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and with Kagan, Perez, Volansky (0903.1794)
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THE AIM

e Jike-sign dimuon asymmetry seen at
DO: 3.20 away from SM D@, 1005.2757

e show that it fits well with the Bs—]/y ¢
mixing anomaly

e interpret in terms of minimally flavor
violating NI

J. Zupan Implications of dimuon.... 2 Fermilab, June 24, 2010



BEFORE WE BEGIN...

* let me remind you of two “flavor
problems”

J. Zupan Implications of dimuon.... %) Fermilab, June 24, 2010



SM FLAVOR PUZZLE(S)

e quark flavor sector well measured

o 10 parameters exhibit a hlerarchy (A=0.22)

V’LLS ~ A Vcb ™~ >\2 Vub ~ >\3

\_ J
® lepton sector less well measured, different

~

hierarchies

. [SM flavor puzzle: why this structure?]

e the answer may well not be related to TeV scale

J. Zupan Implications of dimuon.... 4 Fermilab, June 24, 2010



NP FLAVOR PUZZLE

e new physics expected at TeV
® hierarchy problem
® dark matter

* but generic flavor structure of TeV NP

violates low energy flavor constraints
s [NP flavor problem]

J. Zupan Implications of dimuon.... 5 Fermilab, June 24, 2010



THIS TALK

e will have nothing to say about SM
flavor puzzle

e for NP flavor puzzle we will assume (at
some point) a particular solution

® Minimal Flavor Violation

J. Zupan Implications of dimuon.... 6 Fermilab, June 24, 2010



OUTLINE

e experimental situation
* model independent fit
e what it tells us about NP

J. Zupan Implications of dimuon.... 7 Fermilab, June 24, 2010
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PRESENT EXPERIMENTAL
SITUATION

( 1.5TIII

—

mechanism ;
dominates

T

o
=
3

Q
0
L
=

0
1

o
(&)
0
=
n
gor

i
o
o

—1‘“1‘1"*7‘7—1 T“] T 2887 | "1

e global agreement
between B and K sk
systems

.

|

Llllll
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TENSIONS

e determination of V,; from B—1v does
not agree with global fit

e there may be tension with ex (depends
on lattice Bk)

e there is a 3.x sigma tension with SM in
Bs mixing

J. Zupan Implications of dimuon.... 10 Fermilab, June 24, 2010
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TENSIONS

* determination of V,; from B—tv does
not agree with global fit

e there may be tension with ex (depends
on lattice Bk)

¢ | there is a 3.x sigma tension with SM in

Bs mixing

~
main topic

. of this talk )
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DIMUON ANOMALY

(X DO collaboration, 1005.2757 )

e DO recently measured Asi? to be 3.20
away from SM
~ T — A

Ag) — N(p ' pmX) = Np p~ X)
. N(pTptX)+ N(p=p~X)

)SM

J

[agL = —(957+£251 £1.46) x 107°  (a%;) = (-2.3%52)x107*

e note: exp. not known that it comes from B

e decay B’ — X tags the flavor of B

J. Zupan Implications of dimuon.... 11 Fermilab, June 24, 2010
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COMPARISON

e at Tevatron both B4 and Bs produced

b __
[CLSL —

(0.506 -

- 0.043) a%; + (0.494 -

- 0.043) a L]

¢ the new measurement consistent with

previous ones (but smaller errors)

J. Zupan Implications of dimuon.... 12 Fermilab, June 24, 2010



COMPARISON

o at Teyafmn hoth B: and B. nrodiiced

b w S
[CLSL = ; 13) aSLJ
001 :
e the ni with
: 0
previ )
001
3_.1)0 At;l
-0.02 -« Standard Model
.0.03 :_—B Factory W.A.
- = DO B,—D, uX
T AT T e "
-0.04-0.03 002001 0 001
D@, 1005.2757 agl
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COMPARISON WITH Bs— J/)PQ

(' 0.6 CDOF RunllPrel. 28"+ DO 2.81b )
TT
* time dependent & 04
measurement 5 02}
0.0
[ Bs(t) — J/Wj
-0.2}
® Can measure il
5 -10 -05 00 05 1.0 15
[ﬁs = — arg(—M 12/ Fm)j _ CDE D©,2009 B/%?[rad] )

e in SM 0= (1.04 T 0.05)0

e pre FPCP 2010 combined CDF and DY
(2.12 0 away from SM )

J. Zupan Implications of dimuon.... 13 Fermilab, June 24, 2010



COMPARISON WITH Bs— J/PQ

at FPCP 2010 (May 25th)
CDF showed new data

moved closer to SM
(now 0.80 away)

consistent with all
other measurements

'f
CDF Run |l Preliminary L=52fb :

