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Standard Model (SM) and its difficulties [just to remind]

Outline

Why and where to find New Physics (NP)?

Power of indirect measurements

LHCDb setup (apparatus, trigger, physical program etc. ) [brief]

Selected results [main part of the talk]

Rare decays (M- 2u, M- M'2u, B-eu)
Mixing, CP violation, CKM y in B systems
Mixing and CP violation in charm sector

Production and spectroscopy of heavy quarks

Summary and Outlook (what can be achieved after upgrade?)
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No doubt that SM is great achievement!
(self consistent, no conflict with HEP)

Reasons for NP:

1) Neutrino sector
- mass
- oscillations
2) Astrophysics
- baryon asymmetry of our Universe
- dark matter
3) Radiative correction to M(Higgs)
- fine tuning

- desert between M_ and M
EW GUT

SUSY good candidate to solve 2) & 3) 4



Power of iIndirect measurements

Example #1: CP violation in kaon system

Has been done when only 3 quark were known
1972 Kabayashi-Maskawa 6-quark model

~ 13 years before Upsilon discovery
Example #2: Weak neutral current (Gargamelle bubble
chamber)
~ 10 years before Z discovery at UA1/2

Example #3: ARGUS collaboration report large B-mixing
Suggest large mass of top quark

~8 years t has been discovered at Tevatron



Indirect measurements at LHC

 How NP related to flavour physics?
* Is NP weakly coupled to flavour sector (MFV) or at very high scale?
Important to have a probes beyond LHC energies (direct observation)!

» Better to use processes which are either forbidden either highly suppressed
in SM

Flavour Changing Neutral Currents (FCNC) can be such a probe
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« Other possibilities Lepton Flavour Violation (LFV), CPV in charm sector




LHCDb features



Beauty and charm production

* LHCh: forward spectrometer 2 <n<5
ol & (ATLAS & CMS: |n|<2.5)
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b Production

* In LHCDb acceptance (pp-collisions Vs = 7TeV)
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Experimental setup
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Operation in 2010/12

» p-pat3.5/4TeV » p-Pbat,/syny =5 TeVin 2013
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LHCD trigger

40 MHz bunch crossing rate

L0 Hardware Trigger : 1 MHZ
readout, high E;/Pr signatures

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to
trigger time constraints

Mixture of exclusive and inclusive
selection algorithms

5 kHZ Rate to storage

kHZ
Z kBz Innzlusivef' 1 KHz
Inclusive ' : Muon and

Exclusive
T 1 ical DiM
opologica - Ohira - iMuon

Goal: To select interesting beauty and charm
decays while maintaining the managable data rates

Level 0:
- Largest p_ (E) used

- Typical thresholds 1.5 - 3.5 GeV/c

Software HLT1:
- Partial event reconstruction
- Selection based on p_, IP

Software HLT2:
- Full event reconstruction
- Mass cuts

On-line charm and strange signals
Data quality from sig-to-bkg ratio.

#BhifyHLT: page 3 Mass plots Run 80845, stardad 2011-05-02 08:06:31, duration: 01:00:24

Jp=i invariant mass
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LHCb data analysis

Tagging if needed @ SS tagger. - ek, Tagging

Event selection s :@ '
Kinematical and topological info Leet s Signalo o

(pT, p, IP, vertex and track quality) .t .

*eese*" Same Side

LI L B I B I I B I B B TN I N I I A B I I
L I

Lot .. Opposite Side

PID information , :

. . @e/ u tagger
Cut based or multivariate selection ] e?-'-"—::r"' oo i -b@
BDT, Neurobayes, etc. % ' -Ae _—
Optimization of selection L K tagger

Using MC
Using small sample of real data

Anaul Ivsis++ : lecti ing IP:
MRS R A o PV = Primary Vertex
i DV=D hter Vert
Check for systematics aughter Vertex

(secondary vertex)

And a lot of other checks! ,



Physics program of LHCb

GOAL: Search for evidence of NP in CP violation and rare decays of beauty and charm
hadrons. (Probing large mass scales via study of virtual quantum loops of new patrticles)

LHCD results are available in more that 130 papers submitted to journals and 110 conference

contributions https://cds.cern.ch/collection/LHCb%20Conference%20Contributions?In=en
https://cds.cem.ch/collection/LHCh%20Fapers?Iin=en

Main direction of searches: \' &
R
e
1) Rare decays \

RD with di-muons, LFV searches

2) Properties of the B systems G
CPV, Ams; s, AT, ¢ps ; CKM y determination '\a\\\j

3) Mixing and CPV in the D systems 90.“'
Mixing observ., AA(CP)

4) Spectroscopy and production of heavy quarks
X(3872) quantum num.; mass of D mesons

5) Electroweak physics
6) Soft QCD physics, pA and Ap results
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Rare decays

R +

1)B, ~{'i\B —~ WPy, D~y K~y
2) B-hadron - Hadron + 'y, D - mu'yr
3) B- I.l+e-

4) B ~ ¢K*

14
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Helicity suppressed in SM [arXiv 1303.3820]

B(Bs — p p~™) = (3.25+0.17) x 107°
BB® -t p~™) = (1.0740.10) x 1071°

Al'_correction [PRD 86, 014027]

B(Bs — p pp™ )<t
14 AR AT ;zrg

- 1—(Ars/2rs)? -

— (3.56 +0.18) x 10—°

B(Bs — p ™)

5% precision SM calculations!

