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Mass vs Weak Eigenstates

d/

S/

b/

- "%s Vu
= | Vea [Ves Vi
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The Higgs interaction Y (ELﬁb) ©r and the
W interaction g v, (v*W,,) ¢ do not agree
on the quark eigenstates.

— Relation is the CKM matrix V

— Leads to three mixing angles and one free
imaginary CP phase in the CKM.

Quark CP violation emerged together with mass.
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The CKM Matrix V
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Wolfenstein parametrization: V L _
P CKM From unitarity (Ve V=1

CKM has four free parameters:
3real: A (=0.22) ,4 (= 1), p

1— %)\2 A AX3 (p —in) 1 imaginary: in
= 1-32) AN
AN (1-p—in) —AN 1 Particle > Antiparticle: V; > Vij*
=> 1 CP Violating phase




The CKM Matrix V-,
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The CKM Matrix V
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Wolfenstein parametrization: V.
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Can flavour physics explain the matter - antimatter asymmetry? =» Requires New Physics!




Direct vs Indirect search

The absolute energy frontier:

SR

The virtual energy frontier:

bg SR
__________ x A S S S — S
D Sd q R
: (523)RR ¢
§ b @f" § §
D g
D q
D S b d
______B__x____B____ bR
d
(333)RR

Direct observation:

Produce particles on-shell and detect
decay products

More intuitive(?), “really” produced
Limited by collision energy

 |ndirect observation:

Less intuitive(?), quantum level
Limited by precision, not by collision
energy

CP observables sensitive to imaginary
couplings

Indirect observations in the past:
Kaon decay K° = pp hints at c-quark via GIM in 1970 (J/W produced in 1974)

3"d quark family predicted 1972 to explain CP violation (b produced in 1977, t in 1994)
Neutral current discovered in neutrino experiment in 1973 (Z-boson produced in 1983)
BB mixing (1987) hints at large top mass, LEP predicts top mass (1990) (top in 1994)
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Indirect evidence for top mass and charm quark

K= uu pointed to the charm quark
Phys.Rev.DZ,1285,1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. Iniopouros, axp L. Marantf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our, ppdel to a complete Yang-Milis theory is discussed.

splitting, beginning at order G(GA?), as well as con-
tributions to such unobserved decay modes as K, —
ut+u—, K+ — xt+I+1, etc., involving neutral lepton

We wish to propose a simple model in which the
divergences are properly ordered. Our model is founded
in a quark model, but one involving four, not three,
fundamental fermions; the weak interactions are medi-

new quantum number @ for charm.

B mixing pointed to the top quark mass

ARGUS Coll, Phys.Lett.B192:245,1987

DESY 67-029
Rpril 1987

OBSERVATION OF B'.B’ MIXING
The ARGUS Collaboration

In summary, the combined evidence of the investigation of B® meson pairs, lepton pairs
and B meson-lepton events on the T(45) leads to the conclusion that B"-Eo mixing has

been observed and is substantial,

Parameters Comments

r > 0.09 90%CL This experiment

x> 0.44 This experiment
Bifpy = f, < 160 MeV
my, < 5GeV/c?

n < 141071

[Vigf « 0.018

B meson (= pion} decay constant
b-quark mass

B meson lifetime
Kobayashi-Maskawa matrix efement
QCD correction factor [17]

t quark mass

11



Higgs mass and Electroweak precision measurements

AVAVAVA VI e SEAVAVAVAVIRE &

|14

W propagator (Z similar): [

S|

LEP L)
“Indirect” 7
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5 _
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— 0.02758+0.00035
""" 0.02749+0.00012
«+ incl. low Q2 data —

| Excluded

100 | 500
m,, [GeV]

g Events - Bkg
o
1]

LEP: Phys.Rep.427 (2006) 257

LHC

“Direct”

g

500 ATLAS ¢ Data
——— Sig+Bkg Fit (m =126.5 GeV)
-------- Bkg (4th order polynomial)

Events / 2 GeV

{s=7 TeV, [Ldt=4.8fb"
{s=8 TeV, [Ldt=5.9fb"
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Atlas coll. Phys.Lett.B716 (2012) 1 ——




