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N EW PHYSICS?
• Universe is matter-dominated

• CP-asymmetry in Standard Model (SM)
too small

• New particles could enhance
the asymmetry

• Search for deviations from SM
in loop processes

EXPERIMENTAL STATUS BEFORE LHC B
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• Best measurements by
B-factories (green) [2] and D0 (blue) [3]

• D0 dimuon result:
3.6� deviation from SM [4]

M IXING

• Mass states6= ßavour eigenstates

• B0
d,s and B

0
d,s mix over time!
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• CP-Violation in mixing:
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LHC B

• The LHC Beauty detector at CERN
Ð Forward spectrometer specialized in B decays

Ð Momentum resolution: �p/p = (0.4-0.6)%

Ð Proper time resolution ⇠ 45 fs

• Production asymmetry AP : N(B) 6= N(

¯B)

• Detection asymmetry AD: ✏(f) 6= ✏( ¯f)K- FACTORS
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• t = M (B)L
p(B)c

• Neutrino: missing momentum in system

• Correction from simulation: k =

prec
ptrue

D ETECTION A SYMMETRIES

• MeasureAD ! leaveAP free in Þt

AD =
�(µ+K+����) � �(µ�K��+�+)

�(µ+K+����) + �(µ�K��+�+)

• Tracking, trigger and selection asymmetries

• Grouped by AD(K+ ⇡�
) +AD(µ+ ⇡�

)

• Use Tag and ProbeJ/ & prompt D decays
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A P(7 TeV) = (�0.66 ± 0.26(stat)± 0.22(syst))%
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• Largest systematics:
Ð size of AD calibration samples
Ð B+ background asymmetry

! WorldÕs best measurement to date

as
sl 1 fb�1 result by LHCb: [6]

(�0.06± 0.50(syst)± 0.36(stat))%
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Standard Model

   Magnet bends charged particles: charge asymmetry 
found in left-right asymmetry… but what if LHCb is not 

perfectly symmetric?

WHAT
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NEW PHYSICS?
• Universe is matter-dominated

• CP-asymmetry in Standard Model (SM)
too small

• New particles could enhance
the asymmetry

• Search for deviations from SM
in loop processes

EXPERIMENTAL STATUS BEFORE LHCB
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• D0 dimuon result:
3.6� deviation from SM [4]

MIXING
• Mass states 6= flavour eigenstates

• B0
d,s and B

0
d,s mix over time!
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• Use abundant semileptonic decays
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LHCB

• The LHC Beauty detector at CERN
– Forward spectrometer specialized in B decays

– Momentum resolution: �p/p = (0.4-0.6)%

– Proper time resolution ⇠ 45 fs

• Production asymmetry AP : N(B) 6= N(

¯B)

• Detection asymmetry AD : ✏(f) 6= ✏( ¯f)K-FACTORS
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DETECTION ASYMMETRIES

• Measure AD ! leave AP free in fit

AD =
�(µ+K+����) � �(µ�K��+�+)

�(µ+K+����) + �(µ�K��+�+)

• Tracking, trigger and selection asymmetries

• Grouped by AD(K+⇡�
) +AD(µ+⇡�

)

• Use Tag and Probe J/ & prompt D decays
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1 Introduction1

CP violation in B mixing means that the probability that a B mixes into a B is di! erent2

from the probability that a B mixes into a B. The ßavour speciÞc or ÒsemileptonicÓ3

asymmetry is deÞned as4
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, (1)

where the subscriptq distinguishing the two species of neutralB mesons, namely the5

B 0
s and B 0

d. The Standard Model predictions [1, 2] are tiny compared to the current6

experimental sensitivity: ad
sl = ( " 4.1 ± 0.6) # 10! 4 and as

sl = (1 .9 ± 0.3) # 10! 5. This7

makes the measurement of these asymmetries an excellent null test of the Standard Model.8

