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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 b — s transitions CP violation in D® — D° mixing

» Bs mixing phase (LHCb) (LHCb, superB)

» time dependent CP asymmetries

> CP asymmetries in B = Xs lifetime differences S
f

and B — K™~ (superB)

» time dependent CP asymmetries in » semi leptonic asymmetry as,
B — ¢Ks and B — n'Ks  (superB)

» angular observables in Electric Dipole Moments
B — K"£7™  (LHCD, superB) » of the neutron, deuteron

(very) rare decays » of paramagnetic Atoms, Tl

> Bsg — putpu~  (LHCH) » of diamagnetic Atoms, Hg
S,

» B KMuip  (superB)

» K — v (NA62, KOTO)
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Electric Dipole Moments
and the SUSY CP Problem
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Electric Dipole Moments
—25 _
di® < 9.4 x 10-*ecm d>® < 2.9 x 107%°ecm d2® < 3.1 x 10 ®ecm

Regan et al. '02 Baker et al. ‘06 Griffith et al. '09

» SM predictions are many orders of magnitude below the experimental
bounds

» experimentally accessible EDMs are induced by EDMs and chromo-EDMs of
the electron and the quarks

dn ~ —-585de+...
dn ~ 0.7(dg —0.25dy) + 0.55e (dg + 0.5 dy) + ...
dug ~ 7-10 % (dy—dg)+10%de + ...

» large uncertainties in the above equations for the neutron (50%) and
especially for the mercury EDM (> 100%)
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The SUSY CP Problem

» the MSSM contains many new sources of CP violation:

— flavor diagonal phases of the Higgsino and Gaugino masses p, M1, M2, M
and of the trilinear couplings Ay, Aqg, ...

— “flavored phases” in the off-diagonal entries of the squark soft masses

9 9
Ur Mé u.
» EDMs can be induced already at the A
1loop level oo
— tight constraints on the new phases LHM g
see e.g. Ellis, Lee, Pilaftsis '08;
Li, Profumo, Ramsey-Musolf '10 B B
er My e
‘o Mests
8r X &L
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The SUSY CP Problem

» the MSSM contains many new sources of CP violation:

— flavor diagonal phases of the Higgsino and Gaugino masses p, M1, M2, M
and of the trilinear couplings Ay, Aqg, ...

— “flavored phases” in the off-diagonal entries of the squark soft masses

» EDMSs can be induced already at the

lloop level

— tight constraints on the new phases

see e.g. Ellis, Lee, Pilaftsis '08;

Li, Profumo, Ramsey-Musolf '10

» flavor diagonal phases are constrained

to be very close to 0
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Pospelov, Ritz '05
tan 8 = 3, Mgysy = 500GeV
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D°-D° Mixing
and the SUSY Flavor Problem
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DO - D Mixing Basics

Schradinger equation describing D° - D° mixing:
o DO()) i ) /DO(t)
% (Bof) = (M+37) (1)

Three physical mixing parameter:

M
|Muu|nﬂ,¢n:—am<?2)
12

Eigenstates D; and D, are linear combinations of D° and D°

- Mip* — Lo
D12) = p|D%) £q[D°) %= Mo i o o= Al
2

CP conservation implies ¢ = 0 and |q/p| =1
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Observables in D° - D° Mixing (examples)

» normalized mass and width differences

AM i
X = rDD = 2TD Re |:% <M12 — §r12>:|

Al i
y = T; = —27p Im [% <M12 - 5&2)}

» semileptonic asymmetry
e — r(D° —» K*¢~v) —T(D° - K~¢tv)  q* — |p*|
T S KHw) £ 1(D° = K—¢+v) 9" — |p?]

