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based on work done in collaborations with

[@ Patricia Ball, Aoife Bharucha, Andrzej Buras, Stefania Gori,
Paride Paradisi, David Straub and Michael Wick

@ Introduction: Hints for New Sources of CP Violation

@ cp Violation in the MSSM
© Phenomenology of CP Violation in a Flavor Blind MSSM
9 Introducing New Sources of Flavor Violation

@ Summary and Outlook
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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.
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CP violation from the CKM matrix can
be visualized by
Unitarity Triangles e.g.

ViubVig + VeoVig + VipVig =0
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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 sin2
reymmetryinB = wits . sin(2p) = sin(2,) [

PRELIMINARY

BaBar 06910.029£0.014
arXiv:0808.1903
wE w* B B w

By By By Belle I/ K® 0,642.£0.031£0.017
PRL 98 (2007) 031802
Belle (25) K¢ 0718+ 0.090 £ 0.033

b Va t d d PRD 77 (2008) 091103(R]
Average 067120024
d HFAG
05 06 07 08

» 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

sin23 F STP = 0.671+0.024
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Hints for New Sources of CP Violation?

ex x 10°

sin2B
@ 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 lead to a
prediction for CP violation in the K system

M =(178+£0.25) x107° & P =(223+001) x 1073
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Hints for New Sources of CP Violation?

ex x 10°

sin2B
@ Tensions in the Unitarity Triangle
Lunghi, Soni '08; Buras, Guadagnoli '08, '09

» Construct the UT using only S« and
» sin 2 as determined from B — ¥Kg and =, as determined from lead to a
prediction for CP violation in the K system

" =(1.784£0.25) x 1073 & P =(2234+0.01) x 103

= NP phase in By mixing?

= Additional CP violation in K mixing?

Wolfgang Altmannshofer (TUM) CP Violation in the MSSM

Ringberg, April 27, 2009

6/25



Hints for New Sources of CP Violation?

Lo @ CP Asymmetry in Bg — 1¢ and sin 23
= 0.3 N
2
b=
z
= 0.2
=]
2
3
[N
0.1
o 50 ] 50 "
ol L
) ) B » Tree level decay — sensitivity to the phase of the
UTHit collaboration Bs mixing amplitude without NP in the decay amplitude

» in SM: Arg(M5,) = Arg(V2) = 26s with 8s ~ 1°
» beyond the SM one has
Syg =sin2(Bs + O )
» recent analyses seem to hint towards large NP effects
OFF = (19° £8°) U (69° +7°)

Im Ag

B New Physics in B B, mixing
E E o 1 2

Redg

CKM fitter collaboration
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» beyond the SM one has
Syg =sin2(Bs + O )
» recent analyses seem to hint towards large NP effects
OFF = (19° £8°) U (69° +7°)

Im Ag

B New Physics in B B, mixing
E E o 1 2

Redg

= Large Bs mixing phase?

CKM fitter collaboration
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Going Beyond the Standard Model

Natural way to address these tensions/problems:

» go beyond the SM and introduce
new CP violating phases
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Going Beyond the Standard Model

Natural way to address these tensions/problems:

» go beyond the SM and introduce
new CP violating phases

The MSSM has many free parameters that
can provide such phases

» Higgsino mass:

» Gaugino masses: M, My, M3
. 2 2 2

» squark masses: mg, mg, mp;

» trilinear couplings: A, Aq
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CP Violating Low Energy Observables

AF =0

e.g.

» Electric Dipole
Moments (EDMs)
of the electron and
neutron, de and d,
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CP Violating Low Energy Observables

AF =0 AF =1
e.g. e.g.
» Electric Dipole » Direct CP
Moments (EDMs) asymmetry in
of the electron and b — sy, A%
neutron, de and dy » CP asymmetries in
B — K*¢te~
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CP Violating Low Energy Observables

