APPENDIX |

The Standard Model

in the

fermion sector

CKM matrix and CP Violation.
The Unitarity Triangle



In the Standard Model, charged weak interactions among quarks

are codified in a 3 X 3 unitarity matrix:  the CKM Matrix.

~ half of the
Standard Model

The existence of this matrix conveys the fact that the quarks

which participate to weak processes are a linear combination
of mass eigenstates

The fermion sector is poorly constrained by SM + Higgs Mechanism

mass hierarchy and CKM parameters



The Standard Model 1s based on the following gauge symmetry

SU(2), x U(1)y

2 N\

Weak Isospin (symbol L because Weak Hypercharge :

only the LEFT states are involved )
(LEFT and RIGHT states )

I I, Q Y

doublet L V, A L5 0 -1
E‘L' l'/Z -2 - l - l
, _ Idem for the
Leptons |singlet R e~ 0 0 -1 -2 other families
Uy Ya Ya 2/3 1/3
doublet L l 1/ 1/ 1/3 1/3
C L 2 =-/2 B

singlet R Uy 0

0
quarks |singletR d, 0 0 -1/3 -2/3




Short digression on the mass
E=p +m’ - 0“6, +m'p=0 < L= 6-‘”@1,&—%1??@3 =0
(iy"0,-m)=0 <> L= f@ﬁ’”w’ — H?;I}[f
myy  =my(P, + By =my(P,F, + BF, )y =

=[P, (Bw) + () (Bl =m (v, + v, Vz)

The mass should appear in a LEFT-RIGHT coupling

Vi SU(2) singlet The mass terms are not gauge invariant under
v, : SU(2) doublet SU(2), x U(1)y
ve ([=0,Y=-2) leptonip
Adding a doublet (I=0,Y=-2/3) quark dg
¢+ 1 (I=0,Y=4/3) quark ug \'/'/
¢ - (gﬁ@} I=§ Y=1 vy (I=1,Y=-1) leptoni; /
(I=1,Y=1/3) quark d; ,I h (I= 1 /2,Y= 1}

(I=1,Y=1/3) quark u

Yukawa mteraction : 1/ Lgﬁl// P



b= | 0
_-\/5 v+ H

GV W + V)

(le deuxieme terme est l'hermitien conjuge du premier)

U — — — —
After SSB % W Wr +WrYL) + % (W ¥e + ¥y )H
g.v
m, = -
2 v/sqrt(2) ~natural mass (g~1)
2
g. = V2,
v
m, ee+ e cefy
v
g. m,

couplage Hee
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—Im u L

— & Q y Cl' Qfm Wﬁ' q = l_, 2,3 in‘-n‘. — i Lim _

—Ini. — Int.
Int. __ Int.
Q Q =0, IUQ universality of gauge 1nteractions

The SM quantum numbers are |, and Y

u ¢t e i - The gauge interactions are

_ VW & i

H o E -1 1 Flavour blind

e I T
- - . - ~ . . - 1‘. .
In this basis the Yukawa interactions has the tollowmg form: — win 4 =ioc, ¢ _| ol
—Int. —Int. To be manifestly invariant under SU(2)
__yd Int. U Int. I r Int.
Y, QL; Qﬁdﬂj +Y; QL; @tﬂj +7Y L gfﬁ Y, complex

< Two matrices are needed

SSB" < ¢O >= v/\/i; Re(g}ﬂ) — (v +H0)/\/5 to give a mass term to the
\L_l_-type and d-type quarks

—Int. =Int. —Int. We made the choice of having the
d Int. I ) Int. =
L = M d}: ] d " + MH ?,IL U ] ] " Mass Interaction diagonal
M ) J Rj y J Rj
where M7 =(/2)Y7 H W4 er
. . ..............
uR d.R

* SSB=Spontaneous Symmetry Breaking R 161



To have mass matrices diagonal and real, we have defined: w

The mass eigenstates are:

rd Int. . 174 Int.
dj:jF =V )y‘dij ) d}::,. =(Iy )gdﬁ.j
— (T4 Int. . (U Int.
i, = (V; HHLJ X iy = (V5 U-HRj
— (179 Int. . — (174 Int.
L= s L =,

_ 7l Int. L . ) . S
VJ:,- = (IL)HVLj VL;- arbitrary (assuming v massless)

In this basis the Lagrangian for the gauge interaction is:

L, = %z_fﬁy’“(ﬁ? Vitd, Wi +he.

The coupling 1s not Unitary matrix
anymore universal
k‘ __umuuciect bt

~d s bds bd s b



In the basis where :
the masses are real
and diagonal

In the basis where :
charged interactions are just
between members of the same family
and CKM is diagonal



If a similar procedure 1s applied to the lepton sector

-
Since the ngutrino are (were) massless the matrix which
w G ¢ K T e o .
o change thé basis from int-> mass 1s in principle arbitary
T We can always choose Y = V!
Ve Vu Vi L 'L

Now the neutrino have a mass. 1t exists a similar matrix in the
lepton sector with mixing a CP violation



_ =

—Inr.
Int. -
L, = EQLI_ Yo QMWL a=12.3

~L, = [lém 4 :;QM +%sz 7“1, u —igim, “1, d‘r’” 1B

[
J :

for the Z° Z" =cos$, W) —sin SWBJ“ S tand, =g /g

i the mass basis (example for d,)