Sensitive to new scalar, pseudoscalar,
axial-vector particles in loops

. B 2 €
Cs.p 2
MA
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Table with different scenarios

Scenario would point to ...

BR(B, — yup) >> SM Big enhancement from NP in scalar
sector, SUSYVY high tanp

BR(B, — up) = SM SUSVY (Cy, Cp), ED’s, LHT, TC2 (C,,)...

BR(B, — up) ~ SM Anvything (> rule out regions of

parameter space that predict sizable
departures from SM. Obviously)

BR(B, — up) << SM NP in scalar sector, but full MSSM
ruled out. NMSSM (Higgs singlet) good
candidate

BR(B, — up) /BR(By— yupu) =SM | CMFV ruled out. New FCNC sources
fully 1nofepenofent of CKM matrix
(RPV SUSYV, ED’s etc...)




Here we are now!

S

BR(B, — up) = SM

SUSVY (Cy, Cp), ED’s, LHT, TC2 (C,,)...

BR(B, — up) ~ SM

Anything (> rule out rvegions of

parameter space that predict sizable

departures from SM. Obviously)

BR(B, — up) << SM

NP in scalar sector, but full MSSM
ruled out. NMSSM (Higgs singlet) good
candidate

BR(B; — up) /BR(B— pp) =SM

CMTFV ruled out. New FCNC sources

fully independent of CKXM matrix

(RPV SUSYV, ED’s etc...)




Some words about analysis strategy

. . ~ 2/3 LHCb dataset: 1.0 b1 @7 TeV + 1.1 fb~1 @ 8 TeV
Blind analysis

: . . PRL 110, 021801
Robust selection cuts for reduction of combinatorics T 6000 B —
Boosting Decision Tree (BDT) method using 9 g 5800 LHCb
topological variables (to avoid correlation with M. ) g 2000 s .
400 * e ____—__
200 e 3
P E ~ 5000 .t —
o 0 -::-!f- s ]
(a) B, — ptp~ signal (b) bb — pTu~ X back- o , I , ———
ground et 1 ~ -
= E ° LHCb 3
BDT trained on signal and bkg MC J‘:E“ e ._|_._'_-_'_._'_._'_._—g
BDT calibrated on data using B->h*h" as signal and B _ _'“*_C
107 o =
mass sidebands for bkg. - :
15 BDT bins. In each bin, the compatibility of the WE m Signal by :
o> Background {
observed events with bkg only and SM+bkg 10> D_Eg T Iﬂ;r “
BDT

hypotheses is calculated.



Result: first evidence of B ” - p'pr

e 8 ' ' ' ' L B L A
g 7 | |I.H(_-.'h i LHCh .
TR - L0 7 TTeV) + 11 67 (STev) 3 Full PDE 081 L0 (TTeV) +1.1 fb (8TeV) _|
= 6F BDT =08 — B sty = i
:" = EL BY — e B ]
= £ — Cnmb!:lb:rckgrntlnd Rl -
g “f 1 mewn g F ;
g K L [ T utY, A N
5 ; : B — ¥yt 04: ]
= =1 - -
S |_=L _I, _L_: 02 =
:_..,..J.u. il - LFWW . - ...l..-.......-.._..._i......-. e = :-_. :
" 5000 2500 “eo00 PR VR VA Y A I CREY
mu'u' JMEU;('-EI 0 - —9
'y B(B" —u u)[10 ]
o Compatibility with background only hypothesis (1-CLy,): PRL 110, 021801
» B — ptp—: 0.11
» B 5 utp™: 5.3 x 107*% — 3.50, evidence of decay! Should be compared with
° B( BO Juﬂ.z_) <04 % 1010 (at 05 %, CL) time-integrated branching
> Set USing the CLE meth{]d fraction {354 i D 3{}) X 1{} 9

o B(BY = ptp~)=(3.2%13) x 107°
» Profile likelihood scan of B(BY — p*p™) by simultaneously fitting
m,,+,— across all BDT bins for 7 & 8 TeV datasets

LT
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Result vs NP

20 m

—
U
-
: - >
Any model that violates ~ 15 | MSSM-LL S
flavour via (pseudo)scalar i | %
is constrained. T -
- 1.0 f
4] :
&
High tanB SUSY too .~ B
;i 0.5 :
arxiv:1205:6494
0.0 |
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B’ WL

Non-resonant SM contribution

-
o
ol
-

' PDG, JPG 37, 1 B(B,y— Jho) = (23+£0.9) x 10™ #

J®._ PRD70,114028 B(Bp,)— ppu (= ptpT)) <1071

VO Il
l,  Z
B, L'Im\m(
~N
S ~d W \

First limits on these decays:

PRD 85, 077701 & PRL 94, 021801

Possible enhancement scenarios with new particles

(- 2u), HyperCP ...

B(B?— 4p) < 1.6 x 107°
B(B"— 4p) < 6.6 x 1077

Candidates / (20 MeV/¢?)

12 w
th o th

=
Lh bJ

1
0.5

Dataset: 1.0 fb~1 @ 7 TeV

[LHCb PAPER 2012 049] ACC F’RL

3 T T :
- non resonant| | LHCb{
3 y 2
E L A
— | | new
3 ] J
] . -
3 I | =
E— HH Wi i H 'Il b é
s LTI -
S ! E
:l....|....|....|....—r-.'.'.--.--|-l ------ | T

4800 4900 5000 5100 5200 5300 5400 5500 5600

M. e e [MeV/e?]
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Rare decay D° -y

FCNC in charm sector suppressed by GIM

(absence of a high mass downtype quark)

Small D mixing & small BR

D° - pp dominated by long distance contribution

(via two-photon intermediate state)

R-parity violation models

5 WS (:mn GeV
i >{: 7

mrf;'
T

BH..