Why work on Flavor Physics?
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(Nima Arkani-Hamed likes it too)
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LHCb @ LHC




Design:

e LHCb event rate: ~30 MHz
*1in 160 is a b-b event
* 1012 b-b events per year

Magnet

0o

* Background Suppression

mmmmmmm) | « Flavour tagging

* Decay time measurement

E l

® Vertex and momenta r\vstruction

® Particle identification (m, K, k\)\

® Trigger

. i ’
Side View ECAL HCAL - M5
SPD/PS
RICH2 ) M2
T3
T2
T1
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Vertex Topology

Vertex Locator

y 2 i
Ecar. HCAL
SPD/PS M3
M2

Side View

RICH2
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Momentum and Mass Reconstruction

Trigger Tracker QOuter Tracker

Side Viev

Magnet

)
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Side View ECAL HCAL
SPD/PS
RICH2 pnp1
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LHCb Performance: B/, Mixing

Trigger, background suppression, decay time reconstruction, flavour tagging: it works!

Raw asymmetry

B — B mixing

0 -t
B2>Dx Phys.Lett.B719 (2013) 318
— — _
LHCb =
“+B’ —-D a+ 7
— - signal =
..... long bg :
B’ —D pr 3
BB’ —-D a7
— combined 3
oo 5200 75400 5600
m(K* 7 a” x*) [MeV]
B T T T [ T T T T I T T T T [
. LHCb
04 4+ pB'>p
T combined
0.2 _'\
0 : I h
0.2 \MK .
041 .

—_
o L

L L L L | L
5 10
B’ decay time ¢ [ps]

candidates / (15 MeV/c?)

candidates / (0.1 ps)

BY=>D, m*

B.° - B.% mixing

5
S
=

2000

New.J).Phys.15 (2013) 053021
a) D, —0n . d.ata
— fit
M B'— Dt
W B’ D.K*
LLHCbH [ misid bkg.

¥ comb bkg.

5350 5400 5450 5500 5550

(D 1) invariant mass [MeV/c?]

400

e Tagged mixed

o Tagged unmixed
: ‘N —— Fit mixed

............ Fit unmixed

1 2 3 4
decay time [ps]
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A slide of History on CP Violation

* Charge Parity Violation in particle physics:
a) 1964 (CCFT): Discovered in neutral Kaon beam
“indirect CP violation”
e Also called: CPV in mixing
* Prob(K°>KP) # Prob (K°>KP°)
|e|=(2.228 +0.011 ) x 103 (PDG 2014)

b) 1999 (NA48 & KTeV): Seen in Kaon decays
“direct CP violation”

* Also called: CPV in decay
e Decay rates [ (K> m'm) # [(KP2> 1)

Re(g’/€) = (1.65 + 0.26) x 103 (PDG 2014)

c) 2001 (Belle & Babar): Observed in B mesons decays
“CP violation in interference”

* Also called: mixing induced CPV
sin 23 =0.682 +0.019 (PDG 2014) Val Logsdon Fitch

=>» Nobel prize 1980

25



Observing CP Violation in B decays

CP Violation occurs in interference of two quantum amplitudes that
have a different CP odd (as well as CP even) phase.

— Use the phenomenon of B-B mixing: -y
— Interference of direct decay and decay h —a 0 L q
via mixing leads to CP violation.
Standard Model: Bg W W
BB phase b, = arg(V,,) = 28 . —

° BS-_BS phase &, = arg(V,.) = -2B, g U i

26



Observing CP Violation in B decays

CP Violation occurs in interference of two quantum amplitudes that
have a different CP odd (as well as CP even) phase.

— Use the phenomenon of B-B mixing: TR o

— Interference of direct decay and decay  }
via mixing leads to CP violation.

- - q
Standard Model: Bg W w Eg
- 895 phase b, = arg(V,) = 28 q — .,
+ B,-B, phase ¢, = arg(V,,) = -2B, t\ bV
lfgd 0/7 fep
— —1
B Vud Vs Vipe™

< 2/ i3 i
zqs\ / Vige Vise™s Vi
\ /

27



Feynman: “Remember the double slit experiment”

DRSO NSNS N NN

ot B ] %
TN = il e 5
l__...._l-‘-"":-:::
ELECTRON az
GUN
WALL BACKSTOP
v |

Probability density

Look for interference of SM with NP

I'-:2=|¢'*¢2|'

LHCb is a completely
analogous interference
experiment using B-mesons.

