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Why	  Search	  for	  CPT	  Viola-on?

• Test	  the	  CPT	  theorem:	  
– …	  any	  Lorentz	  invariant	  local	  quantum	  field	  theory	  with	  a	  Hermi-an	  
Hamiltonian	  must	  have	  CPT	  symmetry…	  

• Standard	  Model	  Extension	  (SME)	  provides	  a	  framework	  for	  
poten-al	  Lorentz	  and	  CPT	  invariance	  viola-on	  
– Phys.	  Rev.	  D	  39,	  683	  (1989),	  Nucl.	  Phys.	  B	  359,	  545	  (1991)	  
– Viola-ons	  occur	  at	  Plank	  scale	  whilst	  s-ll	  producing	  observable	  effects	  

• Searches	  already	  carried	  out	  in	  other	  neutral	  meson	  systems:	  
K0	  (Kloe)	  ,	  D0	  (Focus),	  Bd0	  (Belle	  and	  BaBar)	  

• Charge	  asymmetries	  in	  single	  and	  like-‐sign	  dimuon	  events	  could	  
explained	  by	  CPT	  viola-on.	    
V.	  Kostelecký	  and	  R	  Van	  Kooten	  Phys.	  Rev.	  D82:	  101702,	  2010
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Neutral Meson Mixing

Eigenvalue equation for H yields two eigenstates
well defined masses and decay widths (lifetimes) correspond to physical states

CPT & Lorentz violating:
       involves differences between
          diagonal terms

•
If	  we	  have	  CPT	  viola-on	  the	  eigenstates	  can	  be	  wriden	  as

where	  ξ	  	  is	  zero	  if	  CPT	  is	  conserved	  and	  is	  given	  by.	  

�ms = 17.69± 0.08 ps�1 1 sec = 1.52⇥ 1024 GeV �ms = 1.16⇥ 10�2 eV

-ny	  →	  sensi-vity



Sidereal	  Time	  Varia-on
• Size	  of	  effect:	  
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�aµ = rsa
s
µ � rba

b
µ

Earth's sidereal frequency

Constant vector 
field a  in universeµ

µ

Orientation of DØ detector
and Tevatron beam line
changes w.r.t.
vector field a
with the frequency
of Earth's rotation

local sidereal time of the collision event (time stamp)



Experimental	  Effect	  

• We	  choose	  (T,X,Y,Z)	  as	  coordinates	  in	   
the	  Sun-‐centered	  frame	  with	  the	  rota-on	   
axis	  of	  the	  Earth	  the	  Z-‐axis	  and	  X(Y)	  is	   
at	  right	  ascension	  0°	  (90°).	  

• T	  =	  0:	  vernal	  equinox	  of	  the	  year	  2000	  
• Transform	  to	  local	  (D0)	  coordinates
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ACPT =
���s�D0

�s�ms
[�aT � C↵S��D0

z �aZ

+
q

C2
↵C

2
� + S2

↵ sin(⌦t̂+ � + )�D0
z �a?

i
,

it’s	  more	  like	  a	  big	  ball	  of	  wibbly	  wobbly...	  3me-‐y	  wimey...	  stuff	  -‐	  Dr	  John	  Smith	  



Experimental	  Effect	  
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ACPT =
���s�D0

�s�ms
[�aT � C↵S��D0

z �aZ

+
q

C2
↵C

2
� + S2

↵ sin(⌦t̂+ � + )�D0
z �a?