(asymmetry in the decay to “wrong sign” leptons)
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Observables in D° - D° Mixing (examples)

» Lifetime differences in decays to final CP eigenstates f
(D% — f) o exp [—fDo_ﬁt] , T(D% —f) x exp |:—f|30_>ft:|

A

1 ~
St = ™ (rD°—>f - r5°—>f)
D

» St is independent of the final state f, if induced only by indirect CP
violation in D° - D® Mixing

CPS :X('ﬂ'—F‘B‘) sing — (‘ﬂ‘_'g') Ccos ¢
et pl " | RN T |

» direct CP violation in the decays can only lead to very small
non-universalities S # Sy
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The Experimental Situation

» no mixing hypothesisx =y =0
is excluded by more then 100

2

y (%)

CHARM 2010
CPV allowed I

» HFAG result for the mixing
parameter

_ +0.19 o
X = 0.6370‘20 0

y =0.75+0.12%
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The Experimental Situation

» no mixing hypothesisx =y =0
is excluded by more then 100

L % SO e o
» HFAG result for the mixing g 60,°
parameter s
g’ 40
x =0.63"5% % 20p

y =0.75+0.12%

» no evidence for CP Violation _35

» [g/p|=1and ¢ =0is
consistent with the data

O A P P B
02 04 06 08 1 12 14 16 18
la/pl

1—1a/p| =0.09753%

¢ = Arg(q/p) = —10.273% °
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Contributions to D° - D° Mixing in SUSY

The MSSM contains many sources

of flavor violation in addition Complex Mass Insertions lead to
to the CKM matrix. flavor and CP violating
Most convenient parameterization gluino-quark-squark interactions
in terms of Mass Insertions § that typically generate the dominant

contributions to FCNCs

2 "2 6Id_L 6IJR
Mg =m* (L +dq) , g = SR RR
d g
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Contributions to D° - D° Mixing in SUSY

The MSSM contains many sources

of flavor violation in addition Complex Mass Insertions lead to
to the CKM matrix. flavor and CP violating
Most convenient parameterization gluino-quark-squark interactions
in terms of Mass Insertions ¢ that typically generate the dominant

contributions to FCNCs

2 "2 5Id_L 6IJR
Mﬁ =m (]]-+5Q)v dq = <6§L JER)

Cr [¢] g U
Er Mg L )
(95%)2r % k() 85 (55)20(65R )20 (EPLU)(CP
&z X x ()a o =5 (03 )21(057 )21 (EPLU)(CPRU)
i ¢
RY My 4 CL
Ur g ¢ CL

» chiral, color and RGE enhancement if (d5-)21 and (357 )21 are present
simultaneously
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The SUSY Flavor Problem

» severe constraints on the Mass 0.004
Insertions from D® — D° mixing P
(and similarly also in the down sector from S 0.002
N—
K, By and Bs mixing as well as rare E
decays like B — Xsy and B — Xs£1£7) T 0.000
» for all s of O(1), the SUSY ~
scale has to be extremely high =S -0.002
m > 10* TeV g
=
» SUSY atthe TeV scale has to —0.004
exhibit a highly non-generic
flavor structure -0.004 —0.002 0.000 0.002 0.004
LL RR
Re(d;,)21 = Re(5y, )21
Gabbiani, Gabrielli, Masiero, Silvestrini '96
Ciuchini et al. ; Foster et al.
WA, Buras, Gori, Paradisi, Straub '09
M = My = 500GeV
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Correlation between
EDMs and D°-D° Mixing
in SUSY Alignment Models
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Mass Insertions in Alignment Models

Alignment models use flavor symmetries to align quark and squark masses, such
that both can be (approximately) diagonalized simultaneously  (Nir, Seiberg '93)

Wolfgang Altmannshofer (Fermilab) EDMs and DO Mixing in SUSY Moriond EW 2011 14/18



Mass Insertions in Alignment Models

Alignment models use flavor symmetries to align quark and squark masses, such
that both can be (approximately) diagonalized simultaneously  (Nir, Seiberg '93)

If alignment is induced by abelian horizontal symmetries, both upper and lower
bounds can be given for the mass insertions (Nir, Raz '02)

(5'&")21 = )\5 - )\3 (5§R)21 = )\7 - )\3
(5l|]L)21 = A (55R o1 = A4 =2
O = A (O = AT=X®
(02 = N (0§ = M+
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Mass Insertions in Alignment Models

