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¢ despite the phenomenal success of SM, it is not the theory of everything

¢ SM — “only” an effective theory valid up to some scale Ayvy

® most pressing problems of SM:
¢ neutrino masses (can be accommodated)
matter-antimatter asymmetry
dark matter
strong CP problem
hierarchy problem

gravity, dark energy

¢ which of these are related to d,, # 0 ?
¢ need CP violation

. o
® CP violation within the SM =~ — weak CP violation Vokm

® CP violation outside SM ¢ strong CP violation ¢
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the Standard Model and beyond

input: Poincare symmetry but no discrete symmetry
gauge symmetry, group SU(3) x SU(2) x U(1): GHV, WHrY, BHY
3 families of matter fields (in fundamental or trivial representation):

VL ur,

2L — y 4L — y ERyY UR, dR
ey, dr,

one scalar doublet ¢ (notation: ¢ = ic?p*)

output:  most general, Lorentz and gauge invariant Lagrangian: SMEFT

we have 1 operator of dim 2, a few (~ 15) of dim 4, 1 of dim 5,
quite a few (~ 60) of dim 6, some (~ 20) of dim 7 and many of dim 8 and higher
renormalizability requires (mass) dimension of operators Dim < 4

Note: we must have [£] = 4 since [[ d*z £] = 0
(6)
C

2
AUV

Thus for a dim 6 operator Q(6) we have £ > Q(®) with Ay a scale (of BSM physics)
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the Standard Model

1 1 1 A - _

Lsm = _ZGWG“” — ZWWWW — ZBWB“” +0G*Guy +i(tPL+ePe+...)
A

.i.

+ (D) (DHo) + AfveTe — S(e

5 ©)? — (Yee_ego—Fchjdgo—i—...—i—h.C.)

¢ (mass) dimensions: [m] = [0*] = [A*] = 1 and [¢] = 3/2.

@ all operators are gauge invariant (hypercharge
Ve =—1/2, ye = =1, y¢ = 1/6, yu = 2/3, ya = —1/3, yo = 1/2)
¢ some operators are matrices in family space (I've cheated when counting!)

with 3 families Vckw has one CP violating phase

® from experiment the (dimensionless) parameter 6 is found to be extremely small (or 0?)
—> strong CP problem

® all operators have Dim 4, except for ¢ ¢ which requires a dimensionful coefficient
A%y, ~ M% = hierarchy problem

Adrian Signer, Nov 2014 — p. 5/20




PAUL SCHERRER INSTITUT }K',,/
1) Universitat
s Zirich™

BSM via effective theory

¢ either study an (uncountable. . .) infinite set of explicit BSM models, or

@ classify Dim 6 operators (~ 60) [Buchmiller, Wyler; Grzadkowski et al.]

EFT B~ o
Loy = Lsm + A (L)L p)
uv
(6) (6) 65&2
—|—A2 fG GPGM+A2 qo* ugoGM,,—FEqueFe—k...

@ within ET, the coefficients are independent

¢ can always link an explicit (large-scale) BSM model to ET, by calculating coefficients
( ) of operators in ET

® some operators are intrinsically CP violating, others are if Im(c(6)) # 0

@ evolution: [ Auv — Aew — ApQep — Anad J

degrees of freedom’: ? SM q,9,7 N,
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a selection of CP violating dim 6 operators

abc Aa v b c
Qg = [7°GLIGPGLN Qaw =

Qua = (PG, GH Qi =

(
(
_ Quw (g o
Qus = (@ unp B
(@ y
(

. » . Qac = (Go""T%r)pG
Quiga = (@ur)ju(asdy) v
Quc = on-'u Tur)p G
compare to more familiar form:  £,qcp = —% > gl a0 Fuu + dgo"' TG, )75 q
q b g

EDM colour EDM

~

looks like dim 5, butisreally Q;p,Qqc - .. indisguise: dy ~Im(cs.), dg~Im(cyc)

after evolution from electroweak scale Acy to scale ~ 1 GeV such operators come with m,
suppression (chirality flip)
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effective theory

if you don’t like operators

through quantum corrections

QdG = qa,ul/dgp G
q' At e GM

ey

¢ QCD coupling fundamental, running induced through quantum corrections

¢ dipole coupling not fundamental (induced by unknown physics), running induced
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discrete symmetries

