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Flavour Physics and CP Violation
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Recap: Flavour Physics and CP Violation

“Day and Night”, Escher, 1938

Antimatter worl




e

Before 1956 physicists were convinced that the laws of nature were left-right symmetric. |§
Strange?

A “gedanken” experiment: consider two perfectly mirror symmetric cars:

/ \ Ga/s‘pedal Gas pe\d\al / \  driver

driver\\ /@ ///)r/ \\\\(\\\ @w/
N0 it e . =g/
H \Q ﬂ L” and “R” are fully symmetric, H Q ﬂ
“p Each nut, bolt, molecule etc. “R”
However the engine is a black box
H ﬂ Person “L” gets in, starts, ..... 60 km/h H ﬂ
N J N J

\ 7 Person “R” gets in, starts, ..... What happens? \ 7

What happens in case the ignition mechanism uses, say, Co®® 3 decay?




Recap: Broken Symmetry and Unobservables: CP Violation 3

Are they made of er or anti-matter?

Comparelk) > mEe=7 to Kf > m et

Compare the charge of the most abundantly produced electron with
that of the electrons in your body:
If opposite: If equal: anti-matter




Recap: Weak interaction in three Flavour Generations

* Weak Interaction is 100% parity violating.
* Wolfgang Pauli: “I cannot believe God is a weak left-hander.”

* Implement an SU(2), symmetry for massless particles:

LW — %u,L )/H W[.l, d’L x3 |

',
w
* Flavour universality: identical interactions in three generations. [RIEIECHEECIIN

* |n fact: how to distinguish a massless d'quark from s'quark?

d’>'vww S’>vvv\m 4
P e S

 There is no CP violation in these massless interactions
* What happens when particles acquire mass?



Recap: Flavour Universality in very Early Universe

* Quark and lepton generations interact identically
No difference between particles of different generation?
 No matter — antimatter asymmetry (CP Violation)?
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qi Vaz
Weak NC: >m\/v\m
: Z

* Universality violation: Higgs !
* Higgs coupling is not universal, and mixes generations
* Complex couplings: allows for CP Violation!
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Recap: Flavour Universality

* Weak charged current interaction: (i i)

* Universality violation: Higgs !
* Higgs coupling is not universal, and mixes generations
* Complex couplings: allows for CP Violation!
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Recap: Flavour Universality = Symmetry Breaking

 Weak charged current interaction: (i i)

* Higgs: redefines quark states in mass eigenstates: (i & i)

di H ‘@1 H
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Recap: Flavour Universality =2 Symmetry Breaking = Flavour Mixing s

 Weak charged current interaction: (i & j) Today 14 billion. ysars
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Recap: Flavour Universality = Symmetry Breaking = Flavour Mixing o

* Weak charged current interaction: Today 14 bllion years
Life on earth - »
m Acceleration \— 11 hillion years
A’ v, s Ve e e
. . . Star formation peak \EEEe 3 bilfion years _
* Weak interactions mixes the (%) Galaxy formation era\ \ -

Earliest visible galaxies - 700 milljon years
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Recap: The CKM matrix and unitarity triangle

* CKM in terms of phases:

Vekm =

|Vud|
_|Vcd|

Vs
|Ves|

|th|e_iﬁ —|Vts|€iBS

* Wolfenstein parametrization:
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Recap: CP violating phenomena have been well established u

2001 2004 PANE] 2020

Beauty particles:Time- Beauty particles: Time- Beauty-strange particles: Beauty-strange particles:
dependent CP violation integrated CP violation in Time-integrated CP Time-dependent CP

in B meson decays B° meson decays violation in B? meson violation in B2 meson

BaBar and Belle BaBar and Belle decays decays
collaborations collaborations LHCb collaboration LHCDb collaboration

1964

Strange particles: CP 1999, 2001 2012 2019

violation in K meson Strange particles: CP Beauty particles: Charm particles: CP
decays violation in decay CP violation in B* violation in D°

J. W. Cronin, V. L. Fitch KTeV and NA48 meson decays meson decays
etal. collaborations LHCb collaboration LHCb collaboration




Recap: CP violation vs matter — antimatter asymmetry

* To explain the absence of antimatter in the universe requires a

A _
primordial baryon asymmetry of: % ~ 10710
L

10,000,000,001 10,000,000,000

* Jarlskog criterion (1987) for amount of CP violation in SM:
det[M M}, MgM] = 21 ] (m} —m2)(mZ — mZ)(mZ —m)
x (mp —mg)(mé —mg)(mg —mp)

From CKM: A¢p /T ~ 10720 - Too small

* Explanation requires existence of new massive particles.
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Spacetime description breaks down




Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Mixing

m) a) CP violation and Interference

b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality




* Quantum process with two amplitudes A; and A,:
* Eg:A; =B° > J/YK,and A, = B - B = J /Y K,
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* Quantum process with two amplitudes A4 and A,:
* Eg:A; =B° > J/YK,and A, = B - B = J /Y K,

A 2 deyl
Vg UGyt Vi
. Vid &€ _ b Vi

B:z% A= Al + Azei¢ei6

A7 = |A1]? + |45]% + A A, (e'Pe? + e7Pe0)
1_4- |/T|2 — A1|2 + |A2|2 +A1A2(e—i¢ei5 + ei¢e—i6)

A=A +Ae Pl

%: A—Al?=4A,A,sin¢sind 7Az
T’ N E—
Al / A, | J/
BT R S BT he¥

A, |

5

. Raw Asymmetry Events/ (0.4 ps)
== o
= o © o & 3
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|A1] = 1441, |42] =145],
but |A1 +A2| #:lAl +A2|
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e CP violation is a pure
quantum interference

effect.
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Intermezzo: CP violation and Interference

* Feynman: “In the end all quantum phenomena are
manifestations of the double slit experiment.”

