Physics at LHCb 2

lll. Measurements @ LHCb
IV. Plans for Upgrade 1 and 2
V. How to do precise measurements:
* mass and momentum resolution
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Heavy flavour physics - parameters %

We have two aims: either confirm Standard Model or/and find evidences of

Vua Vi Vub
Physics Beyond the SM Y s B
Y y Vekmr =\ Vea Ves Ve
Decay rates are used for absolute BR measurements and observation of CPV Via Vis Vi
in decays
CKM matrix elements are obtained with: 1 1 137
decay rates measurement Vekm = | =1 — 21°e9 1 A2
angles.... et —Aets 1

Vekm €lements are complex numbers (absolute value and phase) Jun

proportional to the transition amplitude between quarks

VuaViptVeaViep+VigVy =0

CKM matrix must be unitary, so we have conditions on its parameters:
VuaVip+ VeaVep* VeaVip = 0

VusVab* VesVept VisVi, = 0 (+ 4 more)
and can be represented as triangles:

V::rd Vidg + VHUS Vis + V:Jb Vie = 0
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&“M CP violation in mixing %

= Weak interactions makes possible the change of quark flavour. ! mﬁm b
This rule can do some magic transition from matter to antimatter: 0 _
B u,c, by U, c, 1t Bf}

= We found that having started the AN

observation with a P meson, after b w 9

some time t we can have P° (P has q u, C, t b

oscillated to E)!

14 14 BY

= SM and Vg provide us with the
parameters of oscillations
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Time evolution of neutral mesons* lll

1. The eigenstates of effective Hamiltonian (weak) written in the form:
|P;) = p|P®) + q|P°)
|P,) = plP°) — q|P°)

p and g are complex numbers satisfying: |p|? + |q]? = 1 (for K and Ky : p = q =

[\.>|”k
—

2. Solving Schrodinger equation we see time evolution of the eigenstates:
_ifm. L1
IPy(0)) =IPy) e (M=)t

P, () =|P,) e (M2

These relations show that the original P° meson after some time can either convert to PO or decay.
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Time evolution of neutral mesons* lll

9. Finally the time evolution of weak eigenstates as a combination of flavour eigenstates:

(| 0 = 0 2 _0\ . i . [ g
POO) = F@IP) + o F-OIP) | o %[e_uml-irl)t 4 o-itma—5ro)] “’f@@ @“@w!
—a =5\, P
Po(t)) = f.(O|PY) +=F_(t)|P°

[PP®) = £.®[P°) + 5 f-©1P°) g0

2 1 —1 1 l 2
If(®)] :Z[ T1t 4 =2t 4 De™ cos(Amt)] 1::11"'13
2

]

10. The time evolution of mixing probabilities, i.e. the interference term

probability that having started the observation with a P°
meson, after some time t we still have P° (or it has oscillated| P(P° — P%;t) = |(P°|P°(¢t))|? = |f+(t)|2

to E):

P(P° - PO;t) = |(PO|P°(1))|? ‘ f- (t)

. J

Let’s look closer at the parameters of flavour oscillations:
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I1l. Measurements @ LHCb
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!“M CP Violation (in decay) %

1. One of the simplest way to discover CPV is to compare the decay rates I'(P — f) with I'(P) — f

2. If we define the asymmetry between CP conjugated decays, for charged and neutral mesons:

B~ - KKK~ Huge direct CP violation in decay amplitudes BT - KTKTK~
seen in B"/B* decays

N X1'03""'|'J_|'|""J_" g =
O s i T TE T s
% i ~BKKK | |m %
O 10} N Combinatorial | é s
= g T —Bod-body | 2T
S f v BFomt KK = Q
= 6 ] —B K sg
7)) i =
S s g
5 2 : | &
= b l

@

i S A Ertvior ! o . I
5.1 52 53 54 55 5.1 52 53 54 55
mK K'K) [GeV/i2]  m(KKK) [GeV/c]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112004