B>y ¢
B.2J/y ¢

(Hypothetical
curves)

Decay time [ps]
28



Probing new CP-violation with B mesons

Look for interference of CKM with BSM amplitudes:

a)

b)

SM Prediction: No CP violation a la kaons (“indirect” or “mixing”)

« K€EDK= epsilon #0 but B€B =0

Precise measurement of angle y “with trees” vs y “with loops” (“direct”)
* Many decay modes with tree and loop diagrams are available

SM Prediction: B, box diagram phase ¢, = -23, = 0 (“mixing induced”)

* New Physics “in the box”?

= IIII|IIII|IIII|IIII|IIII|IIII|IIII
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CP Violation in Mixing

: Vi 7 Vi

e Interference of the dispersive and absorptive

i B w w B0

amplitudes =8 o
— Similar to measurement € in kaon physics | Vo Vi
M 12

e Hamiltonian: :

zi B, _ Mll_—rll M12__F12 B, B\/B
dt Eg B Mikz ;F* M22 zF22 EO : F12

|tt>
e Eigenstates: i
Mp, My ; AM =My - M| _ B
Ty : AT=Ty-Ty ¢12 = arg (— Mi2/I'2)
* | Observable: (B(t) — ) — T (B(t) — F) AT on
Ags] = — —- = an
'"rT(Bt) = fH)+T(BH) —F) AM 7
* Inthe Standard Model ¢,, = 0.2° for B, e oo I L

* By, measure with flavor specific decays: B, ;2D * w v and C.C.
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ABE

N (D ypt,t) — N(D(s)ﬂ_ t)

N(Dgyutst) + N(Dyu=, )

agj as \ cos AMt
= T\ 0+

2 /) cosh %t

a’gl (B4) : must measure time-dependent

1
1\ beauty (Bq)
z Amg=0.5ps?
205
£ |
Q== a4

Lifetimes

1 1
1 J

i

azl (B,) : washout of fast oscillation

factor and production asymmetry

N

1

beauty (Bs)

W Am,=17.7 pst

L|fet|mes .



Semileptonic charge asymmetry with B_: a ?

B.2D.fu v

LHCb 1 fbt
D 2K Kt~

1950 2000
M(KK7t) MeV

1800 1850 1900

LHCb:

PLB 728C (2014) 607

e(u’) /&)

a®, = (—0.06 £ 0.50 & 0.36) %

(Update coming soon; error reduces by factor 2)

Standard Model: Lenz, Nierste JHEP.06 (2007) 072

a®, = (1.94+0.3) x 107°

p—
o
=

[S—
S
[\

1

0.98

Ameas —

[ Dyp*|-T[Dfp~] _
[[Dypt|+T[Dfp=| 2

0.96}

Correct for detection asymmetry:
“(Dokt)
€
(D u-)
LHCb
[ e Magnet up R
= Magnet down —
PR T TN T AN SO T S ET T T SN N SR '
20 40 60 80 100

Muon momentum [GeV]
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Semileptonic charge asymmetry with B: a ¢

Events / ps

x10°

n 3fbl LHCb « Data

N _ + —Total
1000~ D U — - Signal

I . B™ bkg.

B,2D'u v

Time dependent analysis:

e Decay time reconstruction with
missing neutrino

e Background modelling

500 Comb. bkg.
iF .
2o =
Q |
e 1 BE
5 0 E
< - 3

-2 N PP | h—

1 _ 10
Magnet up/down combined  t [ps] is]
LHCDb: PRL 114 (2015) 041601

a% = (—0.02+0.19 + 0.30) %

Standard Model:

