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The CPT symmetry

CPT symmetry is linked to the basic mathematical tools that we use in
particle physics:

QFT + Lorentz invariance + Locality = CPT

These tools have intrinsic limitations (we’re not able to include gravity in a
consistent way) = we should expect CPT viol. at some level (hard to
predict a reference scale/size for CPT viol.)
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Phenomenologically driven search

Neutral kaon system

_ -18 —_ 2
ideal testing ground |mK B mK| <10 My O(mK /MPL)

With this system, the most powerful and simple phenomenological
tool for CPT tests is the Bell-Steinberger relation

2



Time evolution of the neutral kaons

K"J CPT invariance
M =M,, I'j =1,
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Unitarity and Bell Steinberger relation

Even if CPT is violated, we
can assume that unitarity is
preserved

[, =3 A%K'— ) A(K'— f)

Expressing the decay amplitudes in the Kg
K basis and using the definitions of € and 6
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Exp. inputs Two outputs Exp. Inputs: only s, 3 and
nlv give appreciable
contribution, 2 10-7

Im 6 = 0 could only be due to: violation of CPT, violation of unitarity, new
exotic invisible final states




A bit of recent history

« CPLEAR ‘99 First pioneer work

* PDG (~2000) quote the CPLEAR result

 KLOE , G. D’Ambrosio and G. Isidori JHEP 12 (2006) 011
* First WA result in 2007 (online in PDGO07) published in
PDGO08

« KTeV, Phys.Rev.D83 (2011)

« WA update including new KTeV result PDG12



w(y), n'n® decays (1)

Ol = L ( A*(KS_> T ) A(Kl-_> J'L'J'E) > = Npn BR(KS g J'IJJ'L')
FS

* N,..| from KTeV, NA48 and KLOE BRs  fundamental ingredient for CKM
*Renewed relevance thanks to
improvements in B, determinations
*One of the “tension” in UT analysis:
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w(y), n'n® decays (2)

JUTT

I's

o = L (A*(Ks— nm) A(K,— mw) ) =m,, BR(Ks — mur)

new KTeV CP, CPT measurement [Phys.Rev.D83 (2011) ]

0, =(43.76 = 0.64)°, Gy = (44.06 = 0.68)°

“bonus” from direct CP measurement:
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e improved average :

PDG10 fit to AM, Ty O,— » Py
(without assuming CPT)

0. =(43.4207)°

PDG12 fit to AM, <, ¢,_, ¢y
(without assuming CPT)

$,. =(43.4£0.5)°
doo = (43.7 £ 0.6)°

[ C.-J. Lin PDG team]



n(y), wn® decays (3)

In...] from KTeV, NA48 and KLOE BRs; ¢_. from PDG12 fit
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n(y), non® decays (3)

PDG10 fit 0, =(43.4£0.7)° ¢yo=(43.7 0.8)°
PDG12 fit 0, =(43.4 £ 0.5)° dyo=(43.7 = 0.6)°
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Semileptonic decays (1)
Decay amplitudes
AK'—=altv)=A,(1 - y)
AKY = mv) =&y (1+ v) (x]-[x]yr_—~ AsTA=4(Red+ Rex.)
— direct test of CPT
AK?—=ml"v)=Aj(1 + vy*)
A(IZO%J'[_I""\/):AO 1=y ) (x| |x) AS+AL=4(Re8— Rey)
" key input for BSR
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Semileptonic decays (2)

1 (At Iv)A(miv)) =2 t—SBR(KL —xlv
T

I'g L

)[(AS+AL)/4 =i (Imx,_+1Imd) J
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* BR, from KLOE, KTeV and NA48

BR(Ke3)
| I I Iﬂ/o I | 1
PDG 04 —
PDG 06 -.-
FlaviAnet L
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38 40

e 7,=0.08958(5) ns, constrained by
NA48 ‘02 and KTeV ‘03 values

e 1, =50.84(23) ns, from KLOE ‘06
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°* A =(3.34 £0.07) x 1073 from KTeV

* A; = (1.5+£10.0) x 103 from KLOE

* Imx, from CPLEAR time-dependent
asymmetries:

P(K® — K°(t)) = P(K° = K(t) )
P(K® — KO(t) ) + P(K® — K°(t))

A; =

= 4Red +f(lImx,_,Imd,Rex_,t)
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Semileptonic decays (3)

R.(7
ag(n)= = E

T)+

N(K° — e*mv)(t) — N(K° — etv)(t)
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CPLEAR Data

& —2Re(y) —2Re(x_)=4(Re(E—)’) _Re(x—)) +2
) +R_(7)

Re(x_)(e” 347 4 cos( Am)) +Im( x, )sin( Amr)

1
cosh( EAF’T) — cos( Amt)

Combined fit to:
Ag,(KLOE) A, (~KTeV), A; and A, (CPLEAR)

Table 1: Values, errors, and correlation co-
efficients for R(4), I(d), R(z_), I(z.), and
Ag + Ay, obtained from a combined fit, includ-
ing KLOE [4] and CPLEAR [13].

