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Mixing of neutral B mesons

Eigenvalues of X:

AL=M, —1ir, Ay =My — 5Ty

AM = My—M,
AT = T —Ty
M2
¢ = arg (——)
M2
AM ~ 2|M12|
AT =  2|l12|cos(d)
T2
2 = |2 |sin(o)
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ng : QCD corrections to the box diagram. Buras et al., Nucl. Phys. B 347 (1990) 491.
fg, = (190.5 + 4.2)MeV. Aoki et al. ArXiv:1310.8555.
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Calculation of AMjq
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AMy = |T P anBBdedMWSO(xt)(thth)
So(x¢) :  Inami-Lim function. Inami and Lim. Prog. Theor. Phys. 65 (1981) 297.
ng : QCD corrections to the box diagram. Buras et al., Nucl. Phys. B 347 (1990) 491.
fg, = (190.5 + 4.2)MeV. Aoki et al. ArXiv:1310.8555.
Bg, = (0.84 +0.07)GeV. Aoki et al. ArXiv:1310.8555.
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AMy

Theoretical predictions vs experimental results for the mass splittings:
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Theoretical predictions vs experimental results for the mass splittings:

AMJIhe = (0.543 £0.091) ps~1. Lenz and Nierste, arXiv:1102.4274.
AMpr = (0.510 4 0.004) ps—*. Online update of HFAG.
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Theoretical predictions vs experimental results for the mass splittings:

AMJIhe = (0.543 £0.091) ps~1. Lenz and Nierste, arXiv:1102.4274.
AMpr = (0.510 4 0.004) ps—*. Online update of HFAG.
AM]IMeo = (17.3+£2.6) ps~ L. Lenz and Nierste, arXiv:1102.4274.
AMSEXP = (17.69 £ 0.08) ps1.Online update of HFAG.

The main source of the theoretical uncertainty comes from the hadronic matrix elements.
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AMy

Theoretical predictions vs experimental results for the mass splittings:

AMJIhe = (0.543 £0.091) ps~1. Lenz and Nierste, arXiv:1102.4274.
AMpr = (0.510 4 0.004) ps—*. Online update of HFAG.
AM]IMeo = (17.3+£2.6) ps~ L. Lenz and Nierste, arXiv:1102.4274.
AMSEXP = (17.69 £ 0.08) ps1.Online update of HFAG.

The main source of the theoretical uncertainty comes from the hadronic matrix elements.

The hadronic uncertainties allow space for new physics.
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Experimental results vs theoretical prediction for Als:

ATHFAG  — (0.081 +0.011) ps— 1 (LHCbH(2013), ATLAS(2012), CDF (2012) and DO (2012)).
s p
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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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% = (1.5 1.8)%(BABAR(2006) and Belle(2012)).
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d
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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:

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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Room for new physics in Al 4

Gilberto Tetlalmatzi (IPPP Durham) Mixing of B mesons April 30, 2014



Room for new physics in

New Physics (NP) effects in Als are strongly constrained in comparison with Aly because:
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100% enhancement on (b — cCs) leads to sizable effect on I¢or
100% enhancement on (b — cZd) hidden in the hadronic uncertainties.
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Room for new physics in

New Physics (NP) effects in Als are strongly constrained in comparison with Aly because:

T — T

B 5 d a
< <

AT s triggered by b — cCs ATl triggered by b — ccd

Br(b — cgs) = (23.7 £ 1.3)% || Br(b — ced) = (1.31 £0.07)%

— 100% enhancement on (b — cCs) leads to sizable effect on I¢or
== 100% enhancement on (b — cZd) hidden in the hadronic uncertainties.

Enhancements in Al arise from:

@ CKM Unitarity violations.
@ New Physics at SM tree level decays.

@ (db)(7T) operators.

