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o CPVis observable as a particle/antiparticle asymmetry in
the rates of transitions: . o
(Bars indicate antiparticle

L(i—f) #IL(i—f) conjugate states)
for processes with initial state 7 and final state f
o CPV was discovered (Fitch and Cronin 1963) in decays to

- states (with CP=+7) by long-lived K, mesons that were
formerly found to decay only to £, (with CP=-1).

o It was next seen as an asymmetry in K L%»’JT:FE:I:I/E decays



Theoretically, there was much speculation on the source of
CPV — whether from mixing or decay (“direct”).

In 7973, Kobayashi and Moskawa suggested the current 3-
family nature of the SM and pointed out that it led to the
possibility for CPV.

Experimentally, CPV was not observed anywhere other than
in neutral K decays for ~40 years when, much as predicted
by KM, the BaBar and Belle experiments observed its
interference with mixing in decays of BY mesons to J/ K,
final states (CP=-17).

First evidence for direct CPV in B decays was later observed
iIn 2004 by the BaBar and Belle experiments.
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o CPVis needed to account for excess (AN = Np—Np) of
baryons over anti-baryons in our universe.

o This excess is only a small fraction of the observed number
of photons AN/N, ~ Ng/N, ~107"°,

o Sakharov (1967) held that this requires:

= Baryon number violating processes - Hgfgv#o #+0

= CPV so that, for any baryon-violating process, I'(i—f) #I'(i—f)

= A period in the history of the universe when it was not in thermal
equilibrium.

In thermal equilibrium (T invariance), CPT invariance is equivalent to
CP invariance!

[CPT violation alone, could also generate A N-£40
= This would also violate locality, causality and Lorentz invariance. ]
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Consider a particle X which has just two decay modes to final states f, ,
with baryon numbers B, , (not necessarily the same) and branching
fractions rand (1 —r).

CPT invariance requires anti-parlicIeX’ to have the same total decay
rates but CP violation can allow r to differ from r.

Decay of each X X pair (initially B = 0):
X —=B=rB,+(1-r)B,
X — B=r(B;)+(1-r)(-B,)
results in a change in number of baryons AB=(r—r) (B, -B,)

Baryon-dominant universe requires this be positive, so:
= B, #B> -baryonnumber is violated for at least one decay mode

AND B | Differences must
= TET - there is CPV have same sign too



o The SM Lagrangian is Hermitian and includes terms like
L(x) = Z [a,,;}',,;(m) + af.’Fj(az)

where the F;(x) "are scalar operators defined from quark and
lepton fields and the a; are couplings.

o CP -invariance requires that all couplings can be made real
with a suitable choice of phases for the fields.

o Inthe SM, charged EW terms are of the form

g ,_ _ 1 " dr i
E ('UIL L tL) VCKM'Y gi WM
These all involve the CKM matrix V.., that has a phase that

depends on specific flavor couplings

The effects of such a phase cannot be removed, for all
flavors, simply by re-phasing the quark fields > CPV
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Q

CP violation is not the same thing as “T violation™. It would
be only if CPT were an absolute symmetry.

“T-violation” (time-reversal symmetry breaking), has yet to
be found experimentally (?)

For instance, we know, experimentally, that B°>Kr is a CP
violating process. However, we have not observed a weak
scattering K+n—> B occuring at a different rate (and we
probably never will, even though CPT would so decree!)