&“M CP Violation (in decay) March 2022 %

1. One of the simplest way to discover CPV is to compare the decay rates I'(P — f) with I'(P) — f

2. If we define the asymmetry between CP conjugated decays, for charged and neutral mesons:

— — — . . .. . + + ot
B - Tt n'r Huge direct CP violation in decay amplitudes B> '
seen in B-/B* decays
X
--I 2 - I L] I_ I I_I _I I_ I_I L] _I L] | L] | L] _I .
= L8} Prakming LHCh « data b)
g 6k Y 5.0fh’ miodel =
=14k 4 — B = an w
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= | - -BF =K% | >
E (.5 T + T o
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https://moriond.in2p3.fr/2022/EW/

!“M CP Violation (in decay) %

1. One of the simplest way to discover CPV is to compare the decay rates I'(P — f) with I'(P) — f

2. If we define the asymmetry between CP conjugated decays, for charged and neutral mesons:

B~ - KKK~ Huge direct CP violation in decay amplitudes BT - KTKTK~
seen in B/B* decays

s Can you find the quark " _\\K
_/C ~ . transitions (change of flavour)? s
I .

V. and V. B

This shows the connection between ,simple”
counting of decays and the Standard Model
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Sides of the Unitary Triangles

Sides of the UT can be measured with:

Vs K decay K10 - g0t [ty sin9;
/% Charm decay D& — utv, BR
Vep B decay to charm

VudVup +VeaVep + VeaVip = 0

b-c 0
transitions B™ mixing

b-u
transitions

AGH UST Krakow
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Angles of the Unitary Triangles

Angles of the UT can be measured with:

Short history of flavour physics:

1. First B physics experiments were build on symmetric
electron-positron collider:

e Petra (DESY) in 80’ties
e LEP at CERN in 1994-2000

2. Then two asymmetric B-factories (currently not taking
data):

* Belle (Japan)
* BaBar (SLAC,USA)
3. LHC
 LHCb - dedicated B physics experiment

B » gt~ sin 2a

Weak phase Bs

« CMS, ATLAS also interested in heavy flavours
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L 0 0 I
Mixing of B” and B¢ meson* Il
AGH
1. Like neutral kaon system, neutral B mesons may also oscillate: (B_O - db) b u,c,t d}s
0 =db
2. The top quark transition has the dominant amplitude: B W W+
B = sb
A x z all pair of quarks Ay;A; — =
pair of q pidjp BO = ds _ - _
d.,. 1.C.t b
B® = db BY = db BY = sb B? = ds
illati Am Am
Oscillations parameter o = Md . 0.72 2, = Ms ~ 24
I, [
~ .10-13 ~ -1
Large mass difference Amg ~ 3_'31 10 GeV Ams ~ 17.8 ps
~ 0.5 ps
. . . AFd -3 Al_‘S
Small lifetime difference Xqg=—=—=~5-10 Xg = T ~ 0.1
d S
%— sensitivity to weak q _ VeV B q _ VsV -5 q |Mj,
phase P VoV P VoV p M

AGH UST Krakow

CPV in Heavv Flavour Phvsics



@M Overconstraining CKM matrix %

CP violating CP conserving
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Mixing of B® and B¢ meson*

AGH
1. The weak B-meson states are a combination of flavour states:
B,) = p|B°) + q|B°) |By) = p|B°) — q|BY)
2. In terms of the CKM elements q/p is given by:
. here d is replaced by s in case of B J q_ VisVin —i2Bs
q _ [I;tdl‘;t*b P VeVis
p tbVtd _ E _ _ W _
b—————>——35 — NN
so now the physical states are written as: B’ W§ W§ B’ B’ £l £ B’
|B,) = 1/V2[|B®) + e~128|B0)] s b SV D

|By) = 1/V2 [|B®) — e~28|BO)]

the eigenstates of the effective Hamiltonian, with definite mass and lifetime, are mixtures of the flavour eigenstates
and S is also called the B? mixing phase
3. The states B; and By are lighter and heavier state, with almost identical lifetimes: [} =[; =T

4. The mass difference Am between them is greater then in kaons.

AGH UST Krakow CPV in Heavv Flavour Phvsics



Mixing of B® and B¢ meson* I

5. If we write the flavour states as a combination of weak states:

|B®) = 1/V2[|B,) + |By)]

then the wavefunction evolves according to the time dependence of physical states:

|B()) = 1/V2{a(t)|B;) + b(t)|By)} -

where time dependence of coefficients is:
. i .
a(t) = e~ ML=t b(t) = e—i(mH—%F)t

Now substitute a(t) and b(t) and |BL'H) into time-dependent wave function.