\
MmAsK |2

4

.’4’

‘ P2

/

- 2L
gy B g 7 —
Y e sl = s
= R
ELECTRON Ez
GUN
WALL BACKSTOP
F:z=l‘*"|+‘i"zl2

* Thought: Assuming CPT symmetry, CP violation implies a quantum arrow of time

* Quantum interference €<= arrow of time?



Three types of observable CP violation

a) “indirect” CP Violation: 1964 (CCFT)
* Prob(K%— K©) # Prob (K9 - K?)

|e|=(2.228 +0.011 ) x 10°3 (PDG)
* Also called: CPV in mixing

b) “direct” CP violation: 1999 (NA48 & KTeV):
» Decayrates'(K® » ntn™) # [(K° > n¥r™)

Interfere dispersive and absorptive:

M
KO/ .12 \ﬁ

Re(g’/€) = (1.65+0.26) x 103  (PDG)
* Also called: CPV in decay

c) “mixing induced” CP violation: 2001
(Belle & Babar):

Interfere Isospin amplitudes:

A= Ao(K—m) + A2(K—m)

* Also: CPV in interference of mixing and decay
sin 2P = 0.682 + 0.019 (PDG)

Interfere direct and mixed:

> J/Y K

N,

19



Observed CP violation in “Mixing”, “Decay”, “Induced”

2001 2004 PANE] 2020

Beauty particles:Time- Beauty particles: Time- Beauty-strange particles: Beauty-strange particles:
dependent CP violation integrated CP violation in Time-integrated CP Time-dependent CP

in B meson decays B° meson decays violation in B? meson violation in B2 meson

BaBar and Belle BaBar and Belle decays decays
collaborations collaborations LHCb collaboration LHCDb collaboration

1964

Strange particles: CP 1999, 2001 2012 2019

violation in K meson Strange particles: CP Beauty particles: Charm particles: CP
decays violation in decay CP violation in B* violation in D°

J. W. Cronin, V. L. Fitch KTeV and NA48 meson decays meson decays

etal. collaborations LHCDb collaboration LHCDb collaboration




Three types of observable CP violation

a) “indirect” CP Violation: 1964 (CCFT)
» Prob(K°— K9) # Prob (K° - K°)

|e|=(2.228 +0.011 ) x 10°3 (PDG)
* Also called: CPV in mixing

Interfere dispersive and absorptive:

All CP violation processes result from quantum
interference including three generations of fermions.

c) “mixing induced” CP violation: 2001
(Belle & Babar):

* Also: CPV in interference of mixing and decay
sin 2P = 0.682 + 0.019 (PDG)

Interfere direct and mixed:

> J/Y K

N,

21



Whisky: Three types of Flavour Violation...

1. “In Mixing” 2. “Direct” 3. “Mixing induced”

Blended

Single Malt “WTE?”

Moonshine

(Chivas Regal)

(Caol lla)

CAOL ILA

---------------

' PEAKY |
BLINDER
W atrafine

R o R
PRODUCT OF THE BRITISH ISLES
i T SABLER'E BLARY sLINBER
100> 40%vo

- Interference experiments lead to interesting effects! (Constructive or destructive??)



Type-1: CP violation in mixing: as; (B;) en ag; (Bs)

* Interfere dispersive and absorptive amplitudes (“indirect”):

7

BY

~ Lwospzuty = Lwoopu-y 1

sy, (BS )

Lgo-pyu+y T Losptu—) 2

Ameas =
gv() .O 1 _ Ax2 =1
7 . LHCb
< >B?s> - DES)) uX
0 / ™\ e Theory x 10
e World average
-0.01-
D(Z) 0 (%)
muons B, > DX
_0 .02 N average
HFLAV B factory
i average
| | |
-0.02 -0.01 0 0.01 (8,02

Asi(B)

CP violation in mixing
does not happen in Bg
and BY mesons:

* B — B goes at same
rateas B - B

e Contrary to € in kaons.




Type-2: CP violation in decay: By — Km and BY — Kn

* Interfere two decay amplitudes (“direct”):

|Vud| |Vus| |Vub|e_ly y
7 -
_lvcdl |Vcs| |Vcb| BO b Ve
Viale ™ —|Vsle'Ps Vipl d >
4000; LHCb Q :
= () — (b _
000" 3 LI e Quarks from three
~ ook ] . B-3body generations
‘l’ E_ 0 ~ %_ _:__: Comb. bkg involved
Bg — Kﬂ: Z’woof— B® > K™m ;__\‘} B° - K nt
L OVSEIGE > " weaceemerveees “J ~—— e Large interference
BY - Km S @ 1 - (@
° " 3 * Large CP violation!
S g ;.
First observation of CP 2001 50 o —F 0 _ * Contraryto €’ in
e By — K™ sy By > K™m* the kaon system
violation in B, decays m \w‘ | Y

v ot EERTER SVl B » TN, | halfi | Al A | ""_ ] NS TR Nm Ve - n
51 52 53 54 55 56 57 51 52 53 54 55 56 57 58
K* invariant mass [GeV/c?] K 7+ invariant mass [GeV/c?]



