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CP Violation in the SM

Apart from the QCD 6 term,
the only source for CP violation in the SM
is the phase in the CKM matrix.

Ve Vus Vo 1-1x A AX3(o —i7)
Vekm = | Ved Ves Ve | = - 1- 12 A2
Vida Vi Vi A)\3(1 —0—11) —A)\? 1
CP violation from the CKM matrix can (2,1)
be visualized by
Unitarity Triangles e.g. R R,
b
VubVJd + VCbV:d =+ thV{g =0 ~ 3
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CP Violation in the SM
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Impressive confirmation of the
CKM picture for CP violation
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Hints for New Sources of CP violation?

@ CP Asymmetry in B — ¢¥Kg and sin 23 Sn(26) = sin(2g,)
= )

PRELIMINARY
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0691£0029+0.014
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By w* W By Bq w Belle J/y K® 0642+ 0,031 £0.017
PRL 98 (2007) 031802
Belle (25) Kg 071820090 20.033
b Vg t d d PRD 77 (2008) 091103(R)
Average 0671+0.024
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» Tree level decay — sensitivity to the phase of the By mixing
amplitude without NP in the decay amplitude

» in SM: Arg(M$,) = Arg(V3) = 23

sin2g 2 s — 0,671 + 0.024
¥Ks
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Hints for New Sources of CP violation?

@ CP Asymmetry in B — ¢¥Kg and sin 23 sin(2p) = sin(2g,) EEE
= )
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» Tree level decay — sensitivity to the phase of the By mixing
amplitude without NP in the decay amplitude n(26%" = sin(2e" E
> in SM: Arg(M,) = Arg(V;3) = 23 SnpT) = snea) S
. g 12 - g td - b_ccs _ World Averape 0674002
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= Average 0.59+0.07
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» Inthe SM also loop induced modes like B — ¢Kg and > hversge H j._] i
B — 7n'Ks give the same value L s oo
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BaBar 061707 +0.09+0.08
SM SM SM . ¥ 2%
SN, = S, =SS, =sin2p £ooue E } o
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» But experimentally one has ER *‘: Y
< cae ‘
SO =0.4440.17, S® =0.59 4+ 0.07 R
PKg n'Kg v Belle
v Average
= New Phases in decay:
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Hints for New Sources of CP violation?

ex x10°

065 0.70 0.75 0.80 0.85 0.90

sin2pB
@ Tensions in the Unitarity Triangle
Lunghi, Soni'08; Buras, Guadagnoli ‘08, '09
» Construct the UT using only S« and

» sin2.3 as determined from B — 1)Kg and =, as determined from lead to a
prediction for CP violation in the K system
eM =(1.78+£0.25) x 107° <«

exp. _
6K =

(2.23+£0.01) x 10—3
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Hints for New Sources of CP violation?

ex x10°

065 0.70 0.75 0.80 0.85 0.90
sin2pB
@ Tensions in the Unitarity Triangle
Lunghi, Soni'08; Buras, Guadagnoli ‘08, '09
» Construct the UT using only S« and
» sin2p as determined from B — ¢Kg and

as determined from
prediction for CP violation in the K system

lead to a

eM=(178+£025)x 1073 & P =

e =(223+0.01) x 10~3

=- NP phase in B4 mixing?

=- Additional CP violation in K mixing?
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Hints for New Sources of CP violation?

@ CP Asymmetry in B — ¢ and sin 23
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UTfit collaboration
» Tree level decay — sensitivity to the phase of the
Bs mixing amplitude without NP in the decay amplitude

» in SM: Arg(M5,) = Arg(V2) = 20s with 8s ~ 1°
» beyond the SM one has
Syg =sin2(fs + O ) ,

Im Ay

» recent analyses seem to hint towards large NP effects
O = (19° +£8°) U (69° +7°)

= Large Bs mixing phase?

