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Flavor mixing in quarks (1)

o In quarks, the weak SU(2) eigenstates are different from the
mass eigenstates

Mass eigenstates: mass operator is diagonal, fixed masses

Weak eigenstates: left-handed SU(2) doublet and right-handed SU(2)
singlet

* Experimental evidence from weak decays of K, D and B mesons

o The mass eigenstates UJ; and D, are connected to the weak
eigenstates UU; and D; by unitary transforms

U, = (u,d, 1) U, = UlUL
Dy = (d,s, V). D}, = UiDy
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Flavor mixing in quarks (2)

o Charged weak interaction mediates transition between weak
eigenstates within each generation

Loo =— [JCCW ‘|‘]ch+]
(UL’}/MlDL)W + (DL’}/'MlUL)W }

(ULUI“UaDy)W, + (DU U)W }

&%&%5%&%

(U7 Vorrx Dy)W,o + (DL Vi " U)W,

o The unitary matrix Vi, = U, U, (Cabibbo-Kobayashi-Maskawa
matrix) describes charged weak interactions between quark

mass eigenstates
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Flavor mixing in quarks (3)

o Vegp is responsible for flavor mixing in quarks

o Not diaginal: transition between different generations due to
charged weak current

u/ dC’ Vud Vus Vub d/
d | +— | sc | =1 Vg Ve Vu s’
t’ bc Via Vis Vi b
* E.g.

u do = Vudd/ -+ VUSS/ -+ Vubb/
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Number of independent parameters in V,, (1)

o For n=2 generations (before discovery of b)
* One real parameter (Cabibbo angle 6.)
* No complex phase

o Cabibbo matrix: )
v — cosf,. sinf.
~ \ —sinf. cosé.

= sinfc ~ 0.23
= cosblo ~ 0.95

27/04/20 Tests of the Standard Model of Particle Physics I, SS 2020



Number of independent parameters in V., (2)

o For n=3 generations
* 3 real parameters
»mixing angles 6;; (i,j = 1,2,3 with j>i)
* and 1 complex phase eld
» Ve # Ve for at least 3 generations

1 0 0 C13 0 8136_7:5 ci1o Si12 O

0 C23 S23 0 1 0 —S12 C12 0

0 —S23 C23 —81367;6 0 C13 0 0 1
C12C13 812C13 s13e” %

= | —S12€23 — 0128233136i5 C12C23 — 5)’12823813€’i‘S §23C13
$12523 — 612023813€i5 —S823C12 — 8120238136% C23C13

With: C;j = COS H’ij > 0, Sij = sin Hz-j > 0
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Ve Parameters

o The complex phase of V,, allows CP-violation within Standard
Model

* Occurs for weak interaction

* Originates from fermion to Higgs coupling, i.e. the mass matrix

o Elements of V,, not predicted by Standard Model
* Need to be determined experimentally
* Very active field, particularly in heavy quarks physics (c, b, t)
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Experimental information on Vi, (1)

| Vial
| Vis|
| Vin
| Veall

| Ve
|Vcb|

| Vial
| Vis|

| Vig / Vis]

| Vts / Vcbl
| Vip
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Known from:

nuclear f decays, neutron lifetime

semileptonic kaon decay (K — mfvy), also
hyperon and T decays

semileptonic B decay (B = X, fv,:b — u)

semileptonic D decays (D = nfv,:c - d),
¢ production in neutrino scattering

semileptonic D decays (D = K¥v,:c — s)
semileptonic B decays (b — c¢)

B2BY mixing

BIBY mixing

combination of BYBY and BYB? mixing,

B — X,y decay

B — X,y decay

top quark decay (t - bW ™)

Vud Vus Vub
Vea Ves Vb
Vie Vis Vi

Source: Particle Data Group (2019),
http://pdg.lbl.gov/2019/reviews/rpp2019-
rev-ckm-matrix.pdf
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Experimental information on Ve, (2)

o Best determination of V,, magnitudes comes from global fit to
all measurements:

0.97446 4 0.00010 0.22452 + 0.00044  0.00365 =+ 0.00012
Voxm = | 0.22438 £0.00044  0.973597 00001, 0.04214 4 0.00076

0.008961 000053 0.04133 £ 0.00074 0.999105 + 0.000032

Source: Particle Data Group (2019),
http://pdg.lbl.gov/2019/reviews/rpp2019-rev-ckm-matrix.pdf

o(1)
o There’s a clear hierarchy: WO ,
Iy \\\ ———————— O(107 )
S12 = 0.22 > S23 — 0(10_2) > 813 = 0(10_3) c é\\,'\ S mmrmem T 0(10_2)
/ i f“ L O 10—3
my = 174 GeV. mp =5 GeV  m,. =~ 1.6 GeV b ( )
t i %
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Wolfenstein parametrisation of Vi,

o Useful tool for phenomenological considerations

o The hierarchical structure of V,, becomes very transparent

S12 = A =0.22, s93 = A)\2, 8136_1513 = A)\g(p — 1)

- A AN (p — in)
Verm = A - )‘72 AN? +O(X%)
AN(1—p—in) —AN? 1
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The Unitarity Triangle (1)

o Orthogonality condition of V,, columns defines triangles in the
complex p-n plane

Vr;dvus + ‘/ctivcs + ‘/tti‘/ts — 07
VIV + ViV + ViiVis, =0,
Vi Vud + ViVea+ ViVia =0,

o The third triangle has nonzero surface if we have a nonzero
complex phase: 6 # 0 (which implies V,,;, # 0)
* i.e. if there is CP-violation Vv

