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@ CPV in D° Mixing and EDMs in SUSY Alignment Models
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Success of the SM CKM Picture

» CKM matrix is the only source of flavor and CP violation in the SM

» very good overall agreement of the exp. data entering the CKM fits
(apart from a 2-3¢ discrepancy between sin 25 and BR(B — 7v))

» how much room is left for additional sources of flavor violation?
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The New Physics Flavor Problem

Model independent analysis of Lot = Lo + Z /\“ 0(6

NP effects in flavor observables i

Operator  [Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
K3 L 8 X 6 % 0 x - 4 x - MEK; €K
yHdp)? | 9.8 x 102 1.6 x 10* 9.0x 1077 3.4x107° Ampe;
Spdrp)(s5pdr 8 % 2% 9 x 107 6 x 107 MEK; €K
d dr)| 1.8 x 10* 3.2 x 10° 6.9 x 107  2.6x 1071 A
(ery*ur)? |1.2x 10° 2.9 x 10% 5.6x 1077 1.0x 1077 |Amp; |q/p|,ép
(erur)(crur)|6.2 x 103 1.5 x 10* 5.7x107%  1.1x107% |Amp;|q/p|,ép
(bpy"dr)? |5.1x 102 9.3 x 102 3.3x 107 1.0x107° Amp,; Syks
(brdp)(brdr)|1.9 x 10° 3.6 x 10° 56x 1077 1.7x 1077 Amp,; Syke
(bry"s1)? 1.1 x 102 76x 107 Amp,
(br s)(brsg) 3.7 x 102 1.3x 1075 Amp,

Isidori, Nir, Perez 10

» a generic flavor structure c;j requires a very high NP scale A

» NP at the natural TeV scale needs a highly non-generic flavor structure
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Low Energy Probes of Flavor and CP Violation

processes strongly suppressed in the SM and not measured yet
(or only poorly measured) — Discovery Channels
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Low Energy Probes of Flavor and CP Violation

processes strongly suppressed in the SM and not measured yet
(or only poorly measured) — Discovery Channels

CP violation in D® — D° mixing
» time dep. CP asymmetries SP
» semi leptonic asymmetry a3,
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Low Energy Probes of Flavor and CP Violation

processes strongly suppressed in the SM and not measured yet
(or only poorly measured) — Discovery Channels

CP violation in D® — D° mixing
» time dep. CP asymmetries SP
» semi leptonic asymmetry a3,

Electric Dipole Moments
» of the electron de
» of hadronic systems dn, dug
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Low Energy Probes of Flavor and CP Violation

processes strongly suppressed in the SM and not measured yet
(or only poorly measured) — Discovery Channels

CP violation in D® — D° mixing
» time dep. CP asymmetries SP
» semi leptonic asymmetry a3,

Electric Dipole Moments
» of the electron de

» of hadronic systems dn, dug

(very) rare decays
> Bsg — utp™  (LHCh)
> B KMup  (supers)

» K — mvb  (NA62, KOTO)
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Low Energy Probes of Flavor and CP Violation

processes strongly suppressed in the SM and not measured yet
(or only poorly measured) — Discovery Channels

CP violation in D° — D° mixing CP Violation in b — s transitions
» time dep. CP asymmetries SP » Bs mixing phase, Syg, a3, (LHCb)
» semi leptonic asymmetry a2, » direct CP asymmetry in B — Xs

Acp(b — sv)  (superB)

» time dependent CP asymmetries in
B — ¢KS and B — T]IKS

» of the electron de Siks aNd Sy (supers)

» of hadronic systems dy, dyg » angular observables in

B — K*¢T¢~  (LHCb, superB)

Electric Dipole Moments

(very) rare decays
> Bsg — pTu”  (LHCh)
> B KMup  (super)
» K — mvb  (NA62, KOTO)
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Evidence for New Physics?

DO, arXiv:1005.2757:
Evidence for an anomalous like-sign dimuon charge asymmetry

» Definition:
Ay =N Mo
NBH— -+ Nb__ “F
N, Number of same sign p*p " events 0.01F

from B — uX decays
N, ~: Number of same sign p~ p~ events
from B — uX decays

» 3.20 discrepancy between SM -0.02
prediction and recent DO measurement

[ DO B,—D, u X

b _ +0.05 -3 I S S S .
A (sM) = (-02373%) x10 0.04-0.03-0.02-001 0 0.01
(Lenz, Nierste "06) 2
A2 (exp) = (—9.57+251+1.46)x 1073

(DO, arXiv:1005.2757)
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CP Violation in Bg Mixing
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Bs Mixing Basics

Schradinger equation describing Bs — Bs mixing:
(BN _ (s . i ps) (Bs(t)
1 (Bs(t)> = (M 37 ) (Ba(t)

Three physical parameter:

S

M
ML [, T35l ¢5:—arg< 12) . pM ~ 0.004
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Bs Mixing Basics

Schradinger equation describing Bs — Bs mixing:
(BN _ (s . i ps) (Bs(t)
1 (Bs(t)> = (M 37 ) (Ba(t)

Three physical parameter:

S

M
ML [, T35l ¢5:—arg< 12) . pM ~ 0.004

Observables:

» mass and width difference  AMs = 2|M7,|, Als = 2|I',|cos ¢s
» semileptonic asymmetry

S
r12

s _TBs > X)) —T(Bs > (7X)
Mz,

dg = = , =
S5 T(Bs = £+X) +T(Bs — £-X) " "

Al

AM,

Sin¢g = tan ¢g
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Like-Sign Dimuon Charge Asymmetry