i
,

ACPT	  	  =	  Constant	  +	  Sin(t	  +	  c)	  Looking	  for	  

usual mass and decay rate di↵erences of the mass eigenstates: �ms = mH�mL = M
12

�M
21

,212

and��s = �H��L = �
21

��
12

[6]. In the underlying theory spontaneous symmetry breaking213

generates constant background expectation values that are Lorentz tensors instead of Higgs214

scalars [4] represented by �aµ.215

Any observed CPT violation should vary with a period of one sidereal day (' 0.99727216

solar days) as the boost direction of proton-antiproton beam in the detector frame with217

indices (0, x, y, z) follows the Earth’s rotation with respect to the distant stars [4], and in218

the SME, would depend on CPT- and Lorentz-invariance violation coupling coe�cients �aµ219

with indices (T,X, Y, Z) in the absolute frame. If T-invariant CPV in B0

s -B̄
0

s oscillations is220

allowed, then CPT violation in the detector frame is represented by the parameter ⇠s given221

by:222

⇠s(t̂, ~p) =
�DØ

��ms +
i
2

��s

[�aT � cos↵ sin��DØ
z �aZ

+
q

C2

↵C
2

� + S2

↵ sin(⌦t̂+ � + )�DØ
z a?

i
, (4)

where t̂ is elapsed time with respect to the vernal equinox of the year 2000, ⌦ = 2⇡ rad/sidereal223

day, �DØ
z is the velocity ~� of the B0

s meson in the detector frame projected onto the z axis224

(proton beam direction) of the DØ detector, �DØ = 1/
p
1� (�DØ)2, � is the colatitude of225

the DØ detector, the orientation of the z-axis of the detector is ↵ (radians) to the west of226

south, �a? =
p
�a2X +�a2Y is the transverse and aZ the longitudinal components of the227

constant vector �~a, � = atan2(�aY ,�aX),  = atan2(C↵C�,�S↵) and �aT is the time228

component of the aµ four-vector. The variation with time arises from the rotation of �DØ
z229

with respect to the vector �~a that is considered a Lorentz-violating universal constant. We230

will be placing limits on a? and �aT � cos↵ sin��DØ
z �aZ .231

Past experiments and analyses have placed constraints on �aµ in other neutral meson232

oscillating systems: K0-K̄0 [7], D0-D̄0 [8], and B0-B̄0 [9], as well as indirect limits for233

B0

s -B̄
0

s [5].234

This article presents a search for CPT and Lorentz violation using the decay B0

s !235

µ+D�
s X, where D�

s ! �⇡� and � ! K+K� (charge conjugate states are assumed in this236

article). We extract the real component, Re[⇠(t̂, ~p)], of the CPT-violating parameter using237
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where:	  

Cx	  =	  cos(x),	  Sx	  =	  sin(x)

χ	  =	  cola-tude	  of	  D0	  detector	  (angle	  from	  north	  pole)	  
α	  =	  proton	  beam	  direc-on	  



B0s	  Oscilla-ons

• Using	  the	  decay	  process	  Bs	  →	  Ds⁻μ⁺X	  in	  the	  analysis	  	  described	  
in	  Phys.	  Rev.	  Led.,	  110,	  011801	  (2013).	  	  

• Unlike	  other	  charge	  viola-on	  measurements	  looking	  at 
par-cle	  to	  par-cle	  oscilla-ons:	  	  	  	  Bs	  →	  Bs	  	  	  

• Measure	  a	  raw	  asymmetry	  in	  bins	  of	  sidereal	  phase 
 
 
 
where	  N+(-‐)	  is	  the	  number	  of	  	  events	  where	  Qμ	  sgn(cos	  θ)	  >	  0

7

A =
N+ �N�
N+ +N�

θ

μ

p p̅

http://link.aps.org/doi/10.1103/PhysRevLett.110.011801


Dataset
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Sensi-vity
• Use	  charge	  injec-on	  to	  op-mise	  number	  of	  bins	  in	  sidereal	  phase	  	  

(using	  asymmetries	  of	  0,	  1,	  2	  and	  5%)	  -‐	  Use	  11	  bins	  
• Fit	  all	  sidereal	  bins	  simultaneously	  
– Common	  Signal	  peaks	  and	  background	  	  
– Only	  Asymmetry	  of	  Ds	  peak	  and	  D	  peak	  varies	  as	  func-on	  of	  
sidereal	  phase.
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ADs