Do not forget to express mass states as a combination of flavour states....

|BL) = 1/V2[|B%) + e~2f|B0)]
|By) = 1/V2 [|B®) — e~28|BO)]

AGH UST Krakow CPV in Heavv Flavour Phvsics



Mixing of B® and B¢ meson* I

6. Now substitute a(t) and b(t) and |BL,H) into time-dependent wave function:

|B(t)) = 1/v2{a(t)|B,) + b(t)|By)} |B) = 1/V2[|B°) + e~F|BY)]

|By) = 1/¥2 [|B®) — e™2F|BO)]
_ iy _ pitmu—3D)t

... and calculate the probabilities of the state to stayasa |B?)
0 0 0 0\[2 —T't 2 (Am
P(B°(t=0) - B"t) =|(B°(t)|B")|* =..=..= e" ' cos“| —t

7. The same calculation can be done for B

AGH UST Krakow CPV in Heavv Flavour Phvsics



&“M CP violation — three ways %
P P _
l. CP violation in decay (direct CP Violation) _’<: f _< f

Il. CP violation in mixing (indirect CP Violation)
PP P P —
\ f O : < f

lll. CP violation in interference between mixing and decay
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&“M CP violation - it’s all about amplitudes %

= One of the simplest way to discover CPV is to compare the decay rates I'(P — f) with I'(P) = f
F(P_)f) OCNcand

= This is a method for direct CPV in decay amplitudes, when
two amplitudes with different phases interfere.

= |f we define the asymmetry between CP conjugated decays, for charged and neutral mesons:

r{p-f}-r{P - f}
r{p-fr+r{P-f}

cPdir —
where:
2
F@*D“MH

= Amplitude Ay is defined as a matrix element that describes the transition between state P and f,
such that P — f depends on: Ay = (f|H|P) and P — f on: A; = (f|H|P)

."-A._Ob’quowska—Mucha AGH-UST Krékow




&“M Essence of amplitude interference %

A; = (final|H;|initial) A; = A
_ |Aj |8+i¢>}"e"1k - |A ‘ Ie_igb;veak In case of only one decay amplitude — the
- J decay rates are equal:
A; + Ay / r(P-f)=rP-f)
2
5 and no CP violation occurs.
i )___3_? _____ For two amplitudes the decay rates may
Aq differ and the asymmetry is sensitive to
relative phase
- z P s 4+ A AL = |4y’
P(i — f) = A1 + Ay PG — F) = | Ay + Ay PR il

T —2 2
[Af|” + | Af]

= A1 + 2| A | Aa[Cos 62 |4

P
<
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&“M The weak phase ¢

The weak phase ¢s can be extracted from tagged Bs decays to CP eigenstates: B = J /Y ¢

F 3

b Yo yw é V“f’-.,,_+ i
B! V;<§ ! Decay Bj V;<§
D ‘
g s )8 ¥
b Vi Vi S h Vi Vi S
ERNE

BY i i B! Mixing B} wf.t wf.t B
ucr o

T v b AR

v

$; = —0.036 + 0.002

-

LJ /W

LD

Viol VdVa

VAR Vi
v usvs

Y
o

-k

| &Y

Very small value of ¢ is predicted in SM.
So any deviation from zero is a sign of
new particle exchanged — Physics Beyond
the Standard Model
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ﬂmﬂ Golden channel for sin 28 %

AGH

1. The process B® — J /1 K is called the ,,golden mode” for measurement of the £ angle:
a) clean theoretical description,

b) clean experimental signature,
c) large (for a B meson) branching fraction of order ~104.
2. This is a process with interference of amplitudes with and without mixing:

Amplitude 1 Amplitude 2
d KS d U,C,t b b J/T,IJ'
% WA
‘E i ﬁ) U _: El El K .
I/ - > (9=2p)

3. The [ angle sensitivity comes from the B° & BO mixing due to the f — d and t — d transitions.
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ﬂmﬂ Golden channel for sin 28 %

AGH

1. The process B® — J /1 K is called the ,,golden mode” for measurement of the £ angle:
a) clean theoretical description,

b) clean experimental signature,
c) large (for a B meson) branching fraction of order ~104.
2. This is a process with interference of amplitudes with and without mixing:

