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By = {B d}
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Mixing of neutral B mesons

By ={b,d} By ={b,d}
g (85) == (&)

¥9 = M9 — i[9 M9 and 9 are hermitian matrices.
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Mixing of neutral B mesons

Eigenvalues of X: Ay = M, — 4T, Ay = My — 4Ty

AM = My—M,
AT = Ty—T;
M2
¢ = arg (——)
M2
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Eigenvalues of X: A\, = M| — é'rL

AM
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¢
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Q
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Mixing of neutral B mesons

Ay =My — 4Ty

My — M,
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Experimental results vs theoretical prediction for Als:

ATHFAG 0.081 £ 0.011) ps—}(LHCb(2013), ATLAS(2012), CDF (2012) and DO (2012)).
s p

AFThe = (0.087 £0.021) ps~L(A. Lenz and U. Nierste, arXiv:1102.4274).

Experimental results vs theoretical prediction for Al 4:
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The observables Al ;¢

Experimental results vs theoretical prediction for Als:

ATHFAG 0.081 £ 0.011) ps—}(LHCb(2013), ATLAS(2012), CDF (2012) and DO (2012)).
s p

AFThe = (0.087 £0.021) ps~L(A. Lenz and U. Nierste, arXiv:1102.4274).

Experimental results vs theoretical prediction for Al 4:

ArHFAG
% = (1.5 1.8)%(BABAR(2006) and Belle(2012)).
d
ArDo
rd = (0.50 + 1.38)%(2014).
d
ArLHCb
rd = (—4.4+27)%(2014).
d
ArTheo
rd = (0.42+0.08)%(A. Lenz and U. Nierste, arXiv:1102.4274).
d
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CKM Unitarity Violations

NP contributions on ATl 4 can be introduced through unitarity violations of the CKM matrix

let Ay = V5, Vip, Ac = V5 Vap, Ae = Vi Vi,
In the SM: Ay + Ac + Ae = 0

Av+Ac+ At +0ckm =0

As a very rough estimate (4th family studies)

d
Sckm = 23
3
ckm = A
A~ 023

enhancement by a factor of 4 in Aly
enhancement by a factor of 1.4 in Al.

iy

October 31, 2014
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How big can Al 4 be?

Enhancements in Al arise from:
© CKM Unitarity violations.
@ New Physics at tree level decays.

© (db)(77) operators.
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New Physics at tree level decays.

The effective Hamiltonian approach
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New Physics at tree level decays.

The effective Hamiltonian approach

<£)2; ~ _(ﬂ)ZL:&
2V2) K- M3, 2v2) M2, T /2

ngl = (divuPrai) (G7" PLbj)

QCD corrections

\/\/\l&l

Q 0 xog@g

After integrating out the W boson we get: qu, = (dvuPrai) (G PLb;)
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New Physics at tree level decays.
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New Physics at tree level decays.

4G / /
Heff - =L )‘qq’ C,‘q,q (MWHU')Q;W + h.c.
V2 o= -
q,9'=u,c i=1,2
with .
Agqg = qu Vg
Wilson Coefficients
3as(u) ’V’ﬁv
G = =X
1(n) - n 2
3 as(w) M12/V
C = 1+ — L W
2(1) + N, an n 2
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Analysis strategy

We investigated how constrained by New Physics C; and G, are.
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We investigated how constrained by New Physics C; and G, are.

To analyze the effects of new physics the theoretical result

o(ceM, csMy + oM

is compared against the experimental one

OP 4 5P

taking into account a shift in Gy

oM, My — O(GM + AC, GV + AG)

|O(CIM + AC, GGV + AGC) — OFP| < 1.64+/(0®P)2 + (5M)2

Gilberto Tetlalmatzi (IPPP Durham)

New Physics in Al 4

October 31, 2014



Analysis strategy

We investigated how constrained by New Physics C; and G, are.