Lenz, Nierste JHEP.06 (2007) 072

a® = (—4.1+0.6) x 1074
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Semileptonic charge asymmetry with B;: a

x10° +. . —
= 3fb! LHCb ¢ Daa B,2D*uw v
2 = - + —Total E
§ 10O~ Dru —-zﬂg&f - Time dependent analysis:
H ook Comb%'bkg_ B * Decay time reconstruction with
- - missing neutrino
— ] * Background modelling
S
g of
Q
g 1 S d
§ 0 dg|” VS dg
< -l 1 Standard Model
2 . N . . . PP | L d :
1 . 10 “'A
Magnet up/down combined t [ps] 0
LHCb: PRL 114 (2015) 041601 “1F =
. o 9
a% = (—0.02 £ 0.19 + 0.30) % e U
T 8%
O
C J ()
Standard Model: | Lenz, Nierste JHEP.06 (2007) 072 3k 2 ]];Séj bD%W}}X
- g
—4 B A Ba]%a?rllD Y
asl—( 4.1 £0.6) x 10 n - Belle yj ————
23 -2 -1 0
asl [% 3
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Direct CP Violation with B,.,=2 Kt (“charmless”)

Interference of trees and penguins
— New physics can contribute to penguin loop

Sensitive to V, phase: CKM angle y
Measure the untagged CP asymmetry for B® and B, decays:

(NE_J - NB—>f> B — K+n—
Acp = B_’f:{B_erK—

Araw — AC’P 4+ Adet 4+ K - Aprod (The correction factor is O(1%),

measured from data)

Instrumental  Mixing dilution times
asymmetry production asymmetry
38



Direct CP Violation with B,.,=2 Kt (“charmless”)

UK+
Vus _
s +
) v )
u
-
-
d d
BO — Kt L 110.221601 3 LHCb 0
PR . 4000 [ 1 B—=Kn
:_ (a) sy o
Acp =-0.080 £ 0.007 + 0.003 3000
Most precise measurement ~ 2000t
of CP violation in a hadronic N§ 3 =
Machine. - 1000;-_,..\\-] BY — Ko
g :_':'-“-‘L":j/ T T e - 2P00000g0yte00tt000000000ggettenettanet -~ mrmimke -
-
© r
Bs — K PRL 110.221601 S 300 (c)
5 L
o :
A, =0.27+0.04 £0.01 2°° ot B — K™t
First observation of a PO L
CP asymmetry in B, decays
"""" O NI o T Bt e B R T 2 ..‘. Pt T
0551 52 83 54 55 56 57 51 52 53 54 55 56 57 58
K* invariant mass [GeV/c?] K 7+ invariant mass [GeV/c?]
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Direct CP Violation with B=>DK (“charmed”)

* Interference of trees and trees
— Interfere decays b—>c with b>u to final states common to D° and D°

* Sensitive to V , phase: CKM angle v :

_ 07—
* Many methods S — 9 %) =rpet e
A(B— — DYK—)
Gronau, London, Wyler: - \lOU“ ed
GLW method: Phys. Lett. B 265, 172 (1991) v~ ¢ fa DO K_
fp is a CP eigenstate common to \
DO and D°: fo= KK, ', ... _ , . K~
Interfere: B>DOK, B > DK B\%?’((SB:Y)_ f
* Large event rate; small interference b$u @ DOK— J
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Direct CP Violation with B=>DK (“charmed”)

* Interference of trees and trees
— Interfere decays b—>c with b>u to final states common to D° and D°

* Sensitive to V , phase: CKM angle vy : A(B- — D'K-)

. —rpetB e
Many methods A(B- — DOK-)
Atwood, Dunietz, Soni: .
PI:yso Rev Lett ;ts 3257 (1997) c {a\loured Cab/bbo
ADS method: Phys Rev D 63, 036005 (2001) b7 DO K- Supp
Use common flavour state fy=(K* 7t 7) 0D
Note: decay D°>K*m~ is double _ D€ —
Cabi Y B i(0B—7) fDK
abibbo suppressed BE€ a
* Lower event rate; large interference b$u DOK— J
SUppy, a\o et
eSSeOI Ca‘o\bb
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Events / (5 MeV/c?)

Direct CP Violation with B=>DK (“charmed”)

Observe ADS mode B> [rtK*], K" with 10 o significance arXiv:1203.3662

LHCb: 1.0 fb™!