(——+lsm 19];,,)64’L als f )d Z, = (——+lsm 15‘];,,)64’L }”“d Z,

L, =
cos&‘ 2 3 cos&‘ 2 3

The neutral currents stay universal, in the mass basis :

we do not need extra parameters for their complete
description




SUMMARY The mass 1s a LEFT-RIGHT coupling and has to
respect the gauge invariance SU(2), x U(1)y
/ @ 2
/ = J =
K4 h (I 1/2"{ 1) W G, . ¢t e p T
—el -1
d s b v, v, v,
MD (DIIDIZDB) MU (U11U12U13) _, _; -
= | D D22Dx = | Un U2 Uz d 77 3t T 27 "y Int.
D31 Do D Ut U U L,=M;d, a’ + My, ul+ MUFL F

049 Complex parameters

ol DU ol DU+

Moy- ¥ M (V)

L A

+ arameters
V(CKM) =V, (V) = (‘}jﬁ’p.n

|

To have mass matrices diagonal and real,

we have defined: _ w

The mass eigeustates are:

— ('Vd) df?‘-'f : _ ('Vd) dﬂif

The Lagrangian for the gauge interaction is:

L, = %5% y VEVEYd, WE +he.
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Pattern IV,,S| Vual Vcﬂl
(Exp. 022) | (Exp.0.0036) (Exp. 0.040)
1 0 my |, |my mm, iy, No (7,)
MM, 0 m, m, nm, n,
x
(0.17, 0.28) 0.0023 0.040
2 0 m |m, ﬁ[fﬂ+’ﬂ} m, , [m, No (V. 7,)
. + +
M, M, : m, m, m, |\ m, i, m, m,
(0.17.0.28) | (0.0011, 0.0058) (0.022, 0.10)
3 * m, m, m, OK
M, M, 0 " m ™
#
0.22 0.0036 0.040 Patizm b |V..,| (Exp. 022} |Vﬂ| (Exp. 0.0036) |V=,| (Exp. 0.040)
4 0 my | |m, n’ m, No (V. 7,) ! * 0 0 mm m, m, w (o
* m_ \m M. M, = = 0 J “\m m
M, M, a s mm, m, - M, : ] m !
* * 0 (0.17.028) 0.0036 0.0036
(0.17,0.28) 0.00021 0.0036
: * 0 0 m, m, oM o
5 * my |, m, m, m, No (V) M, M, = * = m, m, m\m,
M,, M. * L ™, m * 0 * 022 0.0036 (0.036,0.043)
* 3
(0.22,0.23) 0.0036 0.0036 (0 e man M m % V)
M, M, = =+ 0 ", 2 \m, ",
* * = om (0.0013,0.0085) 0.0036
4 0y [(0 * m [ mm, , [ m, W (V. V)
M. M, s {]s = o] [ym \m " \mm | \m,
* = * (017,028 (0.0047, 0.0051) 0.0036
; 00 0| fm, [m | [m m, .
M, M, of [+ = <[ [{mTm |{m m,
* 0 * (022,0.23) 0.0036 0.040
o = 0 o m, , |2m, m, m o [m, Ty
M. M, MR m "\ m, m, m "~ \m,
* 0 * (022,0.23) 0.0036 (0.022,010)
7 + 0 & m, o, o m: m, Mo (M)
M. M, of||= * m, m - \mm, m,
= = = 022 (©.0140.021) 0.040
: 0 0 * ﬂi m, 2 m;: + [P, "y o Vo
M., M, 0 Y * m, m, man, O\ mm, ",
* = * ©.17.028) (0.015,0.020) 0.040
’ (o= |, | [ [ | [, [ L 12)
M. M, o B R m o, mon, ~\mm, |\
= = ® {0.17,0.28) {0.015,0.020) (0.022,0.10)




The matrix (VuLVJL} is the mixing matrix for 2 quark generations. It is a 2 x 2
unitary matrix. As such, it generally contains 4 parameters, of which one can be

chosen as a real angle, f¢, and 3 are phases:

_ ) "
t,_ [ cos Oc e'™ sinf¢ €'
Worta) = (— sinfc €7 cosf el—ati+) | (4.11)
By the transformation
(VuLVi,) = V = Pu(Var V), ) Pi (4.12)

with

e—ta 1
P, = —iv | Py = sil-ath) | ° (4.13)

we eliminate the three phases from the mixing matrix. (We redefine the mass
eigenstates uy g — Pyup g and d g — Pydp g, so that the mass matrices remain
unchanged. In particular, they remain real.) Notice that there are three inde-
peudgnt phése differences between the elements of P, and those of P, and three
phases in-[VuLVJL). Consequently, there are no physically meaningful phases in V,

and hence no C P violation:”

cos 6 sin @
V= ( ¢ ‘3) . | (4.14)

—sinflc cosfo

For two generations, V is called the Cabibbo matrix [1]. If sin ¢ of (4.14) is dif-

ferent from zero, then the W interactions mediate generation-changing currents.
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LSM = I—Kinetic + I—Higgs + LYukawa Reca p
- + |
d I I gp I u
—Ly = Yy (u,dy); ( 0] dg; + W
o ) | ===
g ~qr ., 9 0T I
I—ineic:_ui}/#\/\/di dlyﬂ\Nu|+ d
Kinet x/E L u L \/E Li L
Diagonalize Yukawa matrix Y d' d
- Mass terms S' 5V
- Quarks rotate | b
- Off diagonal terms in charged current couplings b b

—_ - = md
u ~L \tass = (d,s’b)L[[ m H
W <
_____ L KM — i #W_Vu 1-
dsh cm = Uy J( 7/)

Q_crmo_

LSM —




M(diag) is unchanged if 7. f— pf V’Lf D Ve f_ pf VRf V(CKM) = PV (CKM ") P'*

Pf = phase matrix

—igy —iy —ile—7,) o —ila-x,)
V[I/;l ng] e 0 (V*U V'u] e 0 ) (Ve T Ve
Vy Vs 0 e )\V'y V'yJlo ™ v g n) V', g 1)

e
i —> ue™ v, ete I choose ¢ —y such than 7], real
Redifine the quark field

I choose ¢, —y, such than 7V, real
I choose @,—y such than 7, real

| cannot play the same game with all four fields
but only with 3 over 4

(2n-1) irreducible phases
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APPENDIX 1l