Amplitude 1 Amplitude 2
d KS d U,C,t b b J/T,IJ'
% WA
‘E i ﬁ) U _: El El K .
I/ - > (9=2p)

3. The [ angle sensitivity comes from the B° & BO mixing due to the f — d and t — d transitions.
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mmm Golden channel for sin 28 %

AGH

I
4. We need to calculate the asymmetry of the type: | 4, (¢) = —Ff
_I_
f

2
and remember that decay rate depends on (see lect 4): T'(B = f) o< |As|" = |41 + 4,7

Amplitude 1 Amplitude 2

I/

/4 ﬁ’ 2kl i
b= _—T
I'{B—J]/Y Ks}—T{B~]/{ Ks}

A = — =
2 2

[B—J/Y Ks) =

—sin 2f sin Amt

-~
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!"M Time integrated methods B? - D;K*: CKM y angle %

. , GLW ADS
= This is a measurement of angle y with the processes

B* - DK%, @ D°k* pY @ DK+ e
= Plenty of methods which differ by the final states: + (K‘K*) K+ B+ ( K- m*
D

mmt K ntnnt

B
Interference between two diagrams: k_’ Dok + J k_» Do+ ‘

3

S ; K — e

) K*

b ¢ _\_
, [ - Sl
u 7y u U
X VcbV:w X Vusz‘S
colour allowed colour suppressed

a r{B- - D°K~}—T{B* - D°K*}
P r{B- - DK~} + I'{B* - DOK+}

R

X siny
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mmm Time dependent methods BY - D;K*: CKM y angle %

AGH

B! and B_(S) decay to the same final state. Vyal Vil V,ple™t
Vekm = —|Veal |Ves| Ve
v Viale ™ —|VisletPs Venl
v cs S 1 ) §
ub W o DS I H*+
Ef} [ b C 1 U.'
® E _.\u 1 _’_\\ E -
| * + | DS
S K S |

B? and BYcan oscillate into one another.

So we have interference between two processes:

—2Bs(f
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!"M Time dependent methods BY - D;K*: CKM y angle %

We have some experience in decay rate equation...

The probability of B meson decay to final state f is given by the Fermi golden rule: @ DIK
Cgo (O ~I(fITIBO(O)I? ~2B(f j
and we can try to calculate it... ~V Bg 4
2 —Tst ATt ATt
Fpo((t) = |Af| ( |/1f| ) coshT + Dy sth + Cr cos Amt — Sy sin Amgt
2 —Tst
2 |p 2\ € st AF t AF t
Fo((t) = |Af| — (1 + |/1f| ) > coshT + Dy sth — Cr cos Amgt + Sf sin Amt
5 _
2Rels 1— || g _ _2imiy Lol a4
D =——% Cp=—""> A i—— F=T T 54,
1+ || 1+ || 1+ [ 2] r P4y
Ar = (fIT|B?) A= = (f|T|B2) I'(P - f) < Ncana
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lllm“ More and more precise %

AGH

ISy rrrr T EE
L

1.0

0LE

sl wesadg=i 4
ool W EL= 0BG -

P .
15 20

http://ckmlive.in2p3.fr/
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Heavy flavour physics — spectroscopy
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mmm The Ultimate Quest to find New Physics %

AGH
B - ptp~
e Purely leptonic flavour-changing neutral current mediated decay

* In SM tree diagrams are not possible, only pinguins and boxes

e Clean probe of new physics

-9
(.’\.: L | ! ! ! ! | ! ' - ’l‘\07 XIQ I I T [ T T l T I
= B LHCDb Preliminary —e— Data ] 3. I contours hold 68%, 95%, 99% CL .
S 40k 9 fb! g Total - 5 0.6 - Preliminary LHC]ZZ —
E B BDT 0.5 = sl ] - 447" 1
£ 30 — B E Tos-
o — Bloutuy . 0 -
~ HN 7N e B—h'h - E’OA —
§ 20 X,—huv, _' L
"g ------ By 3 03—
S F LN . T4l e Combinatorial 7 L
510 E o2l
O = — bd 1.1 .
C 1 . . . . 1 . . . . ] B o
5000 5500 6000 09 I
m,.,- IMeV/c?]
0 +,,—) — +0.37 -9
B(B? - utp™) = (2.69133%) x 10 2.10 away from SM
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mmm The Ultimate Quest to find New Physics LHCH-PAPER. 221001 e %