PLB 712 (212) 203

GLW:

5400 ' 5.6'(‘)0' ]
m(Dh*) MeV/c?)
ADS:

LHCb :
B*D[KK*], K* atw
\ LHCb —
| H B> [m*K], K*
_A | ADS
b b 1

Acp, = 0.145 +- 0.032 +- 0.010
Rep, = 1.007 +- 0.038 +- 0.012

Ao = -0.52 +- 0.15 +- 0.02
Raps = 0.0152 +- 0.0020 +- 0.0004

=» CP violation is observed with 5.8 o
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yfromB>D Kand B>Dwmx

More methods/modes available: GLW, ADS, GGSZ, GLS...:
— B*>Dh* with D> hh ; GLW/ADS method (2011 data): Phys.Lett.B712(212)203
— B*=>Dh* with D> Kuur ; ADS method (2011 data) : Phys.Lett.B723(2013)44
— B*>DK" with D>K.hh ; GGSZ method (2011+2012 data) : arXiv:1408.2748
— B*=>DK* with D>K.°Krt; GLS method (2011+2012 data) : Phys.Lett B 733 (2014) 36
— B%>DY%° with D>hh; GLW/ADS (2011+2012 data): arXiv:1407.8136

PLB 726 (2013) 151, LHCb-CONF-2014-004

0.6

04

0.2

50 60 70 80 90

’_] 1 I ' I '
O LHCb
— 08 Preliminary

100 110

vy [°]

Most precise Y determination:

(0]
YB—Dh = (72.91L313)

0.7
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0.5

0.4

0.3

0.2

0.1

0.0

EPS 15

1 //////////// -

a

-0.4

-0.2 0.0 0.2 0.4 0.6 0.8
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= IIII|IIII|IIII|IIII|IIII|IIII|IIII
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B Decay Rates
a) Very Rare Decays: B>uu

b) Rare Decays: b—>s quark transition

c) Lepton Flavour Universality tests

Outlook




1.
2.

5.

Flavour Physics

The LHCb Experiment

3. CP Violation Measurements

a) CP Violation in B-mixing: a_% and a®
€ Unlike kaons, no large CPV, in agreement with SM.
b) Direct CP Violation: CKM angle y

@ Large CP violation in many decays, consistent with CKM.

c) Time dependent CP violation: CKM angles ¢, and ¢,

B Decay Rates
a) Very Rare Decays: B>uu

b) Rare Decays: b—>s quark transition

c) Lepton Flavour Universality tests
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Time Dependent CP Violation: mixing phase

-
wbd\ /vfcp 55\73;/ Jep

I'g_;@) —Tpop(t) A% cos (AMt) +A™*sin (AMt)
I'p_(t) + I's_s(t)  cosh (Art) —A*Tsinh (Art)

Acp(t) =

(Adir)z n (Amiw>2 n (AAF>2 —1

* Extraction of A% and A™"® require flavour tagging:
knowing the flavour of the B-meson at production

* Measure ¢, (SM: A™?® =sin28) and ¢, (SM: A™* = —sin23, )
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: B-factory golden mode: B2 J/ K,

vvvvvvvvvvvv

.;.--3
=
111 I

— B-factories:
* Coherent production,
clean flavour tag

Raw
= =)
= Y
IIIIIl

. | BaBar: Phys.Rev.D79 (2009) 072009
Belle: PRL 108 (2012) 171802

Babar:

'
wn

sin 23 = 0.662 4 0.039 £ 0.012

Belle:

sin 23 = 0.670 &= 0.029 £ 0.013

LHCb: PRL. 115 (2015) 031601

(Not so golden mode for LHCb:
K, decays often outside Velo)
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: B-factory golden mode: B2 J/ K,

vvvvvvvvvvvv
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@, : LHCb golden mode: B.2>J/{ ¢

Two decay amplitudes to the same CP eigenstate final state. ( CKM Mixing Phase:
1) via mixing B,.>B.2>J/{ :

2) direct: B,2>J/ &: VZ

* Golden mode for a time dependent measurement of “¢. via mixing diagram”
— Hadronic uncertainties small