18 J,f' 1 95% CL
16} 1| Iﬁ\ﬂl‘ 68% CL

14 f i SM prediction

af

2 Alog (L)

o NN A O

e

TR
R BRSBTS A -

-1 0 1
B (rad)

\Oakes for CDFE FPCP2010

no combined CDF & DO 2D likelihood
we use 1D likelihood of CDF, 2D of DY

J. Zupan Implications of dimuon.... 14
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NEW PHYSICS?

e What does this all mean?
® new physics?
® just statistical fluctuation(s)?
e Will explore the possibility of NP

® assume that dominant effect due to NP in
the mixing

® in the decay amplitudes has to compete
with tree level

J. Zupan Implications of dimuon.... 15 Fermilab, June 24, 2010
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GENERAL PARAMETRIZATION

NP only in mixing

~

E1E

(e -i5) ([0

_/

Bis and Bs systems described by 4 real parameters

d,s
[ M12 —

(MlcléS)SM (1 4 hd,s €2i0d’s)J

the observables
are then

-

\_

Am,
JAN B
AgL
Sy x
Sypg

mgM ‘1 + hqe%"q
AFSM COS [arg (1 + h e2i03)] ,

)

Tm {T9,/[MEM (14 hee? )] )

Sin

Sin

26 + arg (1 + h ede)} :

_25 — arg (1 + h 62“’8)}

_/

J. Zupan Implications of dimuon....
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CONSTRAINTS

e first a simplified
analysis for
illustration

e Jook just at Bs
® j.e.set hy=0
o different constraints

e two allowed regions

J. Zupan Implications of dimuon.... 18 Fermilab, June 24, 2010



CONSTRAINTS

e first a simplified - S

vvvvvvvvvvvvvvvvvvvvvvvvvv

analysis for
illustration

* ]ook just at Bs 51 D

® ji.e. set hg=0

e different constraints oold oo FN—

e two allowed regions \ Y
[Amq — AmgM ‘1 + hqe%"qD
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CONSTRAINTS

e first a simplified s 5
- wof T
analysis for |
: . 2.5}
illustration |
2.0k R
* Jook just at Bs ol
: Lo}
® j.e.set hg=0 |
0.5 _
e different constraints | . . ;
00 05 10 15 20 25
. h
e two allowed regions \ )
,SM 210
[AgL = Im{I'Y,/[ M5 (1 + hge™9)] }j
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CONSTRAINTS

e first a simplified - S
analysis for 0
illustration
2.0}
e Jook just at Bs s
® i.e.set hg=0 o
0.5
o different constraints | .. ;
0.0 05 1.0 1.5 2.0 2.5
. hy
e two allowed regions \ Y
[S¢¢ = sin [Qﬁs — arg (1 + hSeQi"S)}j
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CONSTRAINTS

e first a simplified -

analysis for
illustration

e Jook just at Bs

® ji.e. set hg=0

e different constraints

e two allowed regions \
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THE FIT

e the fit done using CKMFitter package

e correlation between Bs and By systems is
through Asr?

e AT floated in the fit (I I'12 | in range 0-0.25 ps)
® cf. SM pred. |TI'121=0.049+0.012 ps! .. . .o 0

Lenz, Nierste, hep-ph/0612167
e uses OPE, eng. release only my—2m. ~2GeV

e data prefers Al's ~2.5 bigger than the
prediction

J. Zupan Implications of dimuon.... 19 Fermilab, June 24, 2010
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RESULTS OF THE EIT

no NP hypothesis
hg=hs=0 is disfavored
at 3.3 o level

two best fit regions for
hSNO.S and hs~1.8
have large phases

in hs-0s the no NP
point h=0 disf. at 2.60

in hg-04 the no NP
point hq=0 allowed
below 20

J. Zupan Implications of dimuon.... 20
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ERESULTS OF THE FEIT

e no NP hypothesis
hg=h.=0 is disfavored
at 3.3 o level

e two best fit regions for
hSNO.S and hs~1.8
have large phases

e in he-0s the no NP
point h=0 disf. at 2.60

e in h4-04 the no NP
point hq=0 allowed
below 20
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ERESULTS OF THE FEIT

