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Recap & outline

So far, we:

@ Developed the framework to describe particle anti-particle oscillations, both
with and without C'P violation. This was done for the neutral Kaon system, but
is applicable to all neutral particle systems.

@ Saw that C P-violation in mixing leads to I'(Kp_, — KY) # I'(KY_, — K?)

@ Studied direct C'P violation in the B meson system, and looked at the example
of B — K decays which is currently an open question, referred to as the “K7
C P-puzzle.”

Today, we’ll:

@ Study CPV in B°-B° oscillations.

@ Finally, we’ll introduce a third and the final type of C'P violation, C P
violation in interference between mixing and decay
and study the “golden mode” B — J/¢ K.

@ We’ll also introduce B factories and experimental techniques along the way.
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— K9 Oscillations with

Recall our derivation of mixing in the kaon system including C P violation

( ):

@ Writing our | Kg) and | K1) states (inc. C'PV) in terms of the strong eigenstates |K°) and | K©)

1K5) = ks 1) + el o)) = 5 L [+ 9)|K0) = (1 - ) )]
K1) = ks o) + el k)] = 5 ks [(149)|K°) + (1= 9 K9]

@ We know from before that the states | ¥ (¢)) propagate as | Ks) and | K1), i.e., independent
particles with definite masses and lifetimes.
Invert these expressions to switch to the | K'g) and | K1) basis:

[KO) = /2R LK) 4 Ks)] |RO) = /2R LKL — 1K)

@ If we add on the time dependence 6g(t) and 61, (t), we see that states which were initially produced
as KO, or K0, evolve with time as

1B () ko_, =/ L 2 0L (®)IKL) + 0s(1)|Ks)] |(KS)

() go_ =/ L T (0L (0)IKL) — 65(1)|Ks)] | (K9)
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Recap: K — K Oscillations with

If we want to study K® — KP° oscillations, we need to switch to the K° K?© basis
@ KS8 and K9 become.

() o, = 3 [0(1) +05®) 1K) + (01.(1) - 05() (152) IK*)]

2
W) o, =5 (3£2) [61(8) = 05(8) IK®) + (61 (t) + 05(1)) | K°)]

Now lets change to the B-meson system. Recall we stated that the time-dependent formalism of mixing
we derived for the Kaon system applies to all neutral particle systems undergoing oscillation.

@ Replace K with B, and for simplicity, lets work in terms of% (recall, % = 1;; :

@ Recall that in the Kaon system, the | K+ ) eigenstates we obtained by solving the time-dependent
shrodinger equation had significantly different lifetimes, which motivated us to name them “short”
and “long” lifetime states | Kg) and | K, ).

For the B meson system, the lifetimes are almost identical. Instead the eigenstates have
significantly different masses, which motivates us to rename them as “heavy” and “light.”

— Denote the K g eigenstate of the Kaon system as the “Heavy” eigenstate of the B system (Bpy).
— Denote the K, eigenstate of the Kaon system as the “Light” eigenstate of the B system (Bp,).

@ Write the time-dependence explicitly, switching the subscripts S — H for the heavy eigenstate.
Recall that for our derivation in the kaon system we had abbreviated this as follows:

05 (t) = 6—(ims+%§)t’ oL(t) = 6—(¢mL+F2L)t

25/11/2020 5747



B meson s

The time dependence of state |¥(¢)) which was a B® at t = 0 is given by:

() go  =| |BO(t)) = e~Mte— 5t [cos(AMt)\BO +251n(AMt)"|BO>]

and for a state which was a B at t = 0 is given by:

W) gy, =| 1BO(6) = e e 5 [cos (231) |B) + isin (2414) £ B°)

t=0

where we’ve abbreviated:
M—%(ML+MH) A]M-:]\/[H*]\/[L7 I'=Ir=Ix

since the difference in lifetimes between the By, and By is AT'/T < 1.

