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Role of scale in physical problems

Some distribution

F
of electric charges Near ar

observer observer
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Near observer, L~R, needs to know the position of every charge to describe electric field in her proximity
- -
| | | .0 d-F Gy
Far observer, r > R, can instead use multipole expansion: V(r)=—+ 3 + - + ...
r r r

~1/r ~RIr*? ~R3/PF

Higher order terms in the multipole expansion are suppressed by powers of the small parameter (R/r).
One can truncate the expansion at some order depending on the value of (R/r) and experimental precision

Far observer is able to describe electric field in his vicinity using just a few parameters:

the total electric charge O, the dipole moment d, eventually the quadrupole moment Q;, etc....

Tk
On the other hand, far observer can only guess the "fundamental" distributions of the charges,
as many distinct distributions lead to the same first few moments

Far observer, like Moliere's Mr. Jourdain,
discovers that he has been using EFT all his life



Role of scale in quantum field theory
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At small momentum scales, p2 << mnu?,
propagation of the heavy particle H
effectively leads to a contact interaction

between light particles ¢

At large momentum scales, p2 >> mu2,
we see propagation of the heavy particle H.

Long range force acting between light particles ¢



Role of scale in quantum field theory

¢~
Consider a theory of a light particle ¢ e, H
interacting with a heavy particle H L’
b
Heavy particle H propagator in coordinate space: P(xy,xy) ~ €Xp(—mH|X1 — Xy )
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At small distance §cales, [X1-x2| << 1/mp, At large distance scales, |x1-x2| >> 1/mp,
the heavy particle H propagates. propagation of the heavy particle H suppressed.
Force acting between light particles ¢ Interaction looks like a delta function potential
1 1 1 1
my ~ AE <K ~— = AFEArx1 my ~ AE > ~ = AEAr>1

|X1—X2| At |x1—x2| At



Role of scale in quantum field theory

¢~~ ,’qs ¢~~~

® Processes probing distance scales L >> my;, equivalently energy scales £ < my,
cannot resolve the propagation of H

® Then, intuitively, exchange of heavy particle H between light particles ¢ should be
indistinguishable from a contact interaction of ¢

® In other words, the effective theory describing @ interactions should be well

approximated by a local Lagrangian, that is, by a polynomial in ¢ and its
derivatives

This is the generic way how the effective theory description arise in particle physics,



Role of scale in quantum field theory

Effective theory approach works beyond tree level
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This works also for higher loops, and with both heavy and light particles in the loops



Effective field theory

How to build an EFT

Starting with a set of particles
we build the Lagrangian
describing all their possible interactions
obeying a prescribed set of symmetries
and organised In a consistent expansion

Starting with a given theory
(effective or fundamental)
we integrate out degrees of freedom
heavier than some prescribed mass scale
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Dragons
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Clntroofucing SMEFT



Elementary particles we know today

\ L/
gD

This set of particles are the propagating degrees of freedom (at least) right above the
electroweak scale, thatis at £ ~ 100 GeV - 1 TeV




Elementary particles we know today
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In these lectures gravity is decoupled and ignored (good assumption in most of
laboratory experiments). Otherwise the relevant EFT is called GRSMEFT.




SMEFT

SMEFT is an effective theory for these degrees of freedom:

Field | SU3)c | SU2)r | U()y Name Spin | Dimension
G, 8 1 0 Gluon 1 1
WZf 1 3 0 Weak SU(2) bosons 1 1
B, 1 1 0 Hypercharge boson 1 1
Q 3 2 1/6 Quark doublets 1/2 3/2
U° 3 1 -2/3 Up-type anti-quarks 1/2 3/2
D¢ 3 1 1/3 | Down-type anti-quarks | 1/2 3/2
L 1 2 -1/2 Lepton doublets 1/2 3/2
E° 1 1 1 Charged anti-leptons | 1/2 3/2
H 1 2 1/2 Higgs field 0 1

iIncorporating certain physical assumptions:

= N

. Locality, unitarity, Poincaré symmetry
2. Mass gap: absence of non-SM degrees of freedom

at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry
strictly respected by all interactions and spontaneously
broken to SU(3)xU(1) by a VEV of the Higgs field



Note on fermion conventions

| am using the 2-component spinor formalism

A Dirac fermion is described by a pair of spinor fields f and fc with the kinetic and mass terms

S =D IS - - S0,

f=r

To translate to 4-component Dirac notation use

=) e (%)
For example
f6"9,f = Fyy"o,Fy
[0"9, " = Fyro,Fy

fcf — FRFL See the spinor bible
- _ [arXiv:0812.1594]
ffc — FL FR for more details



N

SMEFT power counting

1. Locality, unitarity, Poincaré symmetry

2. Mass gap: absence of non-SM degrees of freedom
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry
strictly respected by all interactions

A 4

We can organize the SMEFT Lagrangian in a dimensional expansion:

Zsmerr = Lp=2t ZLp3+ Lpyt+ Lps+ Lp+ Lprt+Lpsgt ...

Each £}, is a linear combination of SU(3)xSU(2)xU(1) invariant interaction terms (operators)
where D is the sum of canonical dimensions of all the fields entering the interaction

Since Lagrangian has mass dimension [ £] = 4, by dimensional analysis the couplings
(Wilson coefficients) of interactions in £, have mass dimension [C,]| =4 — D

Cp
AD—4
and A is identified with the mass scale of the UV completion of the SMEFT,

Standard SMEFT power counting: C, ~ where ¢, ~ 1,

In the spirit of EFT, each £, should include a complete and non-redundant set of interactions



g
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Zsmerr = Lp=2+ Lp3+ Lpyt+ Lps+ Lp+Lprt+Lpsgt ...

SM Lagrangian

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

At sufficiently high energies, such that we can ignore particle masses,
amplitudes for physical processes take the form

csE B B gE®

~ M I I I i I
SMETUA T A2 T A3 A4

Standard SMEFT power counting sets up the rules for expanding
the amplitudes and observables in powers of the new physics scale A.
For £ < A expansion can be truncated at some D, depending on the desired precision



SMEFT

< SMEFT = ZLps3t+LpuytLps+tLpget+LpgtLpsgt ...

Only a single D=2 operator can be build from the SM fields:

Philosophy of EFT: pugy~ AN 21 TeV

Experiment: puy ~ 100 GeV

Unsolved mystery why /41%1 < A
which is called the hierarchy problem

From the point of view of EFT, the hierarchy problem is a breakdown of dimensional analysis



SMEFT

ZsMEFT = £ p=2 + ZLpst+Lpst+LpgtLpg+Lpsgt...