-

0.7 7\ ! ! ! ! I I ! ! ! I ! ! T I I ! ! ! ! I ! ! ! ! I

e no NP hypothesis
ha=hs=0 is disfavored | -
at 3.3 o level

e two best fit regions for il

hSNO.S and hs"’l .8
have large phases °

e in he-0s the no NP
point h=0 disf. at 2.60

/4

e in hg-04 the no NP
point hq=0 allowed
below 20 \-

J. Zupan Implications of dimuon.... 20 Fermilab, June 24, 2010
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e two best fit regions for
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PATTERNS

e most of the favored param. space has hs>hy

* hs>>hy is preferred, but hs~hy is still
allowed

o redoing the fit with h.=h =h; and g.=0=0}
worsens the fit

® allowed region is hy~0.25, 0p~120°

J. Zupan Implications of dimuon.... 21 Fermilab, June 24, 2010



e most of

o h.>>hii

allowed| o

\_

Brr/4 -
N | 72

/4 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6

e has hs>hy
still

e redoing th

worsens the fit

e fit with h.=h;=h;, and g.=0,=0;

® allowed region is hy~0.25, 0p~120°
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SUMMARY SO FAR

e present data support the hypothesis of
new CP violation contributions

® and that it mainly contributes to AF=2
mixing amplitude

e the SM extensions with SU(2)
“universality” are not preterred

J. Zupan Implications of dimuon.... 22 Fermilab, June 24, 2010
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AF=2 PROCESSES/NP PUZZLE

e NP contribs. to mixing (assuming (V-A)®(V-A) structure)

r )
G%.m? 2 C =
__ F "W Y/ . NP . 12
et = (—E 5% (ViiVig) “Co+ o ) [dinu@ = 75)d5]
N NP Y
e measurms. exclude O(1) corrections
r D
K — Kmix.: | (v Vi)' —> 0% = | Axp 2 10! TeV
\;:;3’ MFV NP
Bg— Bgmix.:| (v vie ) > 2 = [Anp = 5-10% TeV
\zl-/\;'; Aurv  Axp
S S (\tﬁ/\t/;) Ai’”“v > A_{.P NP 0 eV
_ ~1 ~A ] (- b
> >
-
\AMFVZ\/gw/GFmWNGTeV] 1 ‘t' 1 t‘

\_
J. Zupan Implications of dimuon.... 24 Fermilab, June 24, 2010



MINIMAL FLAVOR VIOLATION

D’ Ambrosio, Giudice, Isidori, Strumia, 2002

Buras et al, 2000; Chivukula, Georgi, 1987
Hall, Randall, 1990

e if NP at TeV it has a very nontrivial
flavor structure

e can NP emulate the SM hierarchy?

e Minimal Flavor Violation hypothesis:
flavor only broken by SM Yukawas

e anonempty set: MSSM with gauge
mediated SUSY breaking

J. Zupan Implications of dimuon.... 25 Fermilab, June 24, 2010



MINIMAL FLAVOR VIOLATION

D’ Ambrosio, Giudice, Isidori, Strumia, 2002

e use spurion analysis to construct NP opers./ contribs.

quark sector formally inv. under U(3)o®
U(3)u®U(3)g, if the Yukawas promoted to spurions

[ Yzi,d — VQYu,dVJ,d

constrains possible FV structures, e.g. (V-A)®(V-A)

e allowed: [@(Yuyj)”Q]

e not allowed: [QYdT(YuYJ)”Qj

it gives SM like suppression of FCNC’s since

(VYD ~ (YY) = Vekudiag(0,0,1) Vg |

for (V-A) bilinear by sy, the suppression ~ Vi Vi

J. Zupan Implications of dimuon....
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DIFFERENT MFV’S

* sometime additional assumptions are
made

® CP only violated by Yukawas
® only SM 4-quark operators
e we will not make such assumptions

e for simplicity work in large tanf limit

J. Zupan Implications of dimuon.... 27 Fermilab, June 24, 2010



A QUESTION

* Y, Yqhave O(1) eigenvalues yip:
why are we able to expand Qf(e.Yu,€aVa)Q ?

e if g,4<< 1: series truncates after first few terms =
[Linear MFV]=> expansion in Yyd

o if g,q= O(1): higher terms important =

[Nonlinear MFVj

= need to reorganize expansion

e can we distinguish LMFV vs. NLMFV?