0.74% ± 1.03%
0.15% ± 1.03%
-0.20% ± 1.02%
0.23% ± 1.01%
-0.86% ± 1.02%
-1.14% ± 1.02%
-0.45% ± 1.02%
-1.93% ± 1.03%
-0.55% ± 1.03%
-1.11% ± 1.03%
0.68% ± 1.03%

Fit	  to:	  

the asymmetry of “right-sign” decays:238

A =
N

+

�N�

N
+

+N�
, (5)

where N
+

[N�] is the number of reconstructed B0

s ! µ±D⌥
s X where sgn(cos ✓)q > 0239

[sgn(cos ✓)q < 0] which results from the �DØ
z = �DØ cos ✓ terms in Eq. 4 and q is the240

charge of the muon. CP-violating asymmetries are usually between “wrong-sign” decays,241

i.e., B0

s ! B̄0

s ! µ⌥D±
s . The initial state is not flavor tagged. The time integrated oscilla-242

tion probability of the B0

s meson after experimental selection requirements have been applied243

is essentially 50% and the observed right-sign and wrong-sign asymmetries are equivalent.244

In the presence of CPT violation, the asymmetry is expected to have a period of one sidereal245

day, so a search is made for variations of the form246

A(t̂) = A
0

� A
1

sin(⌦t̂+ �), (6)

where A
0

, A
1

and � = � +  are constants and are extracted by measuring the asymmetry247

A in Eq. 4 in bins of the sidereal phase ⌦t̂, and fitting to the value in each bin with Eq. 6.248

Measurements of A
0

and A
1

are then interpreted as limits on �aµ from B0

s -B̄
0

s oscillations.249

A non-zero value of aT would lead to a non-zero CPTV asymmetry that would not vary250

with sidereal time.251

The data selection and the signal extraction are identical to those used in Ref. [10]. The252

main details of the data selection are described here.253

The data are collected with a suite of single and dimuon triggers. The selection and254

reconstruction of µ+D�
s X decays requires tracks with at least two hits in both the central255

finer tracker and the silicon microstrip tracker. The muon track segment has to be matched256

to a particle found in the central tracking system which has momentum p > 3 GeV/c and257

transverse momentum 2 < pT < 25 GeV/c.258

TheD�
s ! �⇡�; � ! K+K� decay is reconstructed as follows. The two particles from the259

� decay are assumed to be kaons and are required to have pT > 0.7 GeV/c, opposite charge,260

and a mass M(K+K�) < 1.07 GeV/c2. The charge of the third particle, assumed to be the261

charged pion, has to be opposite to that of the muon with 0.5 < pT < 25 GeV/c. The three262

tracks are combined to create a common D�
s decay vertex using the algorithm described in263

Ref. [11]. The reconstructed µ±D⌥
s candidate is required to pass several kinematic selection264

criteria and satisfy likelihood ratio criteria that are identical to those described in Ref. [10].265
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Significance	  (Wilk’s	  Theorem):	  	  
0.58σ	  devia-on	  from	  zero	  (constant).



Limit	  Se|ng
• Convert	  A1	  into	  limit	  on	  a⟂  

 

 

 
where	  Fnon-‐osc	  is	  the	  frac-on	  of	  Ds±	  →	  φπ±	  decays	  for	  which	  an	  
observed	  Bs0	  has	  the	  same	  flavour	  as	  at	  birth	  	  

• giving	  	  

• Convert	  A0	  into	  a	  limit	  on	  aT	  and	  aZ

11

A
1

sin(⌦t̂+ �) =
F non-osc

B0
s

��sh�D0�D0
z i

�s�ms
⇥

q
C2

↵C
2

� + S2

↵ sin(⌦t̂+ � + )�a?,

�a? < 1.2⇥ 10�12 GeV



Comparison	  with	  Dimuon

• V.A.	  Kostelecky	  	́  and	  R.J.	  Van	  Kooten,	  Phys.	  Rev.	  D.	  82,	  
101702(R)	  (2010),	  arXiv:1007.5312	  makes	  a	  predic-on	  of	  this	  
value	  to	  explain	  the	  dimuon	  asymmetry: 
 
 
so	  need	  effect	  of	  order	  10-‐12	  GeV	  to	  make	  significant	  
contribu-on.	  