ZLp_3 =

Simply, no gauge invariant operators made of SM fields
exist at canonical dimension D=3

The absence of D=3 operators is a feature of SMEFT, but not a law of nature.
E.g. in UYSMEFT, where one also has singlet neutrino, one can write down

1
LM = M .



Zsmerr = Lp=2+ Lp3 K ZLp=sr Lps+ Lp+Lpg+ZLps+ ...

D=4 is special because it doesn't contain an explicit scale (marginal interactions)

ZLpes = —% Z V.,V + Z i_5”Dﬂf+ Z ifca/“‘DﬂfC

veB,W',G feQ,L feU,D.E
- (UY,A'Q+DY,H' Q+EYHL+h.c.)+DHD'H— A(HH)
0G G e ()
+ G/’”JG//”/, H _ abH* U€ = ZC q1 Zl
«a = 1) - ol (5)
Va =9 Va9,V — gfibeybye ) t
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1 e \b*) < ;)
G/,u/ = _e,uz/aﬁG l]
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E*=|p l H
c 3
\7%) v,
(%)

Experiment: all these interactions at D=4 above have been observed, except for 0

Strictly speaking, A has not been observed directly. Its value is known within SM hypothesis, but not within SMEFT, without additional assumptions.
Observation of double Higgs production (receiving contribution from cubic Higgs coupling) will be a direct proof that 4 is there in the Lagrangian.

Note that GBBWBW has no physical consequences, while HWW/’jUWzU can be eliminated by chiral rotation



SMEFT at dimension-5

Zsmerr = ZLp=2t+ ZLp=y ++ ZLpt+LpstLpsgt ...

Weinberg (1979) 0
Phys. Rev. Lett. 43, 1566 H —
V/\/§

1
Zpes = (LH)CWLH) +h.c. - — D VClyvg) +h.c.

J,K=e,u,t
® At dimension 5, the only gauge-invariant operators one can construct are the so-
called Weinberg operators, which break the lepton number

® After electroweak symmetry breaking they give rise to Majorana mass terms for
the SM (left-handed) neutrinos with the mass matrix M = — v>C

® Neutrino oscillation experiments strongly suggest that these operators are present
(unless neutrino masses are of the Dirac type)

This is a huge success of the SMEFT paradigm:
corrections to the SM Lagrangian predicted at the next order in the EFT expansion, are
iIndeed observed in experiment!



SMEFT at dimension-5

1
gSMEFTD_E(UMy)_l_h’C' M:—V2C

Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark
(though the lightest neutrino may even be massless)
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. e FT 4
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It follows that the dimension-5 Wilson coefficient is of order C ~ X with A ~ 10"° Gev

One one hand, that is perfect, because it suggests that
the basic SMEFT assumption, A > v, is indeed satisfied



SMEFT at dimension-5
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Zsmerr = Lp=2t ZLps+ Lp-s+ Lps+ Lpg+Lpsgt ...

1 1
If £p_s ~ X then naive SMEFT counting suggest £ _, ~ ek Lo ~—

A3

2
My 4

However, A ~ 10! GeV leads to a psychological problem .-

and so on

If this is really the correct estimate, then we will never see any other effects
of higher-dimensional operators, except possibly of the baryon-number violating ones :/
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SMEFT at dimension-5
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However, this conclusion is not set in stone
It is possible that the true new physics scale is not far from TeV,
but its coupling to the lepton sector is very small

Alternatively, it is possible (and likely) that there is more than one mass scale of new physics

Dimension-5 interactions are special because they violate lepton number L.
More generally, all odd-dimension SMEFT operators violate B-L

If we assume that the mass scale of new particles with B-L-violating interactions is A,

and there is also B-L-conserving new physics at the scale A < A, , then the estimate is

1 1 1 1
QCZD=5NA—,3D=6NE,3D=7NF,3D=8NF, and so on
L L

()



SMEFT at dimension-6

Zsmerr = Lp=2 t Lp=4 + ZLp=s HLp=st Lp=7+ Lps t+ -..

Grzadkowski et al
. . uups’, arXiv:1008.4884
At dimension-6 all hell breaks loose .

Pps = Cy(H'H) + Cy(H'H)(H'H) + Cpyp | H'D H|
+ChygH 6" HWX B+ CycH'H G G% + CpyyH'H WX WX + CpzsH'HB, B

U= pu UV uv uv''’ pu UV pv
kimyx/k [ m abcya b e
++CyetmWE WL W+ Co fGEGE G,

~a a Wk wwk n k1 Wik
+C,zH'H G4,G%, + CyywH'H W, Wy, + CyzH'H B B, + CpiyH'6"H W B, ,

+Cye "Wy W, W + C [ G4,G).Gs,

+H'H(LHC,,E°) + H'H(QHC,,,U) + H'H(QHC ;;;D°)

+iH'D HLCDEL) + iH'o*D HLCD& 6 L) + iH' D H(EC,, 0" E)
l p u © ut'o"D, w00 l u HeO

R g ~ _ . < ~ _ R g _
+1HTDMH(QC;}Q>UP‘Q) + lHTakDMH(QCI%)G”GkQ) +iH'D H(U Cy,0"U°)
+iH'D H(DCyyyo" D) + {iHTDMH( U‘Cyy,q0"'D°)

+(Q6*HC,y,6" UYWy, + (QHC, 35" U)B,,, + (QHC, ;Tc" UG},
+(Q6*HC 46" DYWys, + (QHC 56" D)B,,, + (QHC 45 T*6"* D) G,

+(Lo*HC 6" EYW,, + (LHC 6**E)B,, +h .c. } + Sy fermion
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SMEFT at dimension-6

Bosonic CP-even operators gSMEFT > Z CxOx
X

Oy = (H "H)’
Oy = (H'H)[J(H'H)
Oup = |H'D,H|’
Oy = H'HG? G

e
Opyw = H'H Wi, Wy,
Oyp=H'HB,B,,

Opws = H'c*HW,,B,,

Oy = "W, W, W'

Og = "G.,G,,G,



SMEFT at dimension-6

Bosonic CP-even operators

Oy = (HTH)3
Onp = (H'H)
Ouyp= |H'D,H|”
Oy = H'HG% G

w Oy
Opw = H'H W}, Wy,
Oyp=H'HB,B,,

Opws = H'c*HW,,B,,

Oy = "W, W, W'

Og = "G.,G,,G,

(H'H)

These affect single Higgs boson couplings
to SM gauge bosons. For example

; (v + h)?
CycH'HG, G = Cyg G, G, — vCy:hG G/

UV v UV U UV U
For operators inducing couplings to photons and

hile

gluons bounds of order |C| < , W
(10 TeV)?