* Sensitive to new physics that enters via the mixing loop

* B, is a pseudoscalar (s=0) while J/{ and ¢ are vector particles (s=1)
- Final state is superposition of CP even (L=0 and L=2) CP odd (L=1)
- Requires angular analysis to disentangle

* Alternative analysis in pure CP odd eigenstate B, J/{ mt*m”

49



@, : LHCb golden mode: B.2>J/{ ¢
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¢5 : LHCb golden mode: B.2>J/{ ¢
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Flavour Physics

The LHCb Experiment

3. CP Violation Measurements

a) CP Violation in B-mixing: a_% and a®
€ Unlike kaons, no large CPV, in agreement with SM.
b) Direct CP Violation: CKM angle y

@ Large CP violation in many decays, consistent with CKM.

c) Time dependent CP violation: CKM angles ¢, and ¢,
@ large CPV for B, no CPV for B,, consistent with SM.

B Decay Rates
a) Very Rare Decays: B>uu

b) Rare Decays: b—>s quark transition

c) Lepton Flavour Universality tests

Outlook
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CP Violation Measurements
a) CP Violation in B-mixing: a. and a,*

€ Unlike kaons, no large CPV, in agreement with SM.
b) Direct CP Violation: CKM angle y

@ Large CP violation in many decays, consistent with CKM.

c) Time dependent CP violation: CKM angles ¢, and ¢,
@ large CPV for B, no CPV for B,, consistent with SM.

B Decay Rates
a) Very Rare Decays: B>uu

b) Rare Decays: b—>s quark transition

c) Lepton Flavour Universality tests

Outlook
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Effective Couplings

° .l ”, 2
Beta decay : “charged current”: ; Gr g

Gr
d - d J

u
€
1%

> € -
W-
g
Ve e
e Rare B decay : “Flavour changing neutral current”:
S S
W
b - o b o
')//\Z\“-<
ut ut
4G g
— Effective Hamiltonian Heg = —W Vo ZCi(’)i
i

Effective local Operators ©; with Wilson coefficients C; predicted by the Standard Model.
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CP Violation Measurements
a) CP Violation in B-mixing: a. and a,*

€ Unlike kaons, no large CPV, in agreement with SM.
b) Direct CP Violation: CKM angle y

@ Large CP violation in many decays, consistent with CKM.

c) Time dependent CP violation: CKM angles ¢, and ¢,
@ large CPV for B, no CPV for B,, consistent with SM.

B Decay Rates
a) Very Rare Decays: B>uu

b) Rare Decays: b—>s quark transition

c) Lepton Flavour Universality tests

Outlook

55



B

Oeuﬁu-

Very Rare Decays E
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—> Axial vector coupling C,,
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BR (B Du*w) = (3.66 £ 0.23) x 10°
BR (B2 u*w) = (1.06 + 0.09) x 1019

NP: Sensitive to new particles via
additional (C,,, C,, C,) couplings.
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Very Rare Decays
@ LHCb experiment
q‘) Run: 101412 Event: 8681643

Date: 8 Sep 2011 Time: 16:04:18

Multivariate technique to
suppress Backgrounds.

* Detached vertex

* Muon identification




Very Rare Decays

Bod/s9 WM_

e LHCb + CMS
combined signal:

BR (B> Dutw) = (2.8 £0.7) x 107
BR (B, uw) = (3.9 + 1.5) x 1020

Consistent with SM at ~ 20
Hot topic for LHC Run-2!

Nature 522 (2015) 68-72
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CP Violation Measurements
a) CP Violation in B-mixing: a. and a,*

€ Unlike kaons, no large CPV, in agreement with SM.
b) Direct CP Violation: CKM angle y

@ Large CP violation in many decays, consistent with CKM.

c) Time dependent CP violation: CKM angles ¢, and ¢,
@ large CPV for B, no CPV for B,, consistent with SM.