C, P, T, CP, CPT and other permutations of these letters
beware of different (phase) conventions

o= (4E) 0 ARLD) (6 a) o(t, )
P linear z, = (t,—T) iy, A,(t, —7) YRy (t, —T) o(t, —7)
C linear T iOF — AR (t,T) —inyszkL)(t, 7) ¢*(t, )

T anti-linear  —x, = (—t,Z) +i0y +Au(—t,2) AUy (—t, L)  $(—t, )

if you prefer waiving your arms

P C T
E | -E —-E E use E=-VA"— A and B=VxA
B | B B -B . .
T | A A 4 —phdosaFa & —dg B
AO AO AO —AO
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under P under CP under CPT
VLYR —  YRrYL gy — P — P
Y — Py Py = =y | oty = oty
N 2 X Yty = =y | PRy — =Yk
VA = =AY | YAYY = A | Rty = —pyHAtYy

it is easy to violate any of them except for CPT
CPT: every Lorentz label gets a (—1) factor, L-invariance — (—1)cve®

CPT violating term possible e.g. SME: (yo#¥))A,n, also L-violating! (external n,)

shortcut to CP violation <— complex couplings (assuming CPT)

c @ invariant under CPT, but under T: ¢ — ¢* (T anti-linear)
= ¢ () cannot simultaneously be invariant under CP for real and imaginary c
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weak CP violation in SM (and BSM)

in mass basis (i.e. mass matrices diagonal): Lix ~ W (4, -V -drp)+ W~ (dr - VT -up)

under CP:  Loix —> W= (dp, - VT -up) + W+ (ag, - V*-dy) Qe V — V>

¢ if Im(V) # 0 we have CP violation

® more precisely: if we cannot remove imaginary part (phase) by chiral rotations
ur — e*Puq . etc. we have CP violation

@ with 3 families we can remove 2n — 1 = 5 relative phases

® 32 — 5 =3 angles + 1 phase — CP violation in Vo

— all three families need to be involved in the process

Jop = Im(Viy VigVea Vi) % (7 — &) (Wit — v) (we — va) (Wi — v2) (W5 — va) (vs — )

@ any further complex coupling in dim 6 operators with fermions — more CP violation
2-fermion and 4-fermion dim 6 operators
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strong CP violation in the SM (and BSM)
® under P: ¢i7kqibi =G x b — +a x b (if @ b proper vectors)

= ¢k and e#¥P? (and ~°) induce P violation
® G proper tensor = G** = *YP? G ,, is odd under P
® G"@,, ~ E? — B? scalar, but G** G, ~ E - B pseudo scalar, i.e. P violating

® Lo D g—;H_GWéW CP-violating term in QCD

can be written as total divergence but non-perturbative contribution remains

¢ note: this has nothing to do with complex couplings
coefficient has to be real for £ to be hermitean

¢ link to previous: reshuffle terms in £,ocp with m* = mymg/(my + my)
2

Q@ — M)qg—0-—GCG < gillg—maq — emar®q +m*03ir°q

@ similar for O-fermion dim 6 operators:
abe fa v b ~Ya a pv
Qé = f b GM GVPGZM ngé — (SOTSO)G,UJ/G H
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axion the strong CP problem and dark matter
¢ 0 term cannot be ignored, not even by imposing CP in strong interactions
< weak interaction will induce 6 term
® bounds from experiment (neutron EDM) 0 < 10~19, why so small ??
¢ add new field, axion a (dynamical § parameter)

1 ~
LBsMm D 28,“&8”’&— — (9—|— ) G’U’VGW/

fa

¢ nontrivial potential s.t. (@) = (0 + fi> =0,i.e. V(0) < V(a)

a

excitations about minimum correspond to particle axion

¢ axion is pseudo-Goldstone boson
—> with global Peccei-Quinn U(1) symmetry broken at high scale f,