AF =0 AF =1 AF =2
e.g. e.g. e.g.
» Electric Dipole » Direct CP » CP violation in

Moments (EDMs)
of the electron and
neutron, de and d,

Wolfgang Altmannshofer (TUM)

asymmetry in
b — s, A?jﬁ

» CP asymmetries in
B — K*¢te~

CP Violation in the MSSM

Kaon mixing, ek

» Time dependent
CP asymmetries in
By — ¥Ks and
Bs — v9¢,
STPKS and Swds
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CP Violating Low Energy Observables

AF =0 AF =1 AF =2
e.g. e.g. e.g.
» Electric Dipole » Direct CP » CP violation in
Moments (EDMs) asymmetry in Kaon mixing, ek
bs~
(;;tflreoilegtrgzdagd D= 5% Acp » Time dependent
utron, de " » CP asymmetries in CP asymmetries in
B — K¢ty By — ¥Ks and
Bs — 1/1(15,

STPKS and Swds

» Time dependent CP asymmetries in
By — ¢KS and By — ’r]le, Sd’Ks and ST?'KS
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Constraints from the EDMs

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

» Example: Gluino contributions to up and down quark EDMs

g g
Mg
UR U 2 * 2
\ A d, ~ €0s mulm(MQAu)F <|M§| )
S MuAG ~ 1672 N4 "2
RN « ~ ~
I 6 mg mg
LL%
¢l x g
dR G dL
\ 1 2 - - 2
oMyt s dy ~ egs Im(MgN)F |Mg|
Jx Marts,’ d =~ >Mg tan —— ~
R N 167 ms mz
Y
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Constraints from the EDMs

Constraints can be controlled by

» decoupling 15t and 2" generation of squarks
— hierachical squark masses mj ; > mz2, mz . > m?

» hierarchical trilinear couplings Ay ¢ < At, Ags < Ap
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Constraints from the EDMs

Constraints can be controlled by

» decoupling 15t and 2" generation of squarks
— hierachical squark masses mj ; > mz2, mz . > m?

» hierarchical trilinear couplings Ay ¢ < At, Ags < Ap

» sizeable effects in flavor observables
still possible, as 3" generation squarks
enter
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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
hierarchical and flavor diagonal trilinear couplings
and allow for

flavor conserving but CP violating phases.

For analyses of similar frameworks see:

Baek, Ko '99

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

Mercolli, Smith '09
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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

mbéLa“”FWbR R 032 9s mb§|_0"WlebR

07 = 1672

e
1672
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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

mbéLa‘“’FWbR R 03: 9s mb§|_g’“’G,wbR

07 = 1672

e
1672

The corresponding Wilson coefficients recieve

. I S A A
the dominant contributions from Higgsino-stop ) ya ¢
. s R SL
loops and are therefore mainly sensitive to
one complex parameter combination x m;(’*y:
Lt "X R

Crs ox ptA¢ 771%1% g

— Interesting correlated effects in
CP violating observables

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

@ The b — sy branching ratio C;
b s
» b — s+ amplitude is helicity suppressed i,
» typically large NP effects, even in a FBMSSM with uLLLH
low tan 3

» branching ratio constrains mostly Re(pA:)
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Most important constraints: EDMs and b — sy

@ The b — sy branching ratio C;
b s
» b — s+ amplitude is helicity suppressed i,
» typically large NP effects, even in a FBMSSM with NLLLLK
low tan 3

» branching ratio constrains mostly Re(pA:)

ed o &4 @ Electric Dipole Moments of the electron and
ot R 57 the neutron

L \ » 2 loop Barr-Zee type contributions sensitive to the
3" generation of squarks

e » decouple for heavy Higgses with 1/MZ,
Elim » put constraints on Im(pA:)
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CP Asymmetries in B — ¢Ks and B — n'Ks

Crs

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

K .
AZSS (t) = Cyrg COS(AMgt) — S i, sin(AMgt)

= — 2Im(&ek) Eoxe = e—iArg(Mfz)A(|§ — ¢Ks)
N 1+ [Epkg I? s A(B — ¢Ks)
Wolfgang Altmannshofer (TUM) CP Violation in the MSSM
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CP Asymmetries in B — ¢Ks and B — n'Ks