12

	  These	  limits	  imply	  that	  CPT	  viola-on	  is	  unlikely	  to	  	  
contribute	  a	  significant	  frac-on	  of	  the	  observed	  

dimuon	  charge	  asymmetry,	  and	  that	  other	  explana-ons	  
need	  to	  be	  sought.



Periodogram

• Carry	  out	  cross	  check	  using	  periodogram	    
-‐	  only	  good	  for	  varying	  part:	  
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Summary

• first	  limit	  placed	  on	  CPT	  viola-on	  exclusively	  in	  the	  Bs	  
mixing	  system	  

• No	  evidence	  of	  CPT	  viola-on	  	  
• Submided	  to	  PRL:	  arXiv:1506.04123	  [hep-‐ex] 

hdp://www-‐d0.fnal.gov/Run2Physics/WWW/results/final/B/B15C/
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�a? < 1.2⇥ 10�12 GeV

http://www.apple.com
http://www-d0.fnal.gov/Run2Physics/WWW/results/final/B/B15C/
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Introduc-on
• Interpreta-on	  of	  Charge	  
asymmetries	  in	  single	  and	  
like-‐sign	  dimuon	  events	  
suggest	  that	  asymmetry	  
due	  to	  Bs	  mesons.	  	  

• Currently	  no	  explana-on!	  
• This	  could	  be	  explained	  by	  
CPT	  viola-on.	    
V.	  Kostelecký	  and	  R	  Van	  Kooten	  
Phys.	  Rev.	  D82:	  101702,	  2010
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Paramaters	  
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FIG. 2. The measured asymmetries, A(i) versus sidereal
phase. The uncertainty on each value of A(i) is the sum
in quadrature of the statistical and systematic uncertainties.
The red boxes show the fit and its uncertainties to the data
points (Eq. 6). The dashed line shows the extracted value of
A

0

and the grey box shows �A
0

.

observed B0

s has the same flavor as at birth [12]. Combin-
ing the fraction of B0

s decays in the sample and the 50%
dilution factor described earlier gives F non-osc

B0
s

= 0.465.
Limits are extracted from the probability distribution
which is given by exp(��2/2) where �2 is the chi-square
as a function of A

1

, A
0

and � using Eq. 6. Since we are
setting limits, the probability distribution will be char-
acterized by two quantities, the most probable value of
A

1

and the 95% upper limit (UL) which is extracted by
integrating the normalized probability distribution at the
value of � that gives the most conservative limit.

To extract limits we measure the average values
of h�D0i = hEB0

s
i/mB0

s
, h�D0

z i = hpzi/hEB0
s
i and

h�D0�D0
z i = hpzi/mB0

s
where hpzi is the average momen-

tum in the z-direction and hEB0
s
i is the average energy of

the B0

s meson. The average momentum of the µD±
s can-

didates is measured using sideband subtraction. The sig-
nal region is 1.92 < M(K+K�⇡�) < 2.00 GeV and the
sideband regions are 1.75 < M(K+K�⇡�) < 1.79 GeV
and 2.13 < M(K+K�⇡�) < 2.17 GeV, and the average
is hpi = 21.41 ± 0.03 GeV. This momentum needs to be
corrected for the missing neutrino in the decay using a k-
factor correction. These k-factors are taken from Ref. [16]
and applied to give a momentum of hpi = 25.3 GeV.
The systematic uncertainty on hpi of 1.6 GeV is obtained
from the di↵erence between the momentum extracted us-
ing sideband subtraction and using a weighted average of
the number of signal events in momentum bins. The ef-
fect of possible reconstruction variations in the x and y
directions are found to be less than 1%. If we vary the
number of sidereal bins the most probable value of A

1

varies by 8%. These variations are added in quadrature
as the relative systematic uncertainty on the value of A

1

.

