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Matter-Antimatter Asymmetry of the Universe

® The universe is made largely of matter with very little antimatter

np — g
B~ "B 109
Ty
Why is this the case?
® Matter dominance occured during early evolution of the Universe
® Assume Big Bang produces equal numbers of B and B

® At high temperature, baryons in thermal equilibrium with photons
Y+ p+D

® Temperature and mean energy of photons decrease as Universe expands
» Forward reaction ceases

> Baryon density becomes low and thus backward reaction rare
» Number of B and B becomes fixed

“Big-Bang" baryogenesis

® Need a mechanism to explain the observed matter-antimatter asymmetry
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The Sakharov Conditions

® Sakharov (1967) showed that 3 conditions needed for a baryon dominated
Universe
1. A least one B-number violating process so N — N7 is not constant

2. Cand CP violation (otherwise, for every reaction giving more B there
would be one giving more B)

3. Deviation from thermal equilibrium (otherwise, each reaction would be

balanced by inverse reaction)

® |s this possible?

> Options exist for #1
» 43 will occur during phase transitions as temperature falls below mass of
relevant particles (bubbles)
> #2 is the subject of today's lecture:
® Studies of CP violation in the neutral kaon system
® Observation of CP violation in B decays (2001) and searches for CP
violation outside the SM using B decays
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Reminder: Neutal Kaons: Strong Basis vs Mass Basis

® Flavor (K°, fo) and mass eigenstates (Kg, K1) not the same

® If CP were a good symmetry, mass eigenstates would be
Ky = — (K +[R%))  cPlKy) = |K2)
V2

Ky = % (|K0> - ‘?°>) CP|K») = — |K1)

® Associating the CP states with the decays:

‘K1> — 27
‘KQ) — 37

® However, very little phase space for 3w decay: Lifetime of |K2) much longer
than of |K1)

® Physical states (after including CP violations) called “K long” and “K short”:

7(Kg) = 0.9 x 10710 sec
(K1) =0.5x 107" sec
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The Kaon Decay Observables

® CP Violation first observed in Kaon system in 1964

® Because Kaon mass low, only 3 observables
_ A(Kp—7tr)
> |n+-| = TR
_ A(Kp—n7%)
> |n00| — A(Kg—n070)
> 5 _ F(KL*)ﬂ‘ie*’IJ[)*F(KL*MT+£7U[)
b= T(Kpor 0T+ T(Kp —ntl—1g)

® |nitial discussions of CK violation in kaon system preceeded CKM model

» Language often arcane

® Observables depend on strong interaction dynamics ( “strong phase”)
which makes interpretation far from straightforward

» Significant theory uncertainties

® Never the less, this is where the field started and it where we'll begin our
story

5/37



Characterizing CP Violation in the Kao

® CP violation requires there be
at least 2 amplitudes: need

Sewdegdonie interference term to see
JrLL _ difference in rate)
&
¢ —— N ® Mixing diagrams may contain
. \ > @);" B CP-violating terms. [They do
* e et in the SM (CKM)]
. M These diagrams have AS = 2
adon g - . .
f'“ ® Both semi-leptonic and

[

I — . s s . - hadronic decays can have
4 Ass2 T
-_— " a L\/Lﬂ?’l AS =2
. e

® There may also be WI
diagrams with CP violating
terms that have nothing to
do with mixing
Ny & - ‘ - AS =1 (Example
s = © AS =y ) shown to left)
- Only hadronic decays
can have AS =1

6/37



Characterizing CP Violation: ¢

® AS = 2 required for semi-leptonic decays but both AS =2 and AS =1
possible for hadronic decays

® §, noo and n4— all have similar size: indicates that AS = 2 dominates

® CP violation in the mixing can be described by saying K, has a bit of |K1) and
Kg has a bit of |K2)

(K1) + €| K2))

|Ks) = NaEarE
Ky = K2+ elKy)
VT

® Note: |Kg) and |K1) are NOT orthoginal

® Expressing above in terms of K0 and i’

|Ks) = \%ﬁ((1+e)|w>+(1f€) F°>)
K = (IR0 -a-a[r))
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A General Description of CP Violation in K¥s

® Decompose 27 state into I =0 and I =2 (no I =1 since L =0 and Bose
Statistics)

® Can define 4 Amplitudes:

<27T,I:0|Hwk’K0> = A
(27, I = 0] Hypp, |?°> =—A*,
<27r,[:2|Hwk|K0> = A,
(27,1 = 2| Hyp, |f°> = _ A%,

® Three physical measurements

<7\’+7f7| Hyk | KL)

e (7tn= | Hyp |Ks)

<7r07r0‘Hw,C |Kr)

0T (a0n0 Hy [Ks)
5 = T(Kp —» 7 etv) —T(Kp — 77¢"5,)

T(Kp — 7 Ltu) + T(Kp — nte—vy)

® Now break into I =0 and I =2
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Using Isopin Clebsh-Gordon Coefficients

® We find:
<7r+7r* ‘ Hyow |KL) = 1/2/3¢"%2(eRe Ag + ilm(Az)) 4+ 21/1/3¢*%0 (¢Re Ag + ilm(Ag))

<7r07r0‘ How |KL) 2.1/1/3e%02 (eRe Ag + ilm(As)) — 1/2/3e*%0 (eRe Ag + iTm(Ag))

2/3(ei62 Re Ag + V2e%%0 Re Ap)

<7r+‘ff_ ‘ Hy |Ks)

<7r07rO‘Hwk |Kg) = 1/2/3(\/58“52]{6 Ao — V2e%%0 Re Ap)

® By convention Ay is real so

N4 — = €+ e/
100 = e —2¢
’ 1 Im(A2) (im0 )2 80 + i62)
€ = — exp(im/2 — 1 [
\/5 AO P 0 2
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CP Violation From Mixing Vs Direct CP Violation

® Write as coupled equations for the evolution:

[ _ M —iiT/2 Mz —i£T12/2 »
dt M*12—i%1—‘*12/2 M—i%F/Q

® |f we write 0m = dmp + i1dmj can show

omy
€= — -
myp —mg +ilg/2

® |t can be shown that
6y = 2Re €

® |f direct CP violation (AS = 1) will need one additional parameter (called €’).

» |n K system, this is small, even when compared to €
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CPLear Measurement of 7,

acceptance and background corrected

neutral kaon decay rates

a is a free parameter in the
(k) o
fit, & = S5 [1 + 4R(er + 6)]

e(K™)

used as rate normalization
in other decay channels

free in the fit, not assuming CPT,
(524.0+4.4+3.3) x 107hs ™!

[Time dependent decay rate asymmetry]

R(K® o ntn) —a % B(K® — mir—’

R(K® & wta- )+ a x B(K" o =t7)

5 [] 3 2
28 time dependent decay rare csymmeny

2ln|edm 3 casAm - 7 — py)
14 g |Pelrm—timy

;-mm (30,1 £ 1.4) x 1 DG 18

published in Phys, Lett. B 458 (1999) 545

RK® = am)(1) —a x RK" = #ma)(1)
R(RK" = 77)(7) + o x R(KY = 77)(7)
e3ls—To)r

Ap(m)=

) os{ AmT — o
2|1fn | cos(Amr ﬁ,,,,,)l e T




CPLear Measurement of

/Ky, — Kg Mass Differenceff

A _ NK[N—K",K%—K“ — Nfue_}(n!KuhKu
Am =

= 0 EE
Analysis of KY — nTe uI N oo ico + Nio gt go

e 7 cos Amr + 23 (’r_)("FT sin At
[L+2R (@) e + 1 = 2R (z, )] e7l07

2

e kinematical constraints

-

. . . g oca

o electron identification L
based on: i85

= %

" : P T _oor

e dE/dx in the scintillators, oot
-008

&

e number of photo-electrons

in the Cerenkov, 1.3 million events

e number of hits in the

calorimeter T = (0.8934 + O.DOI.JE) x 10-10s

5 10 15 20
Neutral kaon decay time [15]

[ Am = (529.5 & 2.0, £ 0840 ) X 1075 1

Am = (348.5 & 1.3) % 10~ eVje

AS = AQ violating decays or wrong tagging:
Rez; = (—1.8 & 4.0, & 4.555.) X 1072

Best single measurements: Phys.Leti. B444 (1998) 38

(x_) are strongly correlated, >0.99.
(530.1 +1.4) x 107hs™! obtain
0.8+3.5)x1073




A Modern Treatment of CP Violation

® The CKM Matrix:
Vud Vus Vub

Vexym = Vea Vas Ve
Via Vis Vi
1—22%/2 A AN3(p — in)
~ Y 1—22/2 AN?
AN (1 —p—in) —AN? 1
® Note, from the explicit form, you can prove:
Vuad V5
pin = — b
VedVy,
® Unitarity insures VVT = VIV = 1. Thus
ZVU % = 0j, column orthogonality
i