» Definition:

NSt =Ny~

NS+ Ng ™

Ng*: Number of same sign " " events
from B — uX decays

N, ~: Number of same sign p.~ = events
from B — uX decays

b
As. =

EDOB,~D,uX
i ) X 0042003002001 0 0.01
A3 = (0.50640.043) a§ +(0.49440.043) a3, a

(DO, arXiv:1005.2757)

» Relation to the semileptonic asymmetry
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Time Dependent CP Asymmetry

» CP violation in interference between decays with and without mixing

M(Bs(t) = vo) —T(Bs(t) = vo) .
F(Ba(t) = 00) 4 T(Ba(t) = wg) 0 SM(AMsY

» inthe SM, S, measures (s the phase of Vs

Si';f =sin 2|Bs| ~0.038 , Vi = _|V,[S|e—iﬁs
» for a large Bs mixing phase ¢s > 285, #SM one has
Sy = —sin¢s

» model-independent relation between Sy4 and a3,
(Ligeti, Papucci, Perez '06; Blanke, Buras, Guadagnoli, Tarantino '06; Grossman, Nir, Perez '09)

B Alg S,M,
AM 2
*y/1-Sy
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The Experimental Situation

» data from CDF and DO on S, are in
rather good agreement with the SM (~ 10)

Wolfgang Altmannshofer (Fermilab)
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The Experimental Situation

» data from CDF and DO on S, are in
rather good agreement with the SM (~ 10)

» recent result from DO on the like sign dimuon
charge asymmetry AgL shows a 3.2¢ deviation
from the SM
(arXiv:1005.2757 [hep-ex])

» global fits prefer large phase in Bs mixing
(e.g. Ligeti, Papucci, Perez, Zupan '10
Lenz, Nierste + CKMfitter '10)

S¢¢ ~ 0.5
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LHCb Potential

CDF 5.2th™ FPCP 2010

05

o(9g9) (rad)

04

s r LHCb preliminary 7TeV; o(bb)=292ub
— Uncertainties on o(bb)

N 0
0zl \ and BRVis(BI-J/yt)
\
N
A —
===

01 —~—
———

—
SM value ——

I L I I L I I I
0 oi 02 03 04 06 06 07 08 00 _1
Integrated Luminosity (fb™)

/A 1 flisd 1
-0.04-0.03-0.02-0.01 0 0.01

d
a5

» significant improvement on the experimental side can be expected at
LHCb both for S, and a3,
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Usual Interpretation of the Experimental Data

» absorptive part ';, dominated by SM tree level decays
= CP violating short distance contributions to the dispersive part M,

M3, = As (M5,)3M M3, = (1 + hse? ) (M5,)3V

AMs = AMSM|1 + hse?7s|

ATs = ATSM cos (Arg(1 + hse?7s))
ag = Im (I5,/[(M3,)sm(1 + hse?7<)])
Sye = sin (2|Bs| — Arg(1 + hse?i7s))

AMs = AMSM|Aq|

ATs = ATEM cos (Arg(As))
ag = Im (M5,/[(M3;)smAs])
Sy = Sin(2|Bs| — Arg(As))

vVvyVvyy
vV v VvYy
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Large New Physics in Bs Mixing

s s \SM s __ 2io s \SM
M?, = As (M3,) M1, = (1 +hse””) (Mz;)
[ -“;m;n.lmc.bsmu T T LI B e e | n
2 .
[ AT, &1F8 ] r
L 1 3n/4
1B B
C SM point -
4 L ]
2 0 . s 72
4 4
/4
2 I
[1]8
2 1 o 1 2 3 0.0 05 10 L5 20 25
Re A¢ h

Lenz, Nierste + CKMfitter '10

Ligeti, Papucci, Perez, Zupan '10
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How to get Large NP Contributions in Bs Mixing?

» general MSSM » 2 Higgs Doublet Models

Ciuchini et al.; Goto et al.;
WA, Buras, Gori, Paradisi, Straub '09;
Crivellin, Nierste '09;
Ko, Park '10; Parry '10; ...
» SUSY GUTs

Hisano, Shimizu '08;

Jung, Pich, Tuzon "10;
Buras, Carlucci, Gori, Isidori '10;
Buras, Isidori, Paradisi '10;

» 4th Generation
Hou et al.; Soni etal.;
Buras et al. '10

» Warped Extra Dimensions
Blanke et al.; Neubert et al. '09

Dutta, Mimura, Santoso '10;
Buras, Paradisi, Nagai '10; ...

» SUSY Flavor Models

_ - » Little Higgs
WA, Buras, Gori, Paradisi, Straub '09;
) Blanke et al.
King '10; ...
» Z

» Uplifted SUSY

Dobrescu, Fox, Martin '10

» Minimal Flavor Violation
Batell, Pospelov '10;
Blum, Hochberg, Nir '10

Barger et al. '09, ...
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Phenomenology of
CP Violation
in SUSY Models
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The MSSM Flavor Structure (1)

» The sources of flavor violation in the MSSM are the SM Yukawa couplings
and the soft SUSY breaking terms of the sfermions:

1. Yukawa couplings: Yy, Yq
2. soft masses: My, Mj, M

3. trilinear couplings: Ay, Aq

» they break the global SU(3)q x SU(3)y x SU(3)p flavor symmetry of the
gauge sector

» they are in general independent 3 x 3 matrices in flavor space
» in a basis where quarks have diagonal masses (super CKM basis), squark

masses are not necessarily flavor diagonal
w0 m2\Ty T _ * A
M2 = ( VvH(ng) }/* (Vap"Yu j-ZVuAu)/ﬁ) + o)
_(VdNYu + vuAy )/\/E my