23 March 2021

AGH Nature Physics
e no T
L] . W— W— W_
Lepton universality g< "'9L< g< b s
7 Uy vy ¢ e
* SM couplings of charged leptons to gauge bosons are identical . .
* Very clean and precise measurement at electron collider e —
2 5F LHCb B SM predicion
.. . . Q E —=— electrons 9fb" ]
Observables are sensitive to new (virtual) particles T 4F e muons 36"
X C ]
S 3f E
S LHCb b 6001 LHCb y 25 — ]
> —4— Data 9 fb! > F —— Data 9 fb! s “F E
= — Total fit s 00F — Total fit 5 f —
3, wwewee BY > Ke%em ™~ 100F e BY S KT 1 r 1
~ B3 Jylete)K” = : Combinatorial 0:_ R R S
@ [ Part. Reco. 2 300F 0 5 10 15 20
= Combinatorial :'t'f' ¥ g* [GeV?/c4]
= S 200f
= SR _ +0.042 +0.013
S “ 100f Rk = 0.846 5035 (stat) Zgo1z (Syst)
0 CLL e PR T TP .
e 5200 5300 5400 5500 5600 p-value under SM hypothesis: 0.0010
m(K e*e™) [MeV/c?] m(K"u* ) [MeV/c?]

evidence of LFU violation at 3.10
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https://arxiv.org/abs/2103.11769
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AG

H

The Ultimate Quest to find New Physics — Dark Matter

Dark Sectors

(neutral under SM forces)

1.

als

b

port

Dark photons searches A" - u™u~ : #
* massive
* massles

meson decays ~ SM * Drell-Yan m

108 90% CL exclusion regions on [m(A4), 2]

B LHCb prompt-like
I BaBar

| KLOE

107”7

1 10
Phys. Rev. Lett. 120, 061801 m(4') [GeV ]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
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IV. How to do precise measurements

 flavour
* time

* mMass
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@w Flavour physics — how we do the measurement? %

Point of creation and decay — primary and

secondary vertex. "V”W" li8

= Tracing detector with sensors as close as

possible to the proton interaction point. =——" /=;f=j='% ﬂ_,:.__;,___;%;;

= Distance between PV and SV is converted into

cime of Ife. |

~ 100 um /7 Pointing
/ Angle 8
A
B "
L e T : DC reconstructed
". = ij " P a momentum
-z DO flight line ‘
_»w 4 secondary
! ry vertex vertex
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&“M Mass and life-time distribution — selection and fitting

N
Il
ey
I
<y
=
Lo
1
1
=
A
|
|
|
=
=
|
Candidates/(2.0 MeV/c?)
s 73
III|IIllllllllllllTllllTlIII|IIII|

- = :
D. 30000
20000
10000 /\ E
.............................. .
0 == s Y A

1.85 1.9 1.95
hhh mass [GeV/c?

— o

track reconstruction

particle identification

1400

LHCb

preliminary

LHCD

preliminary

pre-selection a0

17500 n

—
w
]
]
=

= B* . DK*
—_ B* . Dt

B" . D*(— D[xF))h*
B B* — D (— Dr"))R*

selection 1000

12500
— BE _, D*

800 10000 — Bt . DK

multivariate analysis

S e e e ~— S—
2

Candidates / (5 MeV /c
Candidates / (5 MeV /c?)

B* . D*(— D[y))h* BY — D*(— D[aT|)h*
_ . _ 600 B* . DixJh* 7500 W B* . D*(— Dix°)h*
BY ., DOiat KT B . D*(— D[y])h*
6 d IStrI bUtIon flttl ng 400 - P;rt-. rcco[:ﬂ-m]is—ID 5000 BE — D[:]hi "
Combinatorial - Combinatorial
200 W Data 2500 s Data
0 L =T L L e e e
5200 5400 5600 5300 5200 5400 5600 5300
m(DKL) [MeV /] m(Drt) [MeV/e?)
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!"M Precise determination of the B_.°-B.° oscillation frequency %