ANS(

) A AN
1—p—in) —AN? 1
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The Unitarity Triangle (2)

o Orthogonality condition of V4, wdVus + VegVes + VigVes =0,
columns defines triangles in the ViV + ViV + ViV =0,

complex p-n plane VAVd £ VoVea + ViVeg =0,
o The triangles have nonzero v Vid
surface if the complex phase is N\ L
different from 0: 6 # 0
* i.e. if there is CP-violation n (P.n)
Vub Vid
o The most useful, to study Vg, AVeD AVCD

unitarity, is the third equation

* Describes CP-violation in B mesons
decay ! b

large B°B® mixing and V,,/V,, not (0,0) (1.0) o
so small imply large area, which , ‘
imply strong CP violation in B’s Via = ‘th‘fﬁ_w, Vub = \Vub\e_”
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1075 7
g 2
B mesons production . 10|
O i
@ _
o ~’—LEP—-
T ‘—DCESR—> —SlC— A
TTOORIST\  —TRISTAN—
o 1077 F el E
(D -
. ]
10734 e
2 5 10 20 50 100
Centre of mass energy [GeV]
EXp. Lifetime a(bb) Ngs Process
LEP 1989 - 2000 | 7 nb 106 /Exp. ete” 5Z°>bb>BB+X
CLEO 1979 -2008 | 1nb 2.0-107 ete” - Y(4S) - BB
BaBar | 1999-2008 | 1nb 2.5-108 ete” - Y(4S) - BB
BELLE | 1999-2010 | 1nb 4-108 ete” - Y(4S) - BB
CDF/DO | 1983-2011 | 0.1 mb 1.5- 10 pp - bb+X
LHCb 2010 - 0.5 mb (14 TeV) ~1012 bb/year (expected) pp = bb+ X
BELLE 2 | 2019 - 1nb 5 - 1010 (expected) ete” > Y(4S) - BB
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B factories: BaBar detector

o On PEP-II collider in SLAC

ElectroMagnetic
Calorimeter

1.5 T solenoid

Cerenkov Detector
(DIRC)

e (9 GeV)

Drift CHamber

Silicon Vertex Tracker
Instrumented Flux Return
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B factories: Belle detector

o On the KEK-B storage ring at the KEK Accelerator Center, Japan

o New detector (Belle 2) recently started operations

. Aerogel Cherenkov cnt.
n=1.015~1.030

3.5 GeV et

SC solenoid
151

CsI(TI)
16X,

TOF counter

ral Drift Chamber
11 cell +He/C,H,

B

T
Si vix. det. n/K; detection
27/04/ 3/4 lyr DSSD 14/15 1y1' RPC+Fe
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A B-dedicated detector at hadron colliders: LHCb

o On the LHC at CERN

» 1-arm spectrometer: focusing on bb production in the forward
direction

Tracking system




Weak decays of B mesons (1)

B-mesons:

B* = (bu), B = (bd), BY = (bs) b — clu

Semileptonic decays

b / C
»BR~20% (£ = e, 1) = >
+€ ’ cb ‘ }9—
* b = ctv, (e.g. BO - DM~¢*y,) y > y
*b > ufv, (e.g. BY - p~£tv))
Allow to access |V, | and |V, ]| b — uly
* by measuring BR of weak semileptonic
deca +,<
Y W7( =
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Weak decays of B mesons (2)

o Allow to access |V, | and |V, ]|
* by measuring BR of weak semileptonic decay

F(B—)ngg)

[iot
- GFmb 2 2
= ST (@) Vel + (@) Vo )
(1‘|‘5QCD)‘7'B

BR(B — Xtv)) =

-1
> Ftot =Tpg

» rq(x) = phase space factor, with x = m,/m,, (r=0.5, r,~0.5)
» §qoc is @ model-dependent QCD correction factor
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Measurements of |V, | and |V, |

ALEPH

318+ 1.8+ 1.2
CLEO

405+ 12+ 1.5
OPAL excl

365+ 16+ 15
OPAL partial reco
T4+ 12+ 23
no LPHI partial reco
356+ 14+ 23
DELPHI excl
363+ 1.7+ 1.9
BELLE

351+ 02+ 0.6
BABAR excl
338+ 03+ 1.0
BABAR D*0
348+ 06+ 1.1
BABAR global fit
358+ 02+ 1.1
Average

353+ 0.1+ 04

x2/dof = 42.3/23 (CL = 0.84 %)

CLEO (E)

i 422 +0.49+0.29-0.34

| BELLE sim. ann. (mx, Q3
i 4.51+0.47+0.27-0.29

- BELLE (E )

4.93 +0.46 + 0.26 - 0.29
BABAR (E )
441+0.12+0.27

BABAR (E , s™)

BELLE multivariate (p*)

E 4714+032+033-038

4.50 £0.27 +0.20 - 0.22

BABAR (m,<1.55)

1 424 +0.19 £0.25

: BABAR (m,<1.7)

4.03+0.22+0.22

- BABAR (m,<1.7, g*>8)
432+0.23+0.26-0.28

BABAR (P*<0.66)

4.09 £0.25 +£0.25

BABAR (p*>1GeV)

433+0.24+0.19-021

BABAR (p*>1.3GeV)

434 +0.27+0.20-0.21

Average +/- exp + th. - th.

444 +0.14+0.21-0.22

2/dof = 10.5/11 (CL = 49.00 %
osch. Lang}e Neubert and Paz
Rev.D73:073006,2005

HFLAV
Phys

ZBLNP)

| | E | I} 2018 \

25
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2
n_ F()V_| [107]
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Quark flavour oscillation (1)

o Particle-antiparticle oscillation in neutral mesons.
* Weak interaction violate flavour conservation.

K°=(d5) «— K =(ds) (|AS|=2)
D° = (ca) +— D' = (cu) (|AC|=2)
BY = (db) +— B, = (db) (|AB|=2)

BY = (sb) «— B, = (3b) (JAB|=2).

o Predicted by Gell-Mann and Pais in 1955 for the K mesons

o Flavour eigenstates are different from mass/CP eigenstates
* Flavour eigenstates: K (S=-1) and K° (5=1)
* CP-eigenstates with defined masses and half-lives:
KQ (K-short):
T7¢ ~ 10710 s; Kg — wta—, #1070 (CP = +1).
K (K-long):

T, =~ 1077 s; K% — wtr— 7wl 7%=x%=° (cP = —1)
27/04/20 1TOLD VI LHIT oudlivualu ivivuci Vi rail uuuic rllyDIL/D III [O 1S RV AVIAV)



Quark flavour oscillation (2)

o Time evolution of K°K? system

b(t)

e (3): %= (2)

o In Schrodinger formalism:

