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Introduction

Matter and antimatter

Discrete transformations

Matter and antimatter

The quantity of matter in our
Universe exceeds the quantity of
antimatter in our Universe.

The breaking of CP symmetry
shows that the physics of particles
and antiparticles is not the same.
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Introduction
Matter and antimatter

Discrete transformations

Parity and Charge Conjugation

/ﬁ,.c.

P2—=| = P=+1 Cla)=+|3) = C2=1

Vector P(v) = —v Particle C
Axial vector | P(a)=a y—=y | -1

Scalar P(s)=s 70— 70 | +1
Pseudoscalar | P(p) = —p KO — KO | ef¢

D. Griffiths, Introduction to Elementary Particle Physics (2014).
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Introduction

Matter and antimatter
Discrete transformations

CP transformation

CP [P=+1[P=-1
C=+1| +1 -1
C=-1| -1 +1

D. Griffiths, Introduction to Elementary Particle Physics (2014).
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CP phases
The CKM Matrix
CP asymmetry in a decay

CP Asymmetry

A small number in the Standard Model
Within the SM, CP Violation arises

from a complex phase e® in the
CKM Matrix. The CP Asymmetry
(Acp) quantifies the difference
between a physical process and its
CP-conjugated image.
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CP Asymmetry

CP phases
The CKM Matrix

CP asymmetry in a decay

Odd and Even CP phases

M(P — f) = My + My = | My |e/(1+91) 1 |My|e(%2+¢2)

W

N\
@
A

Even or strong e

Do not change of sign
under CP and arise from the
intermediate states of a decay.

Odd or weak e'?:

Change of sign under CP and
arise from the weak couplings
with W=,

Bigi y Sanda, CP Violation (2009), PDG, Review of Particle Physics, Chin. Phys. C 38 090001 (2014).

M. A. Carrillo-Bernal

HUGS2016-MACarrilloBernal



CP phases
CP Asymmetry The CKM Matrix

CP asymmetry in a decay

The CKM Matrix

Ve Vi Vb . . i}
VCKM = Vcd ch VCb VUJ Vuk + Vc_/ Vck + th Vtk = 5Jk
Vie Vis Vi de V/jd + Vjs v/js + ij Vlzkb = 5jk

PDG, Review of Particle Physics, Chin. Phys. C 38 090001 (2014).
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CP phases

CP Asymmetry The CKM Matrix

CP asymmetry in a decay

CP asymmetry in a decay

M(P — f) = | My |e/(01F01) | M| e(%2+¢2)
M(P — f) = |My|e/(01=91) 4 | My|e(52—¢2)

....................

) —T(P—f) _[M]—|MP
)+T(P—f)  |M]2+ M)

—2’M1M2| sin(52 — 51)Sin(¢2 — qbl)
’M1|2 + ’M2|2 + 2|M; M| cos(d — 01) cos(pa — ¢1)

Bigi y Sanda, CP Violation (2009), PDG, Review of Particle Physics, Chin. Phys. C 38 090001 (2014).
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p(770) — w(782) Mixing
(1450) — w(1420) Mixing
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K Kty o K*(p0 —wy = K ntn

Invariant mass of 777~ close to  Invariant mass of 717~ close to
the p° resonance, /s ~ m,,. the w resonance, \/s ~ m,,.

Chao Wang et al, Eur. Phys. J. C 74 (2014) 3140
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p(770) — w(782) Mixing
(1450) — w(1420) Mixing

GF GF 1 w
Mp = \ngpTrWSPLMHﬁ Mpfw = Egpﬂ'ﬁswn(s)LuH/A

Chao Wang et al, Eur. Phys. J. C 74 (2014) 3140
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p(770) — w(782) Mixing

o kErtau, p(1450) — w(1420) Mixing

Leading order in Gf

Mo x Gr, |Mo|? o< | Vys|?

No weak CP phase = No CP violation



p(770) —

o kErtau, p(1450)

Second order in Gr (1)

Mioc G2, MoM o ViiVisViigVud — VisVisVigVud

Weak CP phase = CP violating term
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p(770) — w(782) Mixing

o kErtau, p(1450) — w(1420) Mixing

Second order in Gr (2)

M x G, MM} o< |Vis | Vi,

Vs

No weak CP phase = No CP violation
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p(770) — Mixing

p(1450) 0) Mixing

CP asymmetry

M2 — |M]?

M| + [ M]?

_ (MoM] + MyM§) — (Mo M + R MY)
|Mo|? + O(GR)

Acp =

MoM} o L1 {Hgf;OP + 5518, HOO 4 5, 1, HOSOP |swﬁpw|2H2‘;’°°’}

w' pw ! Ty

MoM; o L1 {Hfjglp + S5 HO 5, O 4 Iswﬁpw|2H2‘51°’}

w' pw " Ty

wviv' — v (v 0p 0w pylp pylw
HY = HY (HY) H, HO%, H1P, H

Chao Wang et al, Eur. Phys. J. C 74 (2014) 3140
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p(770)
p(1450)

0
H#P("J) — V:S [ gg,u/\Oz,Bpl p2 ’fg,u)\ — I(alplu + 32P2p)Q)\

_ 1 2 2 hAitAi
f*—*(Q +mp(w)_mK)ZiWa 1 )

. 5 hp tp, hAitAi 1 vity,
SR O R o MR Y ot

3 hpl tp, hAi ta,

32252;W+52;W‘

A. Flores-Tlalpa y G. Lépez, Phys. Rev. D 77 113011 (2008), Chao Wang et al, Eur. Phys. J. C 74 (2014) 3140.
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)

o kErtau, p(1450)

Second order hadronic element H&’)(M)

Hﬁp(w) = CP) |~ Ate,napPPs — iCaBEu + i(A1pry + 2B1p2y) Qx| €

Chao Wang et al, Eur. Phys. J. C 74 (2014) 3140, Xing-Gang Wu et al, Eur. Phys. J. C 52 (2007) 561-570.

