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LR centents

Lecture 1:
— Introduction to “heavy flavour physics”

— The Experiments:
Flavour physics at e*e- and at hadron colliders

— CKM matrix and types of CP violation
— Precision measurements of the quark mixing matrix

Lecture 2:
— “Golden modes for New physics searches” — loop zoology




 Indirect searches for New Physics

* High energy:
“real” new particles can be produced and
discovered via their decays

* High precision:
“virtual” new particles can be discovered in loop processes

Direct and indirect searches are both needed,
both equally important,
and complement each other




 SearchesforNew Physicsin Flavour

Contribution of New Physics as correction to the Standard Model

Standard Model




 SearchesforNew Physicsin Flavour

Contribution of New Physics as correction to the Standard Model
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What is the scale of Ap? What is its coupling Cyp?




. Bamplesfomthepasti

GIM Mechanism

Observed branching ratio KC—upu

BR(K, = pu"u")

- (7.2+0.5)-10"° K°
BR (K, — all)

In contradiction with theoretical
expectation in the 3-Quark Model

M ~ sing, cos @,




. Bamplesfomthepasti

GIM Mechanism

Observed branching ratio KC—upu

BR(K, > #17) _(79405).10- K®
BR (K, > all) -

In contradiction with theoretical
expectation in the 3-Quark Model

! 1

M ~ sing, cos @,

—-sing,

Glashow, lliopolus, Maiani (1970): yzi
Prediction of a 2"d up-type quark, K°

additional Feynman graph cancels

the “u box graph”. cos @ ut

M ~ —sing, cos 6,




. SttusofseahesforNP

» Before the LHC, \p~1TeV was expected
— Fine tuning at EW scale reduced

— But: NP effects expected in flavour physics - NP flavour problem
- Ad-hoc solution: introduce Minimal Flavour Violation
to avoid fine tuning in the flavour sector

— After Higgs discovery: scale of New Physics fully unclear




Status of searches for NP

» Before the LHC, Ap~1TeV was expected
— Fine tuning at EW scale reduced

— But: NP effects expected in flavour physics - NP flavour problem
—> Ad-hoc solution: introduce Minimal Flavour Violation
to avoid fine tuning in the flavour sector

— After Higgs discovery: scale of New Physics fully unclear

Importance of Flavour

. - . . :rvv\ r'\‘a Q_"\""
- So far: no significant sign of New Physics ¢l gt i
— The scale for NP get pushed higher cetl + ?
— NP flavour problem reduced ’
—> chances to see NP in the flavour vors
sector have increased ? :
(hypotheses like MFV look less likely) ‘ %ﬂ
R
N. Arkani-Hamed
arXiv:1205.7091, arXiv:1205.2671 Intensity frontier workshop
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Heavy Quark Flavour Physics

* Focus in these lectures will be on

— Flavour changing interactions of charm and beauty quarks

« But quarks feel the strong interaction and hadronize
— Various different beauty hadrons

— Many, many possible decays to different final states
—> Hadronization introduces great complications,
BUT also increases the observability of CP violation effects

« Many aspects of flavour physics left out in this lecture
— Neutrino physics: have own phenomenology
— Light quark flavour physics
— Charged lepton physics
— Top-flavour physics: different, as the top does not hadronize
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Rich phenomenology with beauty quarks

* The beauty quark ...

— |Is the heaviest quark that forms hadronic bound states
—> high mass: many accessible final states

— Must decay outside the 3" family
» All decays are CKM suppressed
* Long lifetime (~1.6ps)

* Beauty-decays:

— Dominant decay process: “tree”
b->c transition

— Very suppressed “tree” b—>u transition

— FCNC “penguin” b-> s and b-> d transitions
— Flavour oscillations (b—>t “box” diagrams)

— CP violation — expect large CP asymmetries in some B decays
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1999-2008

Asymmetric e*e - collider experiments
pp and pp collider experiments




B-factories (BaBar & Belle)

« e*e experiment at SLAC / KEK
* Dedicated B-physics experiment

General purpose detectors
(ATLAS, CMS, CDF, DO0)