CKM fitter collaboration

Wolfgang Altmannshofer (TUM) CP Violation in a Flavor Blind MSSM Warsaw, February 5, 2009 7126



Going Beyond the Standard Model

Natural way to address these tensions/problems:

» go beyond the SM and introduce new CP
violating phases

A Minimal Flavor Violating MSSM
with additional CP violating phases

Baek, Ko '99

Bartl, Gajdosik, Lunghi, Masiero, Porod, Stremnitzer, Vives '01 (Flavor Blind MSSM)
Ellis, Lee, Pilaftsis '07 (MCPMFVMSSM)

WA, Buras, Paradisi '08
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A Flavor Blind MSSM with CP Violating Phases

In a flavor blind MSSM (FBMSSM) there are no additional flavor
structures apart from the CKM matrix. In particular, we assume universal
squark masses and diagonal trilinear couplings.

= no gluino contributions to FCNCs

Parameters of our setup

» Higgs sector: tan 3, My«

» Higgsino mass: /

» Gaugino masses: M, M,, M3

» squark masses: mg, mgj, mj

» trilinear couplings: Ay, As, Ap, Ay, Ac, At
The Higgsino and Gaugino masses as well as the
trilinear couplings can in general be complex.

Observables only depend on particular combinations of complex parameters.
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A Flavor Blind MSSM with CP Violating Phases

Within this setup large NP effects arise dominantly through the
magnetic and chromomagnetic dipole operators

07 = mbSLU F;wbR, Og = mbSLU G,WbR

Os
16 2 1672

The corresponding Wilson coefficients are mainly sensitive to one
complex parameter combination

C7g o< 1A

— Interesting correlated effects in
CP violating observables

WA, Buras, Paradisi '08
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Most important constraints: EDMs and b — S+

BR[B — Xs7]®*P = (3.52+£0.25) x 107*  HraG 08

BR[B — Xsy]°M = (3.154+0.23) x 10~ Misiak et al. ‘06

» b — s+ amplitude is helicity suppressed
» typically large NP effects, even in a FBMSSM with low tan 8
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Most important constraints: EDMs and b — S+

BR[B — Xs7]®P = (3.52+0.25) x 107*  HFAG 08

BR[B — Xs7]°M = (3.154+0.23) x 10™*  Misiak et al. '06

» b — s+ amplitude is helicity suppressed
» typically large NP effects, even in a FBMSSM with low tan 8

Hqy Hy
I
br SL
ot m?2 |,u|2 VA S
C78(#SUSY) 4Atutanﬁ xfrs | =5 D MAC
f mf ¥
LLLL'M, g

11/26

Wolfgang Altmannshofer (TUM) CP Violation in a Flavor Blind MSSM Warsaw, February 5, 2009



Most important constraints: EDMs and b — S+

BR[B — Xs7]®*P = (3.52+£0.25) x 107*  HraG 08

BR[B — XS”}]SM (3.154+0.23) x 104 Misiak et al. ‘06

» b — s+ amplitude is helicity suppressed
» typically large NP effects, even in a FBMSSM with low tan 8

Hqy Hy
I
br SL
)'Zi |:u|2 NomA
C g (psusy) =~ Atutanﬁ xfrs | =5 D MAC
) t m., ¥
L

BRIB — Xs7] o¢ [C$¥(my) + CYP (my)[2 = (€5 (my)|? + 2Re(C$ (my)C}P (my))

— Constraint on Re(uA;)
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Most important constraints: EDMs and b — sy

dg™® < 1.6 x 107%"ecm dy® < 2.9 x 107%6ecm

» Inthe MSSM, EDMs can be induced already at the 1loop level
— typically tight constraints on CP violating phases
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Most important constraints: EDMs and b — sy

dg™® < 1.6 x 107%"ecm dy® < 2.9 x 107%6ecm

» Inthe MSSM, EDMs can be induced already at the 1loop level
— typically tight constraints on CP violating phases