Note: Here we've introduced | B (t)) and | BY(t)) to denote the states ‘\I'(t»BtQO and
[w(t)) BY_, for simplicity only. a

Sometimes these are also called | B phys( )) and \Bphyq (t)) to remind readers what the initial state

is at t = 0 (which is NOT what the state is at time ¢ since it’s a superposition of | B°) & |B°)!).
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Time-evolution of B decays to a C'P eigenstate

Now let these states decay into a common final state | fc p) with eigenvalue ncp(f) = £1.

The amplitude for B°(t) — fcp is given by:

\ (for|H|B' (1) = e=™'e™ 8" [cos (2412) (fop|H|B) +isin (231) 4 (fcr

1)) |

while that for a B°(t) — fcp is

(Jor|HIBO(6) = e~ e [cos (241) (fop|H|B") + isin (2322) £ (fop|H|B")]

Here we can explicitly see the 2 amplitudes whose interference can produce a C'P asymmetry.
Lets define a quantity Ay to express the ratio of amplitudes

A = 00 0ol B

=4 — Mi>—50%5 (fop|H|BY)
p Ay = p{feplH|BY)

Mio—£T15 (fop|H|BY)

(not to be confused with the Wolfenstein parameter \).
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Time-evolution of B decays to a C' P eigenstate

To see how this )\ ; comes into play, factor out { fcp|H|B°):

M . , 50
(for|HIB (1) = e=Mte™ 5 (fop|H|B®) [cos (2314) + isin (241t) 4 Yee i |

=Y — /] 0= B¢ J
(Jor|HIBO() = e™ e 5t (fp|H|B®) [cos (251) JE2lZs + isin (2412) ¢ ]

If the initial state at ¢ = 0 is a | B®), the probability to produce | fcp) at time ¢ is thus

|(for|HIB(1))]”
e Tt (for|H|B| - [(1+ A2 + 1(1 — [A[?) cos (AMt) — ImA - sin (AM?)]

Likewise for an initial state of | B®) at ¢ = 0, the probability to produce | fcp) at time ¢ is
= 2
|(For|HIB (1))
e [(for|H|B)|?

B

2
[+ AP) 4 (1 = [A]?) cos (AMt) + ImA - sin (AM?)]

Notice how similar these expressions are. The only differences are the £ sign of the last term

2
L1 in the second equation.
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What can we say about ;—ﬁ in the B meson system?

@ Recall the definition from
Miy,—5T1
Mi2—3T12

SN

@ The interference occurs between the set of amplitudes with short-distance, virtual (aka
off-shell) intermediate states (M75) and long-distance, on-shell intermediate states (I'|5).

_D/Mé\ 0
\\ 7

BO

ot 2 *
-T2

M 5: The off-shell intermediate states, e.g., tt, arise from the box-diagrams

w* -
b WWWWY d
uct uct
w
d WWWW b

I’ 5: While a B can also evolve to a BY through on-shell intermediate states
suchas KK ~, with mass My 4 - = Mpo
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The B meson mixing phase ¢,,(B?)

@ ', is very small for B°-BY mixing, so we can approximate
q M7,

P ~ M2
@ The short-distance, off-shell contribution from M, depends on the size of the
CKM-elements at the corners of the box-diagram, and on the mass of the

particles in the box.

w*
b —=—7VWWWW—— d

u,ct u.ct
W
d —M—"\AWVWWWH—>— b

@ In the SM, these amplitudes are completely dominated by the box diagrams
with ¢¢, giving us:
M,y oc (Vi Vi) ?e=20er(B)
Miy o (V)P t2i%er(®)

Mpy _ VibVia 2i00p(B) — g2i¢y, (B

)e2i0cp(B)

M2 vV, Vv

@ Thus we have € ~
p tb ' td

= ’%’ =1 Very important result!
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Time-dependent C'P asymmetry

Using this result, we can write our time-dependent C'P asymmetry
using the rates we derived on S7, which includes the effects of
interference between mixing and decay, as

(forlHIBY®)|*~|(forHIB @)
Apn(t) = | b
cr(t) (forlHIBO®)P+| (for HIBO®)|

A m
— HNQ cos (AMt) — 12i|,\/|\2 sin (AMt)

Ay cos (AMt) — Sysin (AMt)

1— AP _ 2ImA
1+ |A]2 U W YP

AfE

sometimes called Acp and Scp, or just A and S

Teilchenphysik IT Time-dep. C' PV and B-Factories 25/11/2020



How do we calculate A;?