« Proton colliders @ CERN / Tevatron
* 47 multi purpose detectors

LHCb

« Proton colliders @ CERN
* Dedicated B-physics experiment




U

Experimental environment: e*e-

Lepton collider Hadron collider
(collision of pointlike objects) (collision of extended objects)

B A |




.~ eeiAgymmeticBFactories

KEKB at KEK
8.0 GeV e on 3.5 GeV e

PEPIl at SLAC
9.0GeV e on31GeVe'

PEP-II
Rings ™

Positrons

Low Energy Ring

BABAR Detector \

’/Electrons

High Energy Ring

| WIGGLER |
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BB pair is produced in a coherent state
- two B mesons evolve until one decays

Cleanest way to produce B mesons:

e*e collisions at

Vs = 10.58GeV

~1.1M BB pairs per fb""
Obp / Ocontinuum ~ 1/3

Y (4S) Energy Scan

PEP-II / BABAR
preliminary

0 0
Eem - M) [MeV]




Kinematics at e*e- Colliders

« Symmetric collider: B-mesons produced ~ at rest
— Short lifetime make flight distance unmeasurably small

« Asymmetric collider (KEKB, PEPII): At = <ﬂAZ>C
with boost By ~ 0.6 ’

 Beam energy precisely known - constrain B kinematics

*

* J * 2 * 2
AE = EB - Ebeam mES = Ebeam = pB

-

4

i 2 oo |
1000 B 2500

Events

0
-0.2 0.1 0 0.1 0.2 52 5.22 5.24 5.26 528 53
A E (GeV) m,, (GeV)
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U

Experimental environment: pp (or pp)

Lepton collider Hadron collider
(collision of pointlike objects) (coII|S|on of extended objects)

[Karl Jakobs]




- PoonColisons

* Protons are complicated objects
— Valence & sea quarks, gluons

« Available energy of “proton” collision
depends on partons

X; = Bjorken x

!
S = xl e xz °S (fractional momentum)

of parton P b,c

« Energy of particular collision unknown,
but distributions known

— hadron colliders “scan” a wide energy range
— Averages' ~0.1s
— Dominant process @ LHC: gluon fusion




~ Eventkinematcs

« B hadron mass ~ 5 GeV
— asymmetric x-values @ ‘—®
— strongly boosted (fy~100)
— average flight length ~ 7mm /b

“Boost
5/
» Boost allows time dependent

analyses of fast B, mixing bb production:
(forward!)

B hadron admixture:
— 40% B° 6'
— 40% B*
- 10% B,
— 10% A, ~ 35 %
— <1% others (B, B*, B**, ..)

ncp



LHC Flavour Physics Programme

ATLAS / CMS LHCb

Forward spectrometer, 1.9<n <5
Lower Luminosity (4x1032cm-2s-1)

« Central detectors, |n|<2.5
« High Luminosity (>1034cm-s-1)

> high pileup ~20 ~ pileup ~1.5

. Trigger * Trigger

— Relatively low rate (~200-400Hz) — High trigger rate (~5kHz)

— High PT muon triggers — Muon & hadron triggers, softer

thresholds

« Analysis — Large bandwidth for charm

— Mostly modes with dimuons Analvsi

— Limited flavour tagging nalysis

— Hadronic and low M modes accessible

« Particle identification — Excellent flavour tagging & o,

— Excellent muon ID
— Limited K/ it separation

Particle identification

— Excellent muon ID
— Dedicated RICH PID (K/ x)
5. Marz 2014 Johannes Albrecht 22167 ik



Delivered integrated luminosity (fb™")

25

N
o

=
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LHC 2012 RUN (4 TeV/beam)

I I ! ! ! ! I T 1 I T

—o— ATLAS 23.269 fb™'
—— CMS 23.269 fb™!
| —o— LHCb 2.192 fb™'
—0— ALICE 9.678 pb~'
PRELIMINARY

23

Month in 2012

(generated 2013-01-29 18:28 including fill 3453)

Mar Apr May Ju uI u p Oct Dec Jan |

Delivered integrated luminosity (fb™")

LHC 2011 RUN (3.5 TeV/beam)

—o— ATLAS 5.626 fb~'
| —A— CMS 6.136 fb™!
—0— LHCb 1.217 fb™!
—0— ALICE 4.877 pb™!
PRELIMINARY