» Example: Gluino contribution to the up-quark EDM

Ur
- 2 Im(MgAL) [ Mg|2
" ! " ! e (
W MA MeA dy ~ 9s my 9 YF s
N P N P 2 4 2
g~ G, [T ™ 167 mg me
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Most important constraints: EDMs and b — sy

dg™® < 1.6 x 107%"ecm

dy® < 2.9 x 107%6ecm

dSM ~ 10—38ecm d>M ~ 10-%2ecm

» Inthe MSSM, EDMs can be induced already at the 1loop level
— typically tight constraints on CP violating phases

» Example: Gluino contribution to the up-quark EDM

¢] & ¢} <] 3 9
U 9 u u g Ug
B 2
" ! eg
\\\muAu‘{ \\muAulf du 52
Or =X 0 G %77 O 167

u

Im(MgAG) - <|Mg|2
M4 N2
mﬁ mu

)

Constraints can be avoided by e.g.
» hierarchical trilinear couplings Ay c < At, Aq s < Ap

» heavy 15t and 2" generation of squarks

But: sizeable effects in flavor observables still possible, as 3™ generation squarks enter
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Most important constraints: EDMs and b — sy

Chang, Keung, Pilaftsis '98

2-loop Barr-Zee type diagrams generating both lepton and quark EDMs

» sensitive to 3™ generation of squarks
» decouple with 1/max(Mz,, m?)

€. q €.q e, q €. q €.q e, q
AO‘Y _tf N 57 AO“ t: 57
» e I )
B Z dr o Im(uA)
PlomA frn. MAD
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Most important constraints: EDMs and b — sy

Chang, Keung, Pilaftsis '98

2-loop Barr-Zee type diagrams generating both lepton and quark EDMs

» sensitive to 3™ generation of squarks
» decouple with 1/max(Mz,, m?)

€. q €.q e, q €. q €.q e, q
AO‘Y _tf N 57 AO“ t: 57
» e I )
B Z dr o Im(uA)
PlomA frn. MAD

— Constraint on Im(uA¢)
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CP Asymmetries in B — ¢Ks and B — n'Ks

Time dependent CP
Asymmetries in decays of
neutral B mesons to final CP
Eigenstates

M(B(t) > ¢Ks) — F(B(t) — ¢Ks)
F(B(t) — ¢Ks) + M(B(t) — ¢Ks)
= C¢KS COS(AMdt) — S¢KS sin(AMdt)

Acp(t, ¢Ks) =

S¢K5 _ 2|m(§¢>KS) —iArg(Mfz)A(B — ¢Ks)

— , —e
T e B ° 7% A(B — oKs)
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CP Asymmetries in B — ¢Ks and B — n'Ks

Time dependent CP
Asymmetries in decays of
neutral B mesons to final CP
Eigenstates

_ T(B(t) — ¢Ks) — T(B(t) — ¢Ks)
Aer (L 0Ks) = FiB (1) = oke) 1 T(B(D) — oKs)
= C¢KS cos(AMgt) — S¢KS sin(AMgt)

quKs _ Zlm(§¢>Ks) _ e—iArg(M‘fz)A(B — ¢Ks)

- ) 6 Kg —
ENTIPREI A A(B — ¢Ks)

» sizeable, correlated effects in Sk, and S,/
» larger effects in Sy  as indicated by the data
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CP Asymmetries in B — ¢Ks and B — n'Ks

107 1095 10 1075 10 1085 109

1| [ecm]

Time dependent CP
Asymmetries in decays of ).
neutral B mesons to final CP o
Eigenstates =

_ T(B(t) — ¢Ks) — T(B(t) — ¢Ks)
Aer (L 0Ks) = FiB (1) = oke) 1 T(B(D) — oKs)
= C¢KS cos(AMgt) — S¢KS sin(AMgt)

Siks
—iArg(MS,) A(B — ¢Ksg) ABP08
A(B — ¢Ks)

_ 2Im(€gks )
1+ [Egks|?