B (73)" (Vo™ Ya + Vaha) V2 )
= (—(vuwd T vehs*) V2 e > o)

<
oo
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The MSSM Flavor Structure (II)

misalignment between up quarks and
down quarks in flavor space

~ 02V ~ YJVG ~ YuJVG
ut o UME UIL\\/A‘J' » CKM matrix

w %H, §H, — appears in W and Higgs charged
o o currents and their supersymmetrized
. , : versions
oY 92V)3 3 RN YuVi ) YaViy 3
Lot d Oy S I R
w Ay Ha
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The MSSM Flavor Structure (II)

misalignment between up quarks and
down quarks in flavor space

~ 02V ~ YV ~ YV
Ut o ”Mf ”'L\\./A* » CKM matrix
: ;

— appears in W and Higgs charged

w tHy tHy . .
: s currents and their supersymmetrized
versions
s~V SR N P iV
L LN Pooae d3
w Ay Ha
misalignment between quarks and
squarks in flavor space
» Mass Insertions
— parameterize the off-diagonal parts
(05" (051 of the squark masses
"-I""»"-x"">""':J ~.I.........x.........~.J 2 2
df dy dr dr Mq = (]1 + 6Q)
(08 (05%)u — most transparent treatment in the
P P Mass Insertion Approximation
dR dL dL dR

— flavor change through mass inser-
tions along squark propagators
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The SUSY Flavor Problem

Complex Mass Insertions lead to
flavor and CP violating
gluino-quark-squark interactions
that typically generate the dominant
contributions to FCNCs
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The SUSY Flavor Problem

Complex Mass Insertions lead to
flavor and CP violating
gluino-quark-squark interactions
that typically generate the dominant
contributions to FCNCs

» severe constraints on the
SUSY scale m and the Mass
Insertions §s from meson
mixing and rare decays like
B — Xsyand B — X040~

» for all s of O(1), the SUSY
scale has to be extremely high
m > 10* TeV

» SUSY at the TeV scale has to
exhibit a highly non-generic
flavor structure

-0.2

-03 Y 4
03 -02 -01 00 01 02 03

Re(él,iL)sl

tang =5, m=M; =500GeV
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The SUSY Flavor Problem

Complex Mass Insertions lead to
flavor and CP violating
gluino-quark-squark interactions
that typically generate the dominant
contributions to FCNCs

» severe constraints on the
SUSY scale m and the Mass
Insertions §s from meson
mixing and rare decays like
B — Xsyand B — X040~

» for all s of O(1), the SUSY
scale has to be extremely high
m > 10* TeV

» SUSY at the TeV scale has to
exhibit a highly non-generic
flavor structure

Im(©5h)s,

0.03

0.02

0.01}

0.0

—0.01}

-0.02

-0.03
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Re(6%")3;

tang =5, m= Mg = 500GeV
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The SUSY Flavor Problem

Complex Mass Insertions lead to
flavor and CP violating

gluino-quark-squark interactions 0.010
that typically generate the dominant
contributions to FCNCs _ 000
) 5@ 0.000
» severe constraints on the g

SUSY scale m and the Mass
Insertions §s from meson

—-0.005

mixing and rare decays like -0.010
B — Xs’Y and B — X5€+1€_
» for all §s of O(1), the SUSY -0 _0'00; °§E§ 0.005 0.010
scale has to be extremely high €0u )21
m > 10* TeV

» SUSY at the TeV scale has to
exhibit a highly non-generic
flavor structure
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The SUSY Flavor Problem

Complex Mass Insertions lead to
flavor and CP violating
gluino-quark-squark interactions
that typically generate the dominant
contributions to FCNCs

» severe constraints on the
SUSY scale m and the Mass
Insertions §s from meson
mixing and rare decays like
B — Xsyand B — X040~ |

» for all 6s of O(1), the SUSY e 4_'5'1L°L4 0 'S'IRO; 10
scale has to be extremely high Re(@3 )21 =Re(dg )z
m > 10* TeV

» SUSY at the TeV scale has to
exhibit a highly non-generic
flavor structure

Im(65)21 = Im(65%)
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How to Address the SUSY Flavor Problem

Minimal Flavor Violation
Buras et al. '00
D’Ambrosio, Giudice, Isidori, Strumia '02

» the global SU(3)3 flavor symmetry
of the gauge sector is only broken
by the SM Yukawa couplings

» CKM matrix is the only source of
flavor violation

» FCNCs naturally suppressed
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How to Address the SUSY Flavor Problem

Minimal Flavor Violation (partial) Decoupling

Buras et al. '00 » Split SUSY
D’Ambrosio, Giudice, Isidori, Strumia '02 Arkani-Hamed, Dimopoulos *04;
» the global SU(3)3 flavor symmetry Giudice, Romanino '04
of the gauge sector is only broken

h » squarks are decoupled
by the SM Yukawa couplings

» Effective SUSY

» CKM matrix is the only source of Cohen, Kaplan, Nelson ‘96

flavor violation . ) . )
» hierachical sfermion spectrum, with

» FCNCs naturally suppressed heavy 1st and 2nd generation
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How to Address the SUSY Flavor Problem