Bobeth, Haisch, Lenz, Pecjak and Tetlalmatzi-Xolocotzi, arXiv:1404.2531.
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Room for new physics in

CKM Unitarity violations
Let Ay = V), Vb, Ae = V2, Vep, At = V), Vi
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Room for new physics in

CKM Unitarity violations

Let Ay = V5, Vip, Ae = V5 Vep, Ae = Vi Vip.
SM: Ay + Ac + At = 0= NP: Ay + Ac + At + Scxm = 0

d s
As a very rough estimate (4th family studies): “EM = O (1), 254 = O () with A ~ 0.23
t t
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Room for new physics in

CKM Unitarity violations
Let Ay = V5, Vb, Ac = V2 Vep, At = Vi V.
SM: Ay +Ac+ A =0= NP: Ay + Ac + At + dckm =0
As a very rough estimate (4th family studies): 5§’f,"” =0(1), 65&# = O (\) with A = 0.23
Enhancement factors: 4 for Al'y and 1.4 for AFS.t ‘

Gilberto Tetlalmatzi (IPPP Durham) Mixing of B mesons April 30, 2014 9 /16



Room for new physics in
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As a very rough estimate (4th family studies): 5§’f,"” =0(1), 65&# = O (\) with A = 0.23
Enhancement factors: 4 for Al'y and 1.4 for AFS.t ‘

Room for New Physics at SM tree level decays.
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CKM Unitarity violations
Let Ay = V5, Vb, Ac = V2 Vep, At = Vi V.
SM: Ay +Ac+ A =0= NP: Ay + Ac + At + dckm =0
As a very rough estimate (4th family studies): 5§’f,"” =0(1), 65&# = O (\) with A = 0.23
Enhancement factors: 4 for Al'y and 1.4 for AFS.t ‘

Room for New Physics at SM tree level decays.

! !’ !
Calculation of the effects of C/? M c SM AC]% on ATy

1.0]

0.5]

0.0

2 T
] E
E = -o5
-10,
-15! . -15! e
-25 -20 -15 -10 -05 00 05 -10 -05 0.0 05
Re ACY(My) ReACy”

!
The contours show the ratio AFZM+NP/AF§M for qq = wu
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CKM Unitarity violations
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SM: Ay +Ac+ A =0= NP: Ay + Ac + At + dckm =0
As a very rough estimate (4th family studies): 5§’f,"” =0(1), 65&# = O (\) with A = 0.23
Enhancement factors: 4 for Al'y and 1.4 for AFS.t ‘

Room for New Physics at SM tree level decays.

! !’ !
Calculation of the effects of C/? M c SM AC]% on ATy

1.0]

0.5]

0.0

2 T
] E
E = -o5
-10,
-15! . -15! e
-25 -20 -15 -10 -05 00 05 -10 -05 0.0 05
Re ACY(My) ReACy”

!
The contours show the ratio AFZM+NP/AF§M for qq = wu

Enhancement factor: 16 for Aly4.
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Room for new physics in Al 4
XX X
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Room for new physics in

b u b u b c
v d ¢ d <
CY“ bounds from:
B - rtx—
B~ - ax°
B — pfp
B p+/— =/t
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Room for new physics in

b u b u b c
v d ¢ d <
CY“ bounds from:
B - rtx—
B~ - ax°
B — pfp
B p+/— =/t

CY¢ bounds from:

B_d — D*tr~
F(Bq)
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Room for new physics in

b u b u b c
v d ¢ d <
CY“ bounds from:
B - rtx—
B~ - ax°
B — pfp
B p+/— =/t

CY¢ bounds from:
B_d — D*tr~
r(B4)

C¢ bounds from:

B — Xd’}/
sin(23)

ag
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Room for new physics in

(db)(77) operators

Qsaz = (8 P b) (FPsT),
Qu,as = (dy"Pab) (FyuPsT),
Qra = (aa‘“’PA b) (FouwPat) ,

Bounds from the following channels
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Room for new physics in

(db)(77) operators

Qsaz = (8 P b) (FPsT),
Qu,as = (dy"Pab) (FyuPsT),
Qra = (aa‘“’PA b) (FouwPat) ,

Bounds from the following channels
@ By —»71tr™
@ B— Xytt7~ and BT — ntrtr—
@ BT »atutu~