For a given final state f, the magnitude and phase of Ay fully describe
the decay and oscillation of the B°- and the B®-meson.

Our job is to search for decays which we can use to extract and measure a
meaningful asymmetry.

On slide 10 we looked at 1% and defined the B mixing angle ¢ ;.

Now lets study the decays of BY — fop and BY — fop.

Recall from our discussion of C'PV in decay, that the total amplitude for the
B% — fcop decay is written as:

A= A(B® = for) = (fop|H|B®) = 3, A; = 32 aje™ = 37 |aj| e e’

where ¢; is the weak phase which changes sign under C'P, and ¢; is the
C P-conserving strong phase.
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How do we calculate A;?

Now lets look at a special case:
When the direct decay to fcp is dominated by a single amplitude.

The B® — fcp simplifies to one term:
(fop|H|B®) = |ale'®*?)

For the B® — fcp decay, we have
(ferlHIBY) = nep(f)e 20 () ja[e0-9
What are these extra terms?

@ ¢ 21cr(B) ghould ring a bell. It’s the intrinsic C' P phase factor associated with
B. (Recall when we derived the condition for direct CPV).

@ ncp(f) is the CP eigenvalue of the final state.
Recall how we determined this in , for Kaon decays to 27,37:
the 2 pion system has eigenvalue nop(f) = +1 [CP|r7%) = +|x7Y)],
while the 3 pion system has ncp(f) = —1 [CP|n770) = —|77070)]

Teilchenphysik IT Time-dep. C' PV and B-Factories 25/11/2020
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How do we calculate A;?

Lets put the pieces together
Start with our definition:

fcp|H|B?)
fop|H|BY)

Substitute in our result from B°-B° oscillation

\p = VitVia e2ibcp (BY) (fep|H|B?)
F= v,V (fer|H|BO)

recalling how we defined the mixing phase ¢ (B°)

_ _2ida(B°) 2i00p(B°) {for|H|B)
)\f = e“! v ( )(/ i0cp( )<fg;|H\BU)

and including our result from the direct decays B® — fop & B® — fop

o o ) N —2i05 p (B) i(5—¢)
_ 2ipn(B°) 2i0cp(B%) ncp(fle” 2P P jale
Ap=e ¢ [a]ciGF®)

We arrive at the final expression:

A = nop(f)e2i(@m(B)—9)
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Acp(t) for a single weak phase in the decay amplitude

What can we obtain from this result?
Af = ncp(f)e%(«bM(BO)—«b)
Immediately we see that |As| =1
How can we take advantage of this?

It simplifies our Acp (t) considerably

(fep|HIB®()|*~|(fer|H|B° 1)
Acp(t) = | 5
cr(t) (Fer | HIBY(O)P+|(for HIBO (1)

1-])2 Im :
# cos (AMt) — ﬁ sin (AM¢t)

= —ImA sin (AM¢)

=> Now our task is to find a decay where we can exploit this nice result
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The golden mode: B® — J/

(2]

Two important criteria:
@ The Jy)K? is a C'P eigenstate accessible to both B® and B°.

@ This is the only major diagram contributing to this decay, so there is only one
weak phase ¢.