C
b 7‘8 107 1085 1078 105 10 105 10
Time dependent CP 12| tecm]
Asymmetries in decays of '
neutral B mesons to final CP
Eigenstates ’ - /
Spxs y‘y
K . . g
AZSS (t) = Cyrg COS(AMgt) — S i, sin(AMgt) !
0 #
o AmlEars) o iaguy ABB = ¢Ks) n
PKg 1+ |£¢KS|2 ) PKg A(B . ¢Ks) 05 00 S 05 10

» sizable, correlated effects in Sykg and S, /g

» both asymmetries can simultaneously be brought in
agreement with the data

Wolfgang Altmannshofer (TUM) CP Violation in the MSSM Ringberg, April 27, 2009 15/25



CP Asymmetries in B — ¢Ks and B — n'Ks

102 1085 10 1095 10 1085 10%

Time dependent CP 12| tecm]
Asymmetries in decays of '
neutral B mesons to final CP
Eigenstates ’ - /
Spks J :"5':'
K . od P
AZSS (t) = Cyrg COS(AMgt) — S i, sin(AMgt) /
. &
= 2Im(&gks) Eoxe = e—iArg(r\/lfz)A(l§ — ¢Ks) .
N 1+ [Epkg I? s A(B — ¢Ks) i S,
» sizable, correlated effects in Syks and Sn’Ks ma [Ge\/]zfﬁo

» both asymmetries can simultaneously be brought in
agreement with the data

%107
5x107

» for Syks =~ 0.4, lower bounds on the electron and o
neutron EDMs: 10 [ecm] =10

de >5x 10"%2ecm , dn > 8 x 10~ 8ecm

(roughly one order of magnitude below the current E <
experimental constraints) v
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Direct CP Asymmetry in b — sy

Soares '91; Kagan, Neubert '98

bsy _ r(é — XS'Y) - r(B - X§'Y)

P T(B — Xsv) + (B — Xs7v) R : ”—m :
+ ¥ +

» arises first at order ag
» doubly Cabibbo and GIM suppressed in the SM
» sizable value would be clear signal for New Physics

AZT(SM) o (0.441%24)% Hurth, Lunghi, Porod '03
AXY(exp.) =~ (0.4+3.6)% HFAG

ASY o~ IC |2 (b27Im(C2C; ) + bg7Im(CsCy ) + bpgIm(C2Cy )
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Direct CP Asymmetry in b — sy

Soares '91; Kagan, Neubert '98

bsy _ r(é — XS'Y) - r(B - X§'Y)
P (B — Xs7) + (B — Xsv)

b - > b_m s
Cg §
@ + ! +
» arises first at order ag §

» doubly Cabibbo and GIM suppressed in the SM
» sizable value would be clear signal for New Physics

102 10788 10°% 1075 10°F 105 10

bs~y +0.24 yo . ) |del [eCM]
AL (SM)  ~ (0.44T57)% Hurth, Lunghi, Porod '03 ,
AXY(exp.) =~ (0.4+3.6)% HFAG

bsy o _@s

cp = |C7|2 (b27lm(CZC7‘)+b37lm(CgC;)+b23Im(CzCé ))

A o
» Sign of Agsp“’ is correlated with sign of S kg
-0.05
» For S¢Ks < Si"fs, Agsp"’ is unambiguously positive
) ) o o exp.
» values typically in the range 1% — 6% —orol - = J
Spks
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CP Asymmetries in B® — K%(— K*7 )¢

Bobeth, Hiller, Piranishvili ‘08
Egede, Hurth, Matias, Ramon, Reece '08
WA, Ball, Bahrucha, Buras, Straub, Wick '09

@iy

Perfoming a full angular
reconstruction of both
B — KO (— K*tx=)¢te
and the CP conjugate mode
BO — KO (— K—at)(te-
one has access to up to
24 observables! (I;, 1)

CP averaged angular coefficients

si=(|i+ﬂ)/"(ng)

CP asymmetries

d(r+1)

Ai:(li—l_i)/T
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CP Asymmetries in B® — K%(— K*7 )¢

[ S SR
9* (GeV?)