() >= a(t)| K° > +b(t)|K° >= ( a(t) ) |

s,
.0 g
zat|¢ > o >

* Where H is an effective Hamiltonian (H* #H): H —= M — zf’/Q
» M and T being the mass and decay matrices
»not diagonal, as K°K° are not mass eigenstates

ﬁ_ff _ (mn mu)_i(Fn I112)

™Moy Moo
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Quark flavour oscillation (3)

o K°K? effective Hamiltonian: [ = M —I"/2
* CPT invariance implies: 77211 = 7722, M2 = M7,
* While assuming CP invariance one has: 112 = 121 = my,

—~ x5 mMy11 M2 t [ T TI'i
M —-T = — —
2 Ma21 MM22 2\ I'21 I'z
o mg mi2 \ ([ I'x I
mi2 Mg 2 ' I'g
Where:
ms + myp,
mg = 9
» CP-violation in mixing will be due to
I's+1g
Tk =—7%— miz 7 Mmai

i.e.

P(K" K" #P(K — K°
o %
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Quark flavour oscillation (4)

o Diagonalizing the Hamiltonian, the two mass states K, and K; are
defined
* Without CP violation, they are also eigenstates of CP

1 —0
K% = —(K°'+ K);
1 —0
K = —(K"-K)),
L \/E( )

* Masses and half-lives defined by:

1

2
mS’,L = Mg :l: ’Re\/(mlz — 5].-‘12) (’TI’LTz - 5]?1})
; ; »
I'sz; = I'e FIm (m12 — 5F12> (mfz — 5FI2> = Ts,L

27/04/20 Tests of the Standard Model of Particle Physics I, SS 2020
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Quark flavour oscillation (5)

o Interactions responsible for mixing (i.e. causing the nonzero m,, and
I',, terms)

 diagrams of second order in the weak interactions (45=2)

Vot Vst ===k Ve o, Ved
% [ u,c, & : P
o S— (44 s l -o
K X ' _,_K‘ + K w Y J.Wa* K
Y. u,c,T | l
e ]
$ cosé Wt —3mE a S cese, -s5:6.

o Interaction proportional to the mass of the up-type quark in the loop: ¢
contribution dominates over u (m,>>m,)

o tcontribution is CKM-suppressed (will dominate for B B? oscillation)
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Quark flavour oscillation (6)

o From diagrams, one can derive: Cabibbo angle

G2 /

Am ~ —— me2 cos? 0¢ sin’ 0.
K

47r2 =<
: kaon deca constaM
{IEICD parameYcer) (Am =my —ms o< \/|mizf? - |F12\2)

o And compute the probability of a K° oscillating into a K° and
vice-versa
* First, write time evolution for mass eigenstates:

K(t) = Ne—<ims+r—s>t1<s(o)
KY(t) = N e~ Gmit-PItE (0).
* then, in the approximation of AI'=I'|-I'¢=0:
K%%t) = Ne Gmrt O [cos(Amt/2)K° + sin(Amt/2)K |
K(t) = Ne Gmit+ i [sin(Amt/z)KO + cos(Amt /2)?“}
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Quark flavour oscillation (7)

o Probability of a K° oscillating into a K° and vice-versa:

P(K®— K°(t)) = |<K'IK'(t) > |

1
— z—e_t/TK(l + cos Am t)
TK —_—
PK° 5K (1) = |<K|K°> |
1
= — e Y/"K(1 — cos Am t)

o It oscillates as a function of time, with frequency Am

Am = (3.48940.008)-10"°%eV = (0.5304-0.001)-10"° Hz.

* First measurements in 1964 at BNL
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BY = (db) +— B, = (db) (|AB|=2)

Oscillations in B°BY B _ (o) s B — () (AB|—2)

o Mixing due to second order
weak interaction as for
K°K?°
* Here t contribution is Bg

dominant (large m, means
e .
large oscillation in B’s) Vg t oV

tb

G2 mg
Amyg = #MBdmfopF( Mtéj) neco(f3,BB,)|ViaVi|”

_ Ama _ Mg, f5,Bs, (Vid’
Ams MBS f%sBBs \‘/tslzx

Vial?

|‘/tslil Vcbl

(0.88 £ 0.04)?

Q

\‘/cb2
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B°BY oscillation measurement (1)

o Distinguish B® from B® measuring the lepton charge in
semileptonic B decays

o The signal for oscillations is then the fraction of same-charge
lepton pairs as a function of the decay time
* Measured as t = d/fyc, d is the flight distance from production

vertex
N(eteH)y P(B° — BI)|t] (L | L,
Nt (€0)[t] —  P(B° — BO)[t] + P(B° — BO)[t] @ |
= sin’(Am - t/2) % b\: BB wo %
opposite . b b same
hez?fgl:ere ) : @ , @ > he:;la:)gl:
| s_ s 65
% 9 : é K' fragmentation
0 0 . 0 -0 : = kaon
At gy _ P o BOl = P(B > BY) A
P(B° — B)[t] + P(B° — B)[t] . ! )

= cos(Am - t)
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Amix

0.5

05

B2 B} oscillation

First discovery:

* UA1 Experiment at CERN (SppS)
1987,

* ARGUS Exp. at DESY (DORIS) 1988.

First time-resolved measurement b
ALEPH experiment at LEP

Observed by B-factories at the Y (4s)

resonance

Current world-average dominated
by LHCb results

BABAR k
N
0 5 10 15 20
IAtl (ps)

27/04/20

ALEPH
(3 analyses)

DELPHI *
(5 analyses)

L3
(3 analyses)

OPAL
(5 analyses)

CDF1~
(4 analyses)

DO

(1 analysis)
BABAR
(4 analyses)

BELLE *
(3 analyses)

LHCb
(4 analyses)

Average of above
after adjustments

CLEO+ARGUS
(x4 measurements)