T PLB 444 (‘'98) 43
[P. Bloch M. Fidecaro] t
t MBad I* H ' T R(0)
RGRET e
* R(z_)
S(z+)

As+Ap (-0.40£0.83) x 1072

value Correlations coefficients
(3.0+23) x107* 1
(-0.66 £0.65)x 1072 -0.21 1
(-0.30£021) x 1072 -0.21 —0.60 1

x 1072 -0.38 —0.14 047 1

)
)
(0.02+0.22)
) ~0.10 —0.63 0.99 043 1
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Semileptonic decays (4)

Improved determination of Imx, from a combined fit of CPLEAR time-dependent
asymmetries and A and Ag from KTeV and KLOE

> Imx, = 0.8(0.7)x102

Im x, = 1.2(2.2)x10?

original CPLEAR result
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3n decays

0= L (A*K—>3m)AK,—>3m)) = - n;;BR(K —3m)
I'g L
Re(n,, ), Im(n,_, ) from Moool from KLOE UL on BR(K—3m")
CPLEAR x2 improvement w.r.t. NA48 n,
04 :
A0 Im(o, ) M95%CL <10% | Im(o ) M 95%CL
0.5 B 68% CL 0.5 H 68% CL
KLOE
0 N 0 NA48
0.5 ; 05
Re(aTH-TC—TCO) ....... Re.(%oﬂpnﬂ ) .
R 0‘5‘ N (.) N O'S'X'lo_4 0.5 0 0.5x104

Opprmo = (0£2 +i(0£2) ) x 107 los0| < 7x10¢ at 95% CL
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Results for Ree and Imo

Ree x cos Osw X Rea; + sin Qgyy 2, Im o

Im d o €08 §gyy 2 Re o = sin gy 2, Imo;  — o, |x (9, - dsu)

. M 95% CL
05 | 68% CL
_ Reg =(161.1 £0.5) x 10
1 Im d=(-0.7 £ 1.4) x 10
é 0
k= o(lmd) = 1.3 @ 0.6
e wmlv
05 |
0155 016 0163

Re(g) (107)



A bit of history: results

CPLEAR99 KLOEOG6 PDGO0S8 Present result
Evaluation of a’s

nlv asymm.
2.4+5.0 04+21 || -0.6+1.9 0.1+1.4

Analysis
strategy

o(lm 5) 45® 2.1 1.8 1.2 1.8 @ 0.6 1.3®P 0.6
317w 7201 AR { LY w11 A1 A ot v
mtlv

Comments nlv vs time

K, —=nr, K, —=3a% A;and A,

better treatment new ¢
of CPLEAR data ”

Re ¢ (x10°) 164.9 + 2.5 159.6 +1.3 161.2 + 0.6 161.2 + 0.6

16




CPT test: m(K)-m(K)

1 M;-M,,- i(rn_rzz)/z ‘ AM x = Sill ¢SW Re 6 + COS ¢SW Im 6

2 mg—my - i(TgTy)2 AT & cos dgy Re d + sin ¢, Im d

Imd = (-0.1 = 1.4) x10> from BSR; Red = (2.5%2.3) x10* essentially from CPLEAR

AL (10" GeVv) 95% CL “ zz Z’ EE
L 10 -
07 present result S
CPLEAR 99 >
, =
0 Re& E’ !
<
Imd
, 7
-18 -10
-10 | AM(IOGCV) R S B
----------- -10 0 10
o ’ 10 AM (10" GeV)
Assuming CPT violation only in the mass matrix:
CPLEAR99 KLOEOG6 PDGO08 Present result
AM at AI'=0 3.3+7.0 0.5 3.0 -0.9+2.6 -0.1+2.0
(10720 GeV)




Conclusions

- The Bell-Steinberger relation is a very powerful tool to
probe some of the basic principles of fundamental
interactions (CPT + unitarity)

* Remarkable step forward thanks to new data (K,—ur,
K — 3n%, Ag, A, ¢,_and ¢,,) + re-analysis of old CPLEAR
data on semileptonic time-asymmetries

* Present uncertainty on Imé is dominated by 2x channels

(¢.-)

| my - mg| <4x10 my  at 95% CL if AT=0