Minimal Flavor Violation (partial) Decoupling

Buras et al. '00 » Split SUSY
D’Ambrosio, Giudice, Isidori, Strumia '02 Arkani-Hamed, Dimopoulos *04;
» the global SU(3)3 flavor symmetry Giudice, Romanino '04
of the gauge sector is only broken

h » squarks are decoupled
by the SM Yukawa couplings

» Effective SUSY

» CKM matrix is the only source of Cohen, Kaplan, Nelson ‘96

flavor violation . ) . )
» hierachical sfermion spectrum, with

» FCNCs naturally suppressed heavy 1st and 2nd generation
Alignment  Nir, Seiberg '93

» quark and squark masses are
approximately aligned
= O <1, 0 #]

» naturally realized in
abelian flavor models
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How to Address the SUSY Flavor Problem

Minimal Flavor Violation
Buras et al. ‘00
D’Ambrosio, Giudice, Isidori, Strumia '02
» the global SU(3)3 flavor symmetry
of the gauge sector is only broken
by the SM Yukawa couplings

» CKM matrix is the only source of
flavor violation

» FCNCs naturally suppressed

Alignment  Nir, Seiberg '93

» quark and squark masses are
approximately aligned
= G K1, i#]

» naturally realized in
abelian flavor models

Low Energy Probes of CPV in the MSSM

(partial) Decoupling

» Split SUSY
Arkani-Hamed, Dimopoulos '04;
Giudice, Romanino '04

» squarks are decoupled

» Effective SUSY
Cohen, Kaplan, Nelson '96

» hierachical sfermion spectrum, with
heavy 1st and 2nd generation

Degeneracy  Dimopoulos, Georgi '81

» squark masses are approximately
universal — §; < 1
(FCNCs suppressed by super-GIM
mechanism)

» can e.g. be realized in frameworks with
gauge mediated SUSY breaking or in
non-abelian flavor models

Feb. 3, 2011
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Minimal Flavor Violation
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The MFV MSSM with CP Violating Phases

» the global SU(3)® flavor symmetry of the (MS)SM gauge sector is only
broken by the SM Yukawa couplings

» the MSSM soft terms can be expanded in powers of Yukawas
m3 = M3 (1 + bV IV + 0,¥2 + bsVEVIVAV + b3V i \?jv?j)
m2 = 3 (1 + b4\?uz) . Au=Ag (1 + bev*\?szT> 2

md =3 (1+bs¥8) . Ag=Ag (1+b7V V) Vs

» CKM matrix is the only source of flavor violation

» Flavor Changing Neutral Currents naturally suppressed
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The MFV MSSM with CP Violating Phases

» the global SU(3)® flavor symmetry of the (MS)SM gauge sector is only
broken by the SM Yukawa couplings

» the MSSM soft terms can be expanded in powers of Yukawas

m3 = M3 (1 + bV IVAV 4 b ¥2 + baYEVIV2AY + b;VT\?qu\?dz)
2 ~2 2 Y PIVZAVARARY;
m2 = 3 (l+b4Yu) . Au=Au <1+b6V Y2v )Yu

mj

M3 (1+bs¥E) . Ag=Aq (1+DVTVEV) Yy

» CKM matrix is the only source of flavor violation
» Flavor Changing Neutral Currents naturally suppressed

» additional sources of CP violation are in principle allowed!
('\/l]_7 Mz, M@7,U7Au,Ad,b37 be7 b7)

» what is their impact on CP violation in meson mixing?
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MFV Box Contributions to Bs Mixing (1)

» Leading box contributions to meson mixing are not sensitive to flavor
diagonal phases! (WA, Buras, Paradisi '08)

b, Hy SL
E 5 2
' ' 6]
- e 2 #12
tr M f tr X —r,ﬁz (thVtS)
SL Ay by
by g SL
0 I a2, ,
A\ 4 S S *
R D o =5 b (VipVis)
X by by X m
S v i by
SL 5] b
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MFV Box Contributions to Bs Mixing (II)

br Hq Hy SL

o ) L
LY i g 2 2 2
! . a m (1A
: i 2 *\2 b 2 t
) )?(A[ A X x 2 (VwVis) |:I"f12 tan” 5 =)
RY Lt
: n :
SL Ay Aq br
by g SL
by L8 aZ m2
! ! s 2 b 2
X by Y2bs x X == (thV{;) Ve tan< g bibs s
L [ m My
Sy 4 by
SL g by

» CP violating contributions are suppressed by at least two powers of
the bottom Yukawa Y2
(WA, Buras, Gori, Paradisi, Straub '09; Blum, Hochberg, Nir '10)

» might be relevant in the large tan 5 regime ?
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Double Penguins in the MFV MSSM (1)

» For large values of tan $ also so-called double Higgs penguins become
important (Hamzaoui, Pospelov, Toharia '98; Buras, Chankowski, Rosiek, Slawianowska '02)

br SR
. W i .
BTN e TN a® «y2 MoMs 4
) X 2o ) o gz VVis)™ 15— tan
Ay vy H .. Ay 7 A W
tr tr
SL bL 2 ~ 2
% (A [uM| (b1+b3Yb2)2
br S m+ 7 m* ’
b 3r
» »-
) o0 A )
g by 2- 4 S g
. 0
D
§|_ b|_
SL bL

» also no sensitivity to flavor diagonal CP phases at the leading order

» possibility to have CPV through a complex bs
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Double Penguins in the MFV MSSM (1)

» consider also higher order tan 8 resummation factors which come from a
modified relation between the fermion masses and Yukawa couplings in the
large tan 3 regime (Hall, Rattazzi, Sarid '93)

Mp = YpVd
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Double Penguins in the MFV MSSM (1)