Experimentally, the dimuon asymmetry measured byD0 [3] is sensitivead
sl and as
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and shows a 3.6 standard deviation discrepancy with the Standard Model. Dedicated10

measurements ofas
sl have been performed byLHCb [4] and D0 [5], with an average of11

as
sl = ( " 0.48± 0.48)%. An overview of past measurements and a world average is provided12

by the Heavy Flavor Averaging Group (HFAG) [6]. The world average as of Summer 201513

amounts to14
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where the correlation coe" cient between these numbers is found to be" 0.158. This15

analysis is aimed to measureas
sl at LHCb using the semileptonic decayB 0
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Figure 1: Decay topology of the signal.
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FIG. 1: Feynman diagrams illustrating the steps 1-4 of our
analysis (see text). The diagrams display the dominant Z !

contribution to B s ! Bs mixing, B " K
( " )

µ+ µ# , B s "
! µ+ µ# , " " 3µ, " " µ#ø# and B " K

( " )
" + µ# .

3) From BsÐB s mixing we obtain upper limits on ! L
sb as

a function of a Þne-tuning measure (to be deÞned later).
4) In the lepton sector the Z ! couplings can be con-
strained by ! ! 3µ and ! ! µ" ø" .
5) Taking into account the constraints 3) and 4) we de-
rive upper limits on the branching ratios of Bs ! ! ± µ" ,
B ! K (#) ! ± µ" which are stronger than the ones ob-
tained in 2), but depend on the amount of Þne-tuning in
BsÐB s mixing.

In Fig. 1 we show the Feynman diagrams for the dom-
inant Z ! contribution corresponding to the steps 1-5 of
our analysis. We apply a similar procedure toµ± e" Þ-
nal states. In this case the best bounds on the lepton
couplings are coming fromµ ! e# and µ ! e" ø" .

II. PROCESSES AND OBSERVABLES

In the subsections A-E we collect the formulae for the
steps 1-5 of our analysis outlined in the introduction.

A. B s ! B s mixing

Using the notation of Refs. [32, 33] for the operators
describing Bs " B s mixing, the Þrst diagram in Fig. 1
feeds the Wilson coe" cients of

O1 = [øs! #µ PL b! ] [øs" #µ PL b" ] ,

O5 = [øs! PL b" ] [øs" PR b! ] , (3)

as well asO!
1 obtained from O1 by interchanging PL #

PR . The coe" cients are
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For QCD renormalization group e#ects we use the next-
to-leading order equations calculated in Refs. [32, 33].

B. b " s! + ! !" transitions

For b ! s$+ $!$ transitions we need the operators
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9(10) =
%
4&
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and their primed counterparts found by PL # PR . Z !
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which have to be multiplied by " 4GF Vtb V #
ts /

$
2 in the

e#ective Hamiltonian.
As Þrst noted in Ref. [13, 34] a good Þt toB !

K #µ+ µ$ data, leaving Br[Bs ! µ+ µ$ ] unchanged, is
obtained with Cµµ

9 < 0 and C!µµ
9 , C(!)µµ

10 % 0. Another
interesting solution is given by Cµµ

9 = " Cµµ
10 [6, 18].

In our analysis we use the global Þt of Ref. [6, 18],
resulting for the two scenarios under consideration in

" 0.53 (" 0.81) & Cµµ
9 & (" 1.32) " 1.54, (7)

" 0.18 (" 0.35) & Cµµ
9 = " Cµµ

10 & (" 0.71) " 0.91,(8)

at the (1 ' ) 2 ' level, respectively. The quoted ranges are
in good agreement with preliminary results of Ref. [19].
Note thatBr[ Bs ! µ+ µ$ ] is suppressed in scenario 2
compared to the SM. This e#ect is taken into account
via the global Þt used in our analysis.
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Following [35] we write the relevant e#ective Hamilto-
nian as
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In the approximation ! R
sb = 0, the branching ratio (nor-

malized to the SM prediction) reads

R%ø%
K (" ) =

1
3

3%

i,j =1

&
&
&Cij

L

&
&
&
2
' &

&CSM
L

&
&2

, (12)

with CSM
L ' " 1.47/s 2

W ' " 6.4. The complete expres-
sions can be found in Ref. [35]. The current experimental
limits are R%ø%

K < 4.3 [36] andR%ø%
K " < 4.4 [37].