= now lets study this diagram in detail
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oy = (8) o (s ) = = ()0 (£25) ()
J/wKS p J/wK AJ/szO P/ go AJ/wKO 1) K
Do you see why we need the Ki-K mixing?
B° — J/¢K°but B® — J/¥ K", so the K°’s must mix in order to reach the same final state

f for the B® and B° decay (recall |Ks) = p|K°) 4 ¢|K°)) .
Do you see why the C P eigenvalue of J /1 K& is -1?
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The golden mode: B — J/y K2

In terms of the CKM matrix elements

(a) B°-B° mixing: (b) b — cdecay (c) K°-K° mixing:
q — Vit Vid E — Vo Ve (2) — VesVea
P/ go Vt,bvtti A vc*b Vcs 1) K Vc*s Vcd
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The golden mode: B — J/

Lets put the pieces together

ViV, V., Ve V. .V ViV, V.V
)\J/ng — (_1) Vt,b‘/tg . Vc:*bvcv, . YesVed — (_1) th Vtd , YebYed

wVia VaVes VisVea VaVea VerVea
ImA kg = —sin {arg (%)} = —sin {2 arg (“%:5:%)} = sin(205)
(p.n)
Via Vo ViV
‘Acp(t) = —sin(2p) sin(AM?) ‘ Vo Vi Vi Vi

(1.0)

Teilchenphysik II

Time-dep. C' PV and B-Fa
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How can we visualize the total amplitu

Adding two amplitudes results in a As,; with a different magnitude under C' P.
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Recall your QM basics

The difference in decay rates arises from a different interference term for the
matter vs. antimatter process. Analogy to double-slit experiment:

Classical double-slit experiment

Relative phase variation due to different
path lengths leads to interference pattern
in space.
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B meson system = Experiment

Observing C P violation with B-mesons is much more difficult than with
Kaons

@ Bj and By have essentially the same lifetimes. No way to get a beam of
By, and look for “forbidden” decay modes.
@ It is much harder to produce large quantities of B-mesons than Kaons.

= Kobayashi-Maskawa mechanism quantitatively predicts large C P
violating asymmetries in the decays of the B meson system. Worthwhile
to try to measure!
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Time evolution of BB pairs at B-factories

Production mechanism:

ete” — Y(45) — BB’

The wave function of the B meson pair in a coherent P — wave state:

_ L

Y=

[|B%)|B°) — |B)|B")]
@ At all times one B and one B” meson, until one of them decays.

@ The remaining un-decayed B meson will continue to propagate through
space-time and mix until it decays.
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B mesons produced in Y(4S) decays

What can we say about the B-mesons produced from beams where E(et) = E(e™)?

et Y(4S) e

Epeum=5-29 GeV  Eyu= 529 GeV

25 : :
€l § e\ , B - B
= i =l (45
b ! / ~B
3 b e b
T fy
Twr : s
O AR S
) S by ;%
<) ’ + ‘0'{‘ o e, TP R L S S

(1)  Y28)  Y(3S) ) T(4S)
944 946 1000 1002 1034 1037 1054 10.58 10.62
Mass (G\:Wcz)

@ Enough energy to barely produce 2 B mesons, nothing else!

@ B-mesons produced with ~ 300 MeV momentum
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B mesons produced in Y(4S) decays

5.3 GeV

@ Experimentally the decay time is measured by measuring the decay length

@ Distances of a few 10 um are too small to measure
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Asymmetric energy B-factories

Solution:

@ Boost Y(45) in laboratory frame by colliding beams of unequal energy but
same C'M energy

E¢y = 4AELprEnpr = my(4s)
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Asymmetric energy B-factories

@ Decay of first B (as BY) at {1, ensures the other B is BY.

= End of quantum entanglement!
Defines a reference time

@ Attt > tiag, BY can mix to B° before it decays.

@ Possible outcomes:

B'B°, B°B°, B°B°
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Asymmetry as a function of At

In our derivation earlier, we simply used time ¢, but now it’s clear we need to
consider At, defined as tcp — tiag

Our general time-dependent asymmetry as a function of At = top — tag is:

IB, . BO(At)—fB BO(At) 1— |2

Acp(At) = 7= BT i an = TrT 008 (AMAt) — ?Iﬁw sin (AMAt)

= Need to know the flavor of the Byag
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Flavor tagging

B or B flavor identified from the decay products.