® interesting since €,4 log( uw/Ar) = could give a
handle on physics at higher scales (with caveats)

J. Zupan Implications of dimuon...
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Kagan, Perez, Volansky, JZ, 2009

GENERAL MFV

e formalism inspired by nonlinear sigma model

e GMbroken by v, to HSM=U(2)o®U(2).®U(2)a®U(1)3 we
mod out broken symm. generators of GM/HM

( )
P +ix/2v, —1P.d ¥ _ [ Pu.d 0

Yu,d = e e / )/u,d6 P 9 Yu,d — ( 0 yt,b)

\_ J

* p; spurion “Goldstone bosons”, can be set to zero

e X the misalignement spurion, in down quark basis

(" )
~ : 2 . TTq, M

X = (XOT >(§) 9 XT — Z(V;fda ‘/158)7 ¢u — (gK)l];/[ dlag( 9 )

_ My MMy

e the bilinears are invariant under HM

[ X/ — UéXQXa #L,d — Uéxquu,dUi,ZQT

J. Zupan Implications of dimuon.... 29 Fermilab, June 24, 2010




COMPARING WITH THE
USUAL MFV NOTATION

e MFV LL example (A}, = y; V5 Vi,; with i=)
 —

Qa1 Y, + a2 (Y,Y)?]Q + [b2 (QY.Y, [ YaY)Q + hec.]
CZZL [(al -+ agy?)A% + CLlAgj} d”i -+ [bgyg CZZLAzbbL + hC]

\_

e LMFV: 611>>612,b2, NLMFV: a;~a»~b;
® g1, are real, b, can be complex

e in GMFV notation

[(cbd(LQ)XbL + h.c) 4 cd P xxTdP + ccd(LZ)gbugde(Lﬂ

e [1.O:|cy =~ (alyf + azyf + bzyi), Ct = a1yt2 + a2yf> Ce = alj

J. Zupan Implications of dimuon.... 30 Fermilab, June 24, 2010



CP VIOLATION
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CP VIOLATION

e using GMFV formalism we can prove the
following:

‘assuming MFV, there can be significant
new CPV effects only if there are new

\ﬂavor diagonal CP sources

J. Zupan Implications of dimuon.... 31 Fermilab, June 24, 2010



CP VIOLATION

e using GMFV formalism we can prove the
following:

‘assuming MFV, there can be significant
new CPV effects only if there are new

flavor diagonal CP sources
\_ J

e proof: the leading CKM generated flavor-
diag. phase x[¢]¢u, ¢ ddlx is very small

[[¢L¢u7 ¢2¢d] ~ (ms/mb)2(mc/mt)2 sin QC’ ~ 10—9]

J. Zupan Implications of dimuon.... 31 Fermilab, June 24, 2010



CP VIOLATION

e if new CP sources present:

o d¥yo,,brF" would give enhanced
and correlated CPV in B — X,y and
B X7

® to ex can contribute (d(L>XXTgb d(Q) : 50%
contrib. to ek corresp. to A~0.8 TeV

e contributions to both B4 and Bs mixing

J. Zupan Implications of dimuon.... 32 Fermilab, June 24, 2010



CONTRIBUTIONS TO B
MIXING

2 classes of non-hermitian AB = 2 effective operators

® class-1 (no dg)): (@XbL,R)Q,...
e class-2 (with dg?): (dg)quXbL)(df)xbR),...

class-2 contribs. only to B, — B, mixing (up to mg/ms)

class-1 contribs. = same NP phase shift in B; — By
and B, — B, (up to SU(3)r breaking in bag params.)

class-1 contribs. dominate if A comparable for all ops.

[sizable CPV in Bs system requires class-2 Contrist

barring cancelations

[NP CPVin B, — B, mix.> NP CPVin B, — B, mixingj

J. Zupan Implications of dimuon.... 33 Fermilab, June 24, 2010
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\_

~N
Observed

pattern

CONTRIBUTIONS TO B
MIXING

2 classes of non-hermitian AB = 2 effective operators

® class-1 (no dg)): (@XbL,R)Q,...
e class-2 (with dg?): (dﬁf)quXbL)(d(LQ)xbR),...

class-2 contribs. only to B, — B, mixing (up to mg/ms)

class-1 contribs. = same NP phase shift in B; — By
and B, — B, (up to SU(3)r breaking in bag params.)

class-1 contribs. dominate if A comparable for all ops.

‘sizable CPV in B, system requires class-2 Contrist

N

Vbarring cancelations

NP CPVin B, — B, mix.>NP CPVin B — By mixing]
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CLASS-1 OPERATORS

e the operators that give SU(2)q universal

contributions

~

\_

1

Ui 7 8 1 3 Ui
A_%(b%XTQ%) (Vpx"d;) A2

A_%(_%VMXTCI%) (BQ”VMX qr,

(

TB)

2xTar) (Vrx'af

)

_/

e the bounds on the scale are (equality

sign, if the data hold)

 Aurviies 2 {88, 13y, 6.8y} 0.2k, TeV

J. Zupan Implications of dimuon.... 34
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e class-2 operators

CLASS-2 OPERATORS

(1

A2
\4

—(d2 ¢l xbr) (AP xbR)

~

_J

® + op. w/ Fierzed color. indic. (suppr. contrib.)

e prefered solution by data

e contribs. to By are mga/ms supp. compared to B

 unsuppressed only in large tanf limit

e data imply (equality, if indication for NP holds)

-

\_

Amreva 2 13.2y

me 0.5

my hs

~

TeV =2.9yp 4/ %—5 TeV

J

J. Zupan Implications of dimuon....
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UP QUARK SECTOR AND
GMFV

in up quark mass basis one has for the spurions
r .