Due to SU(2) invariance, we haveCij
L = ( Cij

9 " Cij
10)/ 2,

so that Cij
L = Cij

9 / 2 in scenario 1 andCij
L = Cij

9 in
scenario 2.

• Standard model prediction: extremely small[7] 
   
  

• Measurements by B-factories[2] (green) and D0[3] (blue) 

• D0 dimuon result: 3.6σ deviation from Standard Model[4] 
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• Flavour eigenstates and mass eigenstates not aligned 

• Quantum mechanics: neutral mesons mix over time: 

• Diagonalise to get mass eigenstates: 

• CP-violation in mixing: 

• Measure the flavour of the Bs at decay by a flavour specific final 

state: semileptonic decays. No CP violation in decay. 

• Production asymmetry negligible: only count the number 
 of final-state Ds+ µ- and Ds- µ+! [1]
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N EW PHYSICS?
¥ Universe is matter-dominated

¥ CP-asymmetry in Standard Model (SM)
too small

¥ New particles could enhance
the asymmetry

¥ Search for deviations from SM
in loop processes
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N EW PHYSICS?
¥ Universe is matter-dominated

¥ CP-asymmetry in Standard Model (SM)
too small

¥ New particles could enhance
the asymmetry

¥ Search for deviations from SM
in loop processes
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• Search for deviations from SM
in loop processes
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N EW PHYSICS?
¥ Universe is matter-dominated

¥ CP-asymmetry in Standard Model (SM)
too small

¥ New particles could enhance
the asymmetry

¥ Search for deviations from SM
in loop processes

EXPERIMENTAL STATUS BEFORE LHC B
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¥ Standard Model: asl = 0 ! [1]

ad
sl = ( ! 4.1 ± 0.6) " 10! 4

as
sl = (1 .9 ± 0.3) " 10! 5

¥ Best measurements by
B-factories (green) [2] and D0 (blue) [3]

¥ D0 dimuon result:
3.6! deviation from SM [4]

M IXING

¥ Mass states#= ßavour eigenstates
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¥ Mass eigenstates:
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¥ CP-Violation in mixing:
P (Bq % B q) #= P(B q % Bq)

A SLD

ACP =
" ( øB % B % f ) ! " (B % øB % øf )
" ( øB % B % f ) + " (B % øB % øf )

¥ Use abundant semileptonic decays

¥ CP Violation in B 0 mixing: ad
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¥ Detector effects:
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LHC B

¥ The LHC Beauty detector at CERN
Ð Forward spectrometer specialized in B decays

Ð Momentum resolution: ! p/p = (0.4-0.6)%

Ð Proper time resolution ! 45 fs

¥ Production asymmetry AP : N (B ) #= N ( øB )

¥ Detection asymmetry AD : "(f ) #= "( øf )K- FACTORS
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¥ t = M ( B ) L
p( B ) c

¥ Neutrino: missing momentum in system

¥ Correction from simulation: k = prec
ptrue

D ETECTION A SYMMETRIES

¥ Measure AD % leave AP free in Þt

AD =
! (µ+ K + " ! " ! ) ! ! (µ! K ! " + " + )
! (µ+ K + " ! " ! ) + ! (µ! K ! " + " + )

¥ Tracking, trigger and selection asymmetries

¥ Grouped by AD (K + #! ) + AD (µ+ #! )

¥ Use Tag and ProbeJ/ $ & prompt D decays
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ad
sl = ( ! 0.02 ± 0.19(stat) ± 0.30(syst))%

A P (7 TeV) = ( ! 0.66 ± 0.26(stat) ± 0.22(syst))%
A P (8 TeV) = ( ! 0.48 ± 0.15(stat) ± 0.17(syst))%

¥ Largest systematics:
Ð size of AD calibration samples
Ð B + background asymmetry