. o -

Mar Apr May Jun Jul Aug Sep Oct
Month in 2011

(generated 2012-06-21 00:39 including fill 2267)

Full dataset: ATLAS =CMS =10 *LHCb

nCP



 Keysforbphysics Il mass resolution

Y(1S), Y(2S), Y(3S)

900—
~ LHCb CMS, /s =T7TeV
__ 800" preliminary Y(1S): 3 \/l--—'I*lpb_l
L 7o0c \s=7TeV 1 o~ 46 MeV w In*| < 2.4
2 00— .[ L~4pb =
= -
N 500
2 400%{2{{*
g ¥
2 300 s
S 2000
o =
100 TR i
o0 8500 9000 9500 10000 10500 11000 11500 120 85 v 95 10105 i 11512
pt = mass (GeV/3?)

M(up*) (MeVic?)

momentum mass resolution
resolution JIg>uu
op/p =0.4-0.6 % 13 MeV
CMS opt/pt =1-3 % 40 MeV
ATLAS opt/pt = 5-6 % 71 MeV

ncp



~ Keysforb-physics ll: IP and vertex resolution

Primary vertex resolutions ( 25 tracks):

LHCb [pm]

ATLAS [pum]

a(x) 15.8 60 20-40
a(y) 15.2 60 20-40
o(z) 76 100 40-60

IP resolution vs 1/pT
Impact parameter (IP): P
905_ —=— 2010 Data,\s =7 TeV .
; .
P, L/ _____ - - . i
SngeaNl ) o(IP) ~ 25 ym
W signal @ 2 GeV/c
0:‘—|)||||

18, (c/GeV)




Photo Detectors c n

Cherenkov Angle (rads)

10* 10°
Momentum (MeV/c)




~ Keysforb-physics IV: Particle Identfication

 The LHCb experiment is equipped with two Cherenkov

detectors

B >hh

_ - B Kn
Kaon identification: K-oK: 95.5% =n->K: 7.1% |:>-

B 5 nn

B, > KK

B->h*h- without and with RICH Particle ID

CDF Run Il Preliminarny dr =6.11 fb™

R I 2Indf = 65.09/79
° o -
s 10°F -5—“
o C gq-.x x
= I A~ K’
o [
a g - KK
8 107
© =
E -
©
s i
(6]

104

5.4 5.6 5.8
Invariant ain-mass [GeV/c?]

300}

200F

100

5 51 52 53 54 55 56 57 5.1 52 53 54 55 56 57 5.8
Kt~ invariant mass [GeV/c ] K n*invariant mass [GeV/c 1

nCP



. BProdtonRaes

- BaBar / Belle CDF / DO ATLAS / CMS LHCb
(ee) (pp) {]9)] (pp)

Vs [GeV] 10.58 (Y(4S)) 1980 7000 / 8000 7000 / 8000
BB production coherent BB Incoherent BB state
state
Oy, [ub] 0.0011 6.3 75 94

in acceptance

L [fb] 550/ ~1000 ~10 ~30 3
bb pairs in 0.01 0.6 22 3
acceptance

[10™]

What does 1/ab mean?
N(bb) = Lumi * x-section

ncp



. |Measuring the
| CKM Matrix

Pick 3 measurements/quantities:
« CKM angle sin 23

« CKM angle y

« B, mixing frequency: Am,




o CRMmamx

[l assume everyone in the room has seen the CKM matrix before]

V.km describes the rotation between weak (d’, s’, b’)
and mass eigenstates (d, s, b)

transition amplitude ~ V,

(d’ Vud Vus Vub d
Quarks  [¢'|=|V, V. V,||s
\b’ Va Vi Vi /lb
(_'\ * * * 3
d| (Vi V. Vi\(d
Antiquarks | s [=[V, V. V,|ls
b \Va Vi Viu)lb

\




o ChMmama

« CKM matrix is complex and unitary S
Vienm Vern =1
* Four independent parameters

— Fundamental constants of nature that must be measured

» Reflects hierarchy of quark transitions

A

4 [t
v >
(0T XS 0




~ \Unirtytiangles

CKM matrix is unitary:

WV, ub” th V'V
CVub"'Vchcb'*'thth O(\ db) /\ /\ (‘:.It)

us ub+V V +I/tsI/tb O(Sb)

cs” ch

VidVie + VeV o + VgV, =0 (ds)

o) . (ct)
e Wy
VidVa V.V + ViV =0 (ut) ViV V.,
ViVa + ViV +VVy =0 (ct) (ds)Vi. VidVea (U(i)

(V 0 VGV ViV =0 (uc) k""‘wfc, v, Vm/

All 6 triangles have the same area, a measure of CPV in the SM




‘AU+AC+A¢ +(\):

® b - d quadrangle in our lap!