A story on darts and penguins 22
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Type-3: CP violation in interference of mixing and decay

e Interfere direct with mixed

decay (“mixing induced”):

2

5

Fgef(t) o FB—)f(t)

Acp(t) =

Interfere direct and mixed

BO > /9 K,
eile /

B

|Vud| |Vus| |Vub|e_iy

_lvcdl |Vcs|
Viale ™ —|Vilets

o O

Fgef(t) + FB—)f(t)

IIIIIIIIIV’IIIIII IIIIIIIIIII

. Raw Asymmetry Events/ (0.4 ps)
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H dependent

| CP violation
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Flavour Physics and CP Violation

Contents:
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Flavor Oscillations

e Quantum mechanics with B® and B° N Vi \A q
/4 h ° . l ?Il L > qztf,u -
states: “What is a particle: 50 RO
_ w W
* Particle — antiparticle transitions B? & B i - G=18.i -
mesons happen spontaneously. Vi V.,

* Time evolution of B® and B° described by an effective Hamiltonian

i—p=Hp > Pt =a@®)|B®)+b(t)[B%) = (ZEQ)

I = M M12) LT F12)
oy W) ol
() | J )

Hermitean Decay-matrix
/’ M2 - - M, describes B? < BO via off-shell states, - - ___ )/— Ms, \
e.g. the weak box diagram (“dispersive”)
‘/(_f ____________ I',, describes B® < f < B9 via on-shell )\ Si [ /

2 T states, e.g. f = m ™ (“absorptive”) 2 112

Hermi?/an Mass-matrix



Solving the Schrodinger Equation

2 o) = . " |p()

Eicenvectors:

1By () = |BH)- /

|B,(t)) = |BL>

By, B; : Mass eigenstates

|By) = p|B°) + q| B®
1B, ) =p|B°) — q| B®

B®, BO : Flavour eigenstates

From the eigenvalue calculation:

q/p = _\J (M12 - §F12)/(M12 — §F12)

Solution: (@ and B are initial conditions):

= Y(t) = a|By(t)) + B|BL(t))

i - mi=Mi§Am Masses
my — Sly - 1
L =T+= 5 AT Lifetimes

weak
Am and AT follow from the"Hamiltonian:

[ [
Am = 2 93\[(1\/112 - El—‘lz) (M;.‘Z - El—‘l*z)
[ i [ i}
Al = 43\/(1\412 — §F12) (M12 B §F12)

Examples
B0 AT =0 ,|q/p| =1

BY: AT/Am <0 ,|q/p| =1
K°: AT/Am =1 ,|q/p|—1=10"3




B Oscillation Amplitudes

For an initially produced B® or a BO it then follows: using: ||B%) = %QBH) + |BLY)
— 1
o) |B) = 5 (1B~ [BL)
B°(0) = 9. (01B%) + © g_(0)] BY) g-iont 4 gmivt
p with g+ = >

[B9@) = 9. ()] BY) + JO-OIB) oy =my — 11,
| For B?, expect: |
: AI'~0, :
Cla/pl = |

—imt ,-T't/2 Amt

g.(t) = e Mg cos —— Lime |
Amt giry = e e/ - —
g_(t) — e—imte—Ft/Z i sin - 2

2

N =

i Amt]

32



B° Oscillations

Calculate:

0 0
W B, ﬁ B (B(1)|B)I?
+ _ — . . —
: raxt o Lo g7 CRXt (BB
O Lo SN v, X~ " For BY, expect: |
—a_ For BY, expect:
k}_/ 9+() _/ : AT~0, |q/p|=1"
BO B ||t ‘
| ~7_
_'? = = 1 2 e_Ft
5| 9+(0)|" = —— [1& cos(am - 1)]
Jé 0.87 BO meson 0.8
A . Flavour Oscillations!
0.4 0.4/ qu \]qfi,s
7 b > G=tFu > d,s
02 o2l W W
% 123'%...;4" ......... 56 7 B 8 0 oﬂ — Sc_l D -=f"é’ﬁ - l_)
proper time (ps) 0 8 9 10 Q/q_ZQ \]qb
Decay Proper Time (ps) —




p———

So far, so good...?




Hope not...




Observing CP Violation

* |t’s all about imaginary numbers...

OOk, THATS A TRICKY ONE. IMAGINARY ) YOU KNOW,
NOJ REE TO USE CALQULUS m P’ ELEVENTEEN,
AND IMAGINARY NUMBERS 4 THIRTY-TWEINE,
FOR THIS. AL THOE,
ITS AUTTLE

TS ING

. o a——

A TIA ewe aad Maeds \1'¢<00




B Decays to common final states: CP eigenstates

W BY > /YK,
+

J/ K

— BO
BO _>]/7~sz
ﬁ

_ J/Y K

B> BY 5 J/yK,|'| B> B J/yK,
N " e o
€CP> BY

Instead of (Flavour oscillations):

W = 7, x*

Instead of (Flavour oscillations):