Visual example of the quantum-mechanical nature of our universe

S b
ATt ;
P(t)~e T [cosh( 5 ) + C cos(Am, t)] B w w OB
t
b S

dancer oscillating in front of CP violating mirror. In a

ATns = 17.7683 £ 0-0051(5tat) * O-OOBZ(SySt) pS_l given time slot the image in the mirror is different
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@M B® or B°? %

opposite side | same side (vertexing)

1. Need to determine: opposite 1” Decay mode
_ ] side lepton : T tags b flavor
a) Flavour at pI"OdUCtIOI’] < tagging . fragmentation
| kaon .. at decay
b) Flavour at decay, from final state - | |
D meson .
c) B decay length B jet r— - u
i Bs
. Collision Point L,, typicaly 1 mm
- : xy
Tagging p.ara.meters Creaonofbb = o~
- dilutionD=1-2w o ot=ly—=
- w = mistag probability | ‘
- ¢ = efficiency 10} Prompt D)(—or) 5, = [36.3,41.0] fs «10° Prompt D)(—¢r) | 5,=1363,41.01 5 |
~ 18 . . - - = ~ < F . - : :
- 2 — i i L . : = 35F JDATA 2018 E
eD? = effective tagging S I & gf;mzmg £ oF D .
power s 12 % Bke — 25F 72
2 10 A 3 £ 20F T
< 8 2 15 3
z 4 0
§ 2 ,/ AN = SE 3
B st o . =
U e e R A R ] — Lo — I e L —
B 3 —§ frreme | [ P ———— | ———
1940 1960 1980 2000 ~1000 500 0 500 1000
m(K'K'm) [MeV/c?] t (D_+track) [f5]
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&“M Time measurement %

Decay time and oscillations:

-t

N(t)=N(@) e "t =N(0)e™ 0| B —
I

+ oo =>

05 L

0.0 2.0 4.0 6.0

Detector acceptance:

400—
%0‘9:— as0—
5 r -
5 071 300—
2 - -
8 06 =
é F 250 —
T 051 C
(%] - L]
gk => a
04— -
03 150:—
02 100
0.1 50—
ob o PP I IR PR P D:‘ L N
05 ! 18 2 25 s 85 4 0 05 1 15 2 25 3 35 4

B decay time |ps|

B decay time [ps]
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@M Time dependent B? —» D; K* detector effects

real data

time resolution >
acceptance & cuts >

tagging >

The finite decay-time resolution of the detector leads to a dilution of the
observable oscillation if the resolution is of similar magnitude compared to the
oscillation period

=50000

45000

= 40000

Z 35000

= 30000

% 25000 E

dar(e)ecc dr(t) 320000
— ]

= X a (t) & 15000

dt dt 10000

5000

= acceptance

//

I'IJI:-M
1= 1
[~
tad L
=

-
LA
o
-~
B

9 1 12 1 14 15
(B) [ps]

P(t;0:,q,d.if) ~ e(t) - P(n°®) - P(*®) - P(6:) f R(t —t'|6,) - Pa(t'|q, d, 77)dt

1: mistag estimation
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@M Time dependent B? —» D; K* detector effects %

B[ o F & LHCb
real data 0 Lor — 90152016 ace.  — 2018 acc. 0.3 < = 800}
S - 2017 acc. —+ Data acc. ::“ < + Data
= | Decay PDF = z 0600 —B! = DJK*
g 102 = k5| s
time resolution g g = 400f
a = 5 i
[y . “ 2001
o 10.1 [
= 0
acceptance & cuts g %
£ | R
5 0.0 :3 +

7[ps]

_ N(B® - D*n*) — N(B® - D*n)
B0 _ DTt Agig = N(B® = DEr*) + N(B® — D) JHEP 06 (2018) 084

E WE ] § S o ;

=z C —Fit . - = 3

- L ---- Efficiency _ & = 3

= I oT T TP * _; ;-I‘"'\ EI g

tagging © Ok 1 = ke E
ok ] 2 e ;

: 1 5 5 E
|:||||||||||||||||||||||' w : | A ¥ _E

2 4 6 8 10 12 SE— S E— 10 =

Decay time [ps] Decay time [ps] Decay time [ps]
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% Flavour Tagging llﬂ”lJ