> from Higgs physics alone

| Cup | S

(TeV



SMEFT at dimension-6

Peculiar effect...
Contributes to the kinetic term of the Higgs boson

Bosonic CP-even operators

Oy = (HTH)3

Oy = (H'H)[J(HH)

2
Oy = \HTDMH\
OHG — HTH Ga GCZ

P
Opyw = H'H Wi, Wy,
Oyp=H'HB,B,,

Opws = H'c*HW,,B,,

Oy = "W, W, W'
Og = 1"G,, GG,

Cyo(H'HYO(H'H) — — v*Cy(0,h)°

Together with the SM kinetic term:
1
2 2

To restore canonical normalization,
we heed to rescale the Higgs boson field:

h— h(l + v°Cy

All Higgs boson couplings present in the SM
are modified in a universal way!

h h
—2myWiw, + m3z2,7,| - — (1 +Vv:C HIZI) 2myWiW, +m3Z,Z |
v v

h - h _
;mfff—> ;<1 +V2CHD>mfff

Bounds of order |C <
| Cug | (Tev)?



SMEFT at dimension-6

Bosonic CP-even operators

Affects cubic Higgs boson coupling

Gy vCy
O, = (H'H)? CuH'H)? = —2(v + )° — — =

1
OH = (HTH) (HTH) Currently weak bounds of order | Cy;| < )

2
Oy = \HTDMH\
OHG — HTH Ga Ga

e
Opyw = H'H Wi, Wy,
Oyp=H'HB,B,,

Opws = H'c*HW,,B,,

Oy = "W, W, W'

Og = "G.,G,,G,



SMEFT at dimension-6

Bosonic CP-even operators

Oy = (HTH)3

Oy = (H'H)(J(H'H)

2
Oy = \HTDMH\
OHG — HTH Ga Ga

e
Opyw = H'H Wi, Wy,
Oyp=H'HB,B,,

Opws = H'c*HW,,B,,

Oy = "W, W, W'

Og = G.,G,,G,

Induce anomalous triple gauge couplings
Bounds on the electroweak ones lead to

[Cwl S

(3TeV)?’
bounds on the gluon ones much weaker



SMEFT at dimension-6

Bosonic CP-even operators

Oy =(H 'H )3
Oy = (H'H)(J(H'H)

2
Oup = |H'D,H|

_ T a rda These affect electroweak precision observables
OHG =H'H G,qu,uv (W boson mass, Z branching fractions),

which are measured at per-mille level at LEP

puv'l py Bounds of order |C| <
T (10 TeV)?
OHB = H HBMVB//W
Oywg = H'6"H W), B
HWB = u Py
_ klmywk wl ywm
Oy = W, W, W

Og = "G.,G,,G,



SMEFT at dimension-6

Bosonic CP-even operators

Oy =H "H )3
+ Similar constraining power
OH = (H H ) (H 7LI‘I ) of Higgs and electroweak constraints
on these particular operators
OHD — ‘ HT l)'ul_l‘2 Interesting synergy
S
. T a a —(|).2 —(I).l 0.0 O|;1 0;2
OHG =Hd'H G,MDG,MI/ 0.08 4 Higgs (1o)
T ” r = ElV\]TDPlT (1o) [ 0.3
0 — H H W W 0.06 - i
HW uv'’ uv .
ch - 0.2
_ T = 0.04-
Oyy = H'HB,B,, : ;% .
9 0.02 A
_ gtk k O / /
OHWB =H'o"H WMVB:“V | 0.00 //( /. 0.0
-
_ klmywk w7/l vim 1
OW = € Wﬂl/Wl/prﬂ 0 y
b b —0.02 —OI.Ol 0.00 O.bl 0.02
OG =fa CGﬁyGypGpcﬂ Cowp [TeV™?]



SMEFT at dimension-6

~a  a ik k B
+C,sH'HG,GS, + C = HHHW WY, + C zH " H B, By

_ T krrwrk  klmyyrk [ _ pabc b
—|_CHWBH o' H W/U/BMV + CWE quVWV/OW;Z =+ CG]CCL CGZVGVpG/COlu

These affect single Higgs boson couplings
to SM gauge bosons, and triple gauge couplings
But also, via loop effects other CP observables,
such as e.g. electron EDMs



SMEFT at dimension-6

3
' SMEFT 2 Z Oyl Cryliy +h.c.
1J=1

Yukawa-like operators

0., = H'H(LHE)
These affect single Higgs boson couplings
Ou[—] — HT H( Q ﬁ l_]c) to SM fer-‘mions. Bounds depends on the1 flavor
but typically don't exceed | C| < 1 Tev)
— g7 LI NC
Oy = H'H(QHD")




SMEFT at dimension-6

Vertex-like operators

D) _ it LT
O\) =iH'D H(L5"L)

0% = iH'6*D H(L5"*L)

<> — . .
S S o) C ULC These affect electroweak precision observables
OHe =1H'D ,uH (E o'k ) (W boson mass, Z branching fractions),
PN which are measured at per-mille level at LEP
0(1) — ZHTD H(Ooc" Bounds of order |C| <

0% = il'e* D H(05"6*Q)
<> —

Oy, = iH'D H(Uc"U")
<> —

Opq = iH'D H(D 6" D)

Opuq = iH'D,H(U 6" D")



SMEFT at dimension-6

LT =(Qo"HC, 5/“/(70)Wk (QHC,35"U%) By, + (QHC,cT*a" U%)Gy,
+(Qo"HCqw " DYWL, + (QHCapo™ D) By, + (QHCycT c" D)GS,
+(LakHOeW5WEC)W§,, +(LHC.ge" E°)B,, + h.c. (

These affect anomalous magnetic and electric
moments of SM particles at tree level
Bounds depend on flavor and can be very strong,
especially for the first generation



SMEFT at dimension-6

4-fermion operators

Zpaemien = (L6*L)Cy(L6,L) + (E°6,E9)C,(E6,E) + (L6*L)C\(E0, E°)
+(L&'L)C, (06,0) + (Le"sL)C; (06,6 0)
+(E‘0,E°)C, (U0, U°) + (E°0,E)C, (D 6,D°)
+(Lé*L)C,, (U, U°) + (L6*L)C (D 6,D) + (E6,E)C, (05,0)

+ { (LE)Coq)(D°Q) + e“(LE)C,,)

(Q'T°) + I} ENC) (06T +h.c. }
+(06Q)C}(05,0) + (06*6*Q)C|)(06,6°0)