An amplitude <f|H|/> describes a transition from />f. Under
CP this becomes <f|H|i>, not </ |H|f>.
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o This is a 3x3 unitary transformation
Vud Vus Vub
Vexnr = Vea  Ves Veo
Via Vis Vi

o Defined by rotations about 3 axes by angles 6,,, 6,5, 6,
Ci12 8120 Ci3 0 813 1 0 0
Ujz2=| —s12¢120 |3 Uis=| 0 1 0 |; Uaz=|0 c23 s23 |,
0 01 —8130 Ci13 0 —S8923 Ca3
where s;;= sin 0;; and c;;= sin 6;; , and (important) a phase

1] )
1 0
Vs = 0 0
0 e—i6

o Then
Vewxns = U23U§U13U5U12

C = o
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o So

—1d
C12C13 S12C13 S13€
_ ) 10
Vo = —813C23 — C12823513€ C12C23 — 512823813€ 523C13
) )
8128923 — C12€23813€ —C125823 — €C128235813€ C23C13

o The terms have a numerical hierarchy that suggests an
expansion in powers of the Cabibbo angle 1=V,

S []

1-\2/2 A AXN3(p—in)
Vi ~ — 1-2\2/2 AN3 + o\
AN} (1—p —in) AN® 1

where A, p and n} are parameters of order one.
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o Magnitudes:

Memorize the power of A for
each term.

& labels for rows/columns

o Phases:

Remember the phases for the
two terms circled

William and Mary, June 2012.

(0, 0) (1, 0)

“The” unitarity triangle

Brian Meadows, U. Cincinnati
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a This expansion preserves unitarity below order 1*.

a Preserving unitarity to all orders is possible (Buras,
Lautenbacher and Ostermaier, 1994) with parameters:

812 = A
sis = AN Ph fvV
8136_?'6 — AA3(p o ’”7) ase(’)') Oof Vup

is unchanged
o At order A\°, this leads to

/
1-M2/2-)/8 ) AN (141 2)

MAN([=2ptin)lf2) 1-\?/2-M(1+447)/8 AN +O(\Y).
AN[=p-ii] N AHAI2pti) 2] 1-ATN)2
Vg acquires a \ V.. acquires a

5
phase at order 7 phase at order A4
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Unitarity Triangles

d S b
e . )
C [] O
t " =

apply unitarity constraint
to pairs of columns

from P. Burchat

Florida State U: Tallahasee, FLA, April 21 2003.

d.s* =0 (K system)

s.b* =0 (B, system)

d-b* =0 (B, system)

Brian Meadows, U. Cincinnati
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111

u-c*=0 (D system)

c.t*=0 (“T" system)

u-t*=0 (“T"”7 system)

Apply unitarity constraint

All six triangles have the same area.

A nonzero area is a measure of CP
violation and is an invariant of the
CKM matrix.

to pairs of rows

from P. Burchat

William and Mary, June 2012.

Brian Meadows, U. Cincinnati
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B, decays

B_decays

D decays

See Bigi and Sanda, hep-phy/9909479 (1999)

Smallest Angle

Vid Wb
~— Ved Veb
$s “’“‘w
¢'f ¢,"P‘“--u_

E‘i;" 51;

Vid Vi

X‘“ﬁﬁ-x Vis Vs
Vib V
Vis Vis ¢ ¢»a?-““‘“-

(b)

in triangle:
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[This is the “bd” triangle
a.k.a. the “B,” triangle].

Apply unitarity constraint
to these two columns

from P. Burchat

William and Mary, June 2012.

Orientation of triangle has no
physical significance. Only relative
angle between sides is significant.
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Apply unitarity constraint
to these two columns

from P. Burchat

William and Mary, June 2012.

Brian Meadows, U. Cincinnati
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The bd Unitarity Triangle before B Factories

o CKM parameters p and n predict the observables
exs Xg=AMY/T, [V |, |Vl

From P. Burchat /)S\d EK,‘\Vcb‘
. 0.8 - —
and J. Richman, : Z
Rev. Mod. Mk -'
Phys., 67 0.6
(1995) 893-976 0o b

— 0.4 F
0.3 F
0.2 F
0.1 [
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The bd Unitarity Triangle Today

o CKM parameters can be used to predict more observables
e, AMy, AM,, BF(B—1v), V;,, SIN2B, v, V,, lattice, ...