Several different categories of tagging, e.g.,

@ Lepton tag
© Kaon tag
© Pion tag
© Lambda tag
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Lepton tag

Primary leptons originate directly from B mesons in semileptonic decays. These modes
are due to leading order weak interaction mediated by a charged W* boson. The charge of

-

7

d

FIG. 3: Production process for direct leptons.

direct leptons is associated with the flavor of its mother particle (Fig. 3). Inab—dn
semileptonic decay a positively (negatively) charged lepton indicates a BY (B%) decay

B = Xl iy, (3)
where X indicates another hadronic particle.

Secondary leptons descend from semileptonic decaying D mesons via b — ¢ —+ s transitions.
In this cascade decay the charge of the lepton corresponding to the B meson is reversed: a
negatively (positively) charged lepton indicates a B® (B°)

B 5 DX — X'l*u,. (4)

Time-dep. C PV
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Kaon tag

3. Kaons

Kaons give the most powerful flavor identification and also have a high occurrence in B’
decays. They mainly originate from b — ¢ — s cascade decays

B »DX @
— K- X"

A positively (negatively) charged kaon indicates a BY (B°), as illustrated in Fig. 7. Since
the mother of the kaon is unclear, 1t can also originate from charm decay or s5 quark pair
popping out of the vacuum, therefore combining the total charge is important. Emerging
K? can indicate a kaon from s5 quark pair popping. In addition to kinematic variables like
Dems and Oy, the charge and PID can help to identify candidates.




Pion tag

Pions are the most common final state particles. Slow pions originate from a D** decay,
where a negatively (positively) charged pion indicates a B? (BY)

B 5Dt X 5)
— D%+,
Because of the low mass difference between the D** and the D", slow pions are produced

nearly at rest in the D** frame. The pion moves nearly in the same direction as the D in
the Bioy frame. On the contrary, pions coming from the hadronization of a W boson have

D D

RN

d u
ot

=¥
=

FIG. 5: Production process for slow plons.
a higher momentum, e.g., in the decay

B® = D**r~X. (6)
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Lambda tag

4. Lambdas

Lambdas are not directly measured as final state particles but have to be reconstructed

from protons and pions. They can arise through a b — ¢ — s cascade decay, such as
B ArX @®
— XUX "

Despite their very low occurrence in B meson events, they are valuable for flavor determi-
nation. A lambda (anti-lambda) indicates a B® (B%). The quality of a lambda candidate
depends on a correct reconstruction, therefore the quality of the lambda vertex is of interest.
The angle between the lambda momentum, its vertex and the interaction point #4 can also
give information about a good candidate, as well as its mass M.

Ao

7
=N
=

u
wH i wt
d

FIG. 8: Production process for lambdas.




B-meson reconstruction

How do we build our B-mesons?

= Work backwards from the final-state particles, which we can identify in
our detector
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+ - + -
—> u u oree

KO— 7 7 displaced vertex (ct=2.7cm)

gO

Vcd C
D

d

Ve

b c

0 Dt
d

Teilchenphysik II

= Work
D s Don Backwards
N
Ko
D" —=pA
NNy
K+7x 7 105
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Use energy-momentum to build the intermediate states

@ Reconstruct .J/1) (first measurement @Belle with 5.5fb~1)

2000 ————————T——————
{ Dimuons 1
[ Yield: 4345.+ 93. 1
[ Mean: 30979+ 0.3 MeV/¢? 1
[ Width: 11.5+ 0.3 MeV/c? ]
1000 [ s
. > < i
A |
r R R
0 ]
[ Dielectrons J
[ Yield: 3623.+ 87. ]
1000 |-Mean: 3095.8 + 0.4 MeV/¢? ]
[ Width: 119+ 0.4 MeV/c? ]
% M E
[ R,
ol v v 11 NI I
2.50 275 3.00 325 350
Dilepton mass (GeV/cZ)
Figure 2: The J/v invariant mass distributions for the 5.5 fb~" inclusive J/¢ data.