Enhancement factor: 3.7 for Al4.
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- - - q
Semileptonic asymmetries a,

q
r12
q
M12

¢ _ T(B(t)g—f)—T(B(t)g —F)
F(B(t)q) — f) + T(B(t)g — )

= |5 Isin(¢q)

sl
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¢ _ T(B(t)g—f)—T(B(t)g —F)
F(B(t)q) — f) + T(B(t)g — )

= |5 Isin(¢q)

sl

f: semileptonic state.
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¢ _ T(B(t)g—f)—T(B(t)g —F)
F(B(t)q) — f) + T(B(t)g — )

= |5 Isin(¢q)

sl

f: semileptonic state.

Prob(Bg — Bgq) # Prob(Bq — Bg)
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Semileptonic asymmetries a,

q
r12
q
M12

¢ _ T(B(t)g—f)—T(B(t)g —F)
F(B(t)q) — f) + T(B(t)g — )

Isin(¢q)

f: semileptonic state.
Prob(Bg — Bgq) # Prob(Bq — Bg)

SM
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Semileptonic asymmetries a,

q
r12
q
M12

¢ _ T(B(t)g—f)—T(B(t)g —F)
F(B(t)q) — f) + T(B(t)g — )

= |5 Isin(¢q)

sl

f: semileptonic state.
Prob(Bg — Bgq) # Prob(Bq — Bg)

SM

a? M — (~4.1+£0.6) x 107 25" = (1.9+£0.3) x 10~5Lenz & Nierste, arxiv:1102.4274
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Semileptonic asymmetries a,

q
r12
q
M12

¢ _ T(B(t)g—f)—T(B(t)g —F)
F(B(t)q) — f) + T(B(t)g — )

= |5 Isin(¢q)

sl

f: semileptonic state.
Prob(Bg — Bgq) # Prob(Bq — Bg)

SM

a? M — (~4.1+£0.6) x 107 25" = (1.9+£0.3) x 10~5Lenz & Nierste, arxiv:1102.4274

Experimental results
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- - - q
Semileptonic asymmetries a,

_ T[(B(t)g = f) =T (B(t)g = F)
ST TB00 S A TTBE ) |M‘7 [sin($q)

f: semileptonic state.
Prob(Bg — Bgq) # Prob(Bq — Bg)
SM

a? M — (~4.1+£0.6) x 107 25" = (1.9+£0.3) x 10~5Lenz & Nierste, arxiv:1102.4274

Experimental results

a%P% = (0.68 + 0.45 + 0.14)%(2012) a5P% = (—1.12 £ 0.74 £ 0.17)%(2013)

sl sl

a? BB — (0.06 + 0.17 + 0.17+938)%(2013) 2% HHC — (—0.06 £ 0.050 & 0.36)%(2014)

sl
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N/ == # of events with two +/- muons from B hadron decays
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Semileptonic asymmetries a,

Like-sign dimuon asymmetry

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

Standard interpretation Acp Af, = Cdag, + Gag)

Ab,DO (—0.787 £ 0.172 £ 0.093)%(2011) 3.9 ¢ deviation from the SM

Borissov and Hoeneisen Acp o Cqad + Csa, + Cr, %i + Cr, A= Phys. Rev. D 87, 074020

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

Phys. Rev. D 89, 012002 (2014)
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Semileptonic asymmetries a,

Like-sign dimuon asymmetry

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

Standard interpretation Acp Af, = Cdag, + Gag)

Ab,DO (—0.787 £ 0.172 £ 0.093)%(2011) 3.9 ¢ deviation from the SM

Borissov and Hoeneisen Acp o Cqad + Csa, + Cr, %i + Cr, A= Phys. Rev. D 87, 074020

ar
ad = (—0.62+0.43)% a5 = (—0.82 & 0.99)% r—dd = (0.50 & 1.38)%D0 (2014)
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Vea V3
5 = arg (_M>

Via Vi
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VgV
8 = arg(— cd Cf)
Vfdvtb