X = 1(Vup, Veb) Pa = V(gz})(]}wdiag (Mg, ms)/ma
in NLMFV new contribs. can be greatly enhanced

top FCNCs
® in SM Br(t—cX)~0O(10-12)
e in NLMFV @2yt can lead to Br(t—cX)~O(10)

enhancements for CPV in D mixing

® relevant operators

~=(2) —(2) —(2)
\(U(L xxtur)? (@ xxur)(ag deﬁbduL)]
e resulting CP violation in mixing

[arg(Mm/Fm) = 0(5%) (1 TeV/A)* (sin 2, sin 7)j

J. Zupan Implications of dimuon.... 36 Fermilab, June 24, 2010




EDM CONSTRAINTS

e to explain nonzero Bs mixing phase CP
violation beyond CKM is needed

e Q: how to avoid bounds on flavor
diagonal phases from EDM’s?

® at the level of operators not possible to
answer (comes from different sector)

® can be a problem in models

e only “ad hoc” fixes so far

J. Zupan Implications of dimuon.... o Fermilab, June 24, 2010



MSSM WITH MFV AND CPV

MSSM+MFV, but not
assumed CP cons.

EDM'’s constrain phases

( M;p, Arp and AT M; )

| _3 ( msusy \?( 10
< 10 "( ) ts
singy| S 300 GeV (t.ﬁ

S 2
) < 10_2( MSUSY ) ,
singal S 300 GeV

).

~N

“if flavor blind phases
arg(Au), arg(Ap) zero

Paradisi, Straub, 0906.4551

~
m% = m%) [1 +Yy (T:; -+ 7‘4Y.£,Yu - 7'5Y2Yd

+ (e2YhYaYlY, +h.c.)>Yj1] ,

AY = AyY, (1 + C:sYZIYd +esYIY, +

+ CSYLYdYLYu + C(iYLYu.Y(TlY(l> 3

AP = ApYy (1 + C7Y.:rLYu + CgYZYd -+

+ CQYLY(]YLYU + ClOYiYUYIin) ’

\ _/

‘ImA, > ImA, g

ImA, > ImA,, |[ImA; > Im A, |
g . VAN

then EDM’s constraints are obeyed

J. Zupan Implications of dimuon....
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H, H, g < g ub, 0906.4551
dir g dir, dinr o diL,
M s s M V'tz' ‘\‘ m,Af 4/’ ‘/tz dh’z ‘\(\_OER)ﬁ (é?!ziz,l CZL,
t, ~X" g 51;‘></,51, : A
MSSM+MFV, t LA%H LYY,
Y, g
assumed CP cc¢ "
f f f :
 — > >
EDM’s constra o0 v ir 5 -
P [
‘ . \
( LMW, Arp an L iy,
- U m A A -
" < -3 _T L1 \\\“ ’,,' tr
ISln(.bl»lI ~ 10 (3( X Irc]Lind) )
' < —2 (T LL%’%'*./-
Ising4| < 10 (3( 9
. . s 7 A N —I'—/T
if flavor blind phases A7 = ApYal1+er¥ YutesY Yat
arg(Au), arg(Ap) zero + Y YaYY, + chLYuYLYd) ,
4 N\
ImAp > ImAg 4 \ /

kIm A > Im AM,6/| ImA; > Im Ac,u]
then EDM’s constraints are obeyed
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MODELS

e explanations for dimuon anomaly
proposed so far

e 2HDM + MFV (EDM'’s assumed ok)

Buras, Carlucci, Gori, Isidori, 1005.5310

® uplifted MSSM Dobrescu, Fox, Martin, 1005.4238

® leptoquarks (also enhances AI" from

BSQT%U_X) And, Dighe, Nandi, 1005.4051

J. Zupan Implications of dimuon.... 39 Fermilab, June 24, 2010
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CONCLUSIONS

e observed like-sign dimuon asymmetry
is well described by NP contributions to
Bs mixing

e (G)MFYV can at the same time
accomodate small contribs. to Bs mixing

o presented EFT analysis may be used to
guide model building
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T DEP. OF ASYMMETRY
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