1 1 1 1 1 1 i ] I ]
0.4 0.2 0.0 0.2 04 0.6 0.8 1.0

UTFit CKMFitter
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CKM Parameters

o CKM parameters from these fits:

UTFit CKM Fitter
A 0.22545+0.00065 0.22543 +0.00077 Significant discrepancies exist:
A 0.8095+0.0095 0.8127),, sin2p ~3c low
p  0135+0.021 = @ @—————— BF(B—tv) 2.7c high
n 0367+0013  @—————— Is CKM model in question?
5 0.132+0.020 0.144+0.025
n 0.358+0.012 0.342+0.016 arXivi1104.2117 [hep-ph]

o Some “tension” exists and it will be important to continue to
check the CKM paradigm with more precise measurements.
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0.974250 +£0.0022
0.2253 +0.0008

0.00392
0.230
1.04
0.0409
0.0081
0.0387
0.88

+ 0.00046

+0.011
+0.06

+ 0.0007
+ 0.0005
+0.0023
+ 0.07

William and Mary, June 2012.

Super-allowed 3 decay. Best measurement

K, & K5 (need lattice) and t>Kv..

B->Xlv, B->u decays. Some discrepancies
Charm prod by vs. D> Kl needs theory
D->Klv, D~ v (theory limited)
B->DIv,B>D’Iv, lattice

B, Mixing, lattice prediction for |V,J/| V4l

B, Mixing

Single top production (CDF,D0,Atlas,CMS)

Brian Meadows, U. Cincinnati 24



o CP Violation what it is, how it happens, what it is not.
o The CKM model for CPV
= Unitarity triangles
a A role for hadrons and amplitude analysis
o Mixing and its role in CPV
o B factory measurements

o Pause for reflection

William and Mary, June 2012. Brian Meadows, U. Cincinnati



Neither 7, U, -spin, P nor CP

[ ' -
Tree (T) u Weak (short range) |W|e'?
/ ;
¢$7 are (necessarily) conserved.

Strong (long range) |S| e
Everything conserved.
Scattering > I-spin, A, CF, ..

[Small E/M component
) may not conserve I |

26



o The two space-time ranges differ greatly so that we
can write overall decay amplitude A as a product

A=A 0+ [A=W X S]
Strong phase Weak phase
o Under CP weak phase ¢ flips sign but 6 does not
SO A4 — A &%)
o This can give rise to CPV

Similar considerations govern the behavior of all processes
involving weak interactions.

William and Mary, June 2012. Brian Meadows, U. Cincinnati 27



o Hadrons were once thought to be a nuisance, obscuring the
“more fundamental” aspects of the short-range weak
interactions which lay at the heart of CPV'!

o Interference between hadronic amplitudes, though, allows
relative phases to be measured.

o The phases observed include both strong and weak
components, so actually provide valuable information on the
short range weak phases in the amplitudes governing the
decay.

William and Mary, June 2012. Brian Meadows, U. Cincinnati 28



- 0 + L L R R R A

a Dalitz plot for DY >K 7" 7 {;3_ Dalitz plot for
o The flavour of the K (ie o - :
KO>7*r)is undefined, so g |
both K and K can be Q - '
produced at the quark level: °€2__ |

= KO (c>std oc cos 6.2)
= KO (c>dsu o« -sin 6.2)

2 NOTE change of sign of iy )
weak (ie "production” : |
amplitude) - B ot

a Observe the K0 (horizontal I 2 9 43
pand) ! m? (GeV“/c")
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o Some things multi-hadron systems have done for “real
physics”:

» Provided evidence for CPV in B decays
= Allowed measurement of weak phases

= Exposed small parameters such as x and y, relating to D%-D° mixing
appearing linearly in the interference between the weak interactions
iInvolved.

» Resolved ambiguities in CPV phases, B_s mixing parameters, ...