Prob(By — J/¢¥K2) # Prob(By — J/¥K2)
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Ved Vi
arg (_ e v;,;)
Prob(By — J/¢¥K2) # Prob(By — J/¥K2)
M[Bo(t) = J/Y K] = T[By(t) = J/¥KQ]
M[Ba(t) = J/¥K2] + T[Ba(t) — J/¥KY

B

= CJ/wKSCOS(AMdt)+SJ/1J;KSUSin(AMdt)
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Ved Vi
arg (_ e v;,;)
Prob(By — J/¢¥K2) # Prob(By — J/¥K2)
M[Bo(t) = J/Y K] = T[By(t) = J/¥KQ]
M[Ba(t) = J/¥K2] + T[Ba(t) = J/¥KY

B

= CJ/wKSCOS(AMdt)+SJ/1J;KSUSin(AMdt)

b*ﬁc
: A
L c
B0 o
TS5
q a ks
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Ved Vi
arg (_ e v;,;)
Prob(By — J/¢¥K2) # Prob(By — J/¥K2)
M[Bo(t) = J/Y K] = T[By(t) = J/¥KQ]
M[Ba(t) = J/¥K2] + T[Ba(t) = J/¥KY
*ﬁc

%L\q/cf

B

CJ/ngCOS(AMdt) + SJ/¢KgSin(AMdt)

V44

@
2

L

CJ/ng ~ 0
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Vea V3,
arg (_ e v;,;)
Prob(By — J/¢¥K2) # Prob(By — J/¥K2)
M[Bo(t) = J/Y K] = T[By(t) = J/¥KQ]

B

= CJ/wKSCOS(AMdt)+SJ/1J;KSUSin(AMdt)

@
2
i:

2

O
~
<
>
2
@
2
N
=
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Ved Vi
arg (_ e v;,;)
Prob(By — J/¢¥K2) # Prob(By — J/¥K2)
M[Bo(t) = J/Y K] = T[By(t) = J/¥KQ]
M[Ba(t) = J/¥K2] + T[Ba(t) = J/¥KY
b -
\"/L\/\/L/c

s
d

B

CJ/ngCOS(AMdt) + SJ/¢KgSin(AMdt)

V44

@
2

2

CJ/ng ~ 0
sin(23)

Sl'n(z/B)CKMﬁtter _ 0775t%%2409

Q

SJ/ng
sin(28)"FA¢ = 0.680 = 0.020
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VgV
arg (— cd Cf)
th th
Prob(By — J/¢¥K2) # Prob(By — J/¥K2)

M[Bo(t) — J/¥K2 — T[Ba(t) = J/PKY
M[By(t) — J/¢K5°g + M[Ba(t) — J/vKQ]

B

CJ/ngCOS(AMdt) + SJ/¢KgSin(AMdt)

> c
gy

. %% W
) a ks
CJ/ng ~ 0
SJ/ng ~  sin(2p)
sin(28)"M¢ = 0.680 + 0.020 sin(23) CKMfitter — 077540920

Bs = —arg(=VesVi/VisViy)
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B

Prob(By — J/¢¥K2)

M[Bo(t) = J/Y K] = T[By(t) = J/¥KQ]
M[Ba(t) = J/¢KS£] +T[By(t) — J/9pKS]
\"/L\/\/L/c

— s
d

@
2

2

CJ/ng
SJ/ng
sin(28)"FA¢ = 0.680 = 0.020

Bs
Bs

Gilberto Tetlalmatzi (IPPP Durham)

V44

#

arg (—

Prob(By — J/¢¥K2)

Ved Vc*b )
Via Vi

CJ/ngCOS(AMdt) + SJ/¢KgSin(AMdt)

Mixing of B mesons

sin(23)

Sl'n(zﬁ)CKMﬁtter _ 0775t%%i%

—arg(=Ves Vi / VisVip)
JJWKTK™
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B

Prob(By — J/¢¥K2)

M[Bo(t) = J/Y K] = T[By(t) = J/¥KQ]
M[Ba(t) = J/¢KS£] +T[By(t) — J/9pKS]
\"/L\/\/L/c