Average

" without adjustments

| | | 2 HELAV
h—e—H 2018 | 0.446 +0.026 +0.019 ps™
F“—ﬂ 0.519 +£0.018 £0.011 ps™
e+ 0.444 £0.028 +0.028 ps™
H_._,_{ 0.479 +£0.018 £0.015 ps™
|_,_._;._| 0.495 +0.033 +0.027 ps™
H—’—"| 0.506 +0.020 +0.016 ps™
M 0.506 +0.006 +0.004 ps™
M 0.509 +0.004 +0.005 ps™
é 0.5062 +0.0019 +0.0010 ps™
é 0.5065 £0.0019 ps™
|_.;| 0.498 +0.032 ps™
N 0.5065 +0.0019 ps™
T AR RN R
04 045 05 055
Am, (ps™)
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B B? oscillation measurement

— 1
P(BY — B?) = z—e_t/"'(l — Acos Amg t)
T
o Measure P(B,; — BY)
o One can then analyse A as a function of Am._: if oscillation is present,
A(Am,)=1

o First measurement:
CDF (April 2006): Am, = 17.77 4 0.12 ps~*

CDF Run Il Preliminary L=1.0fb"
<))
3 - datat1c A 95% CLIimit 16.7 ps”
%_ 16450 O sensitivity ~ 25.3 ps”
E 21 W datat 16456 A
< data + 1.645 o (stat. only) /J.-Ll\ /“ AN
PO / [ v

30

B »>I"'D; X, Bl - D, n*, B > D, n* t* 1
— 10 20 30

27/04/20
0



LENNLEN I L B L B 7/ L

O — O é HFLAV
B: B oscillation  com e = :
adr-+semilept H_H 17.77 £0.10 + 0.07 ps
S S amh Z
Z
LHCb D -(3)n" ’_._é 17.63 +0.11 +0.02 ps™
(0.036 ™) Z
7 )
o Later measured by LHCb LHCb Du'X et | 179350225015p5"
(1.0 ) 7
. L] . L] /
with h|gher precision LHCb D 7" E‘ 17.768 + 0.023 + 0.006 ps™
| ith di (1.0 ™) 7
7
» Also with direct asymmetry LCD 1ys % 1771149955 & 0,011 ps”
measurement B0M7) 7
/2
Average é 17.757 £ 0.021 ps™*
174 17.6 178 18 182
Am_ (ps™)
2013
Lmg flavour specific = —
t = — e a i o Tagged mixed
p ; - o Tagged unmixed
0 = 400 T
PV Bs 2 | Fit mixed
O' ______________ = | 4 YR ap e Fit unmixed
~a . -’9
: : ‘~~ ~~~ Ds + .c B
[ — K* 5 200
< > K- I
O " | " " " "
T 0 | 2 3 4
decay time [ps]
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‘ th/ Vtsl

o Information on |V,,/ V.| combining B and B Amyg ~ Vid
» Many uncertainties cancel in the ratio Amg  Vig
* More effective in constraining CKM matrix than 4Am,  alone

Vid
Vis

= 0.2053 £ 0.0004(exp) £ 0.0029(lattice) ,

o Also measured at B-factories from b — dy and b — sy decays

* less precise measurement, although in agreement with the one from
mixing

BR(B—(pw)7) [Vial _
R = 14 = 0.165 + 0.055

Belle, 2006
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CP violation in mesons
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CP violating phenomena in B (or K, or D) mesons

o CP (and T) violation in mixing (indirect) _ _
- probability of BY oscillating to BY B=>B # BB
different from probability of B°

oscillating to B

o CP violation in decay (direct) B>f  Bof
- different decay rates between CP- where the final state f = CP(f)

conjugate states

o CP violation in interference between B2>f+B->B->f

decay with and without mixing i

B BB~
(direct + indirect) B F+B B f
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Discovery of CP violation: KY mixing

o Cronin-Fitch experiment, 1964: evicence of a small fraction of
K, (CP=-1)>a"n~(CP = +1)

o The mass eigenstates K; and K are then not eigenstates of CP,
but a mixing of the CP eigenstates Kﬂ, K°
* but the contribution from the ‘other’ CP eigenstate is very small

—0 KO €KO

K = pK’—qgK = ~ KV
s = PR —aK = S
- K’ 4+ eK?°
K° = pK°+4qK = —— + ~ K°.
’ VIR T
With:

M, —iI'%, /2 11—
pl* + g =1 and| 2 i —ilYy/ €
27/04/20 Tests of the Standard Model o Pgt cle Phys¥s II; 552423 - ZF12/2 1 + & .




Discovery of CP violation: KY mixing (2)

. KO — KO_ K = + — zKO

p Mik2 - ZFT2/2 ]. — & S p q /1 + |€|2 +
- — . — o K° +eK?®

— K° = pK°+gK = —= + ~ KO,

q M12 ZF12/2 1+4+¢ L pPK" +q Jitel -

o &#0implies M{, # My, = CP violation in KK mixing

o Small effect: & = (2.228 +0.011) x 1073

o In the Standard Model, caused by complex phase factor of CKM
matrix
* Alternative idea: new super-weak interaction
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Direct CP violation in KY (1)

o In the decay of the CP eigenstate K (CP=-1)

o Arises from interaction of the lowest order diagrams with higher
order contributions leading to the same final state (Penguin
diagram)

Electroweak (2" order)

o Contribution of direct CP violation expressed through additional
parameter &’

27/04/20 Tests of the Standard Model of Particle Physics II, SS 2020 37



Direct CP violation in KY (2)

o Contribution of direct CP violation expressed through additional
parameter &’

o First evidence of & # 0 (1999):
* CERN (NA48 Experiment)
* FNAL (KTeV Experiment)

o & #0rules out the superweak interaction hypothesis

* In Standard Model, both direct and indirect CP-violation caused by
complex phase in Vi,

o Direct CP violation even smaller effect than the one in mixing:

‘%’) — (16.7 & 1.6) - 104
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Indirect CP violation in B mesons (1)

o Same mechanism as in K:

0 BY—egB’

B = pB° —gB = ~ B°
H p q /1+|€B|2 +
—0 B° +epBY
B° = pB° B = ~ B
L=P T4a vV 1+|eB|? -
= I = ’%]e—i‘ﬁmix, Gmix = arg(Mi5/T5), (mixing phase)

o Inthe Standard Model: |?| = H;:g 1+ 1|32 ]smqulx £ 1

* Meaning e # 0
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Indirect CP violation in B mesons (2)

o CP violation in B meson’s mixing can be observed using
semileptonic B decays to distinguish BY from B°

r(B’ — B%t) —» £tvX) —T(B° — B (t) = £ vX)