.”-”—hu T

)2

SM:BR~6x 10" ; Belle: < 1.4 x 107
Three orders of magnitude to go!

PRD 66,014009,
arXiv:hep-ph/0112235

supersymmetric partner of
down-type quarks

Using 1fb™1 (at /s = 7TeV) LHCb sets a limit of:

Candidates / (0.5 MeV/c?)

Candidates / (10 MeV/c?)

i

LHCb arXiv:1304.6365

LHCbH -

D'—-pp

150
A m

MeaV/ /21

‘ B(D°— ") < 6.8 x 1077 at 95% CL ‘ (preliminary)

b — TN Al T S . S| Finatr Pty Pl | M ks Ay Sl
120N 1R8N 1900 1950 g{)()ﬂ
My - [MeV/c?)
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0 +, -
Rare decay K™ - /'y

JHEP 01 (2013) 090

x 10’
o N o t":l"‘ :' I I ".I T [T L I :
FCNC s - d is very suppressed 5": soF ; LHG
A . _ -12 . . -7 C * ]
SM: BF ~5x 107 ; EXP: <3.1x 10 = of C K -
« NP at 10" level still possible [JHEP 0401, 9] 2 sof . Ko mw E
% 3*3'% : . uru hyp. _
Using 1 fb* dataset at 7 TeV S 10f Do .
0~2% 430 500 520 Sh0
BF(K_ — ) < 9 x 10° at 90% CL a5 Anvariant mass [MeV/c
2 35F
New world best limit ~ 30F
Factor ~35 of improvement =~ 255_
S 2nE
S jsf
b= E
5 10F
i) 500 510 520

m,,, [MeV/c?] 73



B-hadron - Hadron + u'yr, D - mqu'r

Bl!

L pu

FCNC processes with a lot of observables

Clear experimental signatures with low
background

Well developed SM calculations
NP can be found in

— Rates
— Angular distributions
— Asymmetries

Altmannshofer et al. [arXiv:0811.1214]

02 =

0.1 |

As an example zero-crossing il M N B
point at forward-backward ~ -{4= | U N
asymmetry for B -~ K*u'u~ G h N

is well predicted within SM 02b amssy D

and has potential for NP sl
searches. R S SR S S



b- xI'Fand ¢ - xI'f menu @ LHCDb

A lot of channels = a lot of new (Apr-Jun 2013) results

b- sl'l”

- B> Ky arXiv:1304.6325 1st multiD angular analysis
- B°-> Ku'u~ PRL 110, 031801 CP asymmetry

—  B°- o U arXiv:1305.2168 1st angular analysis

— B°- K*e'e” JHEP 05,(2013)159 1st evidence in low g2

- A - A arXiv:1306.2577 baryons, 1st @ LHC

c—- ul'r

— D(S)"—> TN arXiv:1304.6365 factor ~50 improvement in limit
D(S)+ N TT_IJ+IJ+
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Analysis of B -

K*pr 1

[arXiv:1304.6325]

I " 1
LHCDb i
10.09 < ¢ < 12.86 GeV?/c* -

10* s
f:_{f L
Y2s) s |
=
103 -
o
JIY = 40
10° = HB”
(b Q
=
S S 20
10 3 =
(&) o
X
G I '] '] '] I 'l '] '] I 'l 'l "] m
5200 5400 5600 o=
B m(K'T ) [MeV/c?]
Ll II:‘; J. 4\\‘_-._,15 £ K+ j;?_'

Loose preselection cuts  d9* 2. — Goin Ni-os
Using BDT trained on proxy B - K*J/

Background from upper B sideband

ERK*0u+p-

5400 5600
m(K'T uuw) [MeV/e?]

x B(B"— K*Jfp) x B(Jpp — p*p”)

Choice of variables to avoid biases on angles and q’=m?(up)

Final selection from BDT decay time, flight direction, trkivtx quality, p_, PID

BR measured relative to B - K*J/Y
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Analysis of B - K*u'(r

Branching fraction measured
differential in g2 and 3 decay angles

Limited statistics: 44+ 7 if ¢ < 0

Parametric in 4 angular observables
Fi. Agg: S3. Ag, from CP asymmetries
and averages of decay amplitudes

Theoretical uncertainties smaller in

The first simultaneous fit
to all angles

angular analysis (hadronic form 1 : 3 _ .
fﬂﬁtﬂrﬁ) £y cos® By + 1{] —_ fL}{] —cos  By) —
Fi cos?0x(2cos? 0, — 1) +
1 d*I
o T S - L : 5 : . _
dl'/dg® dg? d cos 0, d cos 5 dod Ill — FL)(1 —cosHg)(2cos” 8y — 1) -

S3(1 — cos? Bx ) (1 — cos® ;) cos 20 +
4 _ £
3ArB(1 — cos™ O ) cos b +
Ag(1 — cos® B ) (1 — cos” B;) sin 20 ]
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Analysis of B - K*u'(r