_ )\SM

V| = 4.15 x 1073 5
|Vup| = 3.23 x 10~

* '\~
(VeaVi)smr ~m
—0.0094

Ved c’;:

Vird Vi

from: Region A |V V., = 0.0025 (1180° A Vi Vi, = 0.0023 230

® The above CKM4 values are quite large. [Vip < 0.1 necessary]
WSH & Ma, PRD’11

If we learn from sinds experience [CKM hierarchy seem upheld],
then By = ptu~ > 4x SM is possible, but not particularly likely.

Heavier t' could still do it with more “naturally” small CKM4.




VJqud + czvcd + {Z‘Qd =0

® Pick a quark phase convention such that Ve, Vg is real Vcﬂl; chd
%
e Normalize all sides by -V Ved ,6 — arg (_ Vcb chd)
Vi Vid




 Overconstraining the Unitarty Triangle

B%— p*p-, pm,

B? & B, oscillation rate
B%— pY

B— X, 1v
B—-mxlv
B*— D%/ DYK* B? (B%) — cc K
— B— X, 1v B (BY) —» ss K.0
B— D*1v ( 55 B
B (B%) — cc dd




 Overconstraining the Unitarty Triangle

B%— p*p-, pm,

‘ B? & B, oscillation rate

BT

B— X, 1v
B—omlv
B* — D/ DYK* BsX 1v | B°(B%)—ccK
. BV (BY) = ss K.Y
B— D* 1 s
~ v B (B%) — cc dd

Tp




1st CKM measurement: sin 23

0-7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ) 1 I 1 1 1 |
= : CK I
gl . -
— I fitter ]

0.6 :_("/3\ E FPCP 13 =
L 9 ; _
— | —
L | © . —
— B , -
[ © , —

04 —5S | —
— 3 i =
— 3 ! 7

0.3 —

02 - e E

0.1 ]

0.0 [ 1 1 1 I 1 1 1 -

-0.4 -0.2 1.
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~ PhasesandCPwioltn

CP violation: |A(B — f)|> # |A(B — f)?

Within weak interaction, moving from particle to antiparticle,
system amplitudes are complex conjugated.

No CP violation if:

e There is only one amplitude contributing to the decay:
AP = A%

e The sum of two amplitudes, where both are complex
conjugated by moving from particle to antiparticle system:

[Ar + As® = (A1 + Az) (AT + A3) = [A] + A3[°

For CP violation one needs two complex amplitudes, where one of
them is complex conjugated and one not by moving from particle
to antiparticle system.

nCP



i

A = Ale_i(bl i1 —

ool
R

A2 — A2€i¢2€i62 A2 — Aze—i¢2ei52

O
5

A2 = AP =
4% + A% + 2A1 A2 cos(A¢ + AJ) A% + A% + 2A1 Ao cos(Ap — A))

A1 and A, need to have different weak phases ¢ and
different (e.g. strong) phases 0.

-om,

i\



 3KindsofCP-Violation: InDecay

1) Direct CP violation:

Ay ei*arg(VJqus) 101

I A

N

A,ei*arg(ViV) gida

CP Asymmetrie:
|A|? —|A]* = 2| A1]|Az|[cos(arg(V}iVis+6)) — cos(arg(V;i Vis—

A\




~ 3Kindsof CP-Violation: InMixing

2) CP violation in mixing

CP eigenstates # mass eigenstates (|%| # 0)

— (' P violation in mixing.