ﬁ o
\&(t)—) l+vl X~



B Decays to common final states: CP eigenstates

BO =
M VB ||| BO o/ P\
+ | + — q
|
|

B° J/¥ K — — BO J/ K
19 ) * |BO> B j/yK| | BO- B - /pK,
2 SO
B , €CPd> B
L — . /Y
B > J/UK, + A vs Bk %, ;
. 0 b w+ V. 5 | ﬁb w- V .
d —— p I + y - _ KO
| d
— q — | —
B> B~ /YK, : A C 1B B s ks D E
19/7/4 " * q B
— qu qu — Vb ‘ | qu qu Veb ’
b g g=t.c.u —d b Gleu ¢ d
0 b w- Ve o | — w w , b w+ V. _
B W . W B _ -~ T Ko | B_ . f . . K0
d - V*q -« V - b d I d - \7* <« V - b d
qd ab I qd gb



B Decays to common final states: CP eigenstates

BY > J /Y K, = lr=f BO - [ /W K, c
- . I/ T _ = I/
AfE(f|B) v | fE<f|BO> Vew
1. 05 W+ Vi § | b w- Vi .
EgA_f Bd —— dKO | /1522 BOE —~— EF
D Af . I q
1=1/2 | !

* Calculate the decay rate of a B-meson into a final state f:  Tgr)»p) = {fIBY ()|

* From solving Schrodinger’s equation we already had:

|B(t)) = g+ (D)|B°) + %g_(t)l ﬁ) | emiost 4 gmie-t

B0) = 80| ) + £ g- (018

with: (l)i = mi —



B Decays to common final states: CP eigenstates

e Calcul

* From

2 \.’Ip\ 4 B
(orl)_ ¥ T = KFIBO)P
s (o\ = b>"‘ just expand by
taking the square...
...( b}” e—ia)+t + e—iw_t
= (O\ + _ T
; B 2
>
- fon /\(< EBW
i 1
T s Am, Fi=FiEAF




Master formula for neutral B decays

* Just by (tediously) writing it out...

e—Ft

2 2
Ls-p) () = |4y (1+|/1f| ) >

Al't ATt .
(cosh T + Df sinh T + Cf cos Amt — Sf sin Am t)

e—Ft

a-n)®© = Il o] (14 141%) 5

Al't ATt .
(cosh T + Df sinh T — Cf cos Amt + Sf sin Am t)

2

. 2R 1—(A 2%
with: D, = ,1f2 , Cr= |/1f|2 , S = J)lfz c
1+| Az | 1+|Af] 1+|Af] "
* Coefficients D¢, Cr and S¢ are measured by experiment , Ver
: _p A — w- Vi s
= Measurement of CKM parameters via: 4, =~ -~ 5"_ =

q Ar



How does it give CP violation?

_ . e—iwl + e—iwzt
t = t Amplitude gi(t) = 3
RO
Z;g_ (t) l fcp Z (t) e—l(m—Am/Z)t e—Ft/Z + e—l(m+Am/2)t e—Ft/Z
q g+\t) =
BO fCP Afcp - AfCP 2
P Afcp . Amt
— pimt e—Ft/Z COS ——
BY o—i(m—Am/2)t ,—Tt/2 _ ,—i(m+dm/2)t ,~Tt/2
CP g-(t) = 5
B° 1 = g imt o-Tt/2 sin%
1 2
Z‘g— (t) l Afn Afcp <g+ (1) + 79- (t))
BO fep _ phy, 1

_ Aep=— ==~ For neutral B mesons, g_ has a
W TAfCP T hpep Mer 90° (=i) phase difference wrt. g,




Interfering Amplitudes

t = t Amplitude
Bo - fep Afop (9+ (t) + Ag- (t))
- _ 1
B - fep Afcp (9+(t) + 719—(@)

gy = e imt g=Tt/2 cos—m;t
g_ = e~imt o=Tt/2 gip —A?t
q AfCP

— o lPweak  (CKM)




Interfering Amplitudes

t = t Amplitude | Amit
g, = pimt ,=Tt/2 g
Ar. (ay + a; e 1Pw el™/2) ' 2
BO — fcp fep\M1 2
—_ — +i /2 — e—imt e—Ft/Zi sin Amt
BO - fCP AfCP (a1 + a, e i Pw eln ) g_ 2
Afcp g AfCP — o (Pweak (CKM)




Interfering Amplitudes: CP violation!

t = t Amplitude | Amt
g = e~imt o I't/2 COS ;
B S fep Arep(9+(®) +2g-(D)
=0 — 1 g. = p—imt ,=Tt/2 i oin Amt
B - fep Ar | g+ (t) + Ig_(t) - 2
Afcp — 4 Arcp — o lPweak  (CKM)
p Af CP
g-() . g-(® 1
t Ag-(b) g+(t) :r Ag-(t) 29-0 1 g+ (:f) +-9-()
Pwea Pweak
< CP-Violation =
/ 9:+(®) > g+
re B” - fcp B® - fep




Interfering Amplitudes: time dependent CP violation!

t = t Amplitude
. . Amt Amt
—imt ,—il't/2 . .
BO N fop Ag., e e (cos > + i A sin > )
—_ _ . . Amt 1 Amt
0 - —iTt/2 - :
B — fep Af, ., € imt o —il't/ (COST + i 2 sin T)

Amt/2 =0 Amt/2 =1t /4 Amt/2 =m/2 Amt/2 = 3n/4
No CP‘1 =» Decay-Time Dependent CP Asymmetry! PV