Make “cuts” (vertical lines) to remove obvious background-dominated regions
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Finally arrive at your B mesons

Main variables:

@ Energy difference: AL = E} — Ef

@ Beam constrained mass: My = \/(Ef.,)? + (Pf5)?

20 T T T 25 T T T
< ]
=
Z 10 i
s t g |
5 | i
2
\\hnuul{ulurunuul{uu{j Juan { } 1
N AL AR AR AL AR t ‘ rﬂler‘w -
h .
5.200 5.225 5.250 5.275 5.300 0.00 0.10 0.20
Beam Constrained Mass (Gev/c”) Delta Energy (GeV)
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Belle Experiment @ KEKB accelerator

=1 km in diameter

KEKB B-Factory =¥

ARES copper
cavities (HER)

cavites (LER) #
= TrisTan
tunnet

8Gev e 35
Gevor

Linac

Asymmetric energy collider: e™(3.5GeV) —+« e~ (8GeV)
Energy released in collisions: /s = 10.58 GeV ~ M~ (4g)

Time-dep. C' PV and
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Total datasets from Belle and BaBar (B-factory at SLAC)

(fb™)

1600 :

1400 | _fene _/JJ >1ab™"
—World ’ On resonance:

1200 1y (5S): 121 7"

Y (4S): 711 fb!
Y(3S):3fb "

D
/_,_/" Y (2S): 24 fb!
y Y(1S): 6 fb™!

Off reson./scan:
~100 "

Vi
1000 /
800 ’/
)
400 / /j . )

/ ance:
/ Y (4S): 433 b
200 - Y(3S): 30 fb !

~ 550 fb!

_d___,//— Y(2S): 14 b
0 : : Off resonance:
1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010 ~ 54 fb!

~770 MBB for Belle, ~ 470 MBB for BaBar
~14M B, also! (Y(5S) runs)
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Belle detector

Time Of Flight Counters

Aerogel Cherenkov

Superconducting Counters

Solenoid

Electromagnetic) |
Calorimeter —T~

Central Drift
Chamber

Nl
\r\ﬂ

Silicon Vertex Detector W/ K, detection

Precise tracking (SVD)

@ DY decay point reconstructed with ~ 70 — 160 pm accuracy
Momentum measurement (CDC)

@ B = 1.5 T: Uncertainty of measured p; between 0.5% (0.5 GeV) and 1.1% (5 GeV)
Particle identification (CDC + ACC + TOF)

@ average kaon efficiency is around 88%, while the pion fake rate is below 10%
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Perfect detector

For the case of BY — J /¢ K3, where Af =0

0s ! sin(»_\mBAt)

dep
5

J

Arbitrary units
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Perfect detector vs. reality

See the effect of different values of A and Sy:

0.7 Btag S= ) =-0.
0 B'tag || A=04 | A=04

>
([Tl

At (ps) A ps) A ps)

= Need to take into account mis-tagging and At resolution,
which smear the At distribution

Teilchenphysik IT Time-dep. C' PV and B-Factories 25/11/2020



Vertex and At reconstruction

Bgee direction

Bgpee Vertex
Byce daughters

Interaction PoEnT.,..-*""

Beam spot Sl
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Combination of results
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To summarize:

To measure C'P violation at the Y'(4S) using the interference between mixing
and decay, one must:

@ Determine the flavor of one of the neutral B mesons directly from its
decay products (e.g., from semileptonic decays).

@ Reconstruct the other B meson in a state that both BY and B can decay
into.

© Measure the time difference, At = ¢ — o, between the decays.
Requires precise vertexing information to measure Az.
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Extra reading

@ Richman, Jeremy D. (UCSB), Heavy Quark Phyiscs and C P Violation.

http://physics.ucsd.edu/students/courses/winter2010/physics222/references/driver_houches12.pdf

Pages 199-220.

@ Kooijman, P. & Tuning, N., C'P Violation,
http://master.particles.nl/LectureNotes/2011-CP.pdf

Pages 38-46.
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