JARSLOG
DISCRIMINANT



UT area and condition for CP violation (formal)

The standard representation of the CKM matrix is:

7 ;P ;P i g —id
Iud us Iub CIECIB ‘512613 ’SlE‘p“E3 c
7|17 g g N R . , ig o ig i
V=TV, Vo Vi |=| =S —Cp5ysis€ C1aCa3 = 515C535)5€ S23C73 S
4 7 ra . ig o L e is i
Va Ve Vs 12853 T O 0355€ C1aS73 = 515C353€ €303

However, many representations are possible. What are the invariants under re-phasing?

*Simplest: U_. = |V _.[? is independent of quark re-phasing
*Next simplest: Quartets: Q ., =V, V; V" V" with a#fand iz
—“Each quark phase appears with and without *”
*\/"V=1: Unitarity triangle: V,, V., + V, V. *+V,, V%=
—Multiply the equation by V. * V. and take the imaginary part:
=Im (V" Vee Vg Veg') == Im (V™ Vi Vi Vi)
=J=ImQu.=-1mQ
—The imaginary part of each Quartet combination is the same (up to a sign)
—In fact it is equal to 2x the surface of the unitarity triangle
Area =% |V ||V, | h ; h=[V ||V, Isinarg(-V V.V, *V,*)I
=1/2 |Im(V V V., * Vo, ¥) )
oIm[V, VsV, *V;"]=15¢,,, &, wherel/isthe universal Jarlskog invariant
*Amount of CP Violation is proportional to J

ubcs

17



The Amount of CP Violation

Using Standard Parametrization of CKM:
—i&
C€13 S12€13 513€ o
= i i Gy = €08 Qj
= | 751263 T C1253515€ C12€23 — $12023515€ $23€13 5. =sind
i i6 /A g
S12523 7 €12€53515€ —C12823 T 512023513€ €363

I - s 2y (o o)

(The maximal value J might have = 1/(6v/3) ~ 0.1)

C. Jarlskog, Phys. Rev. Lett.55, 1039 (1985)

A=(p,n)

18



More details
CP Violation at the Lagrangian level

o —

J"H 3 /V 3
Int. . - L; | L; }
[ _ EQ _}""CTRQIHI'W.I:J a= ]__2_1_1 QIm. _ | L.Fnr. _ |
L L; H L; L
2 \dz, ) I, )
—Int. —Int. —Int.
_aqd Int. S Int. gl Int. ik . LY P o rf
L,=M:d, dn,- +Miu, u, + M1, Ii‘.__ where M7 =(v/+2)Y

Accept that (or verify) the most general CP transformation which leave the lagrangian invariant is

Int. o 3t ® Int. yrd v gInt*
Int. Tr Int * . Int. i e It
u, —>W,Cu; : uy —>WyCug
(C=iy'y’ woW. FFT unitarity matrices)

In order to have L,, to be invariant under CP, the M matrices should satisfy the following relations :

wiM WY =M. WIH W, =H, where H, =M M and W} =MW,
WM, W, =M, WiH,W, =H,

where H,=M_,M)and W =MW,
in this form, these conditions are of little use. A way of doing is : T g

Y g w/H HW, =H'H!
Wl H H W, =H'HT

*The existence of charged current contrains u ,d, to trasform in the same way under CP while the absence of right charged current allow u_,d,
to tranform differentely under CP

19



More details
Substracting these two equations

W [H,H,W, =-[HH]T

If one evaluates the traces of both sides, they vanish identically and no constraints is obtained. In order
to obtain no trivial contrain, we have to multiply the previous equation a odd number of times :

WiH, HIW, =—{(HHTY (- odd)

Taking the traces one obtain :

T{H,H,] =0

For n=1, and n=2 the previous equations are automatically satified for harbitrary hermitian H matrices
(it is the same as the counting of the physical phase of the CKM matrix). For n=3 or larger the previous eq.
provides non trivial contraints on the H matrix. It can be shown that for n=3 it implies

20



CP Violation in the Standard Model

Requirements for CP violation

(i —mg km; —m; fmZ —m;)

x(mﬁ —mﬁImj —mjlmj —rnj)x Jop # 0

where

Jarlskog

Jop = IMV,V, VoV, (i # jior = B)| - determinan

™ jpYIBY ja

Using above parameterizations

Jop = 8,,5,35,,C,C,:C,, SINS = L'A’n = O(IO‘5 )‘

=) CP violation is small in the Standard Model

21



APPENDIX I

Experimental techniques

for B Physics



Infroduction to mixing and CP phenomena

Pairs of self-conjugate mesons that can be transformed to each other via flavour changing weak
interaction transitions are:

st O B-bd B -bs

They are flavour eigenstates with definite quark content ‘B°>
4

d

= yseful to understand particle production and decay

Apart from the flavour eigenstates there are mass eigenstates:
= eigenstates of the Hamiltonian

B), |B
= states of definite mass and lifetime ‘ L> ‘ H>
‘BL> =P BO> +q EO> |B,), |B,): mass eigenstates
B,)=p|B)-q EO> B%), §O>: flavour eigenstates
) =

Since flavour eigenstates are not mass eigenstates, the flavour eigenstates are mixed with
one another as they propagate through space and time 23



‘Bo(t)> (‘ I§°(t)>) : the flavour state of a B meson that was a B° (B? ) at t=0.