6

0.15
0.10

0.05

Ag 0.00
-0.05,
-0.10

-0.15

1 2 3 4 5
q* (GeV?)

6

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

Wolfgang Altmannshofer (TUM)
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Ringberg, April 27, 2009

18/25



CP Asymmetries in B® — K%(— K*7 )¢

0.15 03
0.10) i 0.2
0.05, : 01
A; 00 Ag 0.00 = (A 00
~01 ~0.05, - ox
_ ~0.10 -
02 / oz .
-0.3; . . . . . o 3 -0
1T 2 3 4 s e 1 2 3 4 5 6 0.15-0.10-0.050.00 0.05 0.10 0.15
2 2.
o° (GeV?) q° (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 Wilson coefficients than C;
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CP Asymmetries in B® — K%(— K*7 )¢

0 o. o
02 - 02 o5 02
041] 01 - 01
(A7) 00 (A7) 00 (Ayy OOz
-01 -01 = 0.1
02 02 d ~02
-0.3 -0. 03
80 02 04 06 08 10 2310 —0.05 o.bos(i 005 0.10 -0st e e
St Ace Idel (e cm)

» (A7) and (Ag) are correlated with Sy, and S,k
» Suks ~ 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 — s+ and the EDMs
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CP Violation in AF = 2 Transitions

102 108 10 10TE 10T 106 1=

106l [ecm]

@ By and B mixing phases

» Leading NP contributions to the mixing
amplitudes MZ%®° are insensitive to the new
phases of a FBMSSM. Sy o
(at least for moderate tan 3 .. .)

» Syks and Sy, are SM like
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CP Violation in AF = 2 Transitions

102 108 10 10TE 10T 106 1=

106l [ecm]

@ By and B mixing phases

» Leading NP contributions to the mixing
amplitudes MZ%®° are insensitive to the new
phases of a FBMSSM. Sy o e -
(at least for moderate tan 3 .. .)

» Syks and Sy, are SM like

200 @0 &0 o0 1000
m;, [GeV]

@ CP violation in K mixing

» Also M% has no sensitivity to the new flavor
blind phases

» Still, ex o IM(MSS) can get a positive NP
contribution up to 15%

e 010

! » But only for a very light SUSY spectrum:
R R J78 1 T 200GeV

w [GeV]
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Summary for the FBMSSM

In the flavor blind MSSM sizable, correlated effects in Syk, and
S,k are possible. Such effects imply:

» lower bounds on the electron and neutron EDMs at the level
of den = 10-28ecm
» a positive, sizable direct CP asymmetry Affj'p7 ~ 1% — 6%
» large, correlated effects in the CP asymmetries of
B — K*¢t¢—
In addition, within the framework of the FBMSSM, there are

» small CP violating effects in AF = 2 amplitudes
— Sye and Syk, are SM like
— positive NP effects in ex up to 15%
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Summary for the FBMSSM

In the flavor blind MSSM sizable, correlated effects in Syk, and
S,k are possible. Such effects imply:

» lower bounds on the electron and neutron EDMs at the level
of den = 10-28ecm

» a positive, sizable direct CP asymmetry Ag? ~ 1% — 6%
» large, correlated effects in the CP asymmetries of
B — K*{t¢~
In addition, within the framework of the FBMSSM, there are

» small CP violating effects in AF = 2 amplitudes
— Sye and Syk, are SM like
— positive NP effects in ex up to 15%

A combined study of all these observables and their correlations
constitutes a very powerfull test of the FBMSSM
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Introducing New Sources of Flavor Violation

» The soft squark masses mg, mg, m3 and the trilinear
couplings A, Aq can contain additional flavor structures
beyond the CKM matrix.

» Such structures lead to flavor off-diagonal entries in the
squark masses.
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Introducing New Sources of Flavor Violation

» The soft squark masses mg, mg, m3 and the trilinear
couplings A, Aq can contain additional flavor structures
beyond the CKM matrix.

» Such structures lead to flavor off-diagonal entries in the
squark masses.