+(U°6,0°)C,,(U’s,U°) + (D 6,D°)C (D 6,D)

+(U Caﬂ U°) CLSJ)(D CGMDC) + (U CGM T4U°) Cb(fl)(D Caﬂ T¢D%)

+(Q°,09C)(U e, U°) + (Q°6, T* Q) C(U¢s, TU"))

+(Q°0,09C. (D 6,D) + (Q°c,T*Q)C; (D, T*D°)

+ { (O TC,) (Q'D) + Q' T*U)CY)) (O'T*D) +h.c. }

+ { (DU)C QL) + (QQ)C 1 (TU°E€) + (QQ)C,, (QL) + (DU)C g, (UE®) + .. }

These affect a wide range of physics.
Bounds can be very strong, especially for baryon-number violating operators
and for certain flavor- or lepton-flavor-violating operators



SMEFT up to dimension-6

SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of
precision physics happening today.
In particular, it allows one to quantify the strength of different observables

1YeV: 110%%eV
1 ZeV; 110%'eVv
1 EeV: 110'8ev
1 PeV: 110™eV
1 TeV' 110"%eV
1 GeV 10%V

o>err  vov  eEDM ey KoK  nEDM BB  N-Nev hobb



SMEFT up to dimension-6

SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of
precision physics happening today.
Moreover, it leads to correlations between different observables, e.g. due to SU(2),

symmetry relating charged and neutral currents, and due to the interplay of tree- and
loop-level contributions to observables

Importance of global fits collecting results
from different types of experiments !




Global fits with SMEFT up to dimension-6
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SMEFT at higher dimensions

Zsmerr = Lp=2 t ZLp=at ZLpst+ Lpst+ Lp7+ Lpsgt ...

Number of baryon-number-conserving operators as function of D and number of generations ]\9

Dimension-5

Dimension-6

Dimension-7

Dimension-8




SMEFT at higher dimensions

Zsmerr = Lp=2 t ZLp=at ZLpst+ Lpst+ Lp7+ Lpsgt ...
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Exponential growth of the number of operators with the canonical dimension D



SMEFT at higher dimensions

SMEFT at dimension-5: Weinberg (1979)
Phys. Rev. Lett. 43, 1566

Grzadkowski et al

SMEFT at dimension-6: arXiv: 1008.4884
SMEFT at dimension-7: e s
SMEFT at dimension-8: v poon 00008
SMEFT at dimension-9: v po1a 00188

Code to generate a basis at arbitrary dimension in SMEFT: arXiv:_zizec;1&.]cl)4639



Beyond dimension-6

Zsmertr = Lp=2t Lp=4+ Lps+ Lpst Lpg+ Lpsgt ...

You need to be aware of the existence of higher-dimensional operators,
whenever you need to argue validity of the EFT description

Moreover, a qualitatively new phenomenon may arise at higher dimensions

At tree level, light-by-light scattering 5
receives contribution from dimension-8, A D=8 2 (BWBW/) + ...
which in some situations may compete with
lower order loop contributions

Neutron-antineutron oscillations

arise at dimension-9 Zp=9 2 Gabcedef(jajd)(que)(chf) T ...

CP violating 3Z vertex

in SMEFT from integrating out 2HDM o S5 C [HTDZ(HHTH)]Z Choc.
arises via a dimension-12 operator! b=12 12

In all such cases however, you need to argue validity of your EFT
and why you don’t expect any larger effects of new physics
from operators of lower dimensions



Beyond dimension-6

Zsmerr = Lp=2t Lp=y+ Lpst+ Lpgt Lpt+ Lpgt .-

You need to be aware of the existence of higher-dimensional operators,
whenever you need to argue validity of the EFT description

Moreover, a qualitatively new phenomenon may arise at higher dimensions

If experiment pinpoints a coefficient of some operators of dimension-6,
then subleading dimension-8 operators will provide precious information

g7 _ g7
M? S M4

Only determines .
. May allow disentangle
coupling over mass scala .
coupling and mass

of new physics

C6 ~



Part 3

CP violation in SMEFT






CD formalism



CP on spin-0 scalars

annihilates creates
particle antiparticle

l l Define charge conjugation
3 as operator exchanging
d(x) = [ dk a(k)e ™ ** + bT(k)e** particles and antiparticles
4k . . Calk)C™" =
O (x) = [ EOT: [b(k)e""x + a?‘(k)elkXI (k) (k)
v T Chb(k)C~' = a(k)
annihilates creates
antiparticle antiparticle

P — P(I)(l‘, x)P—l N ”q)(ta . x) Parity act trivially on scalars,

.............................................................................. and flips sign for pseudo-scalars

CP: (CP)D(t,x)(CP)~! = n®'(¢, — x)

In SMEFT
. _ 1 (Gen+iGex)\ 1 (G —x) —iGyt — x)
o M= (V + (1, x) + iGs(t, x)> Hi, = x) = <v + h(t, — x) — iG4(t, — x)>

V2 V2

In particular the Higgs boson is CP even



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



Parity for 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: \P . l//a a=1.2
o - C
. 1/ a=12

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).

Py (t,x)P~}
Pyc(t, x)P™!

—Ca
[,—X
v ( ’ )’ exchanges left and right,
- thus it corresponds to parity
T (tv T x)a



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
= ZJ dk }(k h)x(k, h)e=** + bT(k, h)y(k, h)e™
l// - ~ (2][)32Ek ) ) ) y ) \P W
&k o ) - \y€
¢ = bk, Wx(k, e + a' (k, h)y(k, h)e™*
v hZJ (M)QEJ (k, (k. e ™ + a’ (k, )y (k. e ]
' T T
annihilates creates
antiparticle particle

Ca(k)C~! = b(k) Cu(t,x)C™ = w(t, x),
Ch(k)C~! = a(k) Cy (1, x)C™! = y(t,x).



CP on spin-1/2 fermions

Py, (t,x)P~! =y, — x),

Pyt x)P~" = —p’(1, — x),

Cy(t,x)C™ = y(1, x),
Cy (t,x)C~ ! = y(t,x).

(CP)y,(t,x)(CP)~!
(CPyyg(t, x)(CP)™"

':”d(ta _ x)
. —co’z(t, _ X)

Example of Yukawa interactions:
(CP) Jd“xh vy w + y*ppc| (&, x)(CP)™! = (CP) Jd“xh v A, + YR e (6, x)(CP) ™!
= | d*xh|yw5u® + y w1, — x) = Jd“xh i + it My, | (8, x)

d*xh|y*y y + ypip<| (1, x).