Ag = —0 —
(B — Bt) — £+vX) + T(B° — B (t) = £-vX)
Note: |p/q|2 _ |q/p|2
time-independent = 5 5 ~ 4Reep. [ oo
asymmetry lp/al?> + |q/p| E‘;O-Ol .
<):m B{, — D uX
o Studied by multiple experiments 0 Theory x 10

World average

* Definitive evidence still to be reached
* Some tension between different

-0.01
measurements (DO / LHCb) oo\ [1] ||} o
+ Ag(BY) = (—2141.7) x 1072 002} og
Global fit si(Bg) = (—2. T) x =y
. B facto
results: Aq(B%) = (0.6 £2.0) x 1073 e | || oo
-0.02 -0.01 0 0.01 Q.OZ

Ag (B)
27/04/20 From: http://fedgiblegovi2019/reviewsfnpp2019%-reis-b-bar-mixing.pdf 40



Direct CP violation in B mesons (1)

o Given the decay of B (B?) to the final state f (f), with f = CP(f)
* consider the decay amplitudes: A, = A(B — f)

o Direct CP violation occurs if |/Tf| * |Af|:
|A5/Af|? =1 — 4Reey # 1.

o Originates from interference £y _
ub u

between Penguin and Tree TN

diagrams. *@ v \V‘<:§:
ud =

* E.g. for BY —» ntm™ (penguin > :

diagram CKM-suppressed) or
B) - K*m~ (tree-diagram CKM- TN Ve
suppressed) b [ T Vi d(s)

vtb u
Gluon —
. u
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Direct CP violation in B mesons (2)

o First observed by BaBar and Belle in 2004 inthe B) —» K*n

channel
* Later measured by CDF, LHCb I‘(EO & K—nt) — T(B° = K+n)
Krn — -
(B’ — K-n+) +T'(B° - K+n-)
Ago_, jo-ne = —0.084 £ 0.004. e E —
— (a) -7 _0_ ®F —p" -B,-»Kx
Ao g +n- = +0.213 £ 0.017. - BY =p
o Observed also in other E
channels, e.g.: § o © LHCb, |E @
§ F 2013 |k
i AB+_>DK—1I'+K+ = —0.41 £ 0.06, 3 ‘ 3
—> Ap+,p, g+ = +0.129+0.012,

i .
5 51 52 53 54 55 56 57
K'7~ invariant mass [GeV/c?]

http://pdg.lbl.gov/2019/reviews
27/04/20 /rppZO19—rev—cp—vi0|ati5'f‘?t.sﬁatf’e Standard Model of Particle Physics I, SS 2020

5.1 52 53 54 55 56 57 58
K 7*invariant mass [GeVIc ]
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Combination of direct and indirect CP violation (1)

o Interference between CP-violating effects in decay and mixing

o Resulting asymmetry has periodic time dependence

* CP-violating asymmetries in both decay and mixing are time-
independent when no interference occurs

I(B° = B (t) —» f) =T (B’ — B°(t) = f)
T(B® — B (t) — f) + (B — B°(t) — f)

Ap(t) =

= Sg¢sin Amgt — Cycos Amgt

St #0 = CP violation
Cr#0 = CP violation
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Combination of direct and indirect CP violation (2)

o Special case: fis a CP eigenstate: CP(f)=n;-f=+f & f=f

RN

5" -
o Calling:  , _ AB*> ). 4, = AB" > f).
F= %2—;
o It follows: Sy = 2ImAs
1+ | Ay z direct CP violation
c; — 1— |Ag ()
LAl Al 71
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Combination of direct and indirect CP violation (3)

o Can be further simplified if one decay diagram is dominant

* Decay term:

|Ag /Ayl = 1, o5
arg(Ays/Ayr) = —2¢y,

* Mixing term:

gbmi:x:ZZB:>g2
p

o Combining the two:

= Cf =0

27/04/20 Tests of the Standard Model of Particle Physics I, SS 2020
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Combination of direct and indirect CP violation (4)

o Can be further simplified if one decay diagram is dominant

I'(B° - B'(t) » f) —T'(B  — B°(t) — f)

—> Af(t) = —0 —0
I'(B—> B (t) > f)+T'(B — B%t) — f)
= ny5-sin2(8 + ¢5)sin Amgt

* We still have time dependence

* Provides direct measurement of the angles of unitarity triangle
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BY decays to CP eigenstates: measuring 8

n (p.n)

o Most measurements in b — ccs channel Xiib o
* Example: '
¥ B
0 0 (0,0) N A1,0) p
Bd—)J/’tsz : qbf = 0, N = —1
b vV c
>—& >
\—\\ C
W+ N
Vv ~
CS S
N\
7
d d

acp(t) = —sin28sin Am t
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N
[=3
[=}

N
S
(=)

0.5

Raw Asymmetry Events/ (0.8 ps)

Measurements of direct + indirect CP violation

o First observation by B factories (2001) in B) — J/WK?°
To be able to measure B decay length, a boosted Y (4s) meson is needed
Asymmetric beam energies allowed for this at B factories

CP-odd Belle CP-even

[/}
Q.

0 250}
o
2 200
c [
2 150
I1]

100}

BaBar

o BSINK(rm)  (a)
23

B tags F
=B tags '

III|III|II

Asymmetry
o O ©
N A O
Asymmetry
o O ©
N A O O

S
N
T

+ -0.4

LI L I A L LN L I T 1 | T
G
pdt b bl
o
' AL T
-+
+I
o

-0.6| -0.6}

1
W
(=)
W

& {(

@

N Lo
o
N
o
N

6 4 -2 0 2 4 6 6 4 -2 0 2 4 6
At (ps) At (ps)
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finb — ccCs channel:

summary

B — J/Y K2, Y(2S)KQ, xca1 K2, n. K%

sin(2f) = sin(2¢,) LZY

27/04/20

BaBar ! | 0.69 % 0.03 + 0.01

PRD 79 (2009) 1072009

BaBar 0.69 + 0.52 + 0.04 + 0.07

PRD 80 %"oo&) 112001 T

BaBar J/y (hadronic) Kq : 1,56 +0.42+ 0.21

PRD 69 (2004) 052001 :

Belle J 0.67 +0.02 + 0.01

PRL 108 ( 2012) 171802 !