Seks = » Eokg =€

200 400 800 800 1000

ma [GeV]

» sizeable, correlated effects in Sk, and S,/

» larger effects in Sy  as indicated by the data

1310

15| [ecm] $<10°

» for Syk, ~ 0.4, lower bounds on the electron and
neutron EDMs: Tt

5x10°

de >5x 10~%ecm , dn > 8 x 10~ 28ecm

1x10%

05 00 05 1.0
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Direct CP Asymmetry in b — sy

Soares '91; Kagan, Neubert '98

A = M(B — Xs7) —T(B — Xsv) . © ., _ﬁ. .
T(B — Xs7) + (B — Xs7) E
9 8 §

» arises first at order a
» doubly Cabibbo and GIM suppressed in the SM é

» sizeable value would be clear signal for New
Physics

AZY(SM) = (0.4419,24)% Hurth, Lunghi, Porod '03

AZY (exp.) =~ (0.4 £ 3.6)% HFAG

bS'y ~

|C |2 (b27lm(C2C7 ) —+ b37|m(CgC7 ) —+ b23|m CZCg ))
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Direct CP Asymmetry in b — sy

Soares '91; Kagan, Neubert '98

A = M(B — Xs7) —T(B — Xsv) . © ., ﬁ .
T(B — Xs7) + (B — Xs7) E
° |

9
y +
» arises first at order a
» doubly Cabibbo and GIM suppressed in the SM é
» sizeable value would be clear signal for New

Physics

10 10-25 10 10T 10T 10-85 0
Idol [ecm]

AZY(SM) = (0.4419,24)% Hurth, Lunghi, Porod '03

AZY (exp.) =~ (0.4 £ 3.6)% HFAG

bS'y ~

|C |2 (b27lm(C2C7 ) —+ b37|m(CgC7 ) + b23|m C208 )) Agsp“f o.

» Sign of Ab” is correlated with sign of Sk

S bs~ . .
» For S¢Ks S¢"£ ,ACSP”’ is unambiguously positive » L L i)

» values typically in the range 1% — 6%

Warsaw, February 5, 2009
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The Decay B® — K%(— Ktqx )¢te ...

Bobeth, Hiller, Piranishvili ‘08

Egede, Hurth, Matias, Ramon, Reece '08

WA, Ball, Bahrucha, Buras, Straub, Wick '09 datr 9 5
S = (0", 6, O+ )

dq< d cos 6 d cos 6y x d¢ 327

ot 2
K+ 9%, 6, O =, @) =
—$sin? 0 1€ cos? 6 15 sin 6 I cos? 6 cos 26,
=17 ko 11 kx (2 K* 12 K*) |
+ 13 Sin2 9K* sin2 6] cos2¢ + |, sin 29K* sin 20, cos ¢
il + |5 sin 26, « sin 6) cos ¢
+(\Ssin20 1€ cos? 6 cos 6 + |7 sin 26, in 6, sin
5 K * + 15 cos” By x ) cos ) + |7 si K * Sin 0] sin ¢
£ U + g sin 26y « sin 26, sin ¢ + Ig sin? Oy * sin? 0| sin2¢

Full angular reconstruction possible at LHCb

7200 events with 2fb~* (&~ 1 year of running)
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... a Gold Mine of New Observables

Consider both B — K% (— K*7~)¢"¢~ and the CP
conjugate mode B® — K% (— K—x+)¢*¢-

N

allows to construct up to 24 observables that can be
measured through the angular analysis

—— —

CP averaged angular coefficients CP asymmetries

SRy = B =

K_/_\K\J

most interesting ones in the context of
the FBMSSM are S,, Ss, S§, A7 and Ag
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NP Effects in the Angular Observables

0.25

0.2 0.2
0.20

0.1 0.1
0.15

0.0

0.10 . 0.0
4 005 Ss 01 Se o1
0.00 o2 02
-0.05 / -03
-0.10 -0.4 o3
T2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

9% (GeV?) 9? (Gev?) o* (GeV?)