To analyze the effects of new physics the theoretical result

o(ceM, csMy + oM

is compared against the experimental one

OP 4 5P

taking into account a shift in Gy

oM, My — O(GM + AC, GV + AG)

|O(CIM + AC, GGV + AGC) — OFP| < 1.64+/(0®P)2 + (5M)2

Q|
<l
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Constraints over the Wilson coefficients

C< and C5©

Q = (dy*Prc) (€. PLb)
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Constraints over the Wilson coefficients

C< and C5©

Q = (dy*Prc) (€. PLb)

Channels and Observables
@ B — Xyv = Operator Mixing
M)

@ Sin (2,8d): Im(|Md I) = Double insertion of AB = 1 operators.
12
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Constraints over the Wilson coefficients

C< and C5©

Q = (dy*Prc) (€. PLb)

Channels and Observables
@ B — Xyv = Operator Mixing

d
@ Sin (2,8d): Im(lz}fl) = Double insertion of AB = 1 operators.
12

Im ACS®
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New Physics at tree level decays.

Calculation of Al4 ¢

b u.c d b u.c d
NN/
d o I3 d o7 5
b u
X
d 3
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New Physics at tree level decays.

Calculation of Al4 ¢

d uc I3
b
X
d Z
AB=1 4Gr ad o
Heff = s z )‘qq’ Z C,‘ ] (MW7,U)Q, + h.c.
V2 q,q9'=u,c i=1,2
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New Physics at tree level decays.

Calculation of Al4 ¢

2
sl
ll
ol

b
<
d Z
HAB=1  _ 4GF qu M Qqq h.
eff - \[ Z aq’ Z ( 421 'u‘) + h.c.
q,q9'=u,c i=1,2
1 - i A
re, - < Bulim (7 [ atxT [HEE A OMEE0)] ) 1B >
2Mpg,

= - (e, o) (e, C) + X (al, o))
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New Physics at tree level decays.

Calculation of Al4 ¢

2
sl
ll
ol

b
<
d Z
HAB=1  _ 4GF qu M Qqq h.
eff - \[ Z aq’ Z ( 421 'u‘) + h.c.
q,q9'=u,c i=1,2
1 - i A
re, - < Bulim (7 [ atxT [HEE A OMEE0)] ) 1B >
2Mpg,

= - (e, o) (e, C) + X (al, o))

ATy =~ 2|T)|cos(¢a)
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Effect of G;, G5 on Al

<
o

d

Up to an enhancement of 1.5 possible.
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Effect of G;, G5 on Al

<
o

d
Up to an enhancement of 1.5 possible.
b d

d u b

Up to an enhancement of 1.6 possible.
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Effect of G;, G5 on Al

<
o

d
Up to an enhancement of 1.5 possible.
b d

d u b

Up to an enhancement of 1.6 possible.
b d

d c b

Up to an enhancement of 16 posssible
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How big can Al 4 be?

Enhancements in Al arise from:
© CKM Unitarity violations.
@ New Physics at tree level decays.

© (db)(77) operators.

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014 15 /23



(bd) (77) Operators

The contributions from NP on Al 4 can be estimated by analyzing effective operators well
suppressed in the SM.
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(bd) (77) Operators

The contributions from NP on Al 4 can be estimated by analyzing effective operators well
suppressed in the SM.

The set of operators relevant to our study has the form (db)(7).

T

Qs iz = (8 P b) (FPsT),
Qv.as = (d7"Pab) (FyuPsT),
Qr.a = (do"Pab) (FouPat),
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(bd) (77) Operators

The contributions from NP on Al 4 can be estimated by analyzing effective operators well
suppressed in the SM.

The set of operators relevant to our study has the form (db)(7).