Model independent: CP Violation in mixing < O( AF)

Am
By Bg
Am=myp -my, 05ps— !t | 178ps—!
AT /T =y -Ty)T | O(0.01) AD(0.1)
7=1/T 1.5 ps 1.5 ps
— CP in mixing O(0.01) O(0.01)

In first order, CP violation in mixing negligible in B system, however

it is important in the kaon system

nCP




~ 3Kinds of CP-Violation: In Interference

3) C'P violation in interference between mixing and decay

Same final state through decay & mixing + decay

< d < C
P I \ ¢ Jhy

SO

Al — Amia:(BO - BO) * Adecay(BO — ']/\IIKS)
= cos(Amt) x Ax e
A = .Amz'a:(BO — B—O) * Adecay(B—O — ']/\IIKS)

Amt : -
= isin(T) xeT@x Axe ™
Ao = ¢ — 2w (assume no CP violation in mixing and in decay)

Ad = / 2 < mixing introduce second phase difference

nCP



. CPvinBsandB,

No CP violation in B/, mixing.
No CP violation in decay By — J/1V K, Bs — J /¢

Sensitivity to ¢ /s = 234 /s Via CP violation in interference of mixing & decay.

Bd—>J/1/)K3 Bs_>J/'§b(f5

CP CP odd eigenstate comb. of even/odd

eigen states — angular analysis

AT too small, no sensitivity AT measurable

¢ (= 2/3) | onlytagged analyses In untagged analysis
due to large ATI';;
higher sensitivity

in tagged analyses

nCP






Mixing Phase:
ei¢d _ @i2p




B'— JAp K

Nep™-

Iy K,

I'(B° > Jlw K )(t) £ I'(B° » J/ly K_)(t)

- Requires knowledge of production flavour of the B

rach
P



.~ Flvourtagging-Bfactories

e Time evolution of Y(4s) decay

— t=0: Decay of Y(4s) into 2 B mesons R R

Neither B is in a specific eigenstate,
but B,B, system evolves coherently,

i.e. flavor anti-correlation preserved during B, B,
evolution ‘

— t=t,, One of the two mesons (B,) decays. .. ... ... B BY .
If it decays into a flavor eigenstate, flavor / \

conservation in the coherent BB, system K+

requires that also B, goes into a flavor eigenstate,
even though it has not decayed yet!

— t=tCPThe other B meson decays ............................................................................................................................

mixing took place between tcp and t,,,. / \

Tagging efficiency Mistag probability Dilution

# tagged candidates # tagged wron
=99 w =99 g D=(1-2w)
# all candidates # tagged

nCP




. Fevourtaggng

e Time evolution of Y(4s) decay

— t:o: Decay of Y(4s) into 2 B mesons ....................................................................... ’ ............ \ ........................

Neither B is in a specific eigenstate,
but B,B, system evolves coherently,

i.e. flavor anti-correlation preserved during B, B,
evolution ’

— t=t,, One of the two mesons (B,) decays.. ... B B°
If it decays into a flavor eigenstate, flavor / \
conservation in the coherent B B, system K+

requires that also B, goes into a flavor eigenstate,
even though it has not decayed yet!

- t=tep The other B meson decays ...............................................................................................................................

mixing took place between tcp and t,. / \

Effective tagging power: eD?~30% (at B-factories)

i\



. Howoexractsn2p

BO(At) BO(At) Aqp(At) =sin2 B -sin Am,t

—

1 -

l sin2p

CP Asymmetry
<

| | | | | | ] | |

|
—




. Howoexractsn2p

BO(At) BO(At) Arp(At)=(1-2w)-sin2 - sin Am t
81 _l | | | I | | | I_ t‘ ]. B | | | | | | | [ [ |
¢ £ E | sin2p
50| 5 _
Z N \/ \S
0 O ! ey | T Imperfect flavor tagging
1 1 T 1 | T
0 \ /\ 1 | (1-2w)-sin2p
_1 : | | | | i | | | | :




. Howoexractsn2p

BO(At) BO(At) Ap(At)=(1-2w)-sin2f-sin Am,t
8 1 B | | | | I | | | | | b ]. B |
& £ \ I sin2p
50 ; _
E Z \/ \5
0 O . - o | T Imperfect flavor tagging
1 L T T
1 |