From Amplitude to Decay rate

t = t Amplitude
. . Amt Amt
—imt ,—il't/2 . .
BO N fop Ag., e e (cos > + i A sin > )
— — . . Amt 1 Amt
0 —imt ,—iT G
B - fep Af., e e t/z (COST + 1 5 sin T)_
/1f — z AfCP — e_id)weak
“p AfCP
* Decay rate is the square of the amplitude (work it out):
Y q P
0 . Amt _‘ (1-121%) _ @3
- fep ‘cos + i Asin <1+ (L) 08 Amt ) Sin Amt
— Amt 1 . Amt (1 1212) (231 .
0 : /T — qip 27t
BY - fp : ‘cos — tiosin— ‘ o< 1— ) cosAmt + (1+W2)smAmt



Time Dependent CP violation

/1 —
. fcp
t = t Amplitude P Afcp

: : Amt . Amt
BY - fcp Afcp g~ imteilt/2 (COST 4 i e"Pweak gin T)
— ; : Amt : Amt

0 —imt ,—iTt/2 . ek <
b = fer As,, e"imteirt/ (COST+ i etiPweak sin—— )

Decay Amplitudes

Im Im
19F 197
0sr ," ‘t‘ 0sk
'l )
Row[ . ' K i
L llllllllll r L L L L 1 1L L i 1 — 1 Rc L 1 1 1 1 1 1 1 1 1 - L L 1 L 1 " ) L .— 1 Rc
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Time Dependent CP violation

t = t Decay Rate P Arcp
B S feop x e Tt [1+ sin¢,,q, sin Amt]

Decay Amplitudes

Decay Rates

Im Im
107 10
0sr ," ‘t‘ 0sk
S *
i
Row | , i
[ llllllllll ‘nnnnlnnn.F Re |l.‘.|l.l.‘....|....—|Rc
-19 05 A 0.5 0 -1 05 05 10
" i
s oS 05




Where were we?

“Mr. Osborne, may I be excused?
My brain is full”
50



Time Dependent CP Asymmetry

t = t Decay Rate P Afcp
B = fop x e Tt [1+ sin ¢, ey sin Amt]
B S5 fo x e Tt [1— sin ¢y eqx Sin Amt]

[ (B~ fep) — T(B® ~ fop)

Acp = —— = —Sin Qyeqr Sin Amt
0 0
r (B - fcp) + I'(B? = fcp)

~ = : ' 1.0 T T T
@ - @ (@) -

g - \ Im A =0.75
§4OOZ - 0.8,
2 200l- — ]
. : 508
£ 04 E 8 04

- _ = —
g 0'(2)3 N 0.2
R S s

02 =
“oaf U 0
Proper Lifetimes




/1 - EZJ/IPKS
K —
P VaoVeaVeVea
K
J7WKs th td Y cb Vcd
|Vud| |Vu5|
Vekm = | — Vel [Ves|

c p AfCP

VCbVCz‘ X gk I/
Vb ‘
b W= Ve

_ bweak = 2P
B S — % <K3|K0>
d — d
_o—2iB
a
|Vub|e_iy
|Vcb| R Y
V.| / 4 cbVcd

[Vigle ™ —|V|etPs

* Similarly with this method of time dependent CP violation:

O J/YKs = 2B
Bs »J/Y ¢ — 20

)

)

B > ntn™ - 28+ 2y
By

> KYK~ > 2B.+2y ; BY->DfK* - 28+ y

=>» B, physics is mainly done at the LHC ...






How are you doing?
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How are you doing?




Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics

a) CP violation and Interference
=) b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality




Flavour Physics and CP Violation

Contents:

1. CP Violation
a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics

a) CP violation and Interference

b) B-mixing and time dependent CP violation
=) c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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LHC

Measure:

By > (B; ») Dy K

Bs —» (Bs ») Dy K™




B, —» D.K : Quantum Interference Experiment @ LHCb

Measure:

1) Determine whether

B, or B_S at production

By > (B; ») Dy K
Bs - (B; =) Dy K*

Repeat for DF K~

2) Measure decay
rate as function
of decay-time




B, —» D.K : Quantum Interference Experiment @ LHCb

Measure:
By > (B; ») Dy K

Repeat for DF K~

2) Measure decay
rate as function
of decay-time

1) Determine whether
B; or Bs at production Vial Vs ] Vple™V

Bgs :Z:Z:W - bEg b 'W); UK+ |VCdl- |VCS| |Vcb|
T s - Viale™  —IVisletfs [Vl




An interference pattern:

| B, » D;K*

[E—

0 05 1 15 2 25 3 35 4
Decay time (ps)



B, —» D.K : Quantum Interference Experiment @ LHCb

An interference pattern:

o12f]
(O
[ i —_ -|-
%M“ Bs - Dy K
o @ B. » DYK~
slit B”: QOSH; w S S
CP-mirror 0.6 [r
0.4 f
“slit A”: 1
0.2 -

o
0 05 1 15 2 25 3 35 4
Decay time (ps)

Time dependent CP violation!