T

Qs iz = (8 P b) (FPsT),
Qv.as = (d7"Pab) (FyuPsT),
Qr.a = (do"Pab) (FouPat),

The effective Hamiltonian involving these operators is

4G
Hegt = FAdZ Ci(1)Qi
\[ i,j
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(bd) (77) Operators

Example: Vector contribution Qv ag = (c_l'y“PA b) (FvuPBT)
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(bd) (77) Operators

Example: Vector contribution Qv ag = (c_l'y“PA b) (FvuPBT)
Direct Bounds
@ By =717~ = Br(By —» 7)< 4.1x1073
@ B— Xyt~ and BT — ntrtr—
(TBS - 1) Vs (7—i - 1) = Br(By — X) < 1.5%
SM exp

TBy TBy
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(bd) (77) Operators

Example: Vector contribution Qv ag = (c_l'y“PA b) (FvuPBT)
Direct Bounds

@ By =717~ = Br(By —» 7)< 4.1x1073

@ B— Xyt~ and BT — ntrtr—

T8 T8
5—1) vs(—s—l) = Br(By — X) < 1.5%
(TBd SM TBy exp ( d ) °

Indirect Bounds

@ BT »atutuy™ = Br(BT = nTutu™)

2

Q@ = (fT)z (d7 P b) (T l)
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(bd) (77) Operators

Example: Vector contribution Qv ag = (c_l'y“PA b) (FvuPBT)
Direct Bounds
@ By =717~ = Br(By —» 7)< 4.1x1073
@ B— Xyt~ and BT — ntrtr—
(TBS - 1) Vs (7—i - 1) = Br(By — X) < 1.5%
SM exp

‘I'Bd ‘I'Bd
Indirect Bounds

@ BT »atutuy™ = Br(BT = nTutu™)

e? - -
Q = e (dy*PLb) (Lyu0) ,

Coa(mp) = (01—0.2n5") (Cv,a(A) + Cvoar(A))

—
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77) Operators

= EVA,
Ally ~
FgM < |Ad|
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(bd) (77) operators

Expected values for Br(B N ﬂ.+T+T—>
and
Br<B — XdT+T7> in order to compete against Br<Bd — T+T—>

=— By 7t

=== B> Xgqt'1t"

==== B* 5 girir

|ATq / ATl v

:
2.x10°® 0.00001 0.0001 0.001 0.01

|&glv.ag < 3.7= Br(B— XgrT77) <2.6x1073

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al October 31, 2014



Like-sign dimuon asymmetry

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014



Like-sign dimuon asymm

Nttt - N——

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014 20 /23



Like-sign dimuon asymm

Nttt - N——

N/ == # of events with two +/- muons from B hadron decays

Gilberto Tetlalmatzi (IPPP Durham)

New Physics in ATy October 31, 2014 20 /23



Like-sign dimuon asymm

Nttt - N——

A = —
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

New Physics in ATy October 31, 2014 20 /23

Gilberto Tetlalmatzi (IPPP Durham)



Like-sign dimuon asymm

Nttt - N——

A = —
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

New Physics in Al 4 October 31, 2014

Gilberto Tetlalmatzi (IPPP Durham)



Like-sign dimuon asymm

Nttt - N——

A = —
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

(—0.787 £ 0.172 4 0.093)%(2011) 3.9 o deviation from the SM

New Physics in ATy October 31, 2014 20 /23

Gilberto Tetlalmatzi (IPPP Durham)



Like-sign dimuon asymm

Nttt - N——

A = —
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

(—0.787 £ 0.172 4 0.093)%(2011) 3.9 o deviation from the SM

Borissov and Hoeneisen Acp ox C4ad + Coa, + Cr, Ar—Zd + Cr, §%=Phys. Rev. D 87, 074020

New Physics in ATy October 31, 2014 20 /23

Gilberto Tetlalmatzi (IPPP Durham)



Like-sign dimuon asymm

A = Nttt - N——
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

= (—0.787 £0.172 + 0.093)%(2011) 3.9 o deviation from the SM

Borissov and Hoeneisen Acp ox C4ad + Coa, + Cr, Ar—Zd + Cr, §%=Phys. Rev. D 87, 074020

CP violation in mixing

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014 20 /23



Like-sign dimuon asymm

A = Nttt - N——
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

= (—0.787 £0.172 + 0.093)%(2011) 3.9 o deviation from the SM

Borissov and Hoeneisen Acp ox C4ad + Coa, + Cr, Ar—Zd + Cr, §%=Phys. Rev. D 87, 074020

CP violation in mixing+

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014 20 /23



Like-sign dimuon asymm

Nttt - N——

A = —
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

(—0.787 £ 0.172 4 0.093)%(2011) 3.9 o deviation from the SM

Borissov and Hoeneisen Acp ox C4ad + Coa, + Cr, Ar—Zd + Cr, §%=Phys. Rev. D 87, 074020

CP violation in mixing+CP violation in interference between mixing and decay.