ALEPH . N 0.84 1981 0.16

PLB 492, 259 (2000) e

OPAL § E 3.20 58 + 0.50,
EPJ C5, 379 (1998) : x
CDF 1, 0.79 *%41

PRD 61, 072005 (2000)

LHCb :
JHEP 11 ( 2017) 170

Belle5S !
PRL 108 2012) 171801

Average
HFLAV

-
Lol

1

0.76 £0.03

0.57£0.58 £ 0.06

0.70£0.02

-

-2 -1

TOLd> VI LT Jualiudiu IVIUUTI Ul Fdiuuic rii

0

1

yoI1Lo 1

1, 99 ULy
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Csinb — cCs: summary

B — J/Y K, v(28)KZ, xc1 K2, nK2

» Predicted to be 0 in the Standard Model

27/04/20

b—ces C, [

PRELIMINARY

"BaBar - G 0.024+0.020+0.016

PRD 79 (2009) 072009 i .

BaBar 1., K I -0.290 *9'290 + 0.030 + 0.050
PRD 80 (2009) 112001 :

Belle § -0.006 £ 0.016 £ 0.012
PRL 108 (2012) 171802 [

LHCb I -0.017 +0.029
JHEP 11 (2017) 170" ant

Average & -0.005 +0.015
HFLAV I

0.14 012 01 -0.08 -0.06 -0.04 -0.02 0 002 004 006 008 01 012 0.4

Tests of the Standard Model of Particle Physics I, SS 2020
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S/ sin(2f) and Crin b = qgs: summary

sin(2B") = sin(29;") vs Cop= 'Acpﬂ
A ummer

Cep=-Acp

/ I I I 1 I I 1 I i
. ) ) 0.8 :
o Considering decays in :
* b — cCs (tree) 0.6 -
* b - gqgs (penguin) 04 |
_ 0.2 +
o b — qgs measurements
all from BaBar and Belle I
0.2 - 0K
g T]’ Ko
-0.4 F Ks K Ks
T Kg
P’ K
0.6 FrEx oK :
S RK P K
+ g 0 I + -
-08\ 1KK1K i 1nn|KSNR| 1 T
04 -02 0 02 04 06 08 1

: eff : eff
sin(2B™") = sin(2¢7")
Contours give -2A(In L) = Ax® = 1, corresponding to 39.3% CL for 2 dof
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S/ sin(2f) and Cin b — ccd: summary

sin(23° = sm(2¢

| CKM 2018

G-

f CKM 2018

PRELIMINARY

: BaBar

PRL 101 (2008) 021801

: Belle
; PR D98 (2018) 112008(R)

+ Average
' HFLAV correlated average

_ " VLHCb
o ! PLB 742 (2015) 38

2 | Average
7 ' HFLAV correlated average

-020 £0.19 £ 0.03

0.15+0.14 *093

0.04 £0.12

. |
L HFELAVY

006+ 0.06 %2

-0.06 £ 0.06

PRELIMINARY
f World Average : ‘0.70 +0.02
bees  H FLAY (Summet 201 ?) ______________
: BaBar i TR A 1.23+0.21+0.04
i PR 101 (2008) 921801 ‘
' B Belle : 0.59+0.19+0.03
i 2 PRD98(2018) 11 2008(R)
: - Average 0.86+0.14
: HFLAV correlated average
T e e [ mat oo 556 01z vwos
®a  PLB 742 (2015) 38 : o1 o
2 Average : 0.66+0.14
H HFLAV correlated average :
[T T T BaBar T T T[TTT063%0.3640.05
i PRD 79, 032002; (2009) :
: Bel : 1.06 *3:34 +0.08
N PRD 85 (2012) 091 106
i LHCb 0.54 *31+0.05
: B PBRL117 (2016) 261801 oe
) Average 0.84 +0.12
: HFLAV correlated average
| T T BaBar T ~ 0704018+ 0.03 "
i PRD 79, 0320025(2009) T
i BaBar part. rec. : 0.49 +0.18 + 0.07 + 0.04
‘a PRD 86 (2012) 112006 b—— :
3 Belle :  0.79+0.13+0.03
s PRD 86 (2012) 071 103(R) —
: Average : 0.71 £0.09
: HFLAV correlated average \ H
R I Rt S A = s SRS
bisced N,azlﬁlsvaverege . 5 0.73 * 0.06
1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

27/04/20

"""“"""-'B"a'é'a‘r' """""""""""" ) L 0.07+02340.03
: PRD 79, 032002 (2009} :
0 ER% 85 (201 -0.43 +0.16 +0.05
e |LDFR|Eb1 17 (2016) 261801 426 1617 £0.02
W PR corelated averagf T Lo oee
E%%a% 032002 (2009) "’"—‘ 0095 0.090.02
E g%%ag a(?d?%?'ﬁzoos | : b o 0.15£0.09+0.04
& PRD 86 (2012) 071103(R——% 015500820.02
AR oreatedaverage oo
bced H'azlﬁlgvaverage H -0.03 £0.03
-1.2 -1 -0.8 -0.6 0.4 -0.2 0 0.2 04 0.6 0.8
52
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BY decays to CP eigenstates: measuring «

Example:
Bi—ontn~: ¢r = v, Vue = [Vusle™,
Ny = +1 " (en)
_ _ Vb Vid
b v u AVeb AVeb
>—e > B
\_\\ ] ¥ B
Bo W+ NN (0,0) (1.0) ¢
: Vud — 4
u T
>
d d

acp(t) =sin2(8 + v)sinAm t
= sin2a sinAmt

27/04/20 Tests of the Standard Model of Particle Physics I, SS 2020
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BY decays to CP eigenstates: measuring «

o Measuring a from BY — mm is much more difficult then measuring 8

* Smaller Branching Ratio (b = u)
First observed by CLEO and LEP in 1994

BR(B) — nrn™) (5.16 £ 0.22) - 10~°
BR(B) — ©° %) (1.55 +£0.19) - 10~°
BR(Bt - n™n% = (5.594+0.41)-10"°