» consider also higher order tan 8 resummation factors which come from a
modified relation between the fermion masses and Yukawa couplings in the
large tan 3 regime (Hall, Rattazzi, Sarid '93)

. - M, tang
My = YpVa + YoepVu = YoVa (1 +eptanp) — yp Vit em@ng

§ § Fla Fia
br m b br " b . a
+ ¢ ~ Mp(ep + ¢, +...)tan 3

' \ '
~\ R beulf4'~ ‘o y‘vuA’t’r~
bg *¥-" b [ S
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Double Penguins in the MFV MSSM (1)

» consider also higher order tan 8 resummation factors which come from a
modified relation between the fermion masses and Yukawa couplings in the
large tan 3 regime (Hall, Rattazzi, Sarid '93)

. - M, tang
My = YpVa + YoepVu = YoVa (1 +eptanp) — yp Vit em@ng

g g Ay Ay
Mg I
br by br by

\ '
Vgt
‘o YoVur,

~ mb(eg—kebﬁ—k...)tanﬂ

o« )’|VuA14"
Be -7 B, RRNIREE
tan*
tan* g — B
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Double Penguins in the MFV MSSM (1)

» consider also higher order tan 8 resummation factors which come from a
modified relation between the fermion masses and Yukawa couplings in the
large tan 3 regime (Hall, Rattazzi, Sarid '93)

mp tan g
mp, = = 1 t: ~ =
b = YbVd +YbeoVu = YoVa(l+eptans) — yp =~ — Tratans

g g Hg Fy
b Mg b b n b
R L + R L

¢ ¢ ~ my(d + e 4. )tang

:\\ beulf”: o y‘vulfvx'
bg *¥-" b [ S
tan® 5 tan* 8 " (l +ets | e (L+eats) (<2 - 63)%)
|l—|—6bt5|2|1+€gt5|2 1+ets  erc (1+Egt5)* (1 + €tg)

» But: possible difference in e, and es resummation factors can in principle
lead to CP violation and is sensitive to flavor diagonal phases
(Hofer, Nierste, Scherer '09; Dobrescu, Fox, Martin '10)
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Strong Constraints from Bs — "~

BR(Bs — pp™)®P < 4.3 x 1078
BR(Bs — putp~)SM = (3.5+0.4) x 10°°

» Bs — utp~ amplitude is strongly helicity suppressed in the SM
» for large tan 8 huge enhancement possible (orders of magnitude)

br I
NO i
Ay Do--a
N
. R oz Mg 1 A, n3 g MM v
u a’ e~ t
-2 T 4nMZ MZ W2 Mg, t
s "
br - M
B I as 1 p t 2
b ~ =2 tan’s (b +Y b3) L VipVis
© 2 b ts
g BL" --AO(-) 47T MA m MW
AN
S ut
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Strong Constraints from b — sy

BR(B — Xs7)®P = (3.52 £ 0.25) x 1074 HFAG
BR(B — Xsv)SM = (3.154+0.23) x 10™*  wisiak et al. '06

» b — sy amplitude is helicity suppressed in the SM
» typically large NP effects, even in MFYV, in particular for large tan 8

Aq Hy
I
br S az mZ 1 A
2 My t
O MA 7,8 A M\%v m2 2 /)) tb Vis
[T S ™
79
[¢] [¢]
p i as 1 uMj
br ! St c9 S =5 N—gtanS b1+Y2b VipVis
n 7,8 4 M2 m2 /( b3) tb Vis
\bRE' Sy
L
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Strong Constraints from Electric Dipole Moment

d® < 1.6 x 10-%ecm d® < 2.9 x 10~2°ecm
dSM ~ 10~ %8ecm dSM ~ 10~%2ecm

» Inthe MSSM, EDMs can be induced already at the 1loop level
— tight constraints on CP violating phases of gaugino and Higgsino masses

» phases of 3rd generation trilinear couplings A; , - remain basically
unconstrained at 1loop

» important 2loop Barr-Zee type diagrams that involve the 3rd generation
(Chang, Keung, Pilaftsis '98)

€.q €.q €.q

M Qem Me 2y 2 Im(NAf)
oy R ' de tan Y ——2
A > 4rx 1672 p Z A Yr —3a
i \ f=t,b,7

i\ mA ,"f Im A
NNV ©) & Qs Y2 H f)

a% dg” o 70 16 e
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A Large Bs Mixing Phase in the MFV MSSM?

Result of a numerical scan

» CP violation in meson mixing is
generically SM like in the MFV MSSM
(WA, Buras, Gori, Paradisi, Straub '09)

» i.e. small effects in Sy, Syks and ex

- L gl » reason: strong constraints from
X BR(B — Xs7) and BR(Bs — pu* ™)
and the EDMs

-0.05
L

tang
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A Large Bs Mixing Phase in the MFV MSSM?

Result of a numerical scan

» CP violation in meson mixing is
generically SM like in the MFV MSSM

o 005 at: .. (WA, Buras, Gori, Paradisi, Straub '09)

> . .