» Sg is basically the well known forward-backward asymmetry in
B — K*(t(~

» The CP averaged angular observables S,, Ss and S§ have zeros in
their g2 distributions
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NP Effects in the Angular Observables

0.25
0.20
0.15

0.2
0.1
0.0

0.10

S5 _
0.05 5 0.1

0.00) -0.2

—0.05 -0.3

-0.10 -0.4]

9% (GeV?) 9? (Gev?) o* (GeV?)

» Sg is basically the well known forward-backward asymmetry in
B — K*(t(~

» The CP averaged angular observables S,, Ss and S§ have zeros in
their g2 distributions

» The large complex NP contributions to C; in the FBMSSM lead to
significant shifts in the zeros of S4, Ss and Sg towards lower values
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NP Effects in the Angular Observables

03 0.15
02 0.10
01 0.05
A; 00 Ag 0.00
~0.1 —0.05|
_02 -0.10

-0.3 -0.15 :

1 2 3 4 5 6 1 2 3 4 5 6

¢* (GeV?) q° (GeV?)

» The CP asymmetries A; and Ag are negligible small in the SM
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NP Effects in the Angular Observables

0.05 H 0.1
A; 00 Ag 0.00 (Ayy 00 -E%;,.
-0.1 ~0.05) 1 o1 K
-0.10) -
-0.2 / -0.2 .
~03 -0.15] : o
1 2 3 4 5 6 1 2 3 4 5 6 ~0.15-0.10-0.050.00 0.05 0.10 0.15
2 2
g% (GeV?) g° (GeV?) (Ag)

» The CP asymmetries A; and Ag are negligible small in the SM

» In the FBMSSM huge effects are possible and they are
highly correlated

» Deviations from the correlation point clearly towards sizeable
complex NP contributions to other operators, e.g. C,
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Correlations among Angular Observables

03 0.3 0.3
02 g 0.2] ®
0.1 0.1
(A7) 0.0 (A7) 0.0
-01 -01
-0.2 -0.2
03 -03 03
°3o 15 2.0 25 1o 15 20 25 30 03 2 3 4 5
qA(Ss) (Gev?) 45(Ss) (GeV?) QS (GeVd)

» There are also strong correlations between the integrated CP
asymmetries (A7) and (Ag) and the zeros of S4, Ss and Sg

» Large shifts in the zeros unambiguously lead to large effects in the
CP asymmetries

Wolfgang Altmannshofer (TUM) CP Violation in a Flavor Blind MSSM Warsaw, February 5, 2009
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Correlations with Other CP Violating Observables

0.3, 0.3 0.3

0.2 e 0.2 ole 02

0.1 0.1] 0.1]

(A7) 00 (A7) 0.0 Y. e

-0.1 -0.1 : _o1

02 - 02 ® -02) »

03 03

80 02 04 06 08 10 <010 -0.05 000 005 0.10 03 b 0% 07

S ADSY
o cP el (e cm)

» (A7) and (Ag) are also correlated with Sk, and S,
» S;k, ~ 0.4 implies positve (A7) ~ 0.05 0.2
and negative (Ag) ~ —0.11 + —0.03

» Finally, (A7) and (Ag) are also correlated with the CP asymmetry in
b — sy and the EDMs

Wolfgang Altmannshofer (TUM) CP Violation in a Flavor Blind MSSM Warsaw, February 5, 2009 21/26



CP Violation in AF = 2 Transitions

102 10°88 10 1075 1077 1026 10-2
166] [ecm]

@ Phases in the By and B mixing
amplitudes 0

» Leading NP contributions to the mixing o
amplitudes M%, and MS$, turn out to be ) . v

insensitive to the new phases of a flavor Sy 00
blind MSSM.