% WorldÕs best measurement to date

as
sl 1 fb! 1 result by LHCb: [6]
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1 Introduction

One of the main physics objectives of LHCb is the search for new physics through anomalous
CP-asymmetries. In many channels, our sensitivity is determined by our understanding of
detector induced asymmetries. There are two root causes of detection asymmetries. The
Þrst is detector mis-alignments and inhomogeneities. The second is nuclear interactions.
Charged kaons are well known to exhibit a nuclear interaction asymmetry of around 10! 2

in LHCb due to the di! erent cross sections of positively and negatively charged kaons [1].
A few data driven methods have been developed to measure the combinedK ± ! " detection
asymmetry [2, 3]. With the method proposed in [2], theK ± ! " asymmetry is still the
dominant source of uncertainty on the measurement ofad

sl [4].
In this note, we present a complementary method to measure the single kaon and

pion detection e" ciencies and the corresponding charge asymmetries using partially
reconstructed promptly producedD #+ ! D 0! + decays. The partial reconstruction
method has already been used at LHCb to measure the single pion asymmetry [5] with
D 0 ! K ! ! + ! + ! ! . An attempt to apply the same idea to measure the kaon asymmetry
but using D #+ with a muon tag in order to control the level of background is described
in Ref. [6]. This method is limited by the relatively poor momentum resolution on the
probe particle and poor separation of signal and background. In this note we explore
the possibility to require that the probe particle is reconstructed as a VELO track as
suggested in [6], thus restricting the problem to the downstream part of the tracking. With
the direction of the probe particle Þxed, the problem is well constrained, thus allowing
essentially perfect momentum resolution and the possibility to reconstruct a narrow signal
mass peak. This also allows us to use theD 0 ! K ! ! + signal channel to increase statistics,
though this will only be possible with a dedicated Hlt2 line in Run-II.

In Sect. 2, we study the expected level of nuclear interaction asymmetry in the VELO
detector that would not be measured with this method and would need to be estimated
from simulation. Sect. 3 describes the selection ofD # candidates and the projected signal
yields.

Figure 1: The two proposed signal decays withD #+ ! D 0! + and (left) D 0 ! K ! ! + ! + ! ! and
(right) D 0 ! K ! ! + .
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1 fb-1 assl published in 2014[1], 3 fb-1 adsl result published in 2015[5]  

 

In progress: improved assl with 3 fb-1 (blinded result): 

World’s best measurement of both quantities!
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• Largest correction to the measurement. 

• Measure and correct for  asymmetries from tracking, trigger and particle ID 

• Hadronic tracking asymmetries: prompt D*-tagged D0 daughters 

‣ Tag & probe: do we find all the tracks tracks, or do we miss one? 

• Average magnet polarities: most detection asymmetry cancel

• The LHCb detector at CERN 

- High number of produced Bs: 93000 Ds+ µ- candidates in 1 fb-1 
- High momentum resolution, Δp/p ~ (0.4-0.6)% 
- Excellent vertex detector to record the Bs decay vertex 
- Particle ID: separate K, π and p charged final state particles 

- Selected Ds+ decay products, K+ K- π+, are all well identified. 

• Proton-proton collider: production asymmetry 

✓Measured as percent-level[6]: aP (Bs) = (1.06 ± 2.69)%

• CP-asymmetry in the Standard Model too small 

• Are new particles enhancing CP violation? 

• Mixing observables important constraint for Z’ models 

• CP violation in mixing sensitive to new physics in e.g. Bs -> τ τ 
decays, little experimental constraints 

• Other measurement for the Bs system: anomalous result?
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Figure 1: Invariant mass distributions for: (a) K + K ! ! + and (b) K + K ! ! ! can-
didates for magnet up, (c) K + K ! ! + and (d) K + K ! ! ! candidates for magnet
down with K + K ! invariant mass within ± 20 MeV of the " meson mass. The
D +

s [yellow (grey) shaded area] andD + [red (dark) shaded area] signal shapes
are described in the text. The #2/ndf for these Þts are 1.28, 1.25, 1.53, and 1.27
respectively, the corresponding p-values are 7%, 8%, 4%, 7%.