= |n LHCb we have two method of tagging the initial flavour of B-meson: 55 Pion
SSK ;
« same side taggers (SS, about 37% B candidates): oy 55 Kaon NNet Signa decay
SS Proton -

- search for the additional kaon or pion accompanying the / SS Pion BDT % \

(u) ‘
fragmentation of the signal, / \ B

opposite side taggers (OS, 79%) use: Same Side
- charge of the lepton (e, n) from semileptonic B decays, Opposite Side 05 Kaor
OS K. NN
- charge of kaons from b = ¢ — s chain, charge of the |nclu5|ve /%\/’C\/’. -
secondary vertex reconstructed from b decay. @ﬁ‘/\‘.
0S Muon
« 31% B mesons are tagged by two taggers. Da gy X Charge 08 Elsotron
Ntagged
Etag = 2998 ~ 75%
Ntagged + Nuntagged

= The fitting parameters are diluted by: A,,.qc = 4, (1 — 2w),
, w € [0;0.5];

N wrong tagged

- mistag probability w = N tagged

- effective tagging efficiency E¢rp = Ergq(1 — 2w)? is above 5%.
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@M Time dependent B? —» D; K* detector effects %

simulation . .
time resolution acceptance
S a00f- 400 — 400|—
z E -
£ 350 350 — 350 —
5 300 300~ 300 —
N = -
£ ot i -
3 2501 250 5 250/ —
200F 200{- 200—
150 150~ 150 —
100/ 100 100/
50— 50— 50—
: 11 11 | 1 111 | 1111 11 1 1 11 : T——— 1 O : L L L L L L
% 05 1 15 2 25 3 35 4 % 05 1 i5 25 3 35 0 0.5 1 15 2 25 3 B ol ime (st
B, propertime (ps) By propertime (ps) s propertime (ps)
T 200 E
| = 400 —
= 180— =
a E r
_ £ 160 350~
s E
tagging % ot -
5 120 a50F—
100— F
E 200—
80— E
60— 150 ;—
40— 100 —
20— 50 i
oE | I Ll | \ \ i -
(] 05 1 15 2 25 3 35 4 oF ‘
B, propertime (ps) 0 0.5 1 15 2 25 3 35 4
B, propertime (ps)
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!“M Time measurements - background

(9

6
10§ 185 Iong-livea. background
184 prompt toys 104 Prompttoys .

103 . resolution 103 .

z 102 4 \h. = 10° \Th,.

10* , 10t
1071 101
1072 1021

—-10.0-7.5-5.0-2.5 0.0 2.5 50 7.5 10.(

-10.0-7.5-5.0-25 0.0 25 50 7.5 10.0
t [ps]

3 -2 -1 0 1 2 3-3 -2 -1 0 1 2 3
tobs — Ttrue [PS] tobs — Lirue [PS] t [pS]
10°] . - 106 ]
105 wrongly assigned origin vertex 105
104| prompt toys . 10¢] prompt toys
103 ° 3
= 102 ] 10 1 ..
_ = 102 1 |

101, . (gt 1 _ \u"]
10°] l 10 R g

10—1_ 100 |

10—2 | | : : : : : ! 10_1 1

—10.0-7.5-5.0—-2.5 0.0 2.5 5.0 7.5 10.0 102 ,

t [ps]
t [ps]
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!”M Measurement of the momentum %

= Momentum p measured with the radius of curvature in a magnetic field

tracking PID muon detection

acceptance
limit

incident magnet calorimeter
beam (dipole)

."-A_._Ob’fakowska—Mucha AGH-UST Krakow




mmm Identification — %

AGH vy

= We can identify stable particle, i.e. particles that do not decay in the detector volume, like T, K, p, e, u
= Particles can have the same charge, spin and other properties.
= To distinguish them, one can use:

v’ Particle mass — different particles have different mass. RICH — Ring Imaging Cherenkov radiation
v’ Lifetime - different particles have different lifetimes.

v" Type of interaction with matter.
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Future of Heavy flavour physics —

Upgrades

Run |
(2010-12)
Integratgd 3 -1
Luminosity
Energy Vs 7-8 TeV

LHCb up to 2018 28 fb-' @ 13 TeV:
find or rule out the evidences of New

Physics and sources of flavour
symmetry breaking

searches of rare decays and exotic
states,

physics in the forward region.