The LHCb Detector? dJH. 52
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The LHCb Detect
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23 sep 2010 19:49:24
Run 79646 Event 143858637
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B Physics at LHCDb

’, = 7mm ,‘ K+ Physics Requirements:
350 fs K e Signal selection and background suppression
N D, 'én"'  Flavour tagging: B or B at production
p— - .
VN el . * Decayti easurement: t = md /p
i \ y /""'me m\
B, > D;K*

Detector Requirements:
* \ertex reconstruction
* Momentum and mass reconstruction
* Particle identification (T, K, u, e, y) s«
e Trigger (Online reconstruction) Vs

Side View ECAL HCAL
SPD/PS
Magnet RICH2 w1 M2

M4 MS

0o
|




B Physics at LHCb - Vertex reconstruction

Side View Ecar HCAL Ma MS
SPD/PS M3

RICH2 pi M2 _

-




B Physics at LHCb - Vertex reconstruction

“BUWUDouble Gakssian fit | 6,=33%1fs
6,= 6713 fs (31%) Side View ey, HGAT M5
i SPD/PS M3 s =
6001 . 1{1(;[1:_4 :\“ M2 i
400}
200

A R E AR
—900 =200 -100 O 100 200 300
rrec u-ue [fS] P




B Physics at LHCb

~7 mm
- ] K
350 fs

Side View ECAL HCAL
SPD/PS M3

RICH2 p

Magnet

SRR, | -




B Physics at LHCb — momentum and mass determination

Side View ECAL HCAL Mg MS
SPD/PS M3

Magnet RICH2 p\j M2 _
T3
’r2 =)

= Tl
7| /IRICH1

N
0o
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1000
i mg= 5.42 GeV/c*
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B Physics at LHCDb

~7 mm
- y 3
350 fs

7| /IIRICH]1

Magnet

Side View

T1

T2

ECAL
SPD/PS

RICH2Z pq1

j i

0o

HCAL




B, Physics at LHCb — Particle Identification with RICH




B, Physics at LHCb — Particle Identification with RIC

H

~ Kaon identification performance 1 /

Side View )
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oeetvees s’
g | oo e * e o%.mfm¢++++ + + + — ‘ RICH?2 A ‘
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B Physics at LHCDb

~7 mm
- y 3
350 fs

Side View




B, Physics at LHCb — Trigger/Tag with Calorimeters and Muoness

L N g e
\ ~’~, K 7 -
Bs - Ds K / |

Side View ECAL HCAL
SPD/PS
Magnet RICH2Z w1 M2 _

=TI
7 | /IRICH1 \:\:53

- s TT 3 —

rte =
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B Physics at LHCb — Trlgger/Tag W|thCanr|meters and I\/Iuon63

ST 11 1T
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Identification of y, e, u:
* Triggering
* Flavour tagging:
* QOpposite or same side

RICH2 M2 _




Measuring B, - B, Oscillations (Self tagging B, —» D,m) ¢4

Proper-time dependent decay rate:

Perfect reconstruction

Experimental Situation:
|deal measurement (no dilutions)

Proper time (ps)

80



Measuring B, - B, Oscillations

Experimental Situation:
ldeal measurement (no dilutions)
+ Realistic flavour tagging dilution

1000 [

800 |-

600

Events

400

200

Proper-time dependent decay rate:

Perfect reconstruction
+ flavour tagging

1 2 3 4 5
Proper time (ps)
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Measuring B, - B, Oscillations

Experimental Situation:

|deal measurement (no dilutions)
+ Realistic flavour tagging dilution
+ Realistic decay time resolution

1000 [

800 |

Events

400 |

200 |

Proper-time dependent decay rate:

600 |

Perfect reconstruction
+ flavour tagging

Proper time (ps)
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Measuring B, - B, Oscillations

Proper-time dependent decay rate:

Perfect reconstruction
1000 + flavour tagging

+ background

800

2 600
Experimental Situation: L%)
|deal measurement (no dilutions) 400
+ Realistic flavour tagging dilution
+ Realistic decay time resolution 200
+ Background events

0
0 1 2 3 4 5

Proper time (ps)
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Measuring B, - B, Oscillations

Proper-time dependent decay rate:

Perfect reconstruction

1000 + flavour tagging
200 J\" + background
: + acceptance
*qa”: 600 ff |

Experimental Situation: 3 ]
|deal measurement (no dilutions) 400 H
+ Realistic flavour tagging dilution '
+ Realistic decay time resolution 200 |
+ Background events Z
+ Trigger and selection acceptance ol

Proper time (ps)
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Meson mixing in LHCb: does is actually work?

B > D it

IBO — B9 mixing I

Phys.Lett.B719 (2013) 318

> LHCb :
© 6000 _
= ~+ B’ > D ]
15000 — - signal B
@ ..... long bg n
; ) .
4000 @B —D p* 3
I3 W —-D ]
I'C‘,E 3000 — combined 3
5= .
520005 =
@) ]
1000 -
oo 5200 75400 5600

m(K* 7 a x*) [MeV]

L L L

2 b LHo

g 04 B 5D g*

g o combined

2 02

c% -

2 O A
02f \MK .
0.4 .

I A L !
5
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o L

| L
10
B’ decay time ¢ [ps]

| BS — BY mixing I

0 — -+
By - Dsm

o
™~

candidates / (15 MeV.

candidates / (0.1 ps)

New.J.Phys.15 (2013) 053021

I - -  data
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200
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decay time [ps]
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N
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* WS data
— Fit
B Background
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6.5F — Mixing fit

6F -~ No-mixing fit
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Meson mixing in LHCb: does is actually work?