1 )6\@(2703 \ Mo ms GE Vi Via Vi

mg

Ow _ 40p lw . plp
H,=H/", H,” =—-H,

MoMJ o L1 Ho6% {1 + s + sl + |swﬁpw|2}

w' ! pw

I\/IOMI o L’“’Hglp,lp {1 — s M 4+ swlzlpw — \Swﬁpw|2}

w' ! pw
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p(770) —

o kErtau, p(1450)

Hadronic rest-frame

p(w) — pi =(E,0,0,P),

K- = p/;:(Ez,0,0,—P),

7 — Py =(K,Ksin6,0, K cosb),
T —  py = (Es,Ksin6,0,K cosf),

Q# — (El + E27 07 07 0)

Chao Wang et al, Eur. Phys. J. C 74 (2014) 3140,

D. Griffiths, Introduction to Elementary Particles (2010).
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p(770) — w(782) Mixing

o kErtau, p(1450) — w(1420) Mixing

ﬁpw(s) A I:Ipw(mi) + (s — my)V(m?).

El:Q2_|_m%<—m§ E2:Q2_m,2<—m2
2V/Q@2

. \/m‘}< + mﬁ — 2mf<Q2 — 2mf<Q2 — 2m;2)Q2

2V/Q2 ’
m2 — Q2 2 Q2
K="Tr— X Ep=——.
2V/@2 /@

1.27GeV < v/ Q? < 1.77 GeV, 0.76 GeV < /s < 0.80 GeV

M. A. Carrillo-Bernal HUGS2016-MACarrilloBernal



p(770) — w(782) Mixing

- KEatn v, p(1450) — w(1420) Mixing

CP asymmetry surface

0.76,
1.x107"°

5.x107"
Acp

-5.x10""

-1.x107"°
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p(770) — w(782) Mixing

p(1450) — w(1420) Mixing

CP asymmetry surface (Wang, et.al. )

x10 . ' ' X ' N
8 — : i """"""" T T Tt N S .

157 147 a7 0.76 4 Vs (GeV)
VQ* (GeV)

Chao Wang et al, Direct CP violation in 5 Kipo(w)VT — KExta~ v, Eur. Phys. J. C 74 (2014) 3140,

Fig. 4.

0 JodQ2ds(IMP? —|M]?)
P [, dQ2ds(|M[2 + |M[2)
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p(770) — w(782) Mixing

o kErtau, p(1450) — w(1420) Mixing

Localized integrated CP asymmetry

V@ GV) AL0 D) V@ (GeV) A0 )

(1.30,1.35) 0.45 (1.30,1.35) 34
(1.35,1.40) -0.70 (1.35,1.40) 9.6
(1.40,1.45) -0.46 (1.40,1.45) 63

(1.45,1.50)  -10.09 (1.45,1.50) 51

(1.50,1.55) 24.24 (1.50,1.55) 6.6
(1.55,1.60) 9.54 (1.55,1.60) 22
(1.60,1.65) 7.20 (1.60,1.65) 3.8
(1.65,1.70) 4.61 (1.65,1.70) 3.4

Chao Wang et al, Eur. Phys. J. C 74 (2014) 3140, Tab.

2.
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p(770) — w(782) Mixing

o kErtau, p(1450) — w(1420) Mixing

p(1450) — w(1420) Mixing

AEAt>1/2

0.0014}
P — p(1450
0.03 0.0012 i P(1450)
w i w(1420)
0.0010} i
0.02
0.0008/
0.0006/
0.01
0.0004; _~
— 0.0002]
0.00 -
650 700 750 800 850 200 1000 1200 1400 1600 1800
E(MeV) E(MeV)

Amy_, = 7MeV Amy_,y =~ 45MeV
Arp_w ~ 140 MeV Arp’—w’ ~ 185 MeV

Y. Nagashima, Elementary Particle Physics (2010).

M. A. Carrillo-Bernal HUGS2016-MACarrilloBernal



p(770) — w(782) Mixing

p(1450) — w(1420) Mixing

CP asymmetry surface

Vs s

1.45
1.44
5.x10" " | >
Acp
0 S
-5.x10"" |
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p(770) — w(782) Mixing

o kErtau, p(1450) — w(1420) Mixing

Localized integrated CP asymmetry

VQZ (GeV) AZ,(10712)

(1.30,1.35)  -20.25
(1.35,1.40) 44
(1.40,1.45) 0.94
(1.45,1.50) 0.96
(1.50,1.55) -1.94
(1.55,1.60) 8.23
(1.60,1.65) 4.08
(1.65,1.70) 3.77
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Summary

Summary

@ The physics of particles and antiparticles is not always the
same.

@ Weak and strong CP phases are necessary to have a
non-vanishing CP asymmetry.

o CP violating effects in 7& — K=nTn~ 1, are expected to be
of order 1011

@ The overlap in the Lorentz distribution between two
resonances does not seem to favor the CP asymmetry.
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Summary

STUDENT SEMINAR - HUGS 2016

Thank you!
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