— axion has very small mass m, ~ m2/f, and slim interactions

® axion is a good dark matter candidate for f, ~ 1010 GeV = m, ~ 1073 eV

Adrian Signer, Nov 2014 — p. 13/20




coihs J Zirich™

nEDM from d,,

magnetic moment in constituent quark model

4 1

1
[T Zuqaq = guldydyuy) + gpldrd ug) = g — S pu

: : 4 1
combine with i, ~ §”“ — §“d etc. and

(& . .
can even use [ =~ oYY with constituent masses M,, ~ M4 ~ 300 MeV
q

compare to data: works pretty well

: : 1
very naive approach: use this for neEDM d,, ~ gdd — §d“

IS probably not completely unreasonable, if dominant/only contribution to d,, is due to d,

(which is not the case in the SM and most probably not in BSM)
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dq In SM  from Vokny (recall need all 3 generations involved)

but > 2-loop cancel

3-loop [Czarnecki, Krause]

(:>dn:10_34ecm??J

dq in BSM o _
note: contribution from operators in loops
g Y not necessarily less important than tree level
771'1‘ E@% contribution
i 4 d 4

we have no idea about the size of (imaginary

Qaw + Qap — Qu, Qac part of) coefficients
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beyond constituent quark model

® for SM the contribution ~ 10=34 e cm from d,, is much smaller than other contributions
¢ but for BSM, could (actually should) have ‘large’ d,

® for BSM could also have contribution from chromo-electric dipole moments d,

¢ BSM could also induce many other contributions, not only d.,

® = need more general approach

o Bew Apad
Lsy—grr(y; A¥)
Lpsm(v; A% X) ki 4L < Liaa(m; N, .. .)
—> 0; Im(Vegn) | ™ >» )
grNN - - -
! dim 6 :

w; Im(C”)
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NEDM from L} .4

® simplified Lagrangian to compute » (n|J4, |I){I|6Lcp|n) :
i

Lhad =N (i grNN + Genn) T-TN+... with N = (p,n)

¢ CP violation coupling: g, nn (and other CPV couplings of £},.4) potentially get
contributions from all CP violating sources

‘ill p o \\}l ":,,%2 ‘ill E_ ::‘ \{}l "’::
grNN % 9nNNS T
_ n RS u g g
grny =~ 0 from 0GG
c,t
S d
: : NN grNN , ™MN
® nEDM: loopis IR and UV divergent d, = In NN I In
A2 my Mo
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¢ in SM:
® estimate from 6 term: [Crewther etal.] d, ~ 0107 ecm
many variants of this estiamte = leading to same order of magnitude

® estimate from Vogys (i.e. Jop) term: [Khriplovich etal.] dy, ~ 10732 e cm

¢ what about BSM

‘:/ p \ ‘:/ Z— {\u
n,¢ﬂéﬁﬁ “§§§§§71 7144447” “§§§§§71
grNN ngN

N
Q¢ —ficj@GGG i ‘,_3_#

¢ contributions from 'strong’ CPV BSM terms Qea, Q
and 'weak’ CPV BSM terms Q g, Qg~ - - -

©G

0—30

® ameasurementof d, > 1 alone would not allow to deduce the source of CPV
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¢ ifd, # 0then mostlikely d, # 0, dp # 0 and many more

® main question: is it 6 or is it (proper) BSM ?

® measure loads of them . ..

¢ studies on how to disentangle various CPV effects [Dekens et al.]

¢ link to non CPV observables Im(cqc) # 0 = Re(cqg) # 0 ??

— anomalous magnetic moment

¢ d, particularly sensitive observable of global effort to find BSM

® in case you won't find one:
of course not, Ay > 1 TeV (complete absence of 'new’ physics) and § = 0

® in case you will find one:
of course, CP violation in BSM is unaviodable, and it has to show up in nEDM
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¢ we understand why weak CPV is small in SM
only 1 phase left, CPV loop suppressed

¢ we do not understand why strong CPV is small in SM
—> axion best guess ?

¢ we do not understand why ‘weak’ CPV is small in BSM
a priory there is no reason why Im(c) should be small/zero
—> make Ayvy very large — all BSM is very small

¢ we do not understand why strong CPV is small in BSM
—> make Ayvy very large — all BSM is very small

® ind=0SM:d, ~ 1032 e cm with considerable uncertainties
playing devils advocate d,, < 1073% e cm

® ifd, > 10739 e cmis found it is not clear whether this is BSM or strong CPV ( § # 0)

® but it would be the beginning of a new era
— need further EDM’s to disentangle origin of d,,
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