Theory W Binned
—a—LHChb

L L T — T T i
ook LHCb
.
| ===
;
0 [ e 1 . N P
0 i) 10 15 20
q- [GE\-"EI c*
Theory W EBinned
—=LHCh
[+ * r 1T v ¢ r T v T T T
04F LHCb -
ozf- -
o1 —t+— :
N —+ :
04l -
[ e e PP B
ad ) 10 15 20

¢° [GeV3/ct]

Theory [ Binn:

- HCb

arXiv:1304.6325]

< I LHcb
0.5_—

S—

——

sk

gy =4.9+0.9GeV?/c

zero-crossing point

0 5

Typical SM prediction:

15 . 20
q- [GEUEIE‘

3.9 — 4.4GeV?/ct

10

——-LHChb
€ T T T T T I | L] L L] I T T L T i
0.4 -
LHCb -
.2 -
of 4'——_*,—‘—:
]
ok :
C i L i ]
0 5 10 15 20
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Analysis of B — K*u'(r

Theory NN Binned oy e [arXiv:1304.6325]

=8 LHCh =i COF =% BaBar - Balle = ATLAS CMS =8 LHCh == COF =% BaBar -E-Bele = ATLAS CME
| 1y T T & [ T T T 1 T T 1 L | LN T 1 T T LI | L | LN S | T

E I
<
o.af ][_.
|'|

osf

0.4

T |
G [GeV?ic?] G [GeV?/c?]

All experiments consistent with SM ~#-LHCb - COF
CDF: Phys. Rev. Lett. 108 081807 S S
Babar: Phys. Rev. D. 73. 092001

Belle: Phys. Rev. Lett. 103 (2009) 171801 03
ATLAS: ATLAS-CONF-2013-038 - 1
CMS: CM5-PAS-BPH-11-009 0 '

——

SM predictions 0.5
Bobeth, Hiller,van Dyk, Wacker, JHEP 01 (2012) 107 )
Beneke, Feldmann, Seidel Eur.Phys.J.C41(2005) 173 1P S T S TP

P 15 20
Ali,Kramer,Zhu, Eur.Phys.).C47(2006) 625 & [GeVA/ 6]

=
th
=
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Analysis of A, — Aprpr

LHCb-PAPER-2013-025 | Preliminary

Normalize to A} — AJ/{(pu*p™):

p—
on
T

[10.09-12.86] GeV¥/ct T [14.18-16.00] GeVYZAT [16.00-20.30] GeV¥/ A

% [ LHCb I A, —ARI
:g; " [0.00-2.00] GeV¥/c? [2.00-4.30] GeVZ ! T [4.30-8.68] GeVZ/ !

Z 10 + -
= | Significant signal only in 1 _
— 2 . 2 1 i
= 5k q~ > mj JI ] ]
4?.:: :m |_IJ } [ } IJ’: Nt Ut I "|_|"ur- P

g

&)

—
=]
T

1 5.6 58 5.4 5.6 5.8

M(AL W) [GeV/?
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dB(ApwY/dq® [107(GeVe*)]

LHCDb result

L HCb-PAPER-2013-025 | Preliminary

Compatible with previous

1.5 R ' ' ' 1 measurement by CDF
- LHCD 1 [PRL 107 (2011) 201802]
- Preliminary .
| Eiﬁ
; —f NS i ' .
- ; T ................................ . [PRD87 (2012) 074502]
{].5:j| L et W B i dB/dqQ
.:_;__—1|——— | 1 limit on dB/dq?
B | | 1 at90 % CL.
0 _# R, S PR PR
0 5 10 15 20
q* [GeV/ed]
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Search for D(S;_) T L

« SM predictions: ~10”
hep-ph/0106333, arXiv:0706.1133

« Resonances (n, p, w, @) : >10°

 Low and high M(up) regions ‘4

AW

« BaBar and DO gives limits 10° and 10~
on D" and D" respectively

PRL 100, 101801; PRD 84, 072006
At LHCDb:

» Good probe for NP in non-resonant region
« Resonances as control channel

 Low and high M(up) regions

=5

o,

? T .LJ. ¢

(b)

e

W+

s HT s
.-. ‘_.-"

W -

(=]

Low
M(pep)

1

p/fo

high M)

200

1
400

a0

1
L]

I
1000

1200

1JLD 1ﬁhﬁ 1;00
M(up) [GeV/c?]
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f{2MeYice )

EvEnits

Low M(pp)

LHCDb results

Accepted by PLB, arXiv:1304.6365

high M(pp) -

1850 1900 1950
M(zpp) [MeV/c?2]

2000 1850

1950 2000
M(zpp) [MeV/c?2]

LHCD limits x10 at 90% (95%) CL

Signal
=== Comb. background:

=m Peaking backgrounds:
Dt . Prints

1 fb™* sample

Region B(D*2>zx*utu-) B(Dg2n*u*p-)
Total (1) 7.3 (8.3) 41.0 (47.7)
Low M(up) 2.0 (2.5) 6.9 (7.7)
High M(up) 2.6 (2.9) 16.0 (18.6)

~ 50 times better
than previous

measurements
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Rare decay B u'e

o Lepton flavour violating decays occur at ~< 107°? in the SM.

o The decay BY — et ;™ is allowed in models with a local gauge
symmetry with leptons and quarks.

b e(w

u(e)

w|

@ So-called lepto-quarks have been directly searched for at the LHC,
with limits of around 0.5-1 TeV/c? (no mixing assumed).
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LHCb resulton B - e

o Search for B — e' u~ at LHCb using 2011 dataset.
[LHCb-PAPER-2013-030]

o 3
o 1 Q
g 0.8f g 0.8}
I C il B
- '] -
3 06k o 08
04} 0.4F
0.2F 0.2f
—————— = - R <107
% 10 20 R % 2 4 6,
BR(E] = e* u”) BR(E" — &= u”)

Solid black line: observed, dashed black line: expected

@ No significant signal observed, set limits,
B(BY — etp™) < 1.4 x107% @ 95% CL
B(B° - eTp™) < 3.7x107° @ 95% CL



Lower limitonm _from B u'e
LQ

@ Convert branching fraction limits into lepto-quark masses using
formula from [arXiv:hep-ph/9409201].