- = "‘_"’M Y » i.e. small effects in Sy, Syks and ex
000 43 » reason: strong constraints from

BR(B — Xsy) and BR(Bs — ™)
and the EDMs
i 10 20 30 40 50 e

tanf

» effects in Sy, might still be possible in the uplifted
SUSY region with tan 8 ~ O(100 — 200)

(Dobrescu, Fox '10; Dobrescu, Fox, Martin '10)

» But: such a scenario is strongly constrained by
B physics observables, (g — 2),, and EDMs
(WA, Straub '10)
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Low Energy Probes of CPV in the MEV MSSM (I)

» The MFV principle is intended to naturally
suppress FCNC effects

» Naturally, large NP effects only show up in
helicity suppressed processes

Bs,d - /’L+/~‘L_ ) B+ — T+V

b — sy
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Low Energy Probes of CPV in the MEV MSSM (I)

» The MFV principle is intended to naturally m
suppress FCNC effects i s

+ .-

» Naturally, large NP effects only show up in Cs §

helicity suppressed processes K

Bs,d - /’L+/~‘L_ ) B+ — T+V
b — sy

» Best low energy probes of CP Violation in
the MFV MSSM are EDMs and
observables sensitive to CPV in the
b — s+ transition (WA, Buras, Paradisi '08)

— direct CP asymmetry in B — Xsv, A%
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Low Energy Probes of CPV in the MEV MSSM (I)

» The MFV principle is intended to naturally m
suppress FCNC effects i ® 4.
» Naturally, large NP effects only show up in Cs §
v

helicity suppressed processes

BS,d - /’L+/~‘L_ ) B+ — T+V

b — sy

» Best low energy probes of CP Violation in
the MFV MSSM are EDMs and
observables sensitive to CPV in the
b — s+ transition (WA, Buras, Paradisi '08)

— direct CP asymmetry in B — Xsv, A%

— time dependent CP asymmetries in
B — ¢K5 and B — 1’],K5, SéKS and Sn’KS
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Low Energy Probes of CPV in the MEV MSSM (I)

» The MFV principle is intended to naturally m
suppress FCNC effects i ® 4.
» Naturally, large NP effects only show up in Cs §
v

helicity suppressed processes

BS,d - /’L+/~‘L_ ) B+ — T+V

b — sy

» Best low energy probes of CP Violation in
the MFV MSSM are EDMs and
observables sensitive to CPV in the
b — s+ transition (WA, Buras, Paradisi '08)

— direct CP asymmetry in B — Xsv, A%

— time dependent CP asymmetries in
B — ¢K5 and B — 1’],K5, SéKS and Sn’KS

— angular observables in B — K*¢" ¢~ ) o
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Low Energy Probes of CPV in the MFV MSSM (Il)

10-2910-28510-241 027510~ 0255120 1072910275107 0°475107#710-24510~#% 200 400 600 800 1000
1 fecn) S o) — e D
1 3 a.1
A1 11072
0.
exp. 1 5x10°47
| Mo o.
o 197
o ds{,w 1 > g 1x10%7
d j _Z, 0.00 E‘sxm“
90 = =
o < =
1x10°2
090 0.
5x109
0.
] exp. xp.
0. 0,100 b L ol I — 1x102
04 02 00 0z 04 06 08 Lo <04 02 00 02 04 06 08 10 04 02 00 02 04 06 08 L0
Sexs Seks Sexs

> Sykg and S,k  can simultaneously be
brought in agreement with the data

» sizeable and correlated effects in
Acp(b — S’Y) ~ 0% — 5%

» for Sykg =~ 0.4 lower bounds on the
electron and neutron EDMs at the level of
den = 10~28ecm

» large and characteristic effects in the CP
asymmetries in B — K*utpu~
(WA, Ball, Bharucha, Buras, Straub, Wick '08)
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Low Energy Probes of CPV in the MFV MSSM (Il
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> Sykg and S,k  can simultaneously be
brought in agreement with the data

» sizeable and correlated effects in

A combined study of all these
Acp(b — sv) ~ 0% — 5% .
cr /) ° ’ observables and their
» for Sykg =~ 0.4 lower bounds on the correlations constitutes a
electron and neutron EDMs at the level of very powerful test
de,n 2 10-?%ecm of the MFV MSSM with CPV

» large and characteristic effects in the CP phases
asymmetries in B — K*utpu~
(WA, Ball, Bharucha, Buras, Straub, Wick '08)
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The Bs Mixing Phase
Beyond MFV
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Gluino Box Contributions to Bs Mixing (I)

Bgé M Qs ad L RR b b
(0FR)a2 % x (05)a X W((Sd )a2(0g " )s2 (bPLs)(bPgrs)

- 2
b 9 S Qs (<1132 i 2
— * x W((Sd )32 (bv,PLs)
bL! ’ §|_

(051)s2 sk x (05 0% RRy2 E 2
& LB X W(éd )32 (b7.PrsS)
SL g by

» color and RGE enhancement if (65")3, and (0§R)s, present
simultaneously
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Gluino Box Contributions to Bs Mixing (II)

Syo - Syp - I

0.5

=
5
&

Im@©})3,
°
2
Im(@}")s,
s o
g8 ®
=Im(3)s,
o
8
I N

-02

I} )3
s
a

05 o
-0.10
-0.6 S |
-0.5 0.0 0.5 -06 -04 -02 00 0.2 04 0.6 -0.10 -0.05 0.00 0.05 0.10
1L RR 1L RR
Re(04 )32 Re(g )32 Re(d4)32 =Re(d, )32

» large effects in Sy, possible for O(1) RR or LL mass insertions

» If LL and RR insertions are present simultaneously, large
effects in Sy, can be generated even for moderate mass

insertions

Low Energy Probes of CPV in the MSSM Feb. 3, 2011 35/43



Double Penguins in Presence of (65%)a2

br SR
br SR 2012
i BV AN az a2 mi Mg
o byl X6 ~ a2 M—Stan“ﬂ = (03")s2(03" )2
AR T Ma Mw
S b,
S by
SR
2 m2 2
. as a; My 4, H-AMg RR
g ~ —=—2 D tan's 3 VyVE(6FY)a