Run II Run IV-V
(2015-18) (2025-28, >30)
8 fb 23 fb-" 150 fb-"

13TeV 14 TeV 14 TeV

Upgrade of LHCb during L82

."-A._Ob’quowska—Mucha AGH-UST Krékow

LHCb Upgrade + HL LHC 2 50 fb-' @
14 TeV:

= increase precision on quark flavour
observables,

= aim — experimental sensitivities
comparable to theoretical
uncertainties,




‘L“]M Summary

There is the Large Hadron Collider that accelerates and
collides high-energy protons.

LHCb spectrometer is designed to study quark transitions
in weak interaction to explain matter-antimatter
asymmetry and search for New Physics evidences.
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https://www.facebook.com/fizagh/

!“M Physics @ LHCb - zagadnienia %

LHCb — eksperyment do precyzyjnych pomiardw w sektorze ciezkich kwarkow.
Macierz CKM — parametryzacja Wolfensteina i tréjkaty unitarnosci.

Zwigzek miedzy macierzg CKM a Modelem Standardowym.

Trzy sposoby tamania parzystosci kombinowanej CP.

Metody obserwacji CPV — przyktad eksperymentalny.

LA S o o

Czynniki wptywajgce na pomiar czasu zycia i masy:
* precyzja wyznaczenia wierzchotkow (pierwotnych i wtérnych),
- parametr zderzenia
* mozliwo$¢ pomiaru niskich pedéw 250-500 MeV/c i p,<500 MeV/c
* wyznaczenie pedéw z precyzjg 0.5% -1% (200 GeV)
* czasowa zdolnos¢ rozdzielcza: 45 fs
» identyfikacja hadronéw w szerokim zakresie peddw (do 100 GeV), ok. 95% efektywnosci

* znakowanie (tagging) zapachu mezonu, ok 5% efektywnosci
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Heavy flavour physics - parameters %
We have two aims: either confirm Standard Model or/and find evidences of
Physics Beyond the SM Vua  Vus Vup
Vekm = Vea Ves Vep
Decay rates are used for absolute BR measurements and observation of CPV Via Vis Vi
in decays
CKM matrix elements are obtained with: 1 1 137
decay rates measurement Vekm = | =1 — 21°e9 1 A2
angles.... e~ —Ae™"s 1

Vekm €lements are complex numbers (absolute value and phase) Jun

proportional to the transition amplitude between quarks

VuaViptVeaViep+VigVy =0

CKM matrix must be unitary, so we have conditions on its parameters:
VuaVip+ VeaVep* VeaVip = 0

VusVab* VesVept VisVi, = 0 (+ 4 more)
and can be represented as triangles:

V::rd Vidg + VHUS Vis + V:Jb Vie = 0
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ﬁ% LHCb spectrometer

AGH

The detector dedicated for studying flavour
physics at LHC.

Especially CP violation and rare decays of beauty
and charm mesons.

VAT S
.

| -
———— P
lit _':ll-l|
L HRERLY i .
v il L
- . & !
e N o] o
=t i~ p. 2L |

Physics program:
e (CPViolation,
* Rare B decays,
* B decays to charmonium and open charm,
e Charmless B decays,
* Semileptonic B decays, .
* Charm physics, paton 1\, Parton
* B hadron and quarkonia, ’* é@
e QCD, electroweak, exotica ... «"b

op5 = (75.3+14.1) ub

0.c = (1419 + 133) ub Vs=7TeV

Excellent performance:

3 fb! accumulated in RUN |, 3.26 fb in Run II;

Excellent time (50 fs) and Impact Parameter resolution (20 um);
Precise tracking: 6p/p~0.5 — 1% (up to 200 GeV);

Hadronic identification 2-100 GeV/c
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‘L\“]M Energy measurement %

= Electromagnetic calorimeter used for the measurement of electron and photon energy
= Hadron calorimeter — helps to distinguish hadrons

."-A_._Ob’rakowska—Mucha AGH-UST Krakow



@IM CPV in Standard Model %
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@IM CPV in Standard Model %
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mmm Track reconstruction™ %

AGH

* see additional slides!
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