Schradinger equation governs time evolution of the B9-B° System:

0 T conservation » |Hyy| = |Hysl
4(1B°M®) B°(t)) . _ _
| F CP conservation » |Hy| = |Hsl, Hiyy = Hoys
‘B (t)> 2 ‘B (t)> CPT conservation » Hy;y =H,
=> H (effective Hamiltonian) Mass states are eigenvectors of H
H|BL) 5 (M, ~i/2r)||BE) Amg =M, —M, ~ 2|M,, |
H‘B’3> 4(M, -i/21,] ‘B’S> Al =1, ~-T'| = ZRG(MHF;Z)/ M, |
, M, +M_
eigenvalues m, = —— :
2 q _ [H, Amg+iAl, /2
r. = M P Hyp, 2M,, —iT,
® 2

The time evolution of the mass eigenstates is governed by their eigenvalues :

|B,)

||
m
o
~
+
Q
x|
o
S~ ———

‘BH,L(t)>:e_i(MH iHLJ‘BHL(t 0) +

|By)

II
%
|
Q
o)
S~ ———

: . 24
Time evolution



Time evolution of the physical states ‘Bo(t)> (|B°M))
. H\ -

_ mg=1=" At Amt . . At . Amt

Bo(t)>=g+(t)|B°>+%g(t) 0> g, (t) e 2 ) cosh 7 cos 5 —isinh 7 sin }

2

r,) -

— / B-—” ATt . Amt . ATt Amt
Bt)) =P g (t)[B®)+q.(t t)=e ) —sinh—sin +icosh=—cos
0) =5 9-O[B")+0.OB°) g €)-e | -sinnTrsin= S oS
More general formulae
Amg =M, —M_
Al', =T, - T
0 _ o Mita Tgt/2 mt 0 .q . Ath =0 B H L
When Al is small B (t)>—e (cos—= ) B >+IES'n B >) mo= My M,
they simplify to : B B B™ o
B°(t)> _ et Tat/2(cog ATt BO>+iEsinALBt‘B°>) T +T,
2 a2 T
q _Am+iAl'/2
P - 2M12_iF12

Probability to observe in the state f a B® produced at time t=0:

2
P(B°(0) > f) = [(f|H|B"(t))
Probability to observe in the state f a B® produced at time t=0:

P(B°©) > f - ‘ \H‘B(t)>‘2 25



The two master formulae (having however neglected AT :

—Ft

2
(BO(O)—>f) {(1+cosAmt)‘ \H‘B")‘ +(1- cosAmt)‘ ‘ ‘ |H|B

5)

~2sinAmt x Im( f|H|B")( \H\Bf’)]

—I't B
——{(1+cos Amt)‘<f |H ‘ BO>

§°>*j}

2

—0 ’ 2
P(B (O)—>f)= +(1—cosAmt)‘§‘ ‘(f\H‘B°>‘

_2sinAmt x Im( \H‘B°> f|H

q

26



Considering only the mixing :

Starting from a B°

(8°|1|8° (€)= =52+ cosam) regeded | aip=1

Starting from a BO

&

If one does not neglect A p(useful for charm or B,) the previous formulae become
—I't ar AT
e — ——t
—(@ 2 t+e Zj + 2 cos Amt)

y
cosh (£ t]
2

So that one finds for the time dependent mixing asymmetry:

N(unmixed) —N(mixed) .\ _ cos(Amt)
N (unmixed) + N(mixed) cosh(AI't/2)

2 —I't

H‘BO (t)> = e? (1 - cos Amt)

A\*nix (t) =

Mixed : B9-> BOor BO > B cosh(AI't/2) —1when Al - 0
_ 27
UnMixed : B9 > B%or B> B°



cos Amt = cos (

A_mj
I

x>>1 rapid oscillation
x<<1 slow oscillation

:

R

X : the mixing frequency in unit of lifetime

() i

x=Am/T y=Al/T
KO ~1 ~1
DO 10-3-10° | 10-3-10°°
B° ~0.75 ~few%

Different behaviors for the neutral mesons : _

1.0

N(T )/ N, e

05

1.0

0.5

Anix(T)

0.0

05}

10}

K® - K° (unmixed)

K> K (mixed)

KO

.0

2.0 4.0

T 6.0

N\

0.0

2.0 4.0

L
T 6.0

T EFKtzt/ZTKS

1.0

N/Ng

05

1.0

05

0.0

~05}F

~10}
0.0

B,

2.0

e

1o} for the plot
N Am, =10
. Y. =010
T
511 H}[\M
ol Elo } AO\J \: Jm_ T=t/r, 28




SIS
cosAmt =cos| — || — ;. X=| —
I T I

_ . _ _ ~x>>1 rapid oscillation
X Is a number the mixing frequency in unit of lifetimey««1 s|ow oscillation

AT
We also define Y = ( j

2T
B, ]
b o d L
B, t ]t BY, |
g . b b c
fm)[VV ] ~miA°

V.V, P~ A
) dVeb
F(m) [V, V., 2 ~m22° totally negligible e

Am, ~0.50ps™
Am, /T, ~m’A* ~ large 1/T, ~1.50ps Slow oscillations
x=Am, /', ~0.75

29



f(m, )[V;th]Q ~ f(m, )14 [V;d‘/cb]Q ~ 2%

Am_~17ps™
Am_/T_ ~ f(m, )~ very large x_>>1 1/T_~1.50ps Rapid oscillations
x=Am_/T_ ~25

- u
DO C W u Ld
D° ds| |ds D
0 W - C S
- ¢ x<<1
. s 1o
FMIVLV, P ~ fm,)A? V.V ~1  x~107-10
B u
KO S W d Ld
KO C X C KO
a --Y.\{... g S Rl u

Fm )V, V.2~ f(m.)A? VoV, ]2~ A2



More...