* Must be distinguished from much more common B - K
BR(BY - Ktn~) = (182+0.8)-107°

o Need good K-t separation. Done through:
* Measuring the particle’s Time Of Flight (ToF)

* Measuring the energy loss by ionisation in track chambers or Cherenkov
detectors
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BY decays to CP eigenstates: measuring «

o In addition, here S;and Crare not directly proportional to « as
those in b = ccs channelareto 3

* Because Bg — 1t is not dominated by a single diagram

Competing Penguin process is not negligible with respect to CKM-
suppressed tree process

5 Vub G /’Wi\
> & > — // — \\ (VtS ) _—
W d b./ T \Vu d(s)
+ N0
w ) Vio

u g Gluon —

> > -

d d d 4 d

Srr =sIN20.g = o= aeff-—l— Ao

o Correction can be derived by measuring decay rates and CP-
asymmetries from B) » %% and B* - n*n° together
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Sgand Grin B® = m*m™: summary

+ -
Tc Tc orion + )
SCP % T T SCP A\ CCP ‘Moriond 2018

----------- C PRELIMINARY
BaBar N | -0.68+0.10 + 0.03 cP . : . . T
PRD 87 (2013) 052009 K o :
019 0 oo BaBar
Belle . ., -0.64+0.08+0.03 ~  Belle
PRD 88 (2013) 092003 K T LHCD
LHCb -0.63+ 0.05 % 0.01 :
M1 PR Average
PR D98 (2018) 032004 -02 - g b
Average i -0.63 + 0.04
HFLAV correlated average
0.8 0.7 0.6 -0.5 -0.4
-04 + T
+ -
7[ n CCP |Moriond 2018
PRELIMINARY
BaBar . 4 "0:25£0.08+0.02
PRD 87 (2013) 052009 ’ ) i
Belle 5 " 9 -0.33 + 0.06 + 0.03
PRD 88 (2013) 092003 h
LHCb . - -0.34 + 0.06 + 0.01
PR D98 (2018) 032004 | .
1 1 | 1 1
Average * 032004 -0.8 0.6 -0.4 0.2 0
HFLAV correlated average ) ’ . . S
_()"5 _0‘.4 ] _6-3 _0‘.2 _0._1 Contours give -24(In L) = Ax” = 1, corresponding to 39.3% CL for 2 dof cP
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S;and Cyin B® - pTO7™0: summary

e
p*nts

BaBar N . . 0.05+0.08+0.03 00 ¢ ve S
I o 1

PRD 88 (2013) 01200 } S p1T Cyvs %

é T v T T T T T v T
Belle . : i 0.06 +0.13+0.05 ol 0 BaBar

I i ™ . : - .

PRL 98 (2007) 221602 ) 7 Belle

: : &% Average
Average § i 0.06 + 0.07 0.8 : T
HFLAV correlated avarafge

-0.2 -0.1 0 0.1 0.2 0.3
+- -+ ''''''''' =
p Tc C |Summer 2016
BaBar 0.02 +0.06 + 0.04
H—d—H
PRD 88 (2013) 012003 : .
Belle | § -0.13+0.09 + 0.05 1ol 3 5 : i
|: * = -1.2 : 5 :
PRL 98 (2007) 221602 : L 1 i . L
; 12 -08 -04 0 04 08 1.2
Average 5 -0.03 + 0.06 . C
P— Contours give -2A(In L) = Ax™ = 1, corresponding to 39.3% CL for 2 dof
HFLAV correlated avera?e '
-0.3 0.2 -0.1 0 0.1 0.2
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Seand C;in B = pTp*: summary

Summer 2016

p+ P SCP A CCP

CCP

?,..,
- A // R
4 PO A
ZINs
. .
IR0 patetese v I
ARRRKIELLRS) iy
- SO iy
Weleterteel’ ' 1
ANNRSERKEEAS,
NIRRT/}
: .0'00000%‘%.‘&
1 1 1 1 1
<+ o N <
oS o © o o

0.4

0.2

-0.2

-0.4

58

SCP

Contours GRS SATIRALY 2 NgGErd 1/ esrespbrdlig td 8aa% 1o Tof 9280
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a world average:
from combination of previous measurements

a=(91.677)°

% --- B—pp data (WA) [0 Combined
summer1s . --- Bonm data (WA) e CKM fit

--------- B’—(pn)’ Dalitz data (WA) \\ o
1.0 ll'llllllglllll ,' '| |.‘ ICKMfIt’:fIttOCKM

, .
1 ," 2o Ao A\  parameters, direct a
! I -
0.8 ! 1 HIE PArVh ! \# measurement not
! 1Y ' ' ! .
; s Py {4 included.
o 06k | i ' A . i
o K ' L ! ' '
% s ! T - ! ' '
= 0.4 l N ) T ' . ‘
- ll S ,' ‘| '
| s
N L T T : Lo
0.2 ' 1 ! 1 \ ! ; ! '
\ ! [ § i
\ .y Vo v/
Vot ,' ! N Y .
0.0 Lad rt X

"0 20 40 60 80 100 120 140 160 180
o (de
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(2]

Measuring y /< K

- b o
o From CP asymmetries and decay rates in U U D’
B* — DK? with interference between: v
eD=D°>Knt(b-cV,) b Pl LU

1-CL

c r E)O
*D =D Kt (b—u V= |Vyle™) B g&{'CE
NS
v g K
1T | ' I |
- CKM 2018 | |
08— Bi-SDIK +15
- £ B'>D°K™ ] Belle: v = (68—1l)o
i [T B*->D*K* |
06__ zo":gz[li:o—— BaBar: ~ = 69_+_17 ©
- [_] Combined i abar. 7 —( _16)
0.4 - \1 68.3% - LHCb (2018): v = (74.072:9)°
: A l | “"‘““ 95.5% ] Fit:
JI TSRO
0 50 100 150 .