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

So CP violation is always associated with
phases in the Lagrangian, right ?



CP on spin-1 vectors

Consider CP acting on spin-1 vector fields V¥ = (V', V’):

0 1 _ 0,
PV (t,x)P~' = V°(t, — x), ' (CP)V(z,x)(CP)~! = -V, — x),

PVk(t, x)P_l _ —Vk(t, — X), (CP)Vk(t )(CP)_l — Vk(t —X)
CVH(t,x)C™" = =V¥(t,x) . ) o

It follows that the O-like terms transform as
(CP) J'd4xVW‘~/”” (x)(CP)~! = %G”’/“ﬂ (CP) "d4xVﬂUVO{ﬂ(x)(CP)_1
= 2¢"%(CP) Jd“xvmvjk(x)(cp)—l = 2¢%(CP) [d“x[a()v,. — 0,10,V — 0,V I(x)(CP)~!
— 2eifkjd4x[aov,. +0,V1[0,V, — 0, ViI(t, — x)

— _2€lik[d4x[aow(r, %) — OVy(t, X)I[0.V (2, X) — 9, V(t,x)] = — Jd4xVﬂy(x)V””(x) .

In particular, the QCD 6-term is CP-odd



CP on spin-1 vectors

0 -1 —_ _yO0¢s _
CP violation is often associated with (CP)V (t’ x)(CP) ==V (t’ x)’
phases in the Lagrangian, but not always ! (CP)Vk(l‘, x)(CP)_l — Vk(l‘, _ x) .
By the same token:
; ~ is CP odd,
gSMEFT 2 CH’E“H HB,MI/ B* even though it has no complex phase
abcr—~a b ~C is CP odd,
gSMEFT D C’é’f G//tI/GI/p G,O,M even though it has no complex phase
(yet another)

Weinberg operator



CP on spin 1/2 and spin 1 interactions

Another example is dipole interactions
] LJ=UVU>C % (LCLIT MV
QSMEFT D) [CeB]ll(llHa [ )B,Ltl/ + [CBB]H(e H Gﬂ ll)B,uI/
By the similar calculation as before

(CP) | d*x [[CeB]ll(l_lH5””é") +[Cp] ;kl(eCHTaﬂ”ll)] B, (x)(CP)~!

- Jd“x [C, 1% (I;H5" &) + [CeB]H(eCHTaMl)] B,(%)

CP is violated if the Wilson coefficient C,; 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



SMEFT at dimension-4

Zsmerr = Lp=2+ Lp3 K ZLp=st Lps+ Lp+Lprt+Lpsg+ ...

Ly = —% Z VWV””+ Z i_5”Dﬂf+ Z ifcgﬂDﬂfc

veB,W'.G° feQ,L feU,D.E
—(U°Y H'Q + DC@ EY,H'L+h.c.)+DH D'H — A(H'H)

Na da
+9G//”/Gﬂy, ﬁa _ GabH;k /
(uc\ <

u)\
Vé =9 Vi—g V@ abeysbye q d
ﬂu_ﬂu_vﬂ_gf KoY U= |c¢ : C
. ara . ial . tc Q - qz - (S)
D,f=0,f+igGT°f + lgLWﬂjf +igyB,Yf Y 93 ;
~a  — 1 ap a (dC\ < )
G”’J:E””“ﬁGﬂ D=1y i

\
((U,\ )

(¢€) 51
E€ = Iuc L= 12 - <
B

\

v
e
Yy
H
v
T

|
)
|

/



CP violation at dimension-4

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

 One is the phase in the CKM matrix, describing charged current
interactions 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 one phases in the
quark Yukawa couplings

e The other is a combination of the @ 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— ~ _ o

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 6 is called the Dirac phase They are called the Majorana phases



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 UﬁkPk 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, > by =% 2 eypsin[sin(A21) _ g AL + i Al
UV, — Up) — U, = Up) = T §511512592C1~»C1~,CHr7 S1N S11n — S11 S11

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

T2K shows some mild preference Best fit
for6 ~ — /2 S = — 1.971057
7 =0.70

l: 2 [T T | T 1T 1 | ll I ’I“‘I' T I"J~"|' T 1T 1 T I/ T 1T 1 T _ 1T T T | 1T 1T 1 | 1T 1T 1 | 1T 1T 1 | L l) =T .\l L T _]
- Normal e |+ Inverted ——— -~ \ ]
& 1.8 ordering K \ I ordering Ammis, =
© - + e \\ ]
1.6~ ! pa i [ ’ -
o T \_ I
12F L/ — \\\ ........ / =
I Lo =S = -
0.8F- \\ =+ =
0.6 ") + =
04E A T —— T2Krun1-10 -+~ Super-K 2020 0% CL.. 3
b / T taken over
02 T2K / + —— NOvA 2020 +  Best fits both mass
"L Preliminary / + orderings ]
1 | I I | I ‘l"'l'"l';l | | I I | b, | | | I I T T I | I I | | I I | | I I | | L1 1 | | L1 1 | | L1 1 | | L1

0 0.35 04 0.45 0.5 0.55 0.6 0.65 0.35 0.4 0.45 0.5 0.55 0.6 0.65
sinZE)23 sin2€)23

plot from 2208.01164

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



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

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



SMEFT at dimension-6

Lsmerr = Lp=y t Lpoy + Lpos HLpt+ Lps+ Lpsg+ ...
Grzadkowski et al
arXiv:1008.4884

PLps = Cy(H'H)* + Cyy(H'H)Q(H'H) + Cyyp | H'D H |’
+CoygH 6" HWX B+ CycH'H G G% + CpyyH'H WX W + CpyH'HB, B

uBuw G Wi uBuy
++Cye""We, W, W + Co GGl GS,
+C,zH'H G4,GS + C H'H W WE + C iz H'H B, B, + CypH " H WX B,
+Cem Wk WL W + C G4, G G,

+H'H(LHC,,E¢) + H'H(QHC,;,U) + H'H(QHC ;;;D°)

+iH'D HICYs L) + iH'6*D HILC®P&"6*L) + iH'D H(EC,, 6"E°)
H HI JZ HI 2 He

+iH'D HIOCV50) + iH '6*D HOCP&"6*Q) + iH'D H(UC,, 6"T°)
H Hg H Hg JZ Hu

+iHTBMH(DCCHdaﬂDC) + {iHTDﬂH( UCy, ,6"D°)

+(Q6*HC, 6" U YWy, + (QHC, 36" U°)B,, + (QHC, ;T UG,
+(Q6" HC 3y, 6" D)W, + (QHC 136" D)B,, + (QHC;T°6" D°)G,

+(L6"HC,y,6" EYW};, + (LHC,36**E)B,,+h .c . } + Sy fermion



SMEFT at dimension-6

Zsmerr = Lp=2 t Lp=4 + ZLp=s HLp=st Lp=7+ Lps + -..