B Decay Rates
a) Very Rare Decays: B>uu

@ Sensitive probe for NP. B(B,) too high?
b) Rare Decays: b—>s quark transition

c) Lepton Flavour Universality tests

Outlook
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CP Violation Measurements
a) CP Violation in B-mixing: a. and a,*

€ Unlike kaons, no large CPV, in agreement with SM.
b) Direct CP Violation: CKM angle y

@ Large CP violation in many decays, consistent with CKM.

c) Time dependent CP violation: CKM angles ¢, and ¢,
@ large CPV for B, no CPV for B,, consistent with SM.

B Decay Rates
a) Very Rare Decays: B>uu

@ Sensitive probe for NP. B(B,) too high?
b) Rare Decays: b—>s quark transition

c) Lepton Flavour Universality tests
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b =2s quark transition

. . L 5
Effective 4-fermion coupling: b->s W

AGF

7

e Standard Model:
— No flavour changing neutral currents: loops = suppressed amplitudes

Photon penguin: Vector, Axial vector:

* New Physics:
— Sensitivity for NP in Wilson
coefficients C,, C,, C,,
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M(K* 7w u) [GeV/c?]
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e Study the angular distribution of the
final state particles:

M(K* 7w u) [GeV/c?]

d*T[B’ — K*utp~] 9

Q= (cos@l,COSHK,¢)/

_ I (a?) £: (O
a a3 o Z (4 15(D)
I; — I, for B°

— Observables: 4
Sj=T; +1;)/ (-

' dr
> T dqz)
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Rare DecayS: b 9 S M+M arXiv:1512.044442

0 * (1t = 5
O
Observables S, P’.: B
* S. variable: count blue minus red mmm——
* “Robust” P’; variable: pr _ Ss
5 13 2 - 0 1 2
VFrL (1 — Fpr) . o
(F_ = longitudinal polarisation K*) See talk Matthias Neubert:
Fit the value of Wilson coefficient:
P’ vs q2 shows deviations from SM: Cy = C°M + C,NP points at C,NP~ -1
—r T T r T B o o L L 4
p’ h 1 :
LHCb : 15k _:
: % SM from DHMV A ] Hesr - ———— VYekm ) WY /0 E
0 i 10— o
- .8 0, 3.0 0 from SM : I ]
05 . R E
| ; i N =l AU ]
e | L 0™ _
0 5 10 15 Re (C9)

2
q* [GeV7/ct] Warning: hadronic uncertainties ( cc)
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Rare Decays: b =2 s u*u-

BT - Ktputu™
JHEP 06 (2014) 133

BN CSR Lattice —e-Data
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* Branching fractions related to b = s u*u~ transition consistently lower than predicted.
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CP Violation Measurements

a)
b)

c)

CP Violation in B-mixing: a_“ and a ¢

€ Unlike kaons, no large CPV, in agreement with SM.
Direct CP Violation: CKM angle vy

@ Large CP violation in many decays, consistent with CKM.
Time dependent CP violation: CKM angles ¢, and ¢,

@ large CPV for B, no CPV for B,, consistent with SM.

B Decay Rates

a)
b)

c)

Very Rare Decays: B> uu

@ Sensitive probe for NP. B(B,) too high?

Rare Decays: b—>s quark transition

@ ~ 40 deviations from SM observed. Theory uncertainties?
Lepton Flavour Universality tests

Outlook

66



1.
2.

5.

Flavour Physics

The LHCb Experiment

CP Violation Measurements

a)
b)

c)

CP Violation in B-mixing: a_“ and a ¢

€ Unlike kaons, no large CPV, in agreement with SM.
Direct CP Violation: CKM angle vy

@ Large CP violation in many decays, consistent with CKM.
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Lepton Universality: B* 2 K* utu~ / B* = K* e*e”

e Standard Model: b = s I*l-is flavour universal.

* Expect equal branching fractions for
b 2> suuw and b>sete

- (Hadronic uncertainties largely cancel in the ra‘tiogJ

. B(B+ —> K+p,+u_) SM
~ B(Bt —» Ktete—)

Ry

14+ 010732

(R,+coming soon)

68



Lepton Universality: B* 2 K* utu~ / B* = K* e*e”

e Standard Model: b = s I*l- is flavour universal. p
* Expect equal branching fractions for
b 2> suuw and b>sete "
- (Hadronic uncertainties largely cancel in the ra‘tiogJ .
Ry = BBT 2 KTutum) vy O(1072)
K = =
B(Bt — Ktete™) (R~ coming soon)
-o-LHCb -m-BaBar -a—Belle
Q:M 2: T T T T LH(ljb ; 3 40:_ + LHCD -
R > N i
A > L ]
L5 » 7] > [ ‘|> ]
. 2.6 0 g 30; B*>K* ete- E
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| - : 1
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Ry # 1 would imply NP with
non-universal lepton couplings.