The final results are obtained by scaling the probabil-

ity distributions obtained for A
0

, A
1

with the multiplica-
tive factors given in Table I. The systematic uncertain-
ties on the multiplicative factors, the number of sidereal
bins, and reconstruction e↵ects are included by convolut-
ing the probability distribution with a Gaussian function
with the width given by the sum in quadrature of the sys-
tematic uncertainties. We obtain a 95% upper limit (UL)
of �a? < 1.2⇥ 10�12 GeV. The most probable values of
� and �a? are � = 4.901 and �a? = 5.7⇥ 10�13 GeV.

TABLE I. Parameters and uncertainties in the extraction of
the CPT-violating parameters.

Parameter Value Ref.
A

0

(�0.40± 0.31)% Eq. 6
A

1

(0.87± 0.45)% Eq. 6
� �2.28± 0.51 Eq. 6

mB0
s

(5.36677± 0.00024)GeV [17]
�ms (17.761± 0.022)⇥ 1012 ~s�1 [17]

��s/�s (0.138± 0.012) [17]
~ 6.58211928⇥ 10�25 GeV·s [17]

F non-osc

B0
s

= F osc

B0
s

(0.465± 0.017) [12]

hpzi (17.8± 1.6)GeV
hpi (25.3± 2.3)GeV

Proton beam dirn ↵ 219.53�

Colatitude � 48.17�

The limit on�aT�C↵S��D0
z �aZ is obtained from a fit

to the asymmetries using Eq. 6. This results in a value
of A

0

= (�0.40 ± 0.31)%. In this case the systematic
uncertainties on the measured values of A(i) are assumed
to be 100% correlated between sidereal bins to obtain the
most conservative limits and are added to the statistical
uncertainty obtained from the fit. Using Eq. 10, we
obtain �aT �C↵S��D0

z �aZ = �aT �0.396�aZ = (1.5±
1.2)⇥10�13 GeV resulting in a two sided 95% confidence
interval (�0.8 < �aT � 0.396�aZ < 3.9)⇥ 10�13 GeV.
We did a cross check using the periodogram method-

ology [18] which sees no anamolous behavior for the fre-
quency 1/sidereal day [19].
For CPTV to explain the di↵erence between of the like-

sign dimuon asymmetry [3] with the SM requires that
(�aT � 0.396�aZ) to be of the order of 10�12 GeV [5].
These limits imply that CPT violation is unlikely to
contribute a significant fraction of the observed dimuon
charge asymmetry, and that other explanations need to
be sought.
In conclusion, we have carried out the first search for

CPT-violating e↵ects exclusively in the B0

s -B̄
0

s oscilla-
tion system via semileptonic decays of the B0

s mesons.
We find no significant evidence for CPT-violating e↵ects
and place limits on the size of the Lorentz violating ef-
fects, �aµ. We find 95% confidence intervals for the
flavor-dependent coe�cients �a? < 1.2⇥10�12 GeV and
(�0.8 < �aT � 0.396�aZ < 3.9)⇥ 10�13 GeV.
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• Fi|ng	  Uncertain-es	  
• Mass	  Binning,	  Mass	  Range,	   
Background	  polynomial,	  	    
Fit	  Varia-ons.	  	  

• Number	  of	  sidereal	  bins:	  rela-ve	  uncertainty	  of	  central	  
value	  of	  8%	  

• Reconstruc-on	  asymmetries:	  rela-ve	  uncertainty	  of	  1%	  	  
• Added	  in	  quadrature

Mass Range 0.035%

Mass Binning 0.071%

Fit Function 0.085%

Total 0.12%