— s
d

@
2

2

CJ/ng
SJ/ng
sin(28)"FA¢ = 0.680 = 0.020

Bs
Bs
LHCb — 0.01 4 0.07 £0.01
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Al

#

arg (—

Prob(By — J/¢¥K2)

Ved Vc*b )
Via Vi

CJ/ngCOS(AMdt) + SJ/¢KgSin(AMdt)

Mixing of B mesons

sin(23)

Sl'n(zﬁ)CKMﬁtter _ 0775t%%i%

—arg(=Ves Vi / VisVip)
JJWKTK™

CKMfitter __ +0.00081
s - 0'0182]‘70.00079
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New Physics in Mld2 and Mg,

q _ pp9,SM _ pp9SM ioh
M, = M5 Ag = M3 | Agle'?a
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New Physics in Mld2 and Mg,

q _ pg8BSM A g, SM ivg
M12 = M12 Aq = M12 |Aq|e 9

sin(28) — sin(28 + ¢%)
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New Physics in Mf’2 and Mg,

q _ pp9SM _ pp9,SM o2
M, = M5 Ag = M3 | Agle'?a

sin(28) — sin(28 + ¢2)

LA e e
[ [ enciudsd area has L » 058, ]
2l i
[ AFs&zgs&z‘(K’K')&ti(J/qﬂn) ]
1l i
ol
Ak i
I Aqanday(B)&3 ]
2 % New Physics in B_ - B, mixing ]
L Twen . s i
By | P N S S|
2 - [} 1 2 3
Re Ad Re A,
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New Physics in Mf’2 and Mg,

9 _ paSM N peq,SM ivg
My, = M3>" Ag = My3™" | Ag|e™s

sin(28) — sin(28 + ¢2)

LA e e
[ [ enciudsd area has L » 058, ]
2l i
[ AFs&zgs&z‘(K’K')&ti(J/qﬂn) ]
1l i
ol
Ak i
I Aqanday(B)&3 ]
2 % New Physics in B_ - B, mixing ]
L Twen . s i
By | P N S S|
2 - [} 1 2 3
Re Ad Re A,

Mixing of B mesons April 30, 2



New Physics in Mf’2 and Mg,

q _ pp9SM _ pp9,SM o2
M, = M5 Ag = M3 | Agle'?a

sin(28) — sin(28 + ¢2)

A A e e e e
[ [ssctod s et 358

AT, &8 &1, (K'K) & Tyt

am,

&

Ag andag (B,) &3

3

% New Physics in B_ - B, mixing
e . s
T .

-1 o 1 2
Re Ad Re A,

w

Ay: Deviation from the SM less than 20, ¢9 < 10°.
As: Consistent with the SM, —20° < ¢2 < 20°.
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Conclusions

@ Good agreement between SM and experiment for: AMy, AMs, Als.
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4 CKM unitarity violations.
ATy
SM —
Al

16 Current-current operators.

3.7 (bd)(77) operators.
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Conclusions

@ Good agreement between SM and experiment for: AMy, AMs, Als.
@ Theoretical hadronic uncertainties in AMy and AMs; allow space for new physics.

@ There is room for new physics in Al'y.

@ Current experimental constraints allow the following enhacements:

4 CKM unitarity violations.

16 Current-current operators.

3.7 (bd)(77) operators.

SM =
Al

@ Direct measurements for sin(23) show a small deviations with respect to indirect
determinations.

@ [s is in good agreement with the SM.
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Conclusions

)
)
)
)

Good agreement between SM and experiment for: AMy, AMs, Als.
Theoretical hadronic uncertainties in AMy and AMs allow space for new physics.
There is room for new physics in Al',4.

Current experimental constraints allow the following enhacements:

4 CKM unitarity violations.

Apom = 16 Current-current operators.
d
3.7 (bd)(77) operators.

Direct measurements for sin(23) show a small deviations with respect to indirect
determinations.

@ [s is in good agreement with the SM.

Further studies required to reduce uncertainties in hadronic parameters.
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