— _— T I LA I
+ t
v | ZwlE LHCb .
bR T A | b BRY{E" — & u") « B (5.7 o 107 SiNS)E
'T' 10 o ] 'T' s B — e e ey TeWict
:I?-:l.—- E I-az_:l._ ].Dh | ]
(=% o ==
[=a] o = G
0% — | | 1 I :
; 10°F i E
- : | ;
C | 1 L] I T [N TN T TN N N R | |!| | I R T T TR NN TR TN T SN NN
3 1040 _ 150 50 100 150 fﬂ'l_:' 250
ML_G {Bf — e ) [TeViel] MLQ {Bﬂ — e w) [TeViel]

@ No significant signal observed , set limits,
mro(B? — eTp™) > 101TeV /c? @ 95% CL
mpo(B® — etp™) > 135TeV /c? @ 95% CL
[LHCb-PAPER-2013-030]
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Gluonic penguin in B->VV

(naive scaling SM) : LHCDb has already reported about
B(B® = ¢K*°) — B(B® — $K*°) x |Via|? 1st observation of decays
) Ifs g % *
w Ve BO.—¢¢ and BO,—K™OK™C

—_— —_——

P -
A 5 B i

1 .': “,;'D ] '
v, @Et S o @Ef S

'~.__\ e ";_“ -

N o R
Ej i
Koﬂ
d &

~ SM prediction:

B(B? — ¢K*°) = (047571 153) x 107°

o
MNucl. Phys. B774 64 (2007)
U — —
LHCb-PAPER-2013-012 30+ 6B%— (K'K')(K'=*)
C LE T T 7 * Loose preselection cuts
=< *°F LHCb E
E 25k 3 + S-wave KK an KTt contribution
2 205 1 - 6.10 significance, 10 from SM
g 151 B? — ¢K*0 4
=2 10 E B(Bgaqbﬁ*o):(1.10i0.24(stat.)iO.M(syst.)iO.DS(l;—d))><10_6
8 s 3 S
0 frmm eI« Presented here to demonstrate quite rare
5000 5200 5400 5600 5800 . - -
MEK'KK =) [MeVic]  gluonic penguin decay, but further analysis

of B- VV is also very interesting! 57



Properties of the B (B", B°, B )
systems

1) BSO oscillation frequency measurement
2) Mixing induced CPV in B, e.g: B ~J/(p¢ and B’ - J/ipf (980)
3) Direct CP asymmetry in B (S)" decays

4) CKM angle y
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Mong_e-Carlo

O
&

candidates / (0.1 ]J-‘i}g

400

a3
b=
—

T

Entrics per 0.02 ps
2

2

= ¥ 8

Oscillation frequency for B_

LHCb Technical proposal (1998)

Proper time (ps)

¢ Tagged mixed

o Tagged unmixed
— Fit mixed

e BIL UHITH ?"-Ud

l ) 3 4

B_: Fast oscillations fl [arXiv:1209.58061

Excellent time
resolution required!

r=(+r)/2;

0.3

Am =M, —M,
x=(M,—M)/F; y=(r,—r)/ar

Measure time dependent decay rate of
B, —+ D_ =7 and B, — D;"fr

* PDF o |e Tt cosh £t + D cos(Amt) || @ R(eoy)
2 ~ \fvent-by-event
flavour tagging decay time

* Mean decay time resolution 44 fs
resolution

Most precise measurement up to date

Agreement with world average & SM
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Mixing induced CP violation in B_

Decay of particle and antiparticle to same state
CP violating phase predicted to be very small in SM —¢

D
[PRD 84, 033005] /_\\

‘ B? T/ ¢

oM = —28, = (—0.0363 & 0.0016) rad

Observable very sensitive to NP !

LHCb measured it in two modes (1 fb™ dataset) C‘}J A

[arXiv: 1304.2600] Biq - %
\ ;} $(1020) — KTK™

Measurement of time-dependent CP asymmetry L.}
I

Acp(t) ~ (1 = 2wiag) D(oy) sin(Amy()) sin(o,) B“

Tagging and high decay time resolution required! A\ }fo 980)— 1T
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Mixing induced CP violation in B_

BY — J/v¢

narrow ¢ resonance;
experimentally clean

VV final state: mixture of CP
even/odd components

Time -dependent angular analysis
to disentangle the amplitudes and
extract ¢,

Fit for more than 10
physics parameters:
amplitudes, Ty, AL, ¢,

Am, taken from
B, = D.w

¢ = 0.07 £ 0.09(stat) = 0.01(syst) rad
I'. = 0.663 £ 0.005(stat) = 0.006(syst) ps

AT = 0.100 £ 0.016(stat) = 0.003(syst) ps~

Candidates / (2.5 MeV/c?)