Table 1: Yields for D +
s µ! and D !

s µ+ events separately for magnet up and down
data. These yields contain very small contributions from prompt Ds and b-hadron
backgrounds.

magnet up magnet down
D !

s µ+ 38 742± 218 53 768± 264
D +

s µ! 38 055± 223 54 252± 259

the angle between theDs momentum and the vector from the primary vertex
to the Ds decay vertex must be larger than 0.99.

4 Analysis method

Signal yields are determined by Þtting theK + K ! ! + invariant mass distribu-
tions shown in Fig. 1. We Þt both the signalD +

s and D + peaks with double
Gaussian functions with common means. TheD + channel is used only as a
component of the Þt to the mass spectrum. The average mass resolution is
about 7.1 MeV. The background is modelled with a second-order Chebychev
polynomial. The signal yields from the Þts are listed in Table 1.

The detection asymmetry is largely induced by the dipole magnet, which
bends particles of di! erent charge in di! erent detector halves. The magnet
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as
sl = (1 .9 ± 0.3) ! 10! 5 and ad

sl = ( " 4.1 ± 0.6) ! 10! 4 [4]. More recently
D0 published measurements ofad

sl = (0 .68 ± 0.45 ± 0.14)% [6], andas
sl =

(" 1.12± 0.74± 0.17)% [7], consistent both with the anomalous asymmetry
Ab

sl and the SM predictions foras
sl and ad

sl. If the measured value ofAb
sl is

conÞrmed, this would demonstrate the presence of physics beyond the SM
in the quark sector. Thee+ e! B -factory average asymmetry inB 0 decays
is ad

sl = (0 .02± 0.31)% [8], in good agreement with the SM. A measurement
of as

sl with comparable accuracy is important to establish whether physics
beyond the SM inßuences ßavour oscillations in theB 0

s system.
When measuring a semileptonic asymmetry at app collider, such as the

LHC, particle-antiparticle production asymmetries, denoted asaP, as well as
detector related asymmetries, may bias the measured value ofas

sl. We deÞne
aP in terms of the numbers of producedb-hadrons,N (B), and anti b-hadrons,
N (B), as

aP #
N (B) " N (B)

N (B) + N (B)
, (3)

whereaP may in general be di! erent for di! erent species ofb-hadron.
In this paper we report the measurement of the asymmetry between

D +
s Xµ ! ! and D !

s Xµ + ! decays, with X representing possible associated
hadrons. We use theD ±

s $ "# ± decay. For a time-integrated measurement
we have, to Þrst order inas

sl

Ameas #
" [D !

s µ+ ] " " [D +
s µ! ]

" [D !
s µ+ ] + " [D +

s µ! ]
=

as
sl

2
+

!
aP "

as
sl

2

" # "
t=0 e! ! s t cos(# Ms t)$(t)dt

# "
t=0 e! ! s t cosh("! s t

2 )$(t)dt
,

(4)
where # Ms and " s are the mass di! erence and average decay width of the
B 0

s " B 0
s meson system, respectively, and$(t) is the decay time acceptance

function for B 0
s mesons. Due to the large value of# Ms, 17.768± 0.024 ps! 1

[9], the oscillations are rapid and the integral ratio in Eq. (4) is approximately
0.2%. Since the production asymmetry within the detector acceptance is
expected to be at most a few percent [10, 11, 12], this reduces the e! ect of
ap to the level of a few 10! 4 for B 0

s decays. This is well beneath our target
uncertainty of the order of 10! 3, and thus can be neglected, therefore yielding
Ameas=0.5 as

sl.
The measurement could be a! ected by a detection charge-asymmetry,

which may be induced by the event selection, tracking, and muon selection
criteria. The measured asymmetry can be written as

Ameas = Ac
µ " Atrack " Abkg, (5)
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