Ar M2 M3, m4

by

» proportionality to mg due to the presence of flavor changing
right-handed currents (remember: in MFV o< mpms)

— very important contributions from double penguins for large tan 5 in
presence of a (657 )32 mass insertion
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A Large Bs Mixing Phase Beyond MFV

» a (04")s2 mass insertion of O(\?) is always induced radiatively

— models that predict a sizable (6§R)32 mass insertion are
frameworks where a large Bs mixing phase can naturally be
generated
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A Large Bs Mixing Phase Beyond MFV

» a (J4")s2 mass insertion of O(\?) is always induced radiatively

— models that predict a sizable (5§R)32 mass insertion are
frameworks where a large Bs mixing phase can naturally be
generated

There are many SUSY models where sizable (6§R)32 mass inser-
tions can be expected

» abelian flavor models
Nir, Seiberg '93; Nir, Raz '02; Agashe, Carone '03; ...

» non-abelian flavor models
Barbieri, Hall, Romanino '97; Carone, Hall, Moroi '97; ...
Ross, Velasco-Sevilla, Vives '04; Antusch, King, Malinsky '07; ...

» SUSY GUTs

Chang, Masiero, Murayama '02; ...
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Concrete Example: A non-abelian Flavor Model

Example: Ross, Velasco-Sevilla, Vives '04 (RVV)
» non-abelian flavor model based on

SU(3)

» 15t and 2" generation of squarks
approximately degenerate

@5y~ [ 0

CAEN P

AS
)\4
)\2

A4
23
A

Expected phenomenology:

A3
)\2
1

A3
A
1

» Moderate effectsinb — d ands — d
transitions (strongest constraint from ey )

» Small effects in Dg-Dy mixing

» Sizeable effects in Bs-Bs mixing

Wolfgang Altmannshofer (Fermilab)

Low Energy Probes of CPV in the MSSM
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Concrete Example: A non-abelian Flavor Model

Example: Ross, Velasco-Sevilla, Vives '04 (RVV)
» non-abelian flavor model based on
SU(3)

» 15t and 2" generation of squarks
approximately degenerate

50

A5 /A5 (SM)
(=}

M5 )8 -0
(5'&") ~ )\5 )\4 )\2
M1 0% 05 00 03 10
Syo
A3 8
ERRY~ [ 2% X A
ANoa 1 > a Ia_rge _SW; can be accomodated
for in this model
» strong (model independent)
Expected phenomenology: correlation with the semileptonic
S
» Moderate effectsinb — d and s — d asymmetry ag, ‘
transitions (strongest constraint from e ) (Ligeti, Papucci, Perez '06

. _ = Grossman, Nir, Perez '09)
» Small effects in Dg-Dy mixing

» Sizeable effects in Bs-Bs mixing
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Concrete Example: An Abelian Flavor Model

Example: Agashe, Carone '03 (AC)

» abelian flavor model based on
a U(1) horizontal symmetry

» ‘remarkable level of alignment”

1 0 0
By~ o 1 N
0 X 1

100

Ry~ 0o 1 1
0 1 1

Expected phenomenology:

» small effects inb — d and
s — d transitions

» large effects in Dy-Dg mixing
(generic for abelian models)

» large effects in Bs-Bs mixing
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Concrete Example: An Abelian Flavor Model

Example: Agashe, Carone '03 (AC)

» abelian flavor model based on
a U(1) horizontal symmetry

» ‘remarkable level of alignment”

= O
o
As/A5L(SM)

(351 ~ z2

O O
>
N}
=

100 Zos 00

Sy

[

(6§7) ~

[SESN™
)
o

» alarge Sy, can easily be accomodated
for in this model
Expected phenomenology: » strong (model independent) correlation
» small effects inb — d and with the semileptonic asymmetry ag,
s — d transitions
» large effects in Dy-Dg mixing
(generic for abelian models)

» large effects in Bs-Bs mixing
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Concrete Example: An Abelian Flavor Model

Example: Agashe, Carone '03 (AC)

» abelian flavor model based on
a U(1) horizontal symmetry

» ‘remarkable level of alignment”

1 0 0
By~ o 1 N
0 X 1
10 0 X102 %5005 1.0
S,
Ry~ 0 1 1 v
0 1 1

» alarge Sy, can easily be accomodated
for in this model
Expected phenomenology: » strong (model independent) correlation
» small effectsinb — d and with the semileptonic asymmetry a§|_
s — d transitions » double penguins dominate

» large effects in Dy-Dg mixing = lower bound on BR(Bs — pp™)
(generic for abelian models) at the level of 10—8
» large effects in Bs'és mixing (WA, Buras, Gori, Paradisi, Straub '09)
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CPV in D° Mixing and EDMs
in SUSY Alignment Models
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A Generic Prediction of Abelian Flavor Models

SU(2), invariance implies a relation between
LL mass insertions in the up and down sector

(65°) = V(65T

2 2
(6LL) — (5LL) DY mEL _ mﬁL
u J21 d /)21 rﬁz mz

» abelian flavor models that realize the
alignment mechanism ensure (Si-) ~ 0

» irreducible flavor violating term (64%),; ~ A
in the up sector for natural O(1) splitting of
squark masses
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A Generic Prediction of Abelian Flavor Models

SU(2), invariance implies a relation between 3
LL mass insertions in the up and down sector ) |

(855 = V= (s5yvT :