[°]
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Unitarity triangle: summary

o By constraining the unitarity triangle we test the Standard Model
consistency

o Physics beyond the Standard Model might create discrepancies

o eg.a+pf+y+#180°
* unitarity violation: new generation of weak fermions?

o difference between direct angle measurements and those
derived from the sides’ measurements

* new phase angle by exchanging new particles in loop process?
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Unitarity triangle: summary

o Vast variety of measurements providing inputs (more than those

discussed here)
* From B, K and D mesons (charm sector)

o All measurements appear consistent with one another

15

rlllll

Location of vertex from the 10
complete fit (yellow contour)

/
05

excluded area has CL> 095

IIIII[IIIII[III
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10 — v \ &
- sol. wWeos2f<0
= Summer 19 : {excl. atCL> 0.95) -

_1.5 | | I | R l 11 1 1 I | I L1 1 1 I 1.1 1 l_

-1.0 -0.5 0.0 0.5 1.0 15 20
p
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Unitarity triangle: summary

0.7 |

06

05

04

03

02

0.1

|\ Summer 19

adiwiecs 3 <0
(e atCL> 095)

00

04

0.0

0.8

- J/n‘f‘lllllllllllllllllllllllllllll

e
-

06

05

04

03

02

0.1

00
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[exduded areahas CL> 095 1

Summer 19

- IIllllllllllllllllllllllllllllllll

04

0.0

0.2 0.4 0.6

P

0.8

Angles only

Sides only
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More from B physics: rare decays

o Measurements of very rare B decays
* Test for excess over Standard Model
* Can be useful to improve precision of unitarity triangle fit
* Other Standard Model constraints (e.g. lepton flavour universality)

o Some examples:
BY - utu~, B - utu~ (LHCb + CMS, 2013)
B - K£*£~ (LHCb)

27/04/20 Tests of the Standard Model of Particle Physics II, SS 2020
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0 + ., ,— 0 + ., —
Bg > u"u,Bg > uu
o 2" order loop process, FCNC and \«\t

helicity suppressed 4

o First measurement by LHCb + CMS J
in 2013

o Results show good compatibility
with Standard Model

T - [mm] ditinn
H ) T — ~n " ﬁ: , —9

* Not much room for new physics BR(Bs — putpu™)=3.34 4027 x 10

p-valuzitJ BR‘.’/’)“ > //v/li‘f!:T.O?:O.WO ' '107]“
80 |- I/ - I\I"\ ol9

1w o o, F LHCD: —— _
;: . 20 — - T —
- | 2 BE 4.4 b1, 2017 oW
= 60 — [ \ 0.7 ) - — =B, > uu 3
o [ = 30F ---- B st 3
-, I | 0.6 - = BDT > 0.5 L .
= : NAVALE Y, L Combinatorial .
= : — “F - ]
3 40— | ¢ 0.5 ~ -1 e B?s) —h'' ]
T | i 8 20 F I 0 ity
° | 0.4 = u By »> m (K)u'v, 3
o L | < u B _y p0 ey - 3
= L) 0.3 5 151 , o WR o
20 — g .. o Ab — pu V;L E
L NNLO NLO 0.2 © 10 B; — Jyu'v, _E
i IR 0.1 5 _‘

0 1 3 a 5 6 ) 0 T3 :

fel of Par 5600 5800 6000

27, 2 - |
Br(B,—up) [10°] m,. - [MeV/c?]



0 O*x p+ p— v
BO — KOxpty E ol
B° K
o Second order process (penguin+box ¢ 4 d
diagram) e ——————
* Potentially sensitive to new physics cE Y o g
contributions B ]
. . (]'6:— I @® LHChH |
o Test of lepton flavour universality: £ = M Loe
evst = v SM mE0s ]
X _ 0.2 LHCH predictions | ® fiav.io
* double ratio of decay rates, systematic oobs, ~ o Lee
uncertainties cancel 0 1 23 oo 0
¢ [GeV?/cY
Ros — B(B°— K*u*u™) B(B°— K*%ete™) 90 I I ]
T BB = KR (& wtuT))) BB KV (—ete)) Lo 5
~ - ]
1.5 i
o LHCb (2017) ome tension with L
Standard MOdeI (2_2-5 O_) l.()[ .................... l ....................................................................................... -
* Similar analysis in BY - K*£*¢~ also e t o Lich
shows a ~2 g tension (LHCb, 2019) [ LHCh A b
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More from B physics: pentaquarks

b 3 D*°

o Baryonic states made of 5 quarks 1200

—data LHCb
* Allowed by SU(3), have been — total fit
1000 -
searched for for ~50 years — background

800

o 3 pentaquarks structures observed
by LHCb in AY, — J/WpK ™~ channel
in 2015 and later in 2019

»
o
o

R S

Weighted candidates/(2 MeV)

400

27/04/20

. . P

* Complex amplitude analysis to 200

confirm interpretation as

el rd I U IR e / \ = M
pentaquarks 4300 4250 4300 4350 4400 4450 4500 4550 4600
Mo [MeV]
o Currently no observation by other State M [Mev L VeV

experiments or in other channels Rlasiz)” | SIL9£0.T55 | 98227 4

P P,(4440)* | 4440.3 +1.3741 | 20.6 £ 4.9% 87

P.(4457)* | 4457.3£0.6717 | 6.4£2.0T 77
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Coming soon: super B-factories

o Similar concept to (asymmetric) B-factories, with
higher luminosity
* Belle 2 started operations in 2019 S~

o (Some) physics questions in agenda

* New physics search at ‘intensity frontier’

»Search for deviations from Standard Model through
very precise measurements of known processes

»e.g. B — tv /B — DMty sensitive to charged Higgs

models
s Belle Il Online luminosity Exp: 7-8-10-12 - All runs
.. . . . Integrated luminosity [fb~] L 25
* Test for additional CP-violating phases in the quark ; |= e i
sector 202

w

ris5

* Search for Lepton Flavor Violation

N

= o

Total integrated luminosi

v

Total integrated Weekly luminosity [fb

o

K4 o o N N
L S S S S M T S S S S S S S S
Date

‘9

[
[S) -
: g
°©
‘906.
k
)
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