PLps = Cy(H'H)* + Cyy(H'H)Q(H'H) + Cyyp | H'D H |’
+CoygH 6" HWX B+ CycH'H G G% + CpyyH'H WX W + CpyH'HB, B

uBuw G Wi uBuy
++Cye""We, W, W + Co GGl GS,
+C,zH'H G4,GS + C H'H W WE + C iz H'H B, B, + CypH " H WX B,
+Cem Wk WL W + C G4, G G,

+H'H(LHC,,E¢) + H'H(QHC,;,U) + H'H(QHC ;;;D°)
+iH'D HLCY L) + iH "D HILCO5"6 L) + iH' D H(E Cpy, 0" E)
l p 0 0 ut'o™D, m OO0 l u HeO

+iH'D HOCV5#Q) + iHi6*D  H(QCY"6*Q) + iH' D H(UCyy, " U°)
l p 110 iH'6"D,, 1,00 I p 1,0

+iH'D H(DCyy0D°) + {iHTDﬂH( U

+(Q6*HC,y, 6" U YWY, + (QHC, 56" U
+(Q6" HC 1y, 6" DYW,, + (QHC o5 D)1

AC, e UG,
HC,6T*5" DG,

+(L6"HC,y,6" EYW},, + (LHC, 36" E)B,,,+h .c. } + Sy fermion



CP violation by electron EDM

Dimension-6 SMEFT Lagrangian contains:

|C, 5]V cosO
Lpg D [CeB];klec%HTLBW +h.c. > —21 WecalweFW +h.c.

NG
Ap, —id

Compare it to L dipole = — e4 -F, (e0'e)+h.c.

Resulting tree-level contribution to electron EDM is

€



CP violation by electron EDM

Why this particular interaction is identified as EDM...

' 5> ~H ' ,C U -C C
Z D iec’d,e + ie‘c"0 e me[e e+h.c.]

A (25" A (e oh Ble — 1e 1 gy 41
_qee M(@G e) — qee /,[(eca ec) — A ,ul/(ecd e) +n.cC.

Change of variables to non-relativistic degrees of freedom

1 . ] - .
eg:—{e"met<l//+ : O'-Vl//) —elmet<l//§—2l O'-Vl//j> ¥+@(V2),

2m, m, "

. 1 . ] el i : ) 5
ef=—q e M y— c-Vy )| +e"| y! + c-Vy, %+@(V ).
2m, . 2m,

where i is a non-relativistic electron field, and . is a non-relativistic positron field.

Plugging this change of variables into kinetic terms:
1

1
WV + iyl + ——y Vi + O(V),
m

e e

iec*0,e + ie‘c"d, e —m, [ece +h.c. ] = iy oy + >

shows that y and y,. satisfy the Schrodinger equation



CP violation by electron EDM

Change of variables to non-relativistic degrees of freedom

1 o ] il s i Jr )
e,=——=1 e " y+ oc-Vy | —e™y — c-Vy,
V2 2m, . 2m, »

el =——=< e "\ y— c-Vy | +e" y + c-Vy!
2m, . 2m, L

Now plugging this change of variables into the interaction terms (ignoring positrons):

Ap, —id,

—q.eA (ed"e) — q,eA (e.0te,) — {

k
o€

iq e o q
= —q.eVy'y - ﬁf\"vﬁ Vi + <

m,

Show that the d, parameter corresponds to interaction of the electric field with

electron’s spin

o) o)
+ A//te>B"(l/ff?l/f) HAE W =),

+ O(V?),

+ O(V?).

F,(e.0™e)+h.c. }

k



CP violation by electron EDM

de —_ 2\/5 COS HWV Im [CeB]ll

1.7 x 10713
imit: d]l<1.1x10%e-cm =
ACME limit |d, | .y

1
It follows Im [CeB]ll | S m

1YeV 110%%eV
1 ZeV| 110%7ev
1 EeV/ 11018ev

1 PeV;

1 TeV|

110"%V
‘ 110"2eV
10%V

p->ert v-»v  eEDM u—;ey K»>K nEDM B-B N-Nev h-bb

1 GeV




CP violation by electron EDM

1
Im|C <
Ceplin| < (1.9 EeV)2

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

Z 1()6 TeV 6 orders of magnitude

above LHC!

Z 103 TeV 3 orders of magnitude

above LHC!

P 2 order of magnitude
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



CP violation by electron EDM

ZLsmepr = Lpnt+ Lpst Lp_s+HLp_gt Lp-7t+ ZLpsg+ ...

PLps = Cy(H'H)* + Cyy(H'H)Q(H'H) + Cyyp | H'D H |’

+CyypH'6*H Wy,B,,+ CycH H GL,G4, + CyyH'H W) 11 sH'HB,B,,
++Cye""" Wi, W, W + C f*°G4, Gl GS,

+C,zH'H G4,GS + C H'H W WE + Cyz H'H B, B, + CygH ' c"H WX, B,
+Ce ™ WE W W + Cw f° G G G,

+H'H(LHC,,E¢) + H'H(QHC,;,U°) + H'H(QHC ;;;D°)

+iH'D HICYs L) + iH'6*D HILC®P&"6*L) + iH'D H(EC,, 6"E°)
H HI JZ HI 2 He

+iH'D HIOCV50) + iH '6*D HOCP&"6*Q) + iH'D H(UC,, 6"T°)
H Hg H Hg JZ Hu

+iHTBMH(DCCHdaﬂDC) + {iHTDﬂH( UCy, ,6"D°)

+(Q6*HC, 6" U YWy, + (QHC, 36" U°)B,, + (QHC, ;T UG,
+(Q6" HC 3y, 6" D)W, + (QHC 136" D)B,, + (QHC;T°6" D°)G,

+(L6"HC,y,6" EYW};, + (LHC,36**E)B,,+h .c . } + Sy fermion



CP violation by electron EDM

—~—

uv= uv

Lpg D {(ZHCeBE;””EC)BW +h.c. }+ CygH'HB, B, +iCyzH HB,B ,

This operators mix under renormalization group

dCeB gY .
dlogﬂ — _?<CHB+ lCHB>Y€+
Solving it
Im C,5my) = SL¥.C,~(A)log [ -
87[2 mZ
gY \/zme A
Im|[C, r(m = C,(AN)log| —
[Cep(m)]1 82 v 5 M) g<m2>
It follows
1
| Cyz(M) | S

(200 TeV)2 x log(A/my)

This is a very strong constraint,
allowing CP violating corrections to Higgs coupling to weak gauge bosons of order 1076



CP violation by neutron EDM

Define WEFT Lagrangian at low scale as

Zwerr 2 { = CY )@, 6,u)ufc"d)) — C R, 5,1, (ufy0"ds,)

2LR
8N, Gl Ta Gl -2 Y my CY de TdGe
y U~ gui j - pv 9 djgdl j - pv
l,J=u,c l,j=u,c

e . e . — —
— ;’” Y. m,Cluo"iF,, - % D omy Cldo"dF,, +h. c.}

I,J=u,c I,J=u,c

0040

The neutron EDM is given in terms of these parameters as

d, = [(43 + 27)ImCIA% + (210 £ 130)ImCE% + (22 = 14)ImCH 4 4+ (110 + 70)ImCL4 1

—(0.93 £ 0.05)ImC% — (4.0 £ 0.2)ImC% — (0.8 = 0.9)ImC;
! : Alioli et al.

A 1703.04751
~(3.9 £2.0)ImCyyf — (16.8 £ 8.4)ImCY + (320 £ 260)C| v x 107*e cm,

nEDM experiment: ¢, = (0.0 x1.1) X 107%%¢ cm



Neutron EDM as a lightning rod

Nuclear dipoles pick up many
contributions from many

CP violating SMEFT operators ~ N — UCYuI:ﬁQ — DCYdHTQ
(and even more when RG running QG;‘VGZU
is taken into account)
At D=4
Liang et al 167°
iang et al. _ 2 P
2301 04331 d, = 0.00148(14)(31)[ .2 0 + Mcarg det M,| e fm
iH'D,H(U*Cy, 40" D)
€kl(QkTa UC)C;iLd(QlTaDC)
At D=6 l,
d, = [(43 +27)ImC}5 % + (210 = 130)ImC3S % + (22 = 14H)ImCY & + (110 £ 70)ImCy ¢ 4

uu dd 58 A 2
x —~(0.93 £ 0.05)ImC — (4.0 £ 0.2)ImC% — (0.8 £ 0.9)ImC: d* (OHC,,5"D)B,,

—(3.9 £ 2.0)ImCi — (16.8 £ 8.HImC% + (320 + 260)Cs| v X 10~% fm,

(QFICuBc?””UC)BW

(QHC, ;T UG, (QHC,;T 6" D)GY,

__gpabc~a b e
CGf G,“VGVPGP,“



CP violation by neutron EDM

L D (OH C, 56" U B, +h.c. Zwer> { — OV G, )0 df) = G 7(d,, 16,) 0",

8s ij 8 i 7 <
_ J 7. sV TAC e — 22 Y J sHVTa Jeca
Z munguula T u]GW > E mdeg dd,a T dJGW

i,j=u C i,jzu,c

3 cos 6y,v e ) e o
14 _ Gu J 7 ~HUFC da U J ~HV JC
MatCh i ng . C;Zt - — \/5 [CMB] 11 7 £ mujCyuuzG Uu; F,w _2 'j_z mdeydle' dj F'W +h.c.
em 9, —u,C l, —u,C

u A
+%fabCC~Ga Gb G¢

G v~ upSup

nEDM measurement implies ‘ Im[CuB]ll ‘ ,S at 95% CL
(13 PeV)2

1YeV 110%%eV
1 ZeV| 110%7ev
1 EeV/ 11018ev
1 PeV' 110"%V
1 TeV! 11012ev
1 GeV 10%V

p->ert v-»v  eEDM p—)ley k>K nEDM B-B N-Nev h-bb



CP violation by neutron EDM

Another less trivial example Zpg D iH'D H(U Cy, 06D +h.c.

This operator induces (complex) W boson couplings to right-handed quarks

2
8 _ Y -
‘gSMEFT D _LW; I/ed'ue + Vuduaﬂd + ?[CHud]lluCO-'udc + h .C.

Integrating out the W boson, the effective theory below the electroweak scale
contains a certain 4-quark interaction

LWEFT D — Vud[CHud]ll(cféﬂu)(ucaﬂcfc) +h.c.

LWEFT 2 @(Jm@ul)@ C2’7 I%((Zm Oty p) U 0td; )
: . udud __ )
MatCh | ng . Cl LR — Vud[CHud] 11 _& Z m .Cij .o TG — é md,C’J JUWT“J?G“
> u— gutti Il A i~ gqi I

i,j=u,c i,j=u,c

.. e o= -
SN m, Gl F,, 2 Y m,CidodF,, +h.c
9 up—yui j 5 uy 9 d; yd L it .C.
i,j=u,c i,j=u,c

nEDM measurement implies

| Im [Cyuli1 | S

+%f abcéEGZvalt)pGpr

(100 TeV)?

Probes scales of 100 TeV, e.g. in left-right symmetric models



CP violation by molecules

Tensor 4-fermion operators:

P D ekl(ikaﬂVEC)c;jq)u(Qlaﬂ”UC) +h.c.

These lead to charged current interactions (relevant e.g. for tensor contributions to beta
decay), as well as to neutral current interactions

Z SMEFT 2 — [Cl(jq)u]1111Vud(é5ﬂyéc)(ﬁ5ﬂyﬁc)

This in turn affect rotation frequency of paramagnetic molecules

1111,10%TeV? mrad/s Dekens et al

w ~ — 16Im[C®
ThO [ 1810.05675

lequ

This leads to a strong constraint

Im[C® <
HmlCeg i (40 PeV)?



CP violation by meson mixing

Kaon states with definite strangeness:

K" = 5d
K = sd
Kaon CP eigenstates In a CP conserving theory one would have
1 _ K - 2n
|Kg>=$(|Ko>i|Ko>) K° = 37
Kaon mass eigenstates Instead, one observes
~ 0 0
Kq) ~ |KY) + ex| KZ)
KL> — K—> T €k K.|_> L

From experimental data one finds 3
the CP violating parameter : |ep| = 2.228(11) X 10



CP violation by meson mixing

Integrating out W boson at one loop in the SM: Vid

2

m
Pwerr D c(V;’;th)z?,z—W(E&ﬂd)(Eéﬂd) +h.c.