0 ;\ /\ E | (1-2w)-sin2p

Finite At resolution




~ Measurement of CP violation in the B” system

B Brec — J/YKs
4 rec
e € — T(4S) — Brethag Btag — e:I:X’ K:EX’ W,z;ftﬂrjj“:astX"”

BABAR

(N
=
=

— B’ tags

B’ tags

L L —

il ey

Raw asymmetry Events/ (0.4 ps)
&
I 1

E

5
At [ps]




sin(2f) =

sin(2¢,)

CKM 2012
PRELIMINARY
; ; 069=003=001
PRD 79 (2009) 072009 ; |
| a 0.69 = 0.52 + 0.04 = 0.07
BaBar Jhp (hadronlc) K. | , 156 +0.42 = 0.21
PRD 69 (2004);052001 ; .
i | I 0.67 +0.02 = 0.01
PRL 108 (2012; 171802 ;
' ; : 084*952+0.16
PLB 492, 259 (2000) i : o
: | : 3.20 750+ 0.50, |
EPJ C5, 379 (1998) ; |
F E i 0.79 34
PRD 61, 072005 (2000) | *
- : i 0.73+0.07 = 0.04
LHCb-PAPER 20124)35 5 g
i i i 0.57 + 0.58 + 0.06
PRL 108 (2012) 171801 I !
i 5 0.68 + 0.02
0 1 2 3

There is some chance that
LHCb overtakes the BaBar
measurement with 3/fb

-

0.7

0.6

0.5

0.4

0.3

0.1

0.0

1
o

B > cc KOO

excluded area has CL > 0.95| ]

kS IIII|IIII|IIII|IIII|IIII

-
o



2"d CKM measurement: vy

| fitter

FPCP 13

0-7 1 1
- (2
| o
0.6 [— é
-
0.5 _—g
— | ®©
— |3
0.4 —S
— (&)
— |®
03 [—
02 —
0.1 —
0.0
-0.4
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Importance of y from B— D K

« The CKM angle y plays a unique role in flavour physics
— CP violating parameter that can be measured through tree decays

* A benchmark Standard Model reference point
— Doubly important in case NP is observed

=it

Variants use different B or D decays
- require final state common to D° and D°
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Importance of y from B— D K

« Theoretical side:
— Dominant, single tree diagram (suppression of loops)
— All parameters can be determined from data

« Experimental side:
— Many different final states - different observables

— All parameters can be determined from data
« CKM angley
* dg: weak & strong phase differences
* ry: ratio of amplitudes
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PLB 712 (2012) 203
T 80 -+ -
z LHCb T LHCb
S &« ¥ )
Pl ; B— DK'’K) K~ Jf ‘ B"— D(K"K") K*
W 20HH p (N N 3 -
by Do o D, :

1

A

e LHCb LHCb '
. B-— D(K'K) « ; *— D(K'K) - -
. fl I

§tf e 8 . hi;». < ] i

Evidence for direct CP violation (yz0)

5200 5400 5600 5600
m(Dh*) (MeV/c?)
averaqe Moriond 2012
PREL MINARY
BaBar : 0.25 - 0.06 + 0.02
PRD 82 (2010) 072004 e
Belle 5 : 0.29 = 0.06 + 0.02
LP 2011 prellmmary
CDF = | . 0:30=0,17+0.04
PRD 81 (2010) 031105(H) i '
LHCb 0.14=0.03+0.01
arXiv:1203.3662 el
Average 019+ 0.03
HFAG : K
0.2 0 0.2 0.4 0.6

nCP



~ Combination ofy measurements

« Several different modes with each limited sensitivity on y

Analysis Nﬁ.hﬂ Parameters
BY — Dh*, D — hh, GLW/ADS 13 | v, rB, 0B, B, OB, RK/r,
Ag};)KK ’ Agg’”

TKy 5K7ry
BT = DK', D= Khth~,GGSZ | 4 |, 5, 08
B 5 Dh*, D = Krar, ADS 7 7, 73, 05, 75, 5%, Rm:
TK3r, OK3m, KK3r

ﬂ’ ‘ = = .
CLEO D" — K, D" — Knnn 9 | Zp, YD, k=, Ok3r, KK3n,
ricrs Tiar, B(K®), B(Knnw)
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» Sensitivity: BaBar & Belle each ~16°; latest LHCb ~12°
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Y Bs and Bd mixing
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TR e vsloop

* Tree Processes only * Loop processes only

i N SM dominant New Physics is '
: W - no new effects expected to appear
|

expected in loops
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34 CKM measurement:

B, 4 mixing frequency
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LR Bsmiing.