The probability that the meson B° produced (by strong interaction) att =0
transforms (weak interaction) into BU (or stays as a B?) at time t is given by :

1 —t/Tq
— = = +
20,82 (B) ; e (1+cosAm,t)

Am, can be seen as an oscillation frequency : 1 ps* = 6.58 10* eV

In SM :AF=2 process

. b - . GIM mechanism (Rate ~ m,2- m,?)
Bo t,c,u tcu By .
ds wt B Dominated by t exchange
ds- @ b Rate LARGE

- - Allow to access fundamental parameters
of the Standard Model
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(Super) B-factories and LHC

- PEP Il
ete I# " Eé‘_"’g
in
. North Damping [3'?
(Super) B-factories : oo
Ecy = 10.58 GeV o (o — . =y
{2‘;'&‘3:’ Hnac PEP Il High Energy Bypass (HEB)
' Soun Dampng | | Secer0PEP CPEPI -
L — 3 1033 Cm'2 S‘.| [1-19539\-"] PEP Il Low Energy Bypass {LEB) I-ngnth(neEﬁ{
...103¢ cm=2 s (Super B) S oo " [9'GeV]
X 3km i Circ 2.2 km

PP

LHC: Ecy = 7. 8 TeV, (later 14 TeV)
41032 cm?2s! (design was 2 10%2)
1033 cm™2 s (upgrade)




sketch of an event at B-factory and at LHCb

23.9.2010 19:49:24
Run 79646 Event 143858637 bld 19

> ¢ —) <
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(Super) B-factories

Y(1S), Y(2S) and Y (3S) : not enough

mass to decay into BB pair

et e ->Y (4S) ->BB at Vs = 10.58 GeV

fra
E el N TOS) 45 ] _
: bb resonances Y (4S) Production of coherent BB pairs with a
st ' 1o - cross section of 1.1 nb (over @
f o =) s, ¢ _ continuum of ~3 nb)
?i'.H QA& 1ofE 102 10,34 1037 1154 I{L5% V6T oo
o U ..............................................
Hadronic cross sections ™. Y (4S) Energy Scan
at 1/s = 10.58 GeV: oo T
h | o[nb]
b 1.05
C 1.3 ———
oS Fl}i }r(c(>4csl)|0_p>r5x85,01‘378eoch e 34 0




B=BY/B+
d/u
d/u
B=B0/B-

BY:Bta~1:1

M(Y(4S))=10.58 Gev

+ RO
M(B*, BY) = 5.28 GeV only (B*, B%)
are produced

M(B,) = 5.37 GeV > M(Y(4S))/2

(B*, BY) are produced

nearly at rest in the Y(4S)

A BO B or B*B- coherent pairin the L=1 state is produced

35



BO BO or B*B- coherent L=1 pairs are produced nearly at rest in the Y(4S)

~ Prob(B°(t) > f,,)~Prob(B°(t) > £.,)
=" Prob(B°(t) — £.,) + Prob(B°(t) - £.,)
= Cf cosAm t + stmAmdt
= tsin2gsinAm t  for J/y KO

f=1(B;) — 1(By)

The decay of the first B sfarts the
clock 1(B,)

Time integrated measurement : The decay of the other B stops
the clock t(B,)

+00

'[sinAmdtdt:O!! t can be >0 or <0 ....

One should measure t in order to probe CP violation

It was not the case for the observation of B mixing performed at an previous Y(4S)
collider because

(t)=cosAm t

m/xmg
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In the Y(4S) rest frame p(B) ~ 300 MeV : fy=.3/5.28 = 0.06 flight ~ 30pm
Boost the Y(4S) |

Pem = Pr(48) — (Ee“ + Ee+, (Ee“ = Ee"’)ﬁ)
KEKB — Belle — Japan. PEPIl — BaBar — US.
8vs3.5GeV. =0.425  9vs3.1 GeV. =0.56. Een = \/4E.-E.+ = M(Y(45))
i E.  —E.4 B E.. —E.;
~ E_4E. T=8E _E.;
B, .
Y(4S) — cT (B)= 450pum
> | % flight Az ~ 250 um
e e’
et BZI —
, anti B I I
ej’,JDC,\... . !4 AZ ‘!
I A
Bl = or
Y(4S) —-
X —
I
e e 7
B, | —
Y
I‘ 'I
- By measuring Az, we can follow time dependent effects in B decays. 37

- distance scale is much smaller than in the kaon decay exp. that first discovered CP



Slightly asymmetric detector

Instrumented Flux Return

Cherenkov Detector Solenoid 1.57T

Muon and neutral hadron
identification
n efficiency >~85%, m mis-id
6-8%, for p>1.5 GeV/c

e (3.1 Ge\l

Particle identification (PID)
K-x separation >3 4o for
p<3.5GeV/e

€ (9 GeV) il

Silicon Vertex Iracker

Vertex reconstruction

|

‘ Electromagnetic Calorimeter

and tracking + dE/dx. Drift Chamber
A " F 0. ~
Efficiency ~ 97% Momenium measurement for RV T SRR
charged particles + dE/dx. E—] 330414
o(p)/pr=0.13%pH0.45%

Electron and photon enere
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LHC

The 2 b-quarks are produced in the same direction along the beam axis

B-hadrons typically fly in the
same direction along beam b

b line . ;<B

W™y ¢ 4 Ma M5
SN M2 M3
aon 29aT2 ot —{m2 Sm— et SPDIPS 10 ap]
SA27 oA et 2 1 - 3 T3 RIcH2 | FCAL
=
kY .“TZ
THDIA RICH1
T il T
— —{ me —5m |- —
| | | | | I |
mif mel m0l mi Sm 10m 15m 20m 39