New Physics in ATy October 31, 2014 20 /23

Gilberto Tetlalmatzi (IPPP Durham)



Like-sign dimuon asymm

A = Nttt - N——
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

= (—0.787 £0.172 + 0.093)%(2011) 3.9 o deviation from the SM

Borissov and Hoeneisen Acp ox C4ad + Coa, + Cr, Ar—Zd + Cr, §%=Phys. Rev. D 87, 074020

CP violation in mixing+CP violation in interference between mixing and decay.

ar
ad = (—0.62+0.43)% a5, = (—0.82 4 0.99)% r—dd = (0.50 & 1.38)%D0 (2014)

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014 20 /23



Like-sign dimuon asymm

A = Nttt - N——
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

= (—0.787 £0.172 + 0.093)%(2011) 3.9 o deviation from the SM

Borissov and Hoeneisen Acp ox C4ad + Coa, + Cr, Ar—Zd + Cr, §%=Phys. Rev. D 87, 074020

CP violation in mixing+CP violation in interference between mixing and decay.

ar
ad = (—0.62+0.43)% a5, = (—0.82 4 0.99)% r—dd = (0.50 & 1.38)%D0 (2014)

Phys. Rev. D 89, 012002 (2014)

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014 20 /23



Like-sign dimuon asymm

A = Nttt - N——
N++ + N——
NEH == # of events with two +/- muons from B hadron decays
A = Acp+ Apkg

Standard interpretation: CP violation in mixing Acp Ai’, = Cdag, + Gag,

b,D0
Asl

= (—0.787 £0.172 + 0.093)%(2011) 3.9 o deviation from the SM

Borissov and Hoeneisen Acp ox C4ad + Coa, + Cr, Ar—Zd + Cr, §%=Phys. Rev. D 87, 074020

CP violation in mixing+CP violation in interference between mixing and decay.
d 0 s 0 Aly 0
ag = (—0.62+0.43)% a7 = (—0.82£0.99)% r—d = (0.50 £ 1.38)%D0 (2014)

Phys. Rev. D 89, 012002 (2014)

3.0 o deviation from the SM
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Conclusions

@ We have investigated the room for New Physics in Aly

@ A priori a large enhancement in Aly in contrast for Al's BSM effects cannot exceed the
size of the hadronic uncertainties.

4 CKM unitarity violations.
AT

<
Algy —

16 Current-current operators.

3.7 (bd)(77) operators.

@ The interference contribution to the like sign dimuon asymmetry comes from I'{§ rather
than from Al,.

Main differences:
2|A2r | is a bit bigger than Al in the SM
There are different phases
Sin(28 + 20y,)

attached with the components of Al,.

Gilberto Tetlalmatzi (IPPP Durham) New Physics in Al 4 October 31, 2014 21 /23

/



Constraints over the Wilson coefficients

Ce and Cye
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Constraints over the Wilson coefficients

Ce and Cye

Q = (dv*PLu)(EyuPLb)

Channels and Observables
r(B°-»p**+=—)

@ B s Dt~ = Rao . per)os = ——
B =D=rimy) dr(Boﬁﬂ+/*ﬁ/)/dq2|q270

@ BY — DHO0R0 — SD(*)Uhg

@ Tiot(By)
15 15
10| 10|
;g 0.5 ;g 0.5
§ 0.0 }9: 0.0
E _os E _os
-1.0] —1.0]

-15] -15]
-25 -20 -15 -10 -05 00 05 -25 -20 -15 -10 -05 00 05
Re AC{*(My) Re AC3*(My)
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Constraints over the Wilson coefficients

C and Cy
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