William and Mary, June 2012. Brian Meadows, U. Cincinnati 30
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o Mixing is a ubiquitous phenomenon readily observed in the
KY D BUand B, neutral meson systems .

= The T° could mix, but will decay before mixing can occur.

= 10, 9, n’ mesons do not mix since they are their own
anti-particles.

= The D system is the only up-type meson that mixes. The
SM greatly suppresses this, however.

o Mixing can lead to CPV and, in bringing meson and anti-
meson decays into interference, it can allow the
measurement of the weak decay phases involved.

o A brief desription follows

William and Mary, June 2012. Brian Meadows, U. Cincinnati 32



o Flavour eigenstates are not mass eigenstates so they mix:

—0 . )

|M,) = p|M0>+q|£> _  eilmi—il'1t/2) et
IMs) = p|M% —q|M ) = ei(ma—ilzt/2)

o We define four mixing parameters as

la/p| i+ T
arg{q/p}} =

z = (mqg—mo)/T 5 7r,
y = (I'1—0T2)/T 5 ¢un

o CPis conserved only if p=q. In this case, then M. is CP-
even and M, is CP-odd

William and Mary, June 2012. Brian Meadows, U. Cincinnati



o The flavour states oscillate in time differently
|M°(t)) =
e~ (L'/2Him)t {cosh[I‘t/2(y—|—ia€)]|M0> -+ (E) Sinh[Ft/Q(y—l—i:c)HMO)}
B p
(1) =
e~ (T/2im)t { (E) sinh[T't/2(y+iz)]|M°) + cosh{I‘t/Q(y—]—ia:)”Mo}}
q

o Unless p = q, these are in not phase and “mixing-induced”,
time-dependent CPV asymmetry occurs.
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o Transitions that change flavour (A4S, AC or AB=2) are
possible via box diagrams, illustrated for B¢ below:

b—_ uclt _—d b _Ww__ d
0 i i ——— >0
B w , W + uct wet — D
P PP n
d vct b d w b
/7 7/

o The weak phase ¢,,~Arg{qg/p} can be computed in the SM.

ViaV:
for B9 system ¢35, = arg{ - “’} ~ 23
‘/td‘/fb

Vig Vi
for KU system ¢5; = arg { v: VZ} ~ 23 We return to
DY system later

Vi Vi
for B, system ¢%; = arg{ = ﬁ’} ~ 0
Vis Vio
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a For mixing to be observed, M° (or M°) must be flavour-
tagged at time {=0 and then again when it decays

o Decays to final states accessible to both MY and MO are
possible, especially when the final state is comprised of
hadrons.

In such cases, interference between MY and M° decays
occurs and can be used to measure mixing and CPV
parameters.

William and Mary, June 2012. Brian Meadows, U. Cincinnati
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o We define amplitudes

- —0
Ay = (Ji|H|M0) ; vff = ({|H|ﬂo)
Ar = (fIH|M®) ; Ay = (f|H|M")
A M27) Mixing brings decays from
MO Q S "fr « Mand M into interference
Mix (M9 M) A (M 9>f) Opens the possibility to
measure the weak phase

o The important parameter is

9 & The phase of A includes ¢ and the

Af = ; As weak and strong phases in the decay.

and its measurement is crucial to CPV studies.
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o The effects of mixing can be included in a fit to a multi-body hadronic
final state f arising from decays of neutral mesons, such as M°.

o The t-dependent decay amplitude for a state MY at t =0 is:
(FIHIM® (1)) = Az (t) =
g~ (I/2Him)t {cu&h[f‘t/2(y—|—m:)]{f|H|M0) -4 (p) slnll[I‘t/Q(y—I—wﬁ)](f|H|M0}}

where (fIH|M® =A; and (f|H|M Y=.4; are linear combinations of
amplitudes (eg “isobar”, etc.) normally presentin afitatt=0. They
depend upon the posmon S in the phase space

o This can be written in the form:
AI(S, i‘,) =

Az (5,0)e™ (gtim)t {cosh[ (y+ix)t] + Af(8) sinh[— (y—l—’i:z:)t]}
a The dependences on point in phase space S and time t factorize.
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o The Dalitz plot density is then  |4;(5,)|”

o The Dalitz plot density can be written, similarly, for M.
= |tis not, in general, the same as that for the MC.

o Note that

= mixing brings both M° and MP into interference in the decay of Mo,
= The phase space s time t dependences factorize.

