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* Neutral-meson oscillations

 CPT violation and the SME
 Effective field theory

 Experimental prospects



A unique system to probe CPT

Neutral-meson
oscillations
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Meson physics

 Formalism describing oscillations predates the Standard Model
* Includes parameter for CPT violation ¢
 Reasonable to assume ¢ is just a constant in context of NRQM

« SME: a framework based on effective field theory to search for
violations of CPT symmetry

* Surprisingly, a constant nonzero § is not possible in this framework

« Instead, it must depend on meson 3-velocity and energy
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Meson physics

flavor eigenstates | time evolution
v ( PO ) 10,0 = AW
o -0 .
1 | Pap(t)) = exp(—iXa,pt)| Pap)
\ PO o {KoaDoaBgnt} , \ )\a,,b = Ma,b — %’i")/a,,b

* Propagating eigenstates are not flavor eigenstates
* In meson/antimeson subspace, hamiltonian is not hermitian

* Time evolution not unitary
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Meson physics

8 parameters:

( U+¢& Vvt ) - 2 masses, 2 decay rates
AN

A=1 * 1 T violation

VW U-—¢

» 2 CPT violation
* 1 overall phase




Einstein and Loren
(Leiden, 1921)
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The Standard- Model Extension

A framework for CPT violation
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Standard- Model Extension
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SME
corrections

e Minimal SME refers to mass dimension 3 and 4
e Nonminimal SME refers to d > 4
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A framework for CPT violation:

The Standard- Model Extension

« Want perturbations of known physics that
» keep general coordinate invariance
» incorporate CPT violation

. _
LD 2T 9 1p — p M
D" +e + if'u’}/g) -+ %gwj)\o-v)\ M D m+ CLM")/“ + bu")/g,")/p’

 These terms violate Lorentz symmetry as expected
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The SM E and neutral-meson oscillations

* Extensive study of CPT violation using the SME framework

LHCb Collaboration, Aaij et al. PRL 2016

DO Collaboration, Abazov et al. PRL 2015
KLOE Collaboration, Babusci et al. PLB 2014
BaBar Collaboration, Aubert et al. PRL 2008
FOCUS Collaboration, Link et al. PLB 2003
KTeV Collaboration, Nguyen hep-ex/0112046

* Constraints on minimal CPT odd quark coefficients

e What about contributions from nonminimal SME?



Eiffective scalar field theory

Extending the existing formalism

e —
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 Complications due to sea particles, interactions
 Many different LV insertions
K, Ko

S

Q|
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SESR

Eiffective scalar field theory

* Propagation of meson effectively described by scalar @

 Effects of nonminimal Lorentz violation can be inferred

« Exact match to SME can be done later

&3
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Eiffective scalar field theory S5

L(,0") = 010,06 — m*dTd — §[ig! (k)" 0udp + hoc] + -+
\ )

|
odd number of derivatives J

(ko) =" (0) 13 (kD yperozaa-ag, 9, 04, _,

-1

» Coefficients have constant cartesian components in defining frame
* Flavor U(1) breaking incorporated
e Can be taken as traceless and symmetric... (d — 1)? components
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Eiffective scalar field theory B

 Produces the parameter for CPT violation in terms of
velocities measured in the lab

md—3 d—2 d— 92 A A
€ = A;\Y Z( k )5k(k§d))T---TJ1---Jk5'J1 SRYCad
k

B'X = (BA‘T cos X + BZ sin y) cos QT — By sin Q7T
B'Y = By cos QT — (Bw cos Y + Bz sin ) sin QT
BZ = j* Cos Y — 37 sin y
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Parameter for CPT violation )

md—3 d—2 d— 9 R )
€ = A;\Y Z( k )ﬁk(k(gd))T---TJl---Jkﬁl‘]l -
k

mass dimension d = 5

mQ’)/S

(5) _
S AN

[ Ag + A cos QT + By sin QT
+ Ay cos 2QT + By sin 2QT + As cos 3QT + Bs sin 307 |
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Parameter for CPT violation S

mass dimension d = 5

[ Ao + Aq cos QT + By sin QT

2 3

A)\

5(5)

+ A5 cos 20T + By sin 20T + Az cos 3QT + Bs sin SQT]

= (k)7 + 3(67 cos x — A7 sinx) [(k{”)) 71z + (87 cos x — % sinx) (k")) r27]

(8% cos x + B sinx)? + (B)) (k) rxx + (k) 7y y]

(8% cos x — BT sinx) ((B” cos x + BZsinx)? + (8Y)?) (K xxz + (k) vy 2]

+ (8% cos x — B sin x) (ké@)zzz

_I_

3
2
43
T3
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Parameter for CP1 violation e

 CPT parameter measured using asymmetries in minimal case

 Nonminimal contributions can be measured using the same asymmetries!

Pf(taTam = |<f|OA|P(t),T,ﬁ>|2 ACPT =

dependence on
| sidereal time and .J

- momentum from§

Py — Py
7+ by



Experimental prospects

Future possibilities and estimated bounds
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Future investigations

Each d = 5 coefficient has 16 independent components

4 meson species gives total of 64 unexplored observables

Need experiments to test each of the 4 meson species

High-boost experiments benefit from higher powers of gamma

Correlated-meson experiments can yield better refinement



w INDIANA UNIVERSITY

Inferred constraints

* Previous experiments assumed the form of d = 3 type coefficients
e Results can be translated into constraints on d = 5 coefficients

* Need to make assumptions due to the fundamentally different form
of nonminimal coefficients
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Attainable sensitivities (GeV™1)

(k&) o7 1071 10720 10720 10718
(kc(15)) TT] 107%° 10~20 10~20 10-18
(k&) 1k 2?2? 222 227 297
(k) ke 2?2? 222 227 297
Experiment KLOE LHCb, ... LHCD, ... DO, LHCb,
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Summary

* Neutral mesons are excellent systems for studying CPT
* Using EFT we can find nonminimal contributions to ¢
* 64 new observable types of CPT violation for d = 5

* First bounds on 16 of 64 types of nonminimal CPT violation in
neutral mesons

* Experimental analyses needed to measure the other 48!
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Sun-centered frame

« SCF:
T measured from vernal equinox 2000

» Z-axis parallel to north pole
« X-axis tied to vernal equinox 2000

» Y-axis completes right-handed system
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Sun-centered frame
to lab frame

—
N>

-
o
-
Lo \&
-
A -
-
-
-
- - -

* Need two parameters to convert
between

2T ) rad

» Sidereal frequency Q = (23 93/ hr

ccosy=2-2
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 Terms that break both CPT and U(1) are total derivatives
 Terms that preserve CPT but break U(1) appear off-diagonal

 Terms that preserve both CPT and U(1) contribute equally
to diagonal components

* Only one kind of term contributes!

10t \u Symmetric and traceless means
LD 5id (Fa)"0u¢ + huc. (d — 1)? independent components
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Minimal vs. nonminimal
1 d— 2 . .
¢ = MZ( ‘ )md‘g’yd‘zﬁ’%ké@>o...oj-1...jkB'ﬂ---6%
k

mass dimension d = 3