Energy in the CM 8 TeV — _

B energy ~ 100 GeV o 2
g=u,d,s,c op
all types of b-hadrons can be produced : A2
& m, N -
Energy Weak decays
S Primary

Hard process + heavy quarks

and gluons radiation heavy hadrons .
proton - proton / :::./; ‘

collision z L :
/.(-c“ _7,:_7,
~—— —% Observable

,,/‘g particles

-~
o e
s —

/’YT?'Y‘YYYY‘T‘(‘
8 P

.
h’“a e D8N =
h}// oy - B
\\ P —— —2;\.),-
= . \f)
\\ -\

Incoherent BEproduc’rion : a B9 and a B- for example

O"I /\d‘

Hadronisation
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AN K-
n+

T

b Hadrong - - > 1w
iR P, 3

lifetime of a B : 1500 fs

Drives the detector design :

e ability fo reconstruct the B vertex and to measure its decay time
e K/m discrimination

e 1 identification

All this is similar to (super)B-Factories,
but with different kinematic ranges.



What is not similar to (super)-B-Factories :

d u g d
All type of b-hadrons are produced at the LHC
Probability that a b quark hadronize a intfo a B, 4, meson or a A, baryon.

Important input for BR measurements since most of the measurements are done
relative to another well known BR (B-Factories)

Cross sections at 14 TeV:

Total 100 mb A ’rrigger IS ngeded to:
: o  reject the light flavours (u,d,s)
Inelastic 30 mb e keep only the interesting
cC 3.5mb x 160  €vents
bb 500 pb

In 1 every 200 collisions a b-bbar pairis produced
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bbb production cross section is huge : 220 mb ...
but the inelastic cross section is about 300 times larger

L limited to 4 1032cm™2s! to stay with a limited numiber of primary vertices

LHCb cannot deal with 30-40 interactions as ATLAS/CMS :
collision,

LHCb

magnet ecal muon
sPD ¢ hcal

collision,

ATLAS/CMS
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19:49:24

Event 143858637

23 sep 2010
Run 79646

o

="
o __q.h r‘- ,

Al
=1

l
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Event at LHCb

VELO rz view
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In order to record as much data as possible : “luminosity leveling”

dN
Lxo kalNz k bunches
dt L = 4 f frequency
TS S :
Xy N; : number of protons in a bunch
2y N, : number of protons in a bunch
P (kY= e e .
v 27S.S a i ) |  [[Jatas
= r ik ~ [Tcwms
Y Eaonl 1y [t
(-p Eznuni
> = § :
g o
X & 1000 | S
Ennr i‘zL:-u-
JE LI QLA
10h 13h 16h 19h 2Zh 01k Odh
luminosity decreases as a Date: 2011-10-08
function of time (loss of except if one moves the 4

particles) : ATLAS CMS beams (LHCDb)



bbb production cross section is huge : 290 pb ....
but the inelastic cross section is about 300 times larger
Should trigger on interesting events

40 MHz
Q v
' m
[ -E -~ 3
> G =
g < :
é 25 =TT
Max 1 MHz o Loy
2 51
o Yo
>
™ 'g! 1.5 |- @ D!K'
5 2 g
=) - i L
2
| -
IR erd  Global reconstruction os |
g o Inclusive selections [
v = I
+ PRI S N I S U A U SN SV W AU VAN W AU A SE RN | - | s
- M,M_track, UL, R R T e mrT L
<, E E topological, charm, ¢ Luminosity (10%cm™s
= & I

& Exclusive selections
Max 3 kHz l

Storage: event size ~50kB I
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Physics conseqguences : signal selection

At the LHC : ‘standard procedure’ : use the B invariant mass

~ 250———— .
je [ i
> N
2 200 LHCDb =
o [ Preliminary 3
— 150F -
7s] = -
= - ]
® 100} -
L B

50

0 PP e . " ]
5200 5400 5600 5800
My (MEV / ¢%)
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At B factories . use the additional Y(4S) constraint. The Y(4S) decays into 2 B

mesons at rest.

2 variables AE and mgg
From the lab frame boost all fracks back in the Y(4S) rest frame where

\[ o Q‘EEE am

R %
AE = EB' o Ebeam?

AE

o= 15 MeV

2
UAE—CTE* +UE*

beam

reconstruction  beam energy spread

(dominant)
charged tracks only charged tracks + neutral
2 f
galmn- (a) I|"||
: |
0000 | || ||
%3 D 0 Iﬂ"".'?a %3 02 1 0 o1 oz o3
AEGeY) AE(GeV)

This is similar to what can be obtained from a standard invariant mass plot
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However one can also use .

M o5 = \/ 13.&1.,111 — 'PB ; independent of the mass
hypothesis of the particles

from detector
measurement

x 0\ 2 :
2 o2l 4 (pB ) o dominated by the
| rp Peam energy

mpg
knowledge
0.062
. Charged tracks only — , charged fracks + neutral
260000 F (a) 270000 F (b)
50000 |- 60000 |
m 40000 a 50000 '
ES 40000
30000 [ i
30000 [
o=3 MeV 20000 [ 20000 -
10000 I~ 10000 Frenveeeaaseacmmmmrmerssesssssasansaann
T TR TR T T TR Q2 5z 524 526 528 52

mgg(GeVic?) mgg(GeV/c?)