2 2
(6LL) _ (5LL) + A I‘n&L _ mﬁL
u /21 — \9q )21 2 =

m2 -2 i
. ‘
» abelian flavor models that realize the -l -05 00 05 10
alignment mechanism ensure (Si-) ~ 0 .
» irreducible flavor violating term (64%),; ~ A
in the up sector for natural O(1) splitting of » immediate consequence: Large
squark masses NP effects in D® — D° mixing

(Nir, Seiberg '93)

» already for tiny complex
SRR ~ X% large CP violation in

o
B
(=1}
(=1}

s
s

Grt Mo i D% — D% mixing
(P21 x X (092
! D LL RR
iy P E ImMg; oc Im [(5u )21(85 )21]
: My
Ur g ] oL » current experimental bounds are

easily reached
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Correlation with Electric Dipole Moments

» acomplex (6RR),; leads also to a
up quark EDM by means of
flavor effects

Ur
-‘GR~ B G, K

R

(0FR)s ¥ Cr EC A 511y,

X-
chcl[777z
79

d{? o Im [(55L)21(55R)21]

» suppression by small mass
insertions, but chiral enhancement
by me¢/my

» the up quark EDM leads in turn to
EDMs e.g. of the neutron and of
mercury
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Correlation with Electric Dipole Moments

» acomplex (6RR),; leads also to a 10
up quark EDM by means of
flavor effects g
H
F107
§ 2§ =
UR 9 up
. . 10742
. UR~ up

CP z
chCl’7771 ny S in%
79

» large CP violation in D® — D° mixing in
d{® o Im [(SL';'-)Zl(&l’fR)ﬂ] abelian flavor models implies
lower bounds on hadronic EDMs

. (WA, Buras, Paradisi '10)
» suppression by small mass

insertions, but chiral enhancement dn > 10782 cm
by me¢/my dhg 2 10-39-3) g cm
» the up quark EDM leads in turn to
EDMs e.g. of the neutron and of » interesting level for expected future
mercury experimental resolutions
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Summary

» MSSM with Minimal Flavor Violation

» non-MFV MSSM frameworks with sizable (6§R)32 S SE S

» SUSY alignment models
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Summary

MSSM with Minimal Flavor Violation

— CP violation in AF = 2 transitions remains generically SM like
(in particular: small effects in the Bs mixing phase)

— best low energy probes of CP violation are
EDMs and observables sensitive to CPV in the b — s+ transition

non-MFV MSSM frameworks with sizable (6§R)32 S SES

SUSY alignment models
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(in particular: small effects in the Bs mixing phase)
— best low energy probes of CP violation are
EDMs and observables sensitive to CPV in the b — s+ transition

» non-MFV MSSM frameworks with sizable (6§R)32 S SES
— large NP effects in Bs mixing are naturally generated through
flavor changing right handed currents
— in the large tan B regime, strong correlation between Bs mixing
and the rare decay Bs — putu—

» SUSY alignment models
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Summary

» MSSM with Minimal Flavor Violation
— CP violation in AF = 2 transitions remains generically SM like
(in particular: small effects in the Bs mixing phase)
— best low energy probes of CP violation are
EDMs and observables sensitive to CPV in the b — s+ transition

» non-MFV MSSM frameworks with sizable (6§R)32 S SES

— large NP effects in Bs mixing are naturally generated through
flavor changing right handed currents

— in the large tan 3 regime, strong correlation between Bs mixing
and the rare decay Bs — putu—

» SUSY alignment models

— genericall large effects in D° - D° mixing
— CP Violation in D? - D® mixing implies lower bounds on hadronic EDMs
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Summary

MSSM with Minimal Flavor Violation

— CP violation in AF = 2 transitions remains generically SM like
(in particular: small effects in the Bs mixing phase)

— best low energy probes of CP violation are
EDMs and observables sensitive to CPV in the b — s+ transition

non-MFV MSSM frameworks with sizable (6§R)32 S SES

— large NP effects in Bs mixing are naturally generated through
flavor changing right handed currents

— in the large tan 3 regime, strong correlation between Bs mixing
and the rare decay Bs — putu—

SUSY alignment models

— genericall large effects in D° - D° mixing
— CP Violation in D? - D® mixing implies lower bounds on hadronic EDMs

NP models predict characteristic patters of effects in flavor observables

measurement of these observables provide important information on
the flavor structure of NP models and allows to rule them out
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“Flavor DNA”

| | MFVMSSM | GMSSM | AC | RVV | SSUG)rn *) | RSc (**) |
CPVinD® — D° * Jokk | dokok * * ?
CPVinBs — Bs * Jokok | dokok | kokok ko ko
Sekg+ Sn/kg 2.8, 8. ¢ %k * % * %k ok ?
Acp(b — sv) 2. 8.8 Yk k * * * ?
A7,8(B — K*£0) * %k 2. 8.8 ¢ * * * ?
Ag(B — K*££) * %k Kk * * * ?
Bs,a = putp” 2,88 ¢ Jokk | kokok | kokk ok *
B — K®up * * Kk * * * *
K — v * 2. 8.8. ¢ * * * 2.8 8. ¢
dn ok ok dokk | kokk | kokk ok k * kK
de 2.8, 8. ¢ dkok | Khokk | kokk b 8.8 ¢ %k Kk

% % : large effects, % %: moderate effects, *: small effects

(*) " SU(5) SUSY GUT as analysed by Buras, Nagai, Paradisi '10
(*) " Randall-Sundrum model with custodial protection
as analysed by Blanke, Buras, Duling, Gemmler, Gori, Weiler '08
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