Convenient parametrization through mass insertions

~ ~ 5LL 5LR
Mg = m2]1+m2(5q 5 6q = ( SC%L 6§R > 5 q = U,d
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Introducing New Sources of Flavor Violation

» The soft squark masses mg, mg, m3 and the trilinear
couplings A, Aq can contain additional flavor structures
beyond the CKM matrix.

» Such structures lead to flavor off-diagonal entries in the
squark masses.

Convenient parametrization through mass insertions

5 ~ 5LL 5LR
Mg = Mm?1 + M2, 5q=(5§L 5§<R ) . g=u,d

Complex mass insertions lead to
flavor and CP violating gluino interactions
that will generate the dominant contributions to
FCNCs

Wolfgang Altmannshofer (TUM) CP Violation in the MSSM
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The Impact of LR and RL Mass Insertions on S

10
0.5
g
S 00
(%)
-0.5/
“1o-
0001 0002 0005 0010 0020
LR
16 )zl
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The Impact of LR and RL Mass Insertions on S

1.0 1.0- 1.0, T
0s 0s 05
o
| N MR e oy e e e A

& o0 & M————ng & 00 %

-0.5/ 1 -0.5; -0.5/

' 0001 0002 0005 0,010 0.020 0,050 0.100 1% 0001 0002 0005 0010 0.020 0,050 0.100 ' 0001 0002 0005 0.010 0,020 0,050 0.100
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» b — s~ strongly constrains the LR and RL mass insertions, because the
corresponding contributions to the amplitude are helicity enhanced
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» No large effects in Sy¢ can be generated
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The Impact of LL and RR Mass Insertions on S
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The Impact of LL and RR Mass Insertions on S
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» LL and RR mass insertions are less constrained

» If only LL or RR insertions are switched on, large Js are required to
generate effects in Sy

» If both LL and RR insertions are present simultaneously,
contributions are generated that are strongly renormalization group
enhanced

» Even for moderate values for 55~ and 65§R, sizeable effects in S, are
possible
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Summary and Outlook

» In a flavor blind MSSM, CP violating AF =0 and AF =1
amplitudes (in particular dipole transitions) can be strongly
modified

» One finds highly correlated effects in the EDMs, A%, CP

asymmetries in B — K*¢*¢~, Syx, and S,k
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Summary and Outlook

In a flavor blind MSSM, CP violating AF = 0 and AF =1
amplitudes (in particular dipole transitions) can be strongly
modified

One finds highly correlated effects in the EDMs, Ags,j, CP

asymmetries in B — K*¢*¢~, Syx, and S,k
» CP violation in AF = 2 amplitudes is however SM like
» i.e. small effects in Sy4, Syk, and ek
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Summary and Outlook

| 2

| 2

In a flavor blind MSSM, CP violating AF = 0 and AF =1
amplitudes (in particular dipole transitions) can be strongly
modified

One finds highly correlated effects in the EDMs, AE:SPV, CP
asymmetries in B — K*¢*¢~, Syx, and S,k

CP violation in AF = 2 amplitudes is however SM like
i.e. small effects in Sy, Syks and ex

To get large CP violating NP effects in AF = 2 amplitudes, as
indicated by the measurement of S, additional flavor
violating structures have to be present in the soft sector

The most promising way to generate large effects in Sy, is
through simultaneous ¢4 and §5R insertions

Which concrete flavor models predict such patterns? ...
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FBMSSM Implications for Direct Searches

200 400 600 800 1000 200 400 600 800 1000

(G [ m, (Gev)

200 400 600 500 1000 h 200 200 800 800 1000

my, [GeV] 4 [GeV]

> Syke = 0.4 implies ;1 < 600GeV and m; < 700GeV

» similarly, large non standard effects in A% > 2%
imply ;. < 600GeV and m; < 800GeV

» stops and Higgsinos lie well within the reach of LHC
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FBMSSM 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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FBMSSM 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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FBMSSM 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

80

60

40

ek constraint (Bx = 0.72 + 0.05) 0.30 035 040 045 0.0
Rp ~ [Vl
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FBMSSM 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

Wolfgang Altmannshofer (TUM) CP Violation in the MSSM Ringberg, April 27, 2009 2 [ back-up



