T V2 Erer
v gs=1.02£0.10, gr=0.989£0.034 g ptsetal
d
Cs = V”2 g€y 1806.09006
Vi — 340 + Gonzalez-Alonso et al
Cp = 8 8p =0T en308732




Down the rabbit hole

Zz Fermi D — C+p yn eLy,uVL

—Cipriysney,v

_Ctpn ey, This is a relativistic Lagrangian,

and may not be most convenient to use

——C} potn ego,u; for non-relativistic processes
2

+Co pysn éguy +h.c.

In neutron decay the momentum transfer is much smaller then the nucleon mass,
due to the tiny mass splitting between neutron and proton.

It is thus convenient to change variables in the Lagrangian,
and use non-relativistic version of the neutron and proton quantum fields

e—imNt c VvV
N — 1+

\/5 sz

In these variables, and expanding in powers of V, the Lagrangian simplifies

>WN+@(V2)a N=p,l’l

Fermi

Lroemi 2 — W) [C‘J; ev+Co éRuL] - (7,0"w,) [CX@ Lo v +Clepsty | + O6(Vim,)

It is clear that pseudoscalar couplings do not affect neutron decay at leading order



Non-relativistic Fermi EFT
3
2 I (VAT [C‘J; e v+Cle RI/L] — Z (7,0 w;,) [CX@ L v+ Clegs y | + O(V/im,)
k=1

This Lagrangian can also describe beta decays of nuclei: N —_ N’e _[7

3
M= — M C‘J/F(J_C3)’4) + CS+ (V34) | — Z /%If}T
i k=1

CX (X30k)’4) + C;: ()’35k)’4)

where the Fermi and Gamow-Teller matrix elements are

Me = AN Gy, | Ny M =N W6, | N)

Fermi transitions Gamow-Teller transitions
Calculable from group theory Difficult to calculate
in the isospin limit from first principles

The use of non-relativistic EFT allows one to reduce the problem of calculating
amplitudes for allowed beta transitions of nuclei to calculating
two nuclear matrix elements

Forbidden transitions correspond to higher order terms in the non-relativistic expansion



Observables in beta decays

Effective Lagrangian describing allowed nuclear beta decays:

3
ggeliml :) - (l/_fpl//n) [C;éLI/L‘l‘ C;_éRUL] - Z (l/_jpgkl//n) |:C2_éLO'kI/L+ C]-l:éRkaL]
k=1

N — Ne*v

Electron energy/momentum

E,=1\/p2+m

Neutrino energy

Ey=pv=mN_mN’_Ee

Information about the Wilson coefficients can be accessed by measuring lifetimes and correlations

dT’ : : :
P. py+A<J> pe+B<J> P,
dE,dQ,dQ, JE JE

e 1%

me
= F(Ee){l +b—+a
E

e e

P p,— 3. ))p, ) [JJ+1D—=3(])-j) J)-(p.xp,) }
+c +D
3EE, J2J—1) JEE,



Constraints on the CP-conserving Wilson coefficients

Neutron

AA, Gonzalez-Alonso, Naviliat-Cuncic
2010.13797

0.98571(41)
—1.25707(55)
0.0001(10)
0.0004(12)

0.97377(41)
1.251(33)
—0.009(13)
0.0001(10)

§<>
S,

(4rt/g,) \[TeV]

LHC

|

0.0005(13)



CP-violating observables in beta decays

a =F(Ee){1+b&+apeop”+A<J>°pe+B<J>°p”
dE,d€,dS, E, ; JE, JE,
2 P 3p. -, [JJT+1)=3(T) - j)zl D J)-(p,xp,)
3E.E, J2J - 1) JE,E,

The triple correlation D is CP-violating

Im|CHCF — CECH

D——Zr\/ / - - rEpC“;/CX
J+ 1 |CHIP+|CEI1+ 21 CEHIP + | G ]

Back to the quark level Lagrangian:

Vv
V—”z" 1+ AY(1+ €+ eg)

_ _ vV,
+egepy, vy - dgytdy Ch= —V—”zgm [1+ A%(1+€, —eg)

1 - Vud
+€T—€R6ﬂ

2 Jp igeottd,  Cf = 3 8rer 4p 7
+€S%éRyL-ﬁd} +h.c. S _V_zdgses ' 1 + p? \/ J+1 LRl ( X)

2V, _ o
ZweFr 2 — 2 (1+€L> ery vy - upytdy Cy




Constraints from D parameter

J 2V
D = 1 + pz \/J 1 Im[eR]+ @(6)2() LWEFT D — TweRéLyﬂyL - dpytdy +h.c.

D-parameter probes the CP violating part of the V+A currents in the WEFT Lagrangian

For neutron, the current PDG combination Dn — (— 1.2 + 20) X 10_4

J =1/2 P —\3gm —22 D, ~ 0.86 Im[ep]

This translates into the constraint

— - — — —_—
o |

=(-14

Up the ladder to the SMEFT:

1 V2

TS A 210 TeVy/ [ eyl

€R



Have you checked EDMs?