Alignment models use flavor symmetries to align quark and squark masses, such
that both can be (approximately) diagonalized simultaneously  (Nir, Seiberg '93)

If alignment is induced by abelian horizontal symmetries, both upper and lower
bounds can be given for the mass insertions (Nir, Raz '02)

(5'&")21 = )\5 - )\3 (5§R)21 = )\7 - )\3
(621 = A (6FF)ar = X=X
O = A (O = AT=X®
(O = N (OFR)2 = X=X

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

m m2
(6 =V @V (05 = (6 )21+A< - >

» irreducible flavor violating term (65")21 ~ X in the up sector for
natural O(1) splitting of squark masses and (84")21 < 1

» note: (05-)21 is real to a very good approximation
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Large D%-D° Mixing in SUSY Alignment Models

» consequence of (655)21 ~ A:
large NP effects
in D° — D° mixing
(Nir, Seiberg '93)

» SUSY alignment models are
strongly constrained
(Golowich, Hewett, Pakvasa, Petrov '07
Gedalia, Grossman, Nir, Perez '09)

— either heavy spectrum
m > 2TeV

— or only small mass splitting
between the first two
generations < 10%
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Large D%-D° Mixing in SUSY Alignment Models

1.0
» consequence of (65")21 ~ A: 05
large NP effects
in D° — D° mixing B
. N n 0.0 | ]
(Nir, Seiberg '93) G
. -0.5
» SUSY alignment models are
strongly constrained -

(Golowich, Hewett, Pakvasa, Petrov '07 -3 =] 0 1 2

Gedalia, Grossman, Nir, Perez '09) q?F S¢ in%

— either heavy spectrum
m > 2TeV

— or only small mass splitting
between the first two
generations < 10%

» for complex (65%)z1 ~ A®, large CP
violation in D° — D° mixing is
generically predicted

ImMMS, o Im [(65L)21(65R)21]
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Correlation with Electric Dipole Moments

«:
«

» acomplex (0RR)z; leads )
also to a up quark EDM WUR W
by means of flavor effects (05

ACMQ

d{” oc Im [(55L)§1(55R)21} Me —=7-

» suppression by small mass insertions, but
chiral enhancement by m¢/m,
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Correlation with Electric Dipole Moments

10°%® | |
» large CP violation in D° — D° mixing
=t gy in abelian flavor models (that are
g assumed to be realized at some high
o, scale ~ Mgyr) implies
— 1028 lower bounds on hadronic EDMs
'g: — (WA, Buras, Paradisi '10)
dn > 10" Pecm
10°2° L ~
, = dug > 10 C°*Vecm
| i
-2 -1 0 1 2
e Spoin % (for |St| = 0.1%)
mMSUGRA spectrum at Mgyr: » only 1-2 orders of magnitude below
mp < 2TeV, My, < 1TeV, [Aq| < 3my, the present experimental constraints

5 <tanf < 55, [(55F)a1] == A
order 1 mass splitting mg = 2mg = 2mp
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» Electric Dipole Moments and CP Violation in D® — D° mixing are
strongly suppressed in the SM
— potential discovery channels for New Physics

SUSY alignment models predict an flavor violating (d5-)21 ~ A
for natural O(1) splitting of the left handed squark masses
— generically large effects in D° - D° mixing

within SUSY alignment models, CP Violation in D° - D° mixing
generically implies lower bounds on hadronic EDMs that are induced by
flavor effects and that are only 1-2 orders of magnitude below the
current constraints
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A Model Independent Relation

» three theory parameter My2, 12, 012
and four “observables” x, y, |q/p|, ¢
= a model independent relation

(Grossman, Nir, Perez '09) 10
X 0.=
1- ‘9‘ = — tan¢
pl Yy |
rg' 0.0
» correspondingly, in absence of direct 05
CP violation:
correlation between S; and ag. e T
(Bigi, Blanke, Buras, Recksiegel 09, 0t S in%

Kagan, Sokoloff '09)

_ cpX2+y?

St = —p Y asL
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