= The parameter Ay becomes Aj(5)e'®W

The weak phase, ¢, of A; is assumed not to depend on s

William and Mary, June 2012. Brian Meadows, U. Cincinnati
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Origin is in the mixing (“indirect CPV")

il — p,,etPM #+1 (ry = ‘g‘)

p p
Origin in the decay (“direct CPV?)

| Az| # | Asl

Coming from interference between mixing and decay
(“indirect CPV” — a.k.a. "mixing-induced CPV")

William and Mary, June 2012. Brian Meadows, U. Cincinnati
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o When two (or more) amplitudes, T and P for example, mediate a decay
process, then decay amplitudes are

A = T+ PelAdrTadr) AP = (pr—dp)
A = T+ Pe{Adpr—Adr) AS = (6,—6)
|A| # | Al

This leads to a CP asymmetry in decay rates

Jer | A — ‘,Tlf‘z _ 27 sin(A¢) sin(A§) (r = P/T)
|Af|2+‘v_4-f‘2 1+ 7% 4+ 2rcos Adcos Ag a
NOTE A®” = 0 unless / \ A% is largest
Ap£0 AND AS#£0 when £=7.
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o Since MY and MY states oscillate differently in time, so do the
rates for their decays 7{/7") for MO9(M?©9) to f:

1—|As 2Im(\s

1=l cos(z['At) — 2Im() sin(:x:I‘ﬁt)]
1+ A2 1+ [A¢]?

L |A\s?

— [ 2RE()\J=) 21??1()\1)
T x e T2 |cosh(yl't) + sinh(yTAt) — cos(z[At) +
M) T A = T p A T

' 2Re(\y)
I' x e T8t |cosh(y['At) + sinh(yTAt) +
h (yPAt) + TP (yT'At)

sin(a:I‘At)]

The result is a time-dependent CP asymmetry

=

- (1- |A£]?) cos(zl't) — 2Im (A y) sin(zl't)

Acn(t) = =
B =TT = (14 [A; ) cosh(uTt) + 2Re(A ) sinh(yTt)

=
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The parameter A: encodes the weak and strong phases into
this asymmetry

A . s < _
Af — q f X e?,:_l_;’ J & A‘f — Afl

Mixing Decay  Decay
(weak) (weak) (strong)

So measuring this M2-M° asymmetry as a function of time
allows measurement of the weak phase ¢y, = @y, - 2¢;

[ BUT only if we know the strong phase &, ]

William and Mary, June 2012. Brian Meadows, U. Cincinnati 43



o Three possibilities for measuring ¢;in a TDCPV analysis:

1. If f is a CP eigenstate /-, (e.g. n*m, OK,, S/ K, etc.).
strong phase of A, same as that of Afso 7 = 0

2. Similarly, if f is CP self conjugate (sum of CP-even
and CP-odd states) e.g. K;z'r, n*n 2’ etc.
strong phases of .4 are linked to those of A so § =0, =

From Dalitz
3. If f is a multi-hadron system - Plot, etc.
Amplitude analysis of hadrons allows measurement of @
but there may also be an unknown phase offset too.