Raw asymmetry
= o
\S) e} \S)
I T 1 / T T
|

IBO — B9 mixing I

Phys.Lett.B719 (2013) 318

2000 S

1000

é%)OO

5200

LHCb
~+ B’ —-D
— - signal

..... long bg .
B’ —-D pr 3
BB —-D a7
— combined ]

75400
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e
B
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- +B'’>D &t

— combined

S
~
T | T T

R B |
10 15
B’ decay time ¢ [ps]

candidates / (0.1 ps)

| BS — BY mixing I

New.J.Phys.15 (2013) 053021

- - * data
D, —om — fit
M B'— Dt
W B’ D, K"
I HCH misid bkg.

(D =) invariant mass [MeV/c?l

400

e Tagged mixed
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............ Fit unmixed
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K7t | rraio o) 101807

><1IO :

—_
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* WS data
— Fit
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* Data 3
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B meson production in e*e™ Collisions

e Electron-Positron collider:
ete™ - Y(4s) » B°BO

— Only 4S resonance or higher produces B meson pair
— Low B production cross-section: ~1 nb

— Clean environment, coherent B°B® production

25 = :
' ;
2 20l 's Babar, Belle i o :
oo ) :
g 14 |5 : Belle Il W
_% 15p 4 : = . A
L] I = S
Toor o & o \\-w\
10 | - = %
1 o fﬁl | : (7 GeV) o = (/,
+® '{ t"\+ i 3 ’r..‘ [ ] _ 4\,
S 5- I . 4’ ; N \ | ’ £
b [ ¢ ke S LI L SPTVPVX Lot [ VI O'!bb! y 8 \
L e A A ‘. A - 2028 -
Lvay ves yes - TTyes U o -
044 946 10001002 1034 1037 1054 10.58 10.62

Mass (GeV/c")



Y(4S) : Coherent B - B production

* Production at Y(4S) JP¢ =17

— 0.75
B°BY system evolves coherently until one B decays (EPR!)
— _ 1 -\ — < - e P 05
(557), _©) = et L BB (-R)) - |3 (-F) BO(R))
e P = —1: Wave function is odd under particle exchange. 0

* The first decay of the two B’s “starts the clock”.

* Instead of flavour tag at production, B mesons have opposite

flavour at the time the first meson decays.
 Work with At 0.5

* Half of the time the signal B decays first (At < 0) 0.25

* Coherent production improves flavour tagging performance

0.75 F

= >
%g’ o o
u

Illllllllllllllllllll

11 1 1

Incoherent
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Belle Il @ Super KEKB

E,~ =7GeV ; E,- =4GeV
Vs = 10.57 GeV

(ﬁ)’)y(45) = (.28

Btag

) Y (4S)

e—l-

é > =
e+
anti B BreC
e QOOC
B

At = trec — ttag

Vertexing and time reconstruction

((Az) = 130 um)

At~ B2/ gy (as)

Flavour tagging of other B
(can be 100% pure)

Exclusive B meson
Reconstruction

(no backgrounds from
underlying event)

Coherent
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+ Raw Asymmetry Events/ (0.4 ps)
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0 St
A p(t) = sin2f sin Amt

Babar: sin 28 = 0.657 + 0.036 (stat) + 0.012 (syst)
Belle: sin 28 = 0.670 + 0.029 (stat) + 0.013 (syst)




Babar & Belle




Compare LHC with B- factory for B —>]/1/) K

* Decay-time dependent
CP violation:

[5.r(t) — T p (L)

3

5

Acp(t) =

Interfere direct and mixed

>/ K
mx_/

|Vud| |Vus|
_lvcdl |Vcs|
Viple ™ —|Vs|ePs

FE—>f(t) + FB—>f(t)

. Raw Asymmetry Events/(04ps) |
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Signal yield asymmetry
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Decay time dependent CP violation

0 0 o L B w(QS)KO |
*B° > J/YKsand By = /Y ¢ S Bz e g,
0.2 Combination
Acp(t) = [5i-r (8) — T-r (B) LD ¢
CP — - —
FB(S)—>f (t) + FB(S)—>f (t) O
5 S A
> ]/ K¢| (5L
elzﬁ\ / - CL f?r the inner (olllter) contour is 39% (5?7%) | | |
no 0.5 0.6 0.7 0.8 0.9 1
, sin 23
V4l Vsl Vuple™™ 4o L L
—|V 4l V| V| < a1
Viple™#  —[Viletfs Vgl
0.10 Combined CDF 9.6 fb~!

>
lzﬁ\_/]/llifl)

LHCb 3 fb!
ATLAS 19.2 fb!

vvvvvvvvvvvvvvvvvvvv




Decay time dependent CP violation

* Hadronic decay modes (LHCb):

Note:a = mw— (B + )

> ntm~

Asymmetry

BO
eiZﬁ'\F eiZy

_ g||||||I|||I|||I|||I|||||
2T e 8 10 12

Decay time [ps]

Vs |
Vsl

_|Vts

|Vud|
_lvcdl
Veple P
B > KK~
eizﬁs 324,

A I ST ST AT S SR T E T
0.1 0.2 0.3

(t-t)mod(2/Am,) [ps]