Z Vij Vk*j = §; row orthogonality
J

* Eg:
VuaVip + VedVey + VeaVi, =0

13/37



The Unitarity Triangle (1)

® From previous page

VudVay + VeaVep + ViaVip, = 0

Divide by |V Ves| -

VudVJb

B ViaViy 0
Vo Ves|

14t
Vo Veb|

Think of this as a vector equation in the complex plane

® Orient so that base is along x-axis

(P.n)

Vi Vo
Vet Vi

Ve Vo
0.0) o
® Reminder from previous page:
. VudVJb
+in = -
P n VeV,
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nitarity Triangle (II)

©.0) 1.0) < VadV, )
Figure 12.1: Sketch of the unitarity triangle. Y = arg —

® CP violating phase in V;;, and V4
» By convention: can do rotations to move the phase to other elements
® |A|? is real for any single amplitude

» Need at least 2 amplitudes to see CP violating effects

® Only cases where all 3 generations are involved exhibt CP violation
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Classifying CP Violating Effects

® CP Violation in Decays
L(P — f)#T(P—[)
or (even better) if f = f
PP = f)#D0(P° = )
® CP Violation in Mixing
Prob(P° — P°) # Prob(P’ — P°)
® CP Violation in Interference

»> Time dependent asymetry dependent on fraction of P? at time ¢

B-decays will provide a rich laboratory for studying all three of these
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Sources of B-hadrons

® CP violating effects small
» Need large number of B mesons to study decay rates with high
accuracy
® Two strategies:

ete™ — Y(4s) » BB pp or pp — bb+ X

s proton - (anti)proton cross sections

a2 18 w g {ur

XD s w Teton Lic W

= w w
E W0 / w
e Y(43) i+
= (25) w ws
off-peak T v %
T Y (3) 5 w
o i 2w w7 w3
I R VR SRS “45) ® W foers ooy w's
£ [ ¢ w8
[ t [y b Memy L feened . o
o . . . . . w w g

544 945 10001002 1034 1037 loss 1058 loe2 S

Mass (GeVich o 20cev -

I T "

wha p

Vs (TeV)

» Just above threshold
» Very large cross section, but less

> + 0
Only BY and B friendly environment

» Coherent stats with no additional > Allows studies of By and B baryons
S ’

particles was well as B amd B°
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ete™ — Y(4s): How do the BB pairs behave?

B and B come from Y(4s) in a coherent L = 1 state
> Y(4s)is JFC =17~
» B mesons are scalars
» Thus, L =1

® 7T (4s) decays strongly so B and B produced as flavor eigenstates

> After production, each meson oscillateiin time, but in phase so that at
any time there is only one B and one B until one particle decays

» Once one B decays, the other contines to oscillate, but coherence is
broken

» Possible to have events with two B or two B decays
® This common evolution is important for C'P studies

» Time integrate asymmetries vanish for cases where CP violation comes

from mixing diagrams

In addition, in center-of-mass, B hadrons have almost no momentum

» Difficult to distinguish which tracks come from B and which from B
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Asymmetric B-Factories

v
" S
Buy | .
. Y(4S) o
I°4 e + ‘ .
PO K
Sy DOCO @ € | B,ec‘i‘ ¢/v -
B mesons pair ‘ K’
oscillating in a A Az \ \ \
coherent state t~N——— - ™
— K
< B y >c 1 Az 1
<|Az|>~200pm

® ¢ amd e” beams with different energies

> T(4s) boosted along beamline
» B mesons travel finite distance before decaying

» Typical distance between decay of the two B mesons: ~ 200 pum
® Two B-factories built:
> SLAC (1999-2008)
> KEK (1999-2010, upgraded SuperKEKB 2018 onward )
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PEP-Il and KEKB

SLAC/LBL/LLNL
SLAC-Based B Factory:
PEP-II and BABAR

PEP-II
»9 GeVeon3.1GeVer
» Y(4S) boost: By =0.56

KEKB
>8 GeV e on 3.5 GeV e+
> Y(4S) boost: By = 0.425

vy Rt
P FuJiavea

M.Bona — CP violation - lecture 1
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BABAR and Belle

The differences between the two detectors are
small. Both have:
® Asymmetric design.