Ry = 0.74570029 £ 0.036
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Lepton Universality: B > D*tv /B = D*uv
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CP Violation Measurements

a)
b)

c)

CP Violation in B-mixing: a_“ and a ¢

€ Unlike kaons, no large CPV, in agreement with SM.
Direct CP Violation: CKM angle vy

@ Large CP violation in many decays, consistent with CKM.
Time dependent CP violation: CKM angles ¢, and ¢,

@ large CPV for B, no CPV for B,, consistent with SM.

B Decay Rates

a)
b)

c)

Very Rare Decays: B> uu

@ Sensitive probe for NP. B(B,) too high?

Rare Decays: b—=>s quark transition

@ ~ 40 deviations from SM observed. Theory uncertainties?
Lepton Flavour Universality tests

@ R, and R,. show intriguing results.

Outlook
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The Future — LHCb Upgrade

VErtex LOcator

new (silicon pixels)

RICH detectors

new photon detectors (SiPM) new off-detecor

improve RICH1 optics

electronics

Muon system

interaction
point

Tracking system
new (silicon strips, scintillating fibres)

Calorimeters

new readout electronics
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The Future — LHCb Upgrade

&

Consraf’ulaﬁons, ‘
it only took you
65299 seconds

v jolyon co.uk

Triggers Triggers
today in the future

Gligorov 2014
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Expected statistical uncertainties before and after upgrade

before after Theory
upgrade upgrade  uncertainty
Type Observable LHC Run 1 |LHCDb 2018 || Upgrade 50/fb Theory
BY mixing 6s(BY = J/ ¢) (rad) 0.019 0.025 0.009 ~ 0.003
ds(BY — Jhb fo(980)) (rad) 0.068 0.035 0.012 ~ 0.01
Aq(BY) (1073) 2.8 1.4 0.5 0.03
Gluonic 65 (B — ¢¢) (rad) 0.15 0.10 0.018 0.02
penguin oT(BY - K**K*%) (rad) 0.19 0.13 0.023 < 0.02
28 (BY — $K?) (rad) 0.30 0.20 0.036 0.02
Right-handed o (BY = ¢) (rad) 0.20 0.13 0.025 < 0.01
currents (B — ¢v)/7po 5% 3.2% 0.6% 0.2%
Electroweak S3(BY — K utp—:1 < ¢° < 6GeVY/h) 0.04 0.020 0.007 0.02
penguin g Arp(B® — K*u*p™) 10% 5% 1.9% ~ %
Al(Kptp:1 < ¢* < 6GeVYc) 0.09 0.05 0.017 ~0.02
B(B* = ntptp~)/B(BY — K+ptp™) 14% % 2.4% ~ 10%
Higgs B(BY = u*p) (1077 1.0 0.5 0.19 0.3
penguin B(BY — ptu)/B(BY — ptp) 220% 110% 40% ~ 5%
Unitarity v(B — D™ K®) 7° 4° 0.9° negligible
triangle v(BY — DFK®) 17° 11° 2.0° negligible
angles B(B® — J/ KQ) 1.7° 0.8° 0.31° negligible
Charm A(D" S KK ) (109 3.4 2.2 0.4 -
CP violation AAcp (1073) 0.8 0.5 0.1 -

Comparable precision for experiment & theory after upgrade.
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LHCb is more than b-physics...

General Purpose detector in the forward region:

Charm physics

Electroweak Physics: W, Z

Exotica & Majorana particles searches
Spectroscopy (see S. Neubert)

QCD & Heavy lon physics (Pb-Pb, p-Pb) (see M. Schmelling)
Focus on b-physics remains
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