Candidates / (5 fs)

45{]{]: N : ' I r . ! ¥ L, 2 . I > + ! I . E t —
~ 27600 =
4 €10gD? = 3.13% :

) I.....:....:.....I......-..........:_:....I." " " - ;

5360 SJIED 54000 5420
m(J/p KK [MeV/ic?]

LHCb
Proper time resolution: ~ 451s

i Lagagha=2
5340

10*

10°

10°

0 2 4 6 8
Decay time [ps]
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g BY — J/ymw
g @ dominated by fy — ntx~

@ BF ~ 35% of BY — J/v¢

(s (M) @ CP-odd final state

5 “E | o 775 < M (7m) < 1550 MeV]
S br = —0147017 £ 0,01 rad [arX|v.12.04.56£}3]: no angular
] [arXiv:1304.2600) analysis is required

"3 l ' @ Constrain I'y and AT, to

i - the BY — .J/1¢ result

500 1000 1500 2000
LT AN

Combined fit BY — J/1:¢ e BY — J/i)mm [arXiv:1304.2600] ) )
. = 0.01 + 0.07(stat) + 0.01(syst) rad Consistent with

['s = 0.661 £ 0.004(stat) £ 0.006(syst) ps—! SM redictionl
AT, = 0.106 = 0.011(stat) &+ 0.007(syst) ps—! p
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Constrain on NP parameters

Consistent with SM prediction
and data from other experiments!

HFAG preliminary based on [arXiv:1107.0266]

LHCb 1.0fb™ + CDF 9.6t~ + D@ 8fb™ +ATLAS 4.9fb™

—_ 0.25 :I T T T T [ I7TTTT |\‘| T T [T T T T [ T T T T [T 17T .|: =
' n DO HFAG &
2 oo0f \ ] ~
020 i =1
n N 68% CL contours 7 =<
— C . (Alog £ =1.15) 7 Tm 8
<] 0.15 - ! LHCb E 2"
A7 _ S md
- —mmmees g . . @ =
010 . ,@x@ombmed - o
_ \CDF ‘sM /| b
0'05: " /ATLAS .
_I 1 1 1 1 I L 1 L1 I.--‘I‘__I I‘I— I-:_I 1 1 I L L 1
15 1.0 -0.5 0.0

Impact of ¢, measurement e Syo = -sin d,

05 10 15 (together with BR(B%,—up)

e [rad]
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Direct CP asymmetry in B (S)O decays

Direct CP asymmetry hard to calculate,
but “easy” to measure

1 fb* dataset, PRL 110, 221601

CPasymmetry: Aqp = Aw — A
An(B{y = K7) = (o) Ap(KT) + kiqs) Ap(B(,))

— Detection Production
a000F LI(-I()}b ~Ak B’ -K'mr " asymmetry asymmetry
= a
3 Oscillation considered in the analysis!
3000
,:‘; 20002— A_(B"-K'm)=
-
2 1000; | =-0.080 £ 0.007__+ 0.003__
o s A
O ] Erat R World best precision
0 C C
£ F . 9
S a0f (© E (d)
o E = 0 F) -
5 F 3 A_(B'-~KT)=
200 =
- : | Raw asymmetry =0.27+0.04 = 0.01syst
100; 1* observation (6.5c) of direct CP
T T L T . asymmetry in B ° system

5 51 52 53 54 55 56 57 51 52 53 54 55 56 57 58

K%~ invariant mass [GeV/c?] K wtinvariant mass [GeV/c?]
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Parameters of CKM triangle

CKMfitter ICHEP 2012
12
Y= (ﬁﬁ tu)o

UTTit pre-ICHEP 2012
~ = (75.5 £ 10.5)°

Amy & Am

Am,

. -]
1.5 2.0

[

Y ,/\\

\

:\k '&md md
05 ' =%, ”““\
e ) 5
: e ——
i wsln(zﬁw/
= \
0.5/ l /
i i
B /
:l | 1 L | L |/| I L 1
-1 0 0.5 1
Y

(but very precise SM prediction for these observable)




Parameters of CKM triangle

CKM angle y measured with high uncertainty!

(but very precise SM prediction for these observable)

] : Diagram with other
L .
eading diag. CKM structure highly
/t/f suppressed!
E_f _______.Ar"/-'
il b,s,d
W & 5

|;"- )
k|

S
Very high potential for NP searches!

Probe Ayp for (N)JMFV NP App for gen. FV NP
v from B — DKV A ~ O(10° TeV) A ~ O(10° TeV)
B — % A~ O(1 TeV) A ~ O30 TeV)
b— ssd A~ O(1 TeV) A ~ O(10° TeV)
A from B — JR) Ix'é-] A ~ O(50 TeV) A ~ Q200 TeV)

K — K mixing® A > 0.4 TeV (6 TeV) A > 1034 Tev 46




GLW / ADS / GGLZ methods

Gronau-London-Wyler (GLW) D in CP-eigenstate -(D BN I{K: ) [PLB 265, 172 (1991)]

B Q[F{B_ - D(?;J:H_:] + (Bt = Dc?piﬁr_:]]

Repy = — Py = % &+ 2rpg cos b cosy
cp+ [(B- — DYK-) + [(B+ — DK+ Repy :2- "'"H‘_ﬂ.: ;* H‘_f-.f-‘lh.f‘-ls;m Y
A (B = Deps K7) —T(B" = Dep2KT) Acpt = TH;?H__I el
PET (B S DopaK )+ D(BT — DepeKT) P
Atwood-Dunietz-Sony (ADS) [PRL 78, 3257 (1997)]

D Cabibbo-allowed (DY — K ~7) and doubly Cabibbo-suppressed
(DY — K*7) states.