® Central tracking system

® Particle Identification System
® Electromagnetic Calorimeter
® Solenoid Magnet >
® Muon/K®, Detection System <>
® High operation efficiency BELLE

Aerogel Cherenkov ent.
n=1.015~1.030

SC solencid
167 35GeV et

Csl(TI) 16X,

TOF counter
8GeV ¢ 3 i

! K, detection
14115 lyr, RPC#+Fe

3lyr. DSSD
M.Bona — CP violation - lecture 1
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B Physics at Hadron Colliders

® Tevatron 2001-2010 (including first observation of B, mixing)
» Importance of secondary vertex trigger
® Dedicated LHCb detector at LHC

» Forward detector with fixed target-like geometry

LHCb
K/rt Separation Muon detector
oL HCAL " o M5

Magnet Mi
e

N LHCb MC
Y Is=14TeV

oo

55 ¥
Precision primary and .
secondary vertex Tracking
measurements
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The Measurement Game Plan

® Want to test if CKM is the only source of CP violation

» All CP violation in SM comes from the one phase
» Can relate CP rates in different modes, using appropriate theory

calculations and knowledge of CKM matrix elements
® Want to test if matrix is unitary
» Failure of unitarity means new physics

® Make many measurements of sides and angles to over-constrain the
triange and test that it closes

(p:n)

Vi Vi a = arg[—ViaVip/VuiaVas)
QL arg[~VeaViy/VeaVis)
v = arg[—VuiVay/VeaVey)

™®
I1l

0,0) T
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many observables
VaudVep + VeaVey + ViaVip, = 0 functions of p and n:
overconstraining

o=7m—0—x

ngrmali.zgd: B> AYARTSIAY normalized:
P |~ _li-p—in
Vl.ldv:lb
vy = atan ?] y(93) D)
215 —>DK B JA/k
' VeaVer s
n
= atan
= aton|; 1)

M.Bona - CP violation - lecture 2
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Measuring the Sides: B and D Decays

-Use theory to relate partial branching

fractions to V., for a given region of
phase space.

- Several theoretical schemes available.

Va Ve

Ve

B
(1,0)

- Use theory to relate partial
branching fractions to V., for a
given region of phase space.

(CAR)

® Sides are combinations of magnitudes of CKM matrix elements

® Heavy flavor decays can be used to measure these

» V.4 from Dg — Klv, D — wlv
> V., from D — ptv, D — Kev
> V., from B — Xclv (X. = D, D*, etc)

> Vub from B — Xdeu (Xd =

® Requires precise measurement of branching fractions

® Must correct for fact that ¢ or b-quark is bound in a meson

> Need theory for this (HQET)



Angle Measurements: Types of CP Violation

® Three different categories
» Direct CP Violation

Prob(B — f) # Prob(B — f)
» Indirect CP Violation (CPV in mixing)

Prob(B — B) # Prob(B — B)

» CP Violation between mixing and decay

® Third category cleanest theoretically since no issues of final state
interations

® Always need more than one amplitude to allow interference
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CP Violation and Phases

® CP conserved:

H:ZHj+ZH;
J J

where CPH;CP = H].

® CP violated: ‘ _
H= Y+ Y]
J J

where each piece acquires its phase from a particular combination of
CKM matrix elements. The result then is that while CPH,;CP = ’Hj-. in
general, CPHCP # H.
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The Simplest Case: BY and decay to same CP eigenstate

® If one single part H; of the weak Hamiltonian is responsible for the decay
BY — f (where f is a CP eigenstate) then

(fle'®iH,; |BO) (fle’scPHicP|BO)

(17 |B%)
npetis (fleonl [BY) = mgetis (f|m|B”),

where 7y is the value of C'P for the state f.

® Interference in the decay of a neutral B depends on the weak phases for the
decay ¢;, which come from the CKM matrix, and on the phase introduced by
the mixing, whichresults from box diagram.

b W Vu d

Bo u,c,t u,c,t DB"
d Vg W b
b W V% 5

/] Ho

,05t 505t

BSU u,c u,c BS

8 Vi, W b

® Dominant diagram has t-quark intermediates and oc (V35 V;%)? for B® and
Mz o< (VipV5)? for Bs
® For BO, |M12|/M12 = —e—2iB
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What we find

® ¢, is the single weak phase in the amplitude for B® — f.
® AT can be ignored for By
® The decay rate is then determined by

[T BOys ()1 o< ™" [1 4 17 5in 2(8 + o) sin Ami]

[ FIH Bonys ()2 o e [1 = 1 $in 2(8 + u) sin Amt].