24 u,C,l' A Y l/t,C,t

1 i o
- <<31 Pev)2 (28 PeV)2>(S0ﬂd)(wﬂd) Hhe d—> >— 3

SM prediction |€I§M| =2.027(195) x 1073 |€[§Xp| =2.228(11) x 107>

SMEFT has many similar 4-fermion operators violating strangeness by AS = 2

i fermion — (L gk L)Cy(L 5, L) + (€0, E)Coo( B0, E€) + (LG L)C1o(E€ 0, E€)
+HLeHL)C) (05,0) + (La+o* L)CD(07,0"0)
+(E€6,E€)Coy (U0, U°) + (E€6,E€)Coq(D 5, D)
+(LGHL)C(UC3,0) + (L&#L)C1q(DC6, D) + (E 0, E)Cpy(Q5,0)

Zswierr 2 [C121(8:5,4)(@:5"0) + [C 121 (35,0 0)(@:50* )
+ [Cq(cll)]ZIZI(QngtQI)(Sco-ﬂd_c) + [Cq(z)]ZIZI(ngﬂTaql)(scgﬂTad_c)

+ [Cdd]2121(SCG”JC)(SCU’ud_C) +h.c.

+ { (LE)Cloqy(D°Q) + ekl(zkEC)cl(elq)u(QlUC) + ekl(ikﬁlwEf)cl(j(;u(QlaﬂVUC) +h.c. }

+0610)C,)(05,0) +(Q5#5*0)C()(05,0*0)
+(U¢0,U)Cyy (U0, U°) + (D0, D)Cyg(D 5, D°)
+(U0,U)C (D¢, D) + (U, T40)C®) (D¢, T D)
+(Q%0,09)C) (U0, T) + (Q°a,TQ)CB (U 0, TUT)]

+(Q0,0°)C{ (D0, D) +(Q°e, T*Q)C %) (D 6, T D)
- { QT Ct) (0'D9) +eH@FTUTC]) (O'TD) +hc. }

+{(DCUC)Cduq(Q L) +(QQ)CyguTCE®) + (QQ)Cyyg(QL) + (DU)Cyy (UE) +h .. }



CP violation by meson mixing

Zsmerr 2 [Cgq12121(326,4)(@20" 1) + [Co1a121(@:8,0°41)(326"5"4)
+[C;ii)]2121(q25#q1)(SCO"uCZC) + [Cq(fi)]2121(q25,uTGQ1)(SCUﬂTaCZC)

+[Cyyla121(50,d)(s6"d) +h .c.

Translating this to €

|€K|

o 1+ Im{ — (133 PeV)![Cyy) + g + Cuglarng + (105 PeV)*[C) )Ty 5y + (127 PeV)2[Cq<fl>]2121}

One then derives the 95% CL constraints

S Im[CY, CD), Calyia S TR

(25 PeV)2

1
Im[cq(d)]212l S

— <
(350 PeV)2 ~ (200 PeV)2’

- <SIm[C®,10, S ,
(420 PeV)2 [Coa 2 (240 PeV)?




CP violation by meson mixing

Similar logic leads to constraints from CP violation

10 PeV|

1 PeV;

100 TeV;

10 TeV;

1 TeV

in other neutral meson systems

KK DD ByBy BsBs



CP violation in beta decays

Effective Lagrangian describing allowed nuclear beta decays:

N — Netv

Electron energy/momentum

E,=1\/p2+m

Neutrino energy

Ey:py:mN_mN’_Ee

Beta decay observables include lifetimes and correlations:

P. D, +A<J>pe+B<J>p1/
JE JE

e 1%

me
= F(Ee){l +bh—+a
E

(4 e

dE,dQ,dQ,

. —_— . / . 1 — . . 2 J
Lo PPy 3P ), J) | JUT+1)=3(J)J) ]+D J) (Pexpy)}

3EE, J2J - 1) / JE,E,

Violates T, thus can be sensitive
at tree level to CP violation in fundamental Lagrangian



CP violation in beta decays

Z 7,6"y,) [c+<"kv>+c+<ec Ok )]

ZNr 2 — (W) [C (@) +C(ev)

At tree level

A J _ _ A
DE = — 2ry /H—llm{c;c;— c;c;} E= |G+ ICTIP+P2[ICHI + |G|

which is zero in SM

At loop level, Coulomb final-state interactions induce D proportional to real parts

~  (—q,)Zam, J
D¢ = Req ry/——
2p.my J+1

4m; + pg

Ct+2(2E, - E;naX)C;] Ch

2m,

2 4m + 3p? 4m2 + 3p? Crt
+—" Pe ¢+ —opmxcr| et ¢ 7 Pe ¢+ _2QE, - E™NCE| -4
2(J+ 1) 2m, 2m, A

3q.ei 4D, _ _
+ 8;’/ [J(|c;|2—|cs+|2)— J+1Re(c;cz—cs+cy)—r2f(|c;|2—|c;|2)]

which is non-zero in SM Dgy ~ 107



CP violation in beta decays
3

Lk D — ) C+("Ov)+C+(e V| + ) @0, C+("kv)+C+(e" Ok )

A [ J _ _

Can CP-violating new physics give contributions comparable to SM ?

g D ML ENCY (Q'6"T°)

C+ ~Y V2[ ]1111 lequ
lequ imaginary parts strongly constrained
by ThO EDM
_|_ _ _
[ lequ] 1111 Zp=6 2 GkZ(LkEC)Cl(elq)u(QlUc)
Strongly constrained by pion decay
CX ~ VZCHud Lpg D iHTDﬂH(UCCHudG'MDC) +h.c.
Imaginary parts constrained by neutron EDMs
AA, Rodriguez-Sanchez More detailed discussion concluding that

[arXiv:2207.02161] AD > 107 is difficult without fine-tuning




1 1 1
Z'SMEFT = Z'sM A Zp=s A2<>CZD=6 F"?D=7 |
L L

VL AK AL

Bosonic CP-even

Bosonic CP-odd

Oy (HTH)3
Own | (H'H)O(H'H)
Onp H'D,H|’
Ona H'H G%,G%,
Ogw | HTHW},W!,
Ong H'H B, B,

Onwp | H'o'HW!, B,

Ow | €7"WL, Wi ,W5,

abc a b C
Og AR M E R Er

HTHW! Wi, j
H'H B, B,
H'o'HW!,, B, |

SRR N, ,‘ e " j ik =

77 3 WW W,/,)Wp y

N abcHa b C
OG f GMVGVPGPM



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 b

= (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



CP violation in Higgs sector

h
gSMEFTD;C}/}/F//tVF y fZCzd [€6 e—é&u éC]F’m/
CW
\
\
ISR/
\
\
€ €
By dimensional analysis: d C?’}’ €
or RG runnin ~
( 9 1622 V2
1.7 x 10710
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



CP violation in Higgs sector