Arg(M%®) =~ Arg(ME®(SM))

— Syks and Sy4 are SM like e o0 o "
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CP Violation in AF = 2 Transitions

200 400 600 800 1000
my, [GeV]

400 600 800
# [GeV]

ABP'08

Wolfgang Altmannshofer (TUM)

@ CP violation in K mixing
» Also M has no sensitivity to the new flavor
blind phases

» Sitill, ex o< IM(M,) can get a positive NP
contribution up to 15%

» But only for a very light SUSY spectrum:
p, My, =~ 200GeV
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Implications for the Unitarity Triangle

» Sykg and AMy /AMs basically NP free

1.0
» UT can be constructed from the angle g and 0B
the side R; '
0.6
sin23 = Sykg = 0.671 4 0.024 7 04
0.2
0.0 sin2g v
1 Mg, AM _
Re =&/ moy ave = 0-913+0.033 J %255 oo 05 1.0
ol
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Implications for the Unitarity Triangle

» Sykg and AMy /AMs basically NP free

» UT can be constructed from the angle g and
the side R;

0.671 + 0.024

sin2g v
1.0

“-05 0.0 0.5

ol

Predictions for |V | and the angle ~
[Vup| = (3.5 +£0.2) x 1073

v =63.5°+4.7°
— can be tested at a SuperB Factory

0.30 0.35 0.40 0.45 0.50
Rp ~ [Vl
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Implications for the Unitarity Triangle

» Sykg and AMy /AMs basically NP free

» UT can be constructed from the angle g and
the side R;

sin23 = Sy, = 0.671 £ 0.024

ol

Predictions for |V | and the angle ~ 100

[Vup| = (3.5 +£0.2) x 1073

v =63.5°+4.7°
— can be tested at a SuperB Factory

ek constraint (Bx = 0.72 + 0.05) 0.30 035 040 045 0.0
Rp ~ [Vl
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Implications for the Unitarity Triangle

» Sykg and AMy /AMs basically NP free

» UT can be constructed from the angle g and
the side R;

0.671 + 0.024 n

Predictions for |V | and the angle ~
[Vup| = (3.5 +£0.2) x 1073

v =63.5°+4.7°
— can be tested at a SuperB Factory

. 0.30 0.35 0.40 0.45 0.0
ek constraint (Bx = + 0.05)

and with +15% NP corrections Rp ~ [Vl
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Implications for direct searches of SUSY particles

GV I m (@)

ABP'08

200 400 800 800 1000 - 200 400 800 800 1000
my [GeV] u [GeV]

» Sgks ~ 0.4 implies p < 600GeV and m; < 700GeV

» similarly, large non standard effects in AtC’SIJ = 2%
imply 1 < 600GeV and m; < 800GeV
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In the flavor blind MSSM sizeable, correlated effects in Syk,
and S, k. are possible. Such effects imply:

» lower bounds on the electron and neutron EDMs at the

level of de , > 10~28ecm

~

» a positive, sizeable direct CP asymmetry A2 ~ 1% — 6%
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The decay B — K*¢™¢~ offers a multitude of observables
sensitive to new CP violating phases. In the FBMSSM we find:

» The zeros of the CP averaged coefficients S4, Ss and Sg
are shifted towards lower values

» Sizeable effects in the CP asymmetries A7 and Ag

» These effects are highly correlated among themselves and
also with S, Agsp” and de
» The definite pattern of effects allows a clear distinction

from scenarios where Wilson coefficients other than C7
play an important role
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In addition, within the framework of the FBMSSM, there are
» small effects in Sy, ~ 0.03 — 0.05
» small effects in Syk, and in AMy/AMs

= The Unitarity Triangle can be constructed from the side
R; and the angle 3. Predictions: |Vyp| = (3.540.2) x 1073
and v = 63.5° +4.7°,

» positive NP effects in ex up to 15%
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The Anomalous Magnetic Moment of the Muon

a%P = 1165920.80(63) x 10™°  Muon (g-2) collaboration

aﬁM = 1165917.85(61) x 1072 Miller et al. '07

Aa, =a% —a’M ~ (3+1) x 107°

~ 3¢ discrepancy

A very rough formula for SUSY contributions to a,,

2
aiUSY ~15 (M) <3OOGeV) sign(Re(u)) x 107°
10 m;

with common SUSY mass m;

Seks ~ 0.4 naturally leads to a3”SY ~ few x 10~°
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