® What is remarkable here is that there are no unknown matrix elements
involving hadrons: when just a single weak phase occurs, the hadronic
uncertainty disappears.

® The weak phase can be calculated using CKM matrix elements

® Theoretical uncertainties small
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Examples of relevant decays

30/37



Tagging

® Need to know how observed B began life.
e Observe other B and determine whether it is B® or B".
® Determination will be imperfect.

® If it is wrong a fraction w of the time, 1 — A sin Amt becomes
(1 —w)(1 — Asin Amt) + w(l + AsinAmt) =1 — DAsin Amt

where the dilution D is just 1 — 2w.

® Figure of merit @ = 3" e;D?, where the ith tagging category captures a
fraction €; of the neutral B events and has a dilution D;.

® Most effective tagging method: charge of lepton from semileptonic decay

® But can also use charge of kaon or charge of secondary vertex
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3 = arg [ VeV, /ViaVii ]

sin2p in golden b — ccs modes

+ The ‘Golden Measurement of the B factories. The aims of this
measurement were:

- Measure an angle of the Unitarity Triangle.
- Discover CP violation in B meson decays.

is CP violation in the
interference between
mixing and decay
amplitudes in ccs
decays.

& = BAB{R” Sine term has a non-
S30E B tags preliminary zero coefficient
5200~ ags .
gTE S = sin 2B = 0.671 + 0.024
&5 100

E, This tells us that there

e o
SIS

Raw Asymmetry
[=]
i -

oaWlodo boa bebccod oo o

s 5
B
T[T

5 0 5
A (1) = Ssin(Am,At)— C cos(Am,At) At (ps)

M.Bona - CP violation - lecture 2
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Direct CP violation

® B°— K'rn™: Tree and gluonic penguin contributions

u
K* a* w
w d 5.d ke, o
b

s, b
g u
Bo
Bo b g b
d d d
@® Compute time integrated asymmetry
Mg = ME K= )2 NIBZKIm ) 098 +0.012
K = N(B =K n7)+N(B">K*n~) R
© Experimental results from Belle, BaBar, and E 400> BABAR
CDF have significant weight in the world S 1000 o Prefiminary ]
average of this CP violation parameter. Sl ) 6.1¢
@ Direct CP violation present in B decays. g 200 f g E
> r R
® Unknown strong phase differences between Mo100f 7 A =
amplitudes, means we can't use this to 0: -
measure weak phases! — 5 T —
M.Bona - CP violation - lecture 3 AE (GeV) 1
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Importance of y from B — DK

« y plays a unique role in flavour physics

the only CP violating parameter that can be measured
through tree decays ©
) i.e. without uncertainty due to short distance loops
* A benchmark Standard Model reference point
» doubly important after New Physics is observed

I

K~

u

Variants use different B or D decays _
Tim'GefsHan require a final state common to both D° and D° .

\ AHighiights and praspects
T N T
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Where has CP Violation been observed?

Table 1:  Summary of the systems where CF violation effects have been observed. A five
standard deviation () significance threshold is required for a «'; several such observations in
different channels are required for a ¥/, Nate that CP violation in decay is the only possible
category for particles that do not underzo oscillations.

K' K+ A D' Dt Df Af B" B+ B Al

CP violation in mixing % X X
CP violation in
A . v X v X
mixing /decay interforence

CP violation in decay XK XK X X XK X W OW v X

from T. Gershon and V.V. Gligorov, arXiv 1607.06746v2
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Putting it all together

1.5|||||||||||\\\

a‘ T 171 T T 17T T T 1T
excuded area has CL> 095 . E b
[ ' \ ]
C T % ]
10- 3 Am, & Am,
|: 5, my mg i
- sin2p ]
05 — —
L & ]
1= 00— e —
[ ]
05 3
a0 Y B
- sol.weos2h<0
r Summer 19 H {excl atGL= 0.95) -
_1-5 L1 11 | | I - l | ‘ I ‘ I I | IR i

-1.0 -0.5 0.0 0.5 1.0 15 20
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