(B~ —:-D[—:» T KK )+ (BT = D= n"K |KT)
R;"‘L[ZPS: R 2 ‘3_2. - cos ~ cosl 8 5
I'(B- — D= K nt|K- )+ (Bt = D[— Kt |KT) ADS = Ty + 1 + 2rerpcosycos(dp + 6p)
Ao - L(B” = D[—;- m Ii 1K) — FLB — D[—> +I<."]I{_‘J Aaps = 2rprpsinysin(dp + 6p)/Raps
AT (B~ S Do KT K ) +T(BT = D= K |K™)
Giri, Grossman, Soffer and Zupan (GGSZ) deals Binned Dalitz plot phase variation measured by
with self conjugate 3-body final states : CLEO-c: i
f=D —=Kgmm and KgKK. Phys.Rev. D68 (2003) 054018 i ;
Strong phase varies over the 3-body phase 2af N
space. %15
z4 =rgcos(dpt5) yr =rpsin(fp+7) ok

47
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Result on CKM y
'ﬁhﬁ \ ' PE x o (Two-body GLW/ADS) : B —=Dh, D— hh [Phys. Lett. B712 (2012) 203]

B GLW (k-KHpk* BY ADS (K 77)pK o (Four-body ADS): B —Dh, D— Knz [LHCh-PAPER-2012-055; arxiv:1303.4646 |

} o (GGSZ): B —DK, D— K:hh [Phys. Lett. B718 (2012) 43]
S p°x+ D°K*

The combined results for B — DK decays using 1 fb1{7 TeV)
from GLW/ADS/GGSZ plus 2 fb1 (8 TeV) from GGSZ :

B — DK combination

2 o e s Confidence intervals
s 0slh ﬁﬂmﬂ,’ E v € [43.9,89.5]° at 95% CL
T | ; v € [55.1,79.1]° at 68% CL
0.6 - 6741 .
: i Best fit value
04 683% ] v = (67%12)° at 68% CL
021 .
B 05 5% | ! ]
[} L1 | I - I 1 1 i | 111 1 i 1 11 | L1 1 | L1 | | Ll | | 11 | s b .H dt Ph I_ tt B- . .1305 2D5ﬂ
0 20 40 60 80 100 120 140 160 180 EommEt e e e D AT

T [u] LHCb-CONF-2013-006 LHCb-CONF-2013-004 48



Mixing and CPV in charm sector
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D° mixing

£)|} |i)2}

Mixing determines the time

Flavor eigenstates  Hamiltonian eigenstates evolution of the flavor eigenstates

«\Well defined flavor «Well defined mand I

* Define the mixing parameters

; ™ Comy I'y -1 R R
|J[:}_h_}\1 :f}|UL} :l:llrj|1"_)t) o _f = 9 = )
~ Event classes - flavour tagging at production and decay
No Mlmng —+ ~\ Right Sign Decay (RS)
R=~1
D+ }'CDDGJ;F G‘i no D? Mixing -
. W_CD rong Sign Decay (WS) - urlmjm(?xsed 0.3%
Mixing 7 o D_ Mixing CF 0.00677
mixed
~ Time evolution of the WS decay rate
e assume CP conservation and x| < 1
wsd . = "2 4y
_D S TH"S{t) o E_rt (RD + \v."fRD y" I't+ %{ft}ﬁ)
_ \MIXIHQ v T—— o .
DCS E ! DCS Interference Mixing
g / ¢ 07 is the strong phase between CF and DCS
L® CF amplitudes ( D° — K= )
Kmm— = xcosdpx+ Y Sindix o o 5 5
Yy = —x sindg. +y cosSn yrrrt =a 1y



D° mixing

~ Measure the Number of WS and RS » Mixing Parameter arxivi1211.1230

D » u " u
D" decays in 13 bins of the lifetime. Rp — (0.352 + 0.015)%
Ngs =84-10° N =3.6-10° Y = (0.72 + 0.24)%
2 L . -
> Fit the N#et. /Nt vs the D° decay time &' = (—0.009 +0.013)%
2 r2 . T
R(t) oc e T (RD  VRpy Tl JJ:r V7 e ) Errors include sys. uncertainties
_ -1
D [ - Data 1.0fb" | i T LHCb
@ 6.5 — Mixing fit | = F
vk . : 1.50 First Smg‘re measurement_
o O6F - No-mixing fit 1/// : ' larger B
= 5.5k ] 3 ", S i
w0 : | ] I _;.\ Y
o S 3 - 5
® 4.5F E 0.5 33 RN s
g af E oF —lo AN :
3.5E LHCb 7 -+ No-mixing ¥ % ]
3 E 0.5 exclude at91 o "*’I R
o T T T o1 0050 00

-

X' 9]
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CP violation in D decays

In SM direct CP violation predicted to be small ~ 10° - 10™

Access via asymmetry measurement

| D(DO(t) = f) —~T(D%(t) = £)  air o . t ina

Acp(fit) = ——— : — - =agp(f)+—-ag

ﬁ”“;) T(DO(t) — f) +T(DO(t) — f _LD,_fi r “F
CP eigenstate CPVin decay CPV in mixing + interfer