William and Mary, June 2012. Brian Meadows, U. Cincinnati 44




o CP Violation what it is, how it happens, what it is not.
o The CKM model for CPV
= Unitarity triangles
a A role for hadrons and amplitude analysis
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o Pause for reflection

William and Mary, June 2012. Brian Meadows, U. Cincinnati



a For Bmesons, y~ 0 so BY decay rates are:
dl'/dAt x e 12 [1 + C cos(xzI'At) — S sin(z['At)]
dT'/dAt x e T2t [1 — C cos(zT'At) + S sin(xzT At)]

with time-dependent (TD) CP asymmetry

Acp(t) = Ssin(xzl’'At) — C cos(xzI’At) (Belle chose to

where . 2Im(Ay) . B 1 — |)\f|2 «~ use "A"=-C)
S measurable .~ * T 1A L+ [As? - C=0 in absence
Only in 7D CPV of direct CPV

o CPV analyses at the B factories focus on measuring C
(direct CPV) and S (to extract the weak phase of 1).
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o Use Y(4S) decays to B0-B°
pairs — one is “flavour
tagged” as either B%or B°
and other B’decays in a CP
eigenstate.

o Measure At between the
two decays and the CP
asymmetry at each At.

a Figure shows ideal case for
J/wK,
* no experimental effects.
= Asymmetry is large.

William and Mary, June 2012.

Relative Decay Rate

CP Asymmetry

"L — TagisB°
os L — TagisB°
06 |-

T Tag after
o4 [ CP Decay

oz —

A= eﬁﬁ; p= 68.6°
x=AmT =0.771

Tag before
CP Decay

08 [

s 5 5 5 o o
o ok R D R A

o
o
T

Brian Meadows, U. Cincinnati
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al

ViaVao

VeoVis 1 . Penguin phase
T ¢, is the SAME!

—
Bmix phase: ¢%, = arg { td }
Tree phase: 2¢7 = arg{

*
Vcb Cs

VV*}

K, mix phase: ¢3; = arg{ Comes with A?

Scd

Vior 1; Arg{Vi3 =n-B; Arg{VuV'} = 0

—  Weak phase: ¢ = —20

William and Mary, June 2012. Brian Meadows, U. Cincinnati
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Q

VigV:
Bmix phase: ¢y, = arg { ‘;:Vf" }
td 'tb Penguin phase ¢,
VubVJd} IS NOT the same!

Vo Vud Needs to be
measured

Tree phase: 2¢r = arg{

Vi = Vig~1; Arg{V(g} =n-B; Arg{V} =v

— Weak phase: @w — 2«

William and Mary, June 2012. Brian Meadows, U. Cincinnati
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d
_ N\ d, u
99 \, hallg

S @5\90 S
B, mix phase: ¢y, = arg\
Tree phase: 2 @i . Penguin phase ¢,

P QSI@ . ;b > is NOT the same!

Ves Vi

K. mix phas&,“%m": arg{ d} Comes with A?

Vo~V g ~1; Arg{V V.>}=0; Arg{V,} ~y; Arg{V 4} = O

— Weak phase: @w = 2%

William and Mary, June 2012. Brian Meadows, U. Cincinnati
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o Many other modes were actually used, including:

» those where penguin contributions were important or even dominant
= some requiring the invocation of SU(2) symmetry (/, U and V-spin)
= non CP-eigenstates

= multi-hadron hadron systems requiring TD Dalitz plot amplitude
analyses.

= various vector-vector modes (separating out the longitudinal helicity
components (CP=+1)

o A credible set of methods to determine y that did not involve
I'D studies of B, mesons were also developed.

William and Mary, June 2012. Brian Meadows, U. Cincinnati 51
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o Even more modes

o Multi-hadron modes with 4-body (or higher dimension)
amplitude analyses separating out the CP-odd or CP-even
helicity components

o Full use of more precise strong phase measurements from
charm threshold data

o ID studies of B, mesons
a Much information on direct or time-integrated CPV

o CPV studies of the charm triangle and further understanding
of the origin for LHCb evidence of direct CPV in D° 27"
and DY 2>K*K- decays .
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Next time, we will cover some of the B factory methods and
results in these CPV measurements.
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