Amix(D ; K _)

|Vub|e_iy
|Vcb|
e'Ps Vbl
D

0

0.1 0.2 0.3




Current situation on angle y

* The situation for angle y : 7 — . -
1T . :Z Y fi r _:
IV udl Vsl Vuple™ " i?@ S
—|Veal Vsl Vbl “EB w20 T
—T i :g (excl, at CL>0.95)  —
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03 — S —
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o 1 | ] 0.1 f— f
Y LHCb - = o e l .
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- p
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0.4 -
............................................................................... B? Jocavs
0.2 - . Y Average:
| ~ BY decays 150 0
N P . & B 5 decays - (7 4_0_5.8)
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CKM triangle: putting all measurements together

- CKMfitter prediction UTfit prediction

22.7 0.7 ST I 23.8+1.4
y 70.0 4.2 65.3 +10 . 65.8 + 2.2
a 93.1+5.6 92.1+15 90.1+2.2
0.7 C | | L I B L L B L
0.6 _. E'/; v \ Surfni'nte: 1e8r _;
- 8 —
05 — ¢ —
- sol.\w/\cos 2p <0 ]
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01 [ 5 =
E  « / ﬁ
0.0 1 ] | 1 1 1 ! ! | ! ! ! | ! ! ! | ! ! ! |
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LHCb: Future sensitivity for CP violation

2013

[Charles et al., 1309.2293]

1.5

1.0

0.5
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| excluded area has CL>0.95 |
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2013
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2030

[Charles et al,, 1309.2293]
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CPV in Kaons (K) and Beauty (B): How about Charm (D)?

e« DY » K*K~ decays K-

2\
@ K*
*+ 7
D" Ip~o0 ’
PV‘\@ B
PV gon” s X

Large IP
N(D° - K*K™)—N(D° - K*tK™)
N(D® > K*K-)+ N(D° - K*K~)
Araw(KTK™) = Acp(KYK™) + Ap(K*K™) + Ap(1s) + Ap(D*T)

Araw(K+K_) —

* Look at: AAgp = A, gy (KK) — A, g, () = Acp(KK) — Acp ()
= All detection and production asymmetries cancel
= Directly observe CP asymmetry!



2019: Discovery of CP violation in charm mesons!

* Result: AAcp = (—15.8 £ 2.9)x107*
e 5.30 Observation!

.DO >t

Comb. bkg.

e Is it consistent with CKM in
Standard Model?

Candidates / (0.1 MeV/c?)
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Design your own B-meson CP Violation Experiment

» Which type of machine would you use?
« ete” orpp, pp or pp collider or fixed target? Why?

e At which energy do you want to run this machine?

* You will measure CP asymmetry in B, — Df[(iwith BR=10*
* Estimate how many collisions you need for a precision of y=1°

* You measure B, » DfK* and B, » D K=
* How do you determine the flavour of the B, at production?
* Are there intrinsic limits to this precision?
 How would you calibrate the wrong tag fraction?

* There is a potential large background from another B.-decay.
* Do you know which it could be?
* With which detector technology would you remove this background?

* What is the formula to reconstruct the B, meson decay time in an event in
observable quantities?

* Which subdetectors would you require to measure it?




Design your own B-meson CP Violation Experiment

* Which type of machine would you use?
« ete” orpp, pp or pp collider or fixed target? Why?
* At which energy do you want to run this machine?

* Points to consider:

e eteT at Y(4S5): electromagnetic production, clean, no B, coherent production:
B° only time dependent CPV, requires asymmetric beams, good flavor tagging.

« ete™ at Y(5S): B, lower cross section, no resolution for time dependent CPYV.
« ete™ at Z-peak. Weak production, not coherent, interesting...?

* pp collisions: Strong production and lots of stat’s, “messy” events, large
backgrounds requiring excellent detectors.

* Fixed target vs collider: low cross section vs long decay distance.
* b-quark cross section increases with high energy

* pp vs pp: “colour drag” asymmetry. Extra cross check for pp.




Design your own B-meson CP Violation Experiment

You will measure CP asymmetry in B; » DS K+ with BR=10%.

* Estimate how many collisions you need for a precision of y=1°
* B; mesons: Let’s assume pp collisions at LHC using LHCb

For ~¥1% measurement precision (0.01) on asymmetry:
« Number of perfectly measured B, = D KT events:

* Fraction of collisions that produce b-quarks:

* Fraction of events where B; meson is produced from b-quark:

* Fraction of B, that decay into B; = D& K* channel

=>» So in total perfectly reconstructed events required

Next, assumed measured by the LHCb experiment:
* Acceptance x Reconstruction (background, resolution):

* Trigger:
* Tagging Power:

In total pp collisions must be collected
Assume ~10 MHz collisions, 3 x 10° s/year running time: of running.




Design your own B-meson CP Violation Experiment

* You measure B, - DJK* and B, » DK%
* How do you determine the flavour of the B, at production?

* Are there intrinsic limits to this precision?
 How would you calibrate the wrong tag fraction?

: ' mt, K*
B, .
- - DS K—
~ T

~
Primary vertex $
bt




Design your own B-meson CP Violation Experiment

* There is a potential large background from another B.-decay.
* Do you know which it could be?

* With which detector technology would you remove this background?

* What is the formula to reconstruct the B; meson decay time in an
event in observable quantities?

* Which subdetectors would you require to measure it?
47 um 144 um s o

Decay time resolution =40 fs




Flavour Physics and CP Violation

Contents:

1. CP Violation
a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics

a) CP violation and Interference

b) B-mixing and time dependent CP violation
=) c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality




