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Outline

¥ Sources & puzzlesof CPV In SM

¥ CPV In quark sector - CKM - some key observables:
¥ B-sector: !, " (& #)

} also semileptonic ap
¥ Bs-sector: $s

~

¥ K-sector: %, @

¥ D-sector: &acp, CPV Iin D mixing

¥ CPV In lepton sector: 'cp + [3avor diagonal CPV (EDMSs)

(not covered here)

¥ CPV In Higgs & top sector®



CP as almost accidental symmetry of SM?

Sources of CPV In SM

Topological Gauge sector~ ( - arg(detM)
¥ SU(2) screened by vacuum (can be related to B+L anomaly)
¥ SU(3) controlled by presence obmall up-quark yukawa

Expected effects orders of magnitude above exp.

Yukawa interactions~ Im(det([M?,M4?]))
¥ Suppressed by small intergenerational mixing in the quark sector

Well measured, too small to be relevant of Baryogenesis.

¥ Absent from lepton sector for massless neutrinos

Scalar potential- CP conservingfor a single doublet H



CP as almost accidental symmetry of SM?

The suppression of CPV In SM not automatic in its extensions

|  can lead to severe bounds

I d
! Qi()

Lesm ! Lism "l 4
i, (d> 4)

¥ probes scales well beyond
direct collider reach

r

AITeVE Qi t 2/ [@!*q]" [a! ®q]

10°
e CPV
10% .
M CPC
10° -

10° :

UTFit, 0707.0636

Isidori, Nir & Perez, 1002.0900
Lenz et al., 1203.0238

ETMC, 1207.1287
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CP as almost accidental symmetry of SM?

The suppression of CPV In SM not automatic in its extensions

|  can lead to severe bounds

| d
Q@

Lesm ! Lism + T
L (d> 4)

¥ probes scales well beyond
direct collider reach

¥ tests hierarchy & alignment
of BSM [3avor structures

.. }
:l, (AleeV) Q'(f% | ZIJ [ql Aq]" [q| Bq}

UTFit, 0707.0636

Isidori, Nir & Perez, 1002.0900
Lenz et al., 1203.0238

ETMC, 1207.1287
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CP as almost accidental symmetry of SM?

The suppression of CPV In SM not automatic in its extensions

|  can lead to severe bounds

| d
Q@

Lesm ! Lism + T
L (d> 4)

¥ probes scales well beyond
direct collider reach

¥ tests hierarchy & alignment
of BSM [3avor structures

-

- . UTFit, 0707.0636
Crucial input from Lattice QCD & sidor, Nir & Perez, 1002.0900

Lenz et al., 1203.0238

measurements of SM flavor parameters! ETMC, 1207.1287
(not covered here) 6



CPV In the quark sector - overview

CKM unitarity - CPV as triangle area - interplay of K & B sectors

Vud Vb . Vi Vi

: —+1=0 1 G+ i1 +[(LSDSi#H+1=0
VeaVoo  VegVos [o+ 18] +[(1L $ D5 14
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CKM unitarity - CPV as triangle area - interplay of K & B sectors
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CPV In the quark sector - overview

CKM unitarity - CPV as triangle area - interplay of K & B sectors

Vud Vb . Vi Vi

: —+1=0 1 G+ i1 +[(LSDSi#H+1=0
VeaVoo  VegVos [o+ 18] +[(1L $ D5 14

-

Charles et al., 1309.2293
Exce”ent Overa” #%‘I()*I+#,(I,&-.I(-&/-oélz(;s&lzts‘s;E L ——— : »l T

consistency

Crucial progress
by Lattice QCD

Interplay of LHCDb,
Bellell




CPV In the quark sector - overview

Possible CPV effects in meson mixing & decays (B-example)
mismatch between mass & CP eigenstates [Brx) = p|B°) £ q|#°)

BO(t)! = g. ()[BO1" g (1)|E°

I mixing In time evolution of [3avor states P
B0 = g (0" g ()]
g-+.-(t) given in terms of CPC quantities
"m$ My ! M TSyl
CPV signaled by:
¥y g/p E1

¥ differences in CP conjugate decay amplitudes

# [H|B # A
#H|B% # Ay
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CPV In the quark sector - overview

Possible CPV effects in meson mixing & decays (B-example)
CPV In mixing(CPV In decays to CP-conjugate states)

8 % o $ % ipi2, 1l
4 B0)s (), & BOS Ay, g '

LB f(1) + & BOO)S MY |

At | = | Al

Valid when CP-conjugate decays forbidden 1A= 18] =0
RN IE

Example semileptonic acpin B decaysS  scehowever sk & bescotes-Genon1207.4483

o "(@F$ X&) "(BY$ X& D)
2@ _
SL o "(@0$ X&' )+ "(BY°$ X& 9

Well predicted, small in SM: af = (! 4.740.6) - 10" *
al) = (2.224£0.27)-10'

Artuso, Borissov & Lenz,1511.09466
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CPV In the quark sector - overview

Possible CPV effects in meson mixing & decays (B-example)
CPV In mixing(CPV In decays to CP-conjugate states)

CPV in decays(of charged BOs) A(B' ! f.K')= Ao:l+ rpelie! )

(when f,. CP-eigenstates ~ A(B' ! fiK')= Ao 1$rget® )
reachable via two interfering A®B* ! f.K*)= Ag 1+rgele*"
: ! "

decay amplitudes) AB* 1 fIK*)= Ag 1§ rge(e*"

With four measurements, can extract 3 hadronic parameters
(Ao,re,’ B) + CPV phase between decay amplitudes ()
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CPV In the quark sector - overview

Possible CPV effects in meson mixing & decays (B-example)
CPV In mixing(CPV In decays to CP-conjugate states)

CPV in decays(e.g. of charged BOs)

CPV In interference time dependent CP asymmetry in decays to

CP eigenstates 4 Yo & 4 Yo, 8
Ar (1) # d_'to)? (O)%fCP(t)& 7 B¥(0) % fcp(t)
cP d- B9(0) % fcp(t) + 9-[BO(0) % fcp(t)]

= S sin(Amt)" Cf cos(Amt) _

. 88\
where & ! 2Im —— (& neglecting &) effects) ( /f

0
Bq
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CPV In the B sector

Currently (and in foreseeable future) most precise determinations of
CKM CP phase c.f. Jubb et al., 1603.07770

d W k b
Bl arg(" ViaVipVeaVep) s (oo voflm 1w
bt w d d

¥ Golden B-factory mode: time-dependent Acpin B°! * K s
¥ Predominantly sensitive to &B=2 NP contributing to B mixing

¥ Dominant theory uncertainties from Openguin@ntributions.
¥ In SM these are doubly Cabibbo-suppressed
¥ Usually neglected. Cannot be reliably calculated.

¥ Can be estimated using (future) measurements of O
SU(3jprelated modes Bs! *Ks, B! *+

¥ Important already at the current O(%) precision.

16
Fleischer & De Bruyn1412.6834



CPV In the B sector

Similar discussion applies to B decays
Bs = arg(—Vis Vi /Ves V.,

Crucial difference:
EXp. precision only now starting to reach SM prediction
In future tighter probe of CPV NP in mixing wrsp. to CPC

Mp, + il d, 1" BolH| By

Im Ag

Heavy NP in mixing
12 — ( M )SM q




CPV In the B sector

Currently (and in foreseeable future) most precise determinations of

CKM CP phase §<> o o
! I al’g(" Vud Vu!b/VCdVC!b) B’ O ‘;C O D? ’ %K

Determination from charged B! D K decays
Theoretically extremely cleanc: swd @ ties workshop 2014

Hadronic parameters & effects of CPV in D can be bt or
constrained from data

Intrinsic theory uncertainty in SM tiny (higher order EW effects)

I
" /"1 O(10' ) Brod & Zupan, 1308.5663

Also mostly free from possible NP effects (tree-level B D
decayS) - SM standard candle Brod et al., 1412.1446
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CPV In the Kaon sector

Discovery channels of CPV in SM - most sensitive for generic NP

Example: MSSM with generic 3avor & CPV

Img!=Im!=3TeV, Img!=10TeV 2"@)j = 0.3

/ | ‘ [
neutron 1308.3653

my$m; $111 TeV
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CPV In the Kaon sector

Discovery channels of CPV in SM - most sensitive for generic NP
Analysis in terms of iIsospin amplitudes
1 (1 =2)|HIK% = A’z 1 6$D)Y
1L (1 =0)|HIK %" = Agel'e  '16$)%

Direct CPV: ¢ = — 5

Indirect CPV: 'k =

Theory hindered by limited knowledge of hadronic matrix elements

20



CPV In the Kaon sector

Tremendous recent improvements in Lattice QCD
Buras et al., 1507.06345

("'/1)sw=(1.9% 45)# 10 * using results o

RBC-UKQCD, 1505.07863

see also
Buras et al.,
1507.06326
1507.08672

to be compared with (!'/!)ex, =(16.6+ 2.3)" 10 * |
1512.02869

1601.00005
1603.05686

heory uncertainty dominated by knowledge of two matrix

20

elements
Y1 [ 53+ 25.38é1/2) " 10.285(33/2)] 410" 4 10

m6(u)% 31?8(“)%’ | 5/;2) = 0.7 (blue), B&'? =0.8 (red),

! 10i 1
: BS'P = 0.9 (green)  BY'? =1 (brown)

14 100

Qs = (Bals)va ) (BG)v+a e e S

q: u7d787c7b
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CPVIn Charm Mixing

Experimentally observable quantities|D12) = pID”) = q/F°) ):

¥ CPC: x!

my " ml, v [y " Fll O F1+F2’
T oT 2
¥ Cannot be estimated accurately within SMNP contributions
are predictable(Lattice QCD)

¥ CPV. [3avor specibc time-dependent CPV decay asymmetries
[sensitive to g/p]

T~
(DOt " f)# ! (Ot " f)

BARICECERENICSCERA e

¥ In SM can be estimated as | ! Arg(a/p) ]

| SM | IM(Vub Ve Vus Ves)
y

I 0.00%& c.fSilvestrini @ CKM2014




CPV In Charm Mixing

s n 1o ‘
§’ CHARM 2015 2;
— 60— il 30
% - 40
5 40 —
— [ N
) 20 %)
|_
o (S
i —
-20 =
-40-
-60-
1 1 l J | 1 | l 1 1 l
0.6 0.8 1 1.2 14 1.6
lo/pl

Current measurements probe (CPV)
&C=2 NP scales up to 10* TeV

Can be improved w/o theory input

Carrasco et al., 1403.73

cb ¢cb cP cP cCP
Q1 =[&®! , (1! !5)u|a]'@b!u(1! ls)u®
Q2 =[87(1! s)u] F(1! Is)u”
Qz= (1! !s)uP I'd’(l! Is)u?
Qu = [7(1! !5)ua]l'|ﬂb(1 +15)u° |
Qs= (1! 's5)uP P+ 15)u? |



CPV In Charm Mixing

Example: MSSM with generic Ravor & CPV \

Img!=Imz!=3TeV, Img!=10TeV 2"n)j = 0.3
H \

neutron N

1308.3653

------
-----
____________
-----
-----

: charm mixing! | el
mixing : projection
. \ \ |

10° 10 10°

mg$m; $111 TeVs J

Current measurements probe (CPV) Q:=[@! !s)u”] F! tsu’ .

&C=2 NP scales up to 10* TeV Q= F(L! lgu” Pl 19,
Qa =[@7(1! 15)u?] S0+ 1s)u”

Can be improved w/o theory input Qs= &(1! Is)u® P+ Ls)u®




CPV In non-leptonic D decays

Time integrated CP asymmetries in decays to bnal CP eigenstates

¥ HDOT f)+ #BO1 f)

C#DO% fY# AT ) />
&

¥ direct & indirect CPV contributions
¥ Indirect CPV (& systematics) mostly cancel in

"acp " ak+k: H#a+r =(!0.253%+ 0.104)% HFAG 2014

¥ currently the most precise test of CPV in D decays



CPV In non-leptonic D decays

Current sensitivity clearly above naive SM expectation

| |

SM as | Vun Vep i

cp ! .
7 Vud Ves

¥ However comparable with more recent estimates

4
| a ~ 10 Grossman et al., hep-ph/0609178

Brod, Kagan & Zupan 1111.5000
SM | 3 Brod, Grossman, Kagan & Zupan 1203.6659
I few! 10 Feldmann, Nandi & Soni, 1202.3795

I a
CP Bhattacharya, Gronau & Rosner, 1201.2351
¥ Testing NP scales up to 10TeV Isidori, J.FK, Ligeti & Perez 1111.4987
! Q h h/

I q — Grossman, Kagan & Nir, hep-ph/0609178
Heo ! T2 Qi = (@mYv: A (G9v: A, Giudice, Isidori & Paradisi, 1201.6204
i . Qg — (ﬂl$ q%)V! A (Q’/oc$)V! A Hiller, Hochberg, Nir, 1204.1046
Qg = (ﬂjC)V! A (QCDV_l_A . Delaunay, J.F.K., Perez & Randall 1207.0474
q _ Keren-Zur et al., 1205.5803
Q6 B (ﬂl!gC; )V! A (q q! )V+A : Gorbahn & Haiscth404.4873

Qs = " —>mel" x(1+ #5)T2GHc,

8! 2


http://arXiv.org/abs/arXiv:1404.4873

CPV In non-leptonic D decays

Current sensitivity clearly above naive SM expectation

| |
as | Vub Vep | "4

SM
! ~ 10 Grossman et al., hep-ph/0609178

acp ~ | |
T " Vud Vs

¥ However comparable with more recent estimates

\
bounds on Brod, Kagan & Zupan 1111.5000
in SUSY models with split families W-Altmannshofer @ CKMZ0 B e s s e
: . ’ Feldmann, Nandi & Soni, 1202.3795
assuml.n.g stops and gluinos at 1TeV bounds on Bhattacharya, Gronau & Rosner, 1201.2351
and mixing of LH squarks CKM like
¥ Isidori, J.FK, Ligeti & Perez 1111.4987
r /’—)~~\ hl")..\\
C, ! \ 5 u _C,_-’ ‘_,u_ Grossman, Kagan & Nir, hep-ph/0609178
Giudice, Isidori & Paradisi, 1201.6204
Hiller, Hochberg, Nir, 1204.1046
g t
g g 2launay, J.F.K., Perez & Randall 1207.0474
Keren-Zur et al., 1205.5803
Gorbahn & Haiscth404.4873
W] ! 0.2 Im(YyYe)|! 4! 10 ¢
Gorbahn & Haiscth404.487:
(neutron EDM gives slightly stronger bounds) (comparable to D mixing bound:
\_ F. Sald,312.258¢ Harnik, Kopp & Zupah209.1397 )
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CPV In non-leptonic D decays

Improving sensitivity to CPV NP beyond &ep:

¥ CPV In SM purely &1=1/2
<Z NO CPV EXDECted |n pure &|:3/2 deCayS Grossman, Kagan & Zupan, 1204.3557

¥ CPV asymmetry isospin sum rulesexample:

1 # # # #
$—§1:'%\!+!! #/Q!!!+#%#%\!O!O#/Q!O!O#

<zwould indicate &I=3/2 CPV NP



Conclusions

¥ Even In absence of debnite signals, searches for NP in CPV
observablesremain crucial

¥ In past, brief episodes of apparent deviations from SMelped
sharpen the physics case and unveil new powerful observables

At the same time
<z Experimental sensitivity in several interesting modes still

above SM estimates (CPV in D, Bmixing)
<z Also important to test CPV in radiative & rare K, B & D decays

Future prospects.:
<z competitive unitarity constraints from B, rare Kaon decays