Phenomenological Schroedinger equation describing oscillation and decay I

a (BS i By (M11 M12) (F11 r‘12)
i L) = (M=Lr) (= M=("1 r=(2
at (BO) ( 2 ) (BSO> Mi; M;; 12 T2

Mass eigenstates # flavour eigenstates — mass difference « osc. frequency

B,) = plBY) +q|B?) Am = my —my = 2|My,|
By) = plB?) — q|BY) ATy =T, — Ty
¢pu = arg(M;,)

Dominant Feynman diagrams
(Standard Model)
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Amg from B, — D o*

L~ ° Very high statistics
b d * Low background level
B? {g - « Can resc_)lve B, mixing frequency
e _[ D¢ due to high boost
S
New J. Phys. 15 (2013) 053021
o [ 2 * data
| Al WL
Udset flav_our ftlagglng 15[0 E i mE- D
sl fmourat 2| =5 D
, ’ % 2000l LHCb misid bkg.
pion charge for flavour at = i I comb bkeg.
decay =
3 1fb—1

5350 5400 5450 5500 5550
(D, 7*) invariant mass [MeV/c’]

5. Marz 2014 Johannes Albrecht 68/67 ik



. Flavourtagging athadron coliders

Tagging efficiency Mistag probability Dilution
# tagged candidates # tagged wron
= T g w =—99 4 D= (1-2w)
# all candidates # tagged

Same side
Kaon tagger

* Opposite side taggers

- — exploits bb pair production
by partially reconstructing

m* the second B-hadron in the
| event
same side \,\ orimary vertex * Same side kaon tagger
proton — proton — exploits hadronization of
opposite side opposite B vertti’;;z:rge signal Bs-meson

 Combined tagging power (in
B - DIm™)
— eD?* =354 0.5%

u* and et tagger

(from b = cl*) Opposite side K * tagger
(from b = ¢ — s cascade)

nCP



. Flavourtagging athadron coliders

Tagging efficiency Mistag probability Dilution
# tagged candidates # tagged wron
= T g w =—99 4 D= (1-2w)
# all candidates # tagged

Same side
Kaon tagger

* Opposite side taggers

- — exploits bb pair production
by partially reconstructing

L the second B-hadron in the
event

N\ primary vertex * Same side kaon tagger

proton — exploits hadronization of
vertex charge signal Bg-meson

opposite side opposite B tagger . . .
 Combined tagging power (in
BY - Dymt

— eD?* =354+ 0.5%

same side

proton

u* and e tagger
(from b = cl*) Opposite side K * tagger
(from b = ¢ — s cascade)

Compare this to e*e” colliders:
eD?2 ~ 30%
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-+ \Very high statistics
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- « Can resolve B, mixing frequency
- DY due to high boost
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.~ Bymixingandthe CKMmatix

Slide shown by D. Straub, flavour theory lecture |

Our final result reads

G2

A(B° — B%) = —£
( )= 5

miyymg (Vi Via)® So(x) g 158

and we needed
» CKM elements,
short-distance contributions (box diagram!),

>
» QCD corrections, and
4

input from the lattice.




Importance of Flavour Physics

« Many open questions in the flavour sector of the SM
— Are there only 3 Generations? And why?
— What determines the strong hierarchy of fermion masses?
— What determines the structure of the CKM matrix?
— What is the origin of CP violation?

* Progress in flavour physics may help to understand open
guestions in cosmology
— SM insufficient to explain matter dominance in the universe
— No candidate for dark matter known

* Precise studies of flavour observables are a
proven tool of discovery
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 Parametersofthe Standard Model

« The Standard Model of particle physics has 25 free

parameters:

3 gauge couplings

2 Higgs parameters

6 quark masses

3 quark mixing angles + 1 phase
3 + 3 lepton masses

3 lepton mixing angles + 1 phase
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« The Standard Model of particle physics has 25 free
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— 3 gauge couplings
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