M STRY
-
B
=
|
|

il 1 two uncorrelated variables : additional
60 - {1 power for background rejection
40 -
E 20 N .
i ﬂ E-'ﬂ-r'!ﬂ-_w I _"'_=I . :l L T L B —
o UL SE R B ;
‘f,_:' s F signal -~ i1 b :
N - - TR ! :] iE B
so £ reglon _ . |4 _
sE o - Nt :
0 & ——
25 F o | Pl ;
50 F, | —
e mdehundsr :?
00 E - _ 'g‘ _
EEI ISIiJISHI;i; "':Jﬁl II] J.III .HIIEEI 4III EI:I EIIII“]II'IJIEIJlSID

me. [GeV/c?]



Physics consequences : full Breco

At B-Factories all the tracks are from the two B (no hadronization) :
Can reconstruct B then all the rest is from the other one

=> allow to perform very delicate analyses with neutrinos.

54



Physics conseqguences : tagging

Tagging : determination of the flavour of the B (B or_B) at the production time

High Low oy

- ¥

b _ C _ %

The charge of the lepton or of the kaon gives information on the b :
a high p; I or a K- probably come from a b quark (and thus a B meson)

a high p; I* or a K+ probably come from a Bquork (and thus a B meson)
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Two main techniques : Opposite Side Tagging or Same Side Tagging.

The B meson fully
reconstructed (eg D™,
J/WKs....)

The tagging B

- ¥

v o+ ¥

This is opposite side tagging.
It can be performed both at B-factories and LHC, but fundamental differences
due to the production mechanism
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The B meson fully
reconstructed (eg D™m,
J/WKs....)

The tagging B

« At B-factories : coherent BO B® production

e At LHC if a B? is produced, at the same time one can have

at the same time a Bs, a B+, a A,

The Bs oscillates many time before decaying and does not

keep track of its flavour at the production time : information is lost
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The fragmentation tracks can however helps the tagging : Same Side Tagging

b_

O S Bs Search for a frack attached to the primary
Uy S vertex (not to the B decay vertex), close to

O - K- the B and not too slow
Y

u

O E} b cannot be done at B-factories !

Sa9a0s0/ u

fragmentation tracks

P/ B, decay products

the fragmentation K ¢
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Tagging performances :

Q =e(1 — 2w)? =eD?
tagging efficiency =
mistag probability w ("wrong’)

B-Factories typical result (here BaBar)

QxN : equivalent number of
events perfectly tagged

LHCb (Tevatron similar)

(%) @ (%) Q(%)
8.6+0.1 32+04 §.ox( 2
10.9+0.1 4.6+0.5 9.0+0.2
17.1+0.1 15.6+0.5 8.1+02
13.7¢0.1  23.7+0.6 3.8+0.2
(R e [ 1.7+0.1
(Inf Ea i FEE G B U 0.3+0.1
714.9+0.2 30.5:0.4

Taggers EEE (%) w (%) EEE-[I—ImF (%)
LL 4,8x0.1 | 25.9z0.7 0.77£0.07
e 2.250.1 | 33.2t1.1 0.25£0.04
K 11.6£0.1 | 38.3x0.5 0.63£0.06
Q. 15.1+0.1 | 40.0£0.4 0.60=0.06
Total : 2.3 %

1000 events reconstructed are equivalent to

* 300 perfectly tagged at B-Factories
» 30 perfectly tagged at LHCb/Tevatron colliders

SSK tagging adds about 1.3 %
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Putting all together : comparison

Number of B produced in the
detector acceptance

1fb-t (2011) 150 10° b bbar pairs (2011)
+ 2fb1 (2012)

+

425 fb!(BaBar)
700 fb! (BELLE)

1.1 10° B Bbar pairs

Super B factories :
~ 80 107 B Bbar pairs

But for LHCb

e trigger efficiency : from 90-95 % efficiency to 30 % efficient depending on the
mode
e acceptance : depends on the decay mode (40% - 20%)

e for mode requiring tagging : a factor 1/10 wrt B-factories for LHCb
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What is the value of the B lifetime ?
@ What is the average path in a detector of a B meson with boost of 10?

@ Do you understand why the lifetime of a D meson is smaller than
the lifetime of a B meson ?

® Why the B-factory have two asymmetric beams ?

@ What is the observable of the meson oscillation ?

i -.I i 1. II.- \
x defined as cos Amt = CDSl am | E X =| Am
T N \ T

x is small for K, intermediate for Bd, large for Bs.
Which is the most difficult to measure ?

@ CP violation is observed in K and B and « suspected » in D sector.
Does it come from the same CKM matrix element ?
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APPENDIX IV

More on CKM
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From Childhood
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Unitarity Triangle analysis in the SM:

zoomed In..

1.2 ~ UT, ft # [
~  summen22
1 Amd
Y Amg
0.8 Z A
0.6 / //
7

o
no

o

o
| +
_CD_IIIIIlII IIIIIIIIIIII
A~
o

levels @
95% Prob

~6%

0 =0.160 + 0.009
n = 0.345 + 0.009

~3%
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Unitarity Triangle analysis in the SM:

2022
= . .C T
1.2_ UTflt )
[ summer 22 K
1_— Amd
B Y Amg
B A
0.8 % Ma
0.6:— //
k / //
0.4_— /f / ol
0.2 // Vao
B / Vo
0'|......|...|...|...|.. Lo |
-0.2 0 0.2 0.4 0.6 0.8 1 1.3
Y

I= 12

02

2004

0.8
0.6
0.4

0.2 :
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Some interesting configurations =
|:1.2:— UTfII‘f| | ~11% 1
i p= B.leso +0.017  F
Y “F
0.8 n-= 338 + 0.011 -
- . - . ~304 06
0sf- Universal Unitary Triangle
r 0.4
o.4_fs / / o -
L / 0.2
2k vV, C
y > |
00 9204 06 o8 1 1!3
=45 T i 1= 2
“I UTg
o] ~15%
1~ iree-onl
Tree-level ¢ Y p=+0.162+ 0.024 |
processes: osf- ~ or
Semileptonic [ n=20.361+0.025 -
and DK o ~7%  °°
B decays L 0.4
— reference [ v 0o
for model I . |
building ot V.., . i Tree-only’ .
0.2 0 0.2 0.4 0.6 0.8 1 1.3
P

._ UTﬁtl
[~ summen22
[— angles
Y
Angles only
B >
o Vet e T L
-0.2 0 0.2 0.4 0.6 0.8 1 1 E
Y
<L UTﬁf' y
[ summen22 K
— sides&e Amd
| Am,
Amd
] Sides and ek
-_ vub
Vcb
-I L L L I L L L I L L '] I L L L I L '] L L L I
-0.2 0 0.2 04 0.6 08 1 1.2
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Inclusive vs Exclusive

only inclusive values

1= 2

1 inclusiv Amd

Am,

0.8

0.6

0.4

0.2

O-II Ll Ll IIII III IIII IIIII

%
0 =0.164 + 0.009

n = 0.348 + 0.009
sin2p = 0.753 + 0.028

only exclusive values

UTﬁ t l
[ summen22
| | Amd
' Am,
= Amd

I I0.8I I 1 = I1.2

p
p =0.162 £ 0.009
n = 0.356 £ 0.009

sin2f3 = 0.755 £+ 0.020
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Detalls if you want ot see how it works

UT analysis including new physics

fit simultaneously for the CKM and

the NP parameters (generalized UT fit)

» add most general loop NP to all sectors

» use all available experimental info

® find out NP contributions to AF=2 transitions

Bs and Bs mixing amplitudes
(2+2 real parameters):

) ' ANP ' '
g = G, Pra e = (14 70 OO0 ) e
q

Bg— K .
AR J/¥Ks =sm2(6+¢3d)

Ag, =1m(13/Aq) AT/Amg = Re(I3/Aq)




Detalls if you want ot see how it works
NP parameter results

dark: 68% K system

21 i hSM
Aq = Cg e**PBa ASM 214
q

Ce=1.12£0.12

SM: red cross

O: 15_ __________________ 5 201
- - UTe+ —_ C
Mo r fit o ..F CBs VS OB
<- 10:— CBd =1.14+£0.11 suhmer22 < 15:_ S (I) S summer22
i d)Bd =(-3.4+£20)° 105_
5 :
. S5
O + oF i
_5:_ _55_
; _10E Cs, =1.14+0.08
10 - ¢, = (-0.3 £
I CBd VS 0Bd _15;_ 6-6)°
B ; — '1.I5' — 200-”"0!5””;'"'1!5"('3'2
CBcl Bs



Details if you want ot see how it works
NP parameter results

ANP (NP SM ; ASM
= (1 + A—gM e2i(¢q "~ )) AsM e2i%q

s}

S . soF ° . sof
(a B o =
Z_e_-o 601 summer22 Z_e_“’ 60k summer22
40F 40
20 20
o o
20F —20F dark: 68%
~40F B ~40[= B
N " SM: red cross
—60F —60F
- d - S
-S0p | | F | |
o 02 04 06 o 02 04 06
NP ; Ao SM NP/ A SM
ANP/AS ANP/AS

The ratio of NP/SM amplitudes is:
< 25% @68% prob. (35% @95%) in By mixing
< 25% @68% prob. (30% @95%) in B; mixing 20



Details if you want ot see how it works

To evaluate which constraint we can put on contributions from
New Physics amplitudes is a delicate problem and often is Model dependent.

Out of these measurement there a general agreement that we have limited
the contributions of New Physics amplitudes (Ayp) wrt to SM ones (Agy)
at the the level of

A
R=A—NP < 20%

What does it imply ?
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What happened since....

Many new (or more precise) measurements

to constraint UT parameters and test New Physics

oh.
a . -
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L N o i 4
a4 0.3
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08
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A (L]  JF
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sin(2p™) = sin(20;") XD

204052+

1072t

L~ orkosis
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—4—0.88+0.154 003 5%

PRELIMINARY
bccs World Ayerage 0.67 £ 0.02
% BaBar - I D.2610.26+003
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= Ball — 0641010+ 0.04
2 Baga | osoouem
X Ball : 0.30+032+008
xfﬁrsa —H. 05540204003
Bell ———i 087+0.31£0.08
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007703
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0641004
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http://darthvader.roma1.infn.it/maurizio/utfit/2bpg/ckm-s2bpg.html
http://utfit.roma1.infn.it/btaunu/ckm-btaunu.html
http://utfit.roma1.infn.it/btovg/ckm-btovg.html
http://utfit.roma1.infn.it/ckm-constraints/01-vub.html
http://utfit.roma1.infn.it/ckm-constraints/03-dmd.html
http://utfit.roma1.infn.it/ckm-constraints/04-dms.html

The indirect searches look for “New Physics” :
through virtual effects from new particles in loop corrections : eff

charm quark from FCNC and GIM-mechanism K°> up

3'd generation from CP violation in kaon (g,) KM-mechanism

heavy top from B oscillations Amg

success of the description of FCNC and CPV in SM

PIBOIO

: "Discoveries” and construction of the SM Lagrangian :

* SM FCNCs and CP-violating (CPV) processes occur at the loop level

* SM quark Flavour Violation (FV) and CPV are governed by weak interactions
and are suppressed by mixing angles.

* SM quark CPV comes from a single sources ( if we neglect 6 cp )

New Physics does not necessarily share the SM behaviour of FV and cpv’3