LHCDb: Time integrated difference of asymmetries
AAcp = Agp[fﬂr_l_ff_) — 14cp{ﬂ_fr_] Aot

= [agp(KTK™) —agp(r™n7 )|+ ———agp

T

With 0.6fb™ data sample LHCb found 3.50 evidence of direct CP violatio

A(AP) = AP(D° = KTK™) = A°P(D° = 7777)

= [—0.82 = 0.21(stat) = 0.11(syst)] %

Later some indication came from other experiments 005 N—

SRR :
0025t LN L
0-%‘02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 IIJ.D?
ae

Led to discussion: “Is it sign from NP?” 52




CP violation in D decays

In SM direct CP violation predicted to be small ~ 10° - 10*

Access via asymmetry measurement

L(D%(t) — f) —T(D°(t) = f) 4 L ind

44- t . _ — T mn

cp(fit) = T(DO(t) — f)+T(DOt) — f fﬂ_fﬁfr:fj
CP eigenstate CPVin decay CPV in mixing + interfer

LHCb measured time integrated difference of asymmetries
ﬂ}lcp = —'lc‘fp[xff_l_ff_) — Acp{. -u_ﬂ'_:l

= [aZH(KTK ™) — a&n(nta™ )] + — af,_”g

Two complimentary analysis with 1 fb™* data sample

h ,..'If
. -
.Dﬂ " - . = h D” i : o
e : f T "
Dt E : _ n ....- - » ) =
LHCb-CONF i (arXiv:1303.2614] &
[LHCb- -2013-003] T
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CP violation in D decays

LHCDb results:

e D" tagged sample (preliminary) —— T
AAcp = (—0.34 = 0.15 (stat) £ 0.10 (sys)) %
¢ ; tagged sample

AAcp = (+0.49 + 0.30 (stat) £ 0.14 (sys)) % | —=%—

~ LHCh Eieliminar}f {prompt]
y L™

Consistent with no CPV hypothesis! | LHCb (emicpton
1.0 b~
£y 0.02p , == . hq_lxg average
3 00150 CP wolatmn;fj_i::;;-w | S e L L e L
\ S ==Erra AAcp (%)
HFAG averages:

ad = (—0.010 +0.162) %
Aa%t = (—0.329 4+ 0.121) %

uu - s L Y- O T T -1
%IJZ [1(115 .0.01 -0.005 ﬂ 0.005 0.01 0.015 0.02

[T ]
e

Note: AAcr measurementsinDT™ — or™ and DT — K°2x are compatible
with O arxiv:1303.4906,
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Production & Spectroscopy

1) X(3872) quantum numbers

2) Mass of D mesons
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X(3872) quantum numbers

Discovered by Belle in 2003 at e*e-

— Itis extremely narrow. Only upper limits on its width (<1.2 MeV)

None of the known cc states above DD threshold is so narrow

« This automatically eliminates all cc excitations which can decay to

DD

— Its mass is not near any of the predicted cc masses. Closest
predicted cc states which could be narrow: 2°P;++, 1'D,-+

— Its mass is nearly equal m(D°%+m(D%):

+ ltis loosely bound DD =(cu)(cu) molecule or (ccul) tetraquark?
Both models require J7°=1+*

CDF’s binned 3D angular 2 fit:

T decay LS ¥> (11 daof) x° prob.
[ A e 0l 13.2 (.28
£ J " 11.12 136 26
™SI Jiglmws 0l 35.1 2.4 X 1073
2“\@;(:#}5 I ET] 5.5)V1ﬁ‘5
| & T 11 398 ~38 x 1073
2 J el ks 21 39:5/ 3.8 x[10-3
3t Mlwws 3 0.5 3.8 x 1077
. e J il 21 e 41.0 2.4 = 1077
2H 4 ifrp" > T 3.0 1.1 = 1073
g Jigp” _—~T0.11.12 \4-\4\ 4.1 % 1079
o-+ W Ll 104 \L(x 117
07~ a7 lmwhg 11 129 _J_[rf“
0 1" 00 163 = 1 x 1=

Cannot distinguish between 1++ and 2+
All other ruled out.

Events/0.010 GeV

200

100 — X(3872)
i 34+7 events
R I i
0.40 0.80 1.20

200 — J

PRL 91, 262001 (2003) 152 M BB
I T T ] I 1 T 1 I

C w(2

Belle
DD DD*

Mix =117 = MITN (GeV)

Previous angular analysis - CDF

entries / 2.5 MeV/c?

s000E 1’[| 20285 + 228 y(2s)
F ] CDF pp—X(3872)+...
4000F- || 0.8 fb-1
3000F- fl 2292+113 events
2000F | ll PRL98(2007)132002
1000;-; etnen v M —

365 a7 375 38l 385 39 395 4

m(Jly 7 ) [ GeV/c?]
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X(3872) quantum numbers
B+*—X(3872)K+, X(3872) — Jy p,Jy—ll-,p>nn

2

PQIJ AT ) o

Ad,=—1,1

Z Z Aix di;it ) (9 )d/t L (9 )E’Mt (@, Ux]' L 0(9 ) M},{EJX @)

A, =—1,01 2,=-10.1

arXiv:1302.6269
Accepted by PRL

1200

LHCb: 5D analysis F
1fb sample Unbinned data "
31326 ev. Likelihood ratio test 0E

600 800 1000 1200 1400
M(rmdhy) - M(Jhy) [MeV]
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L

X(3872) quantum numbers

e 10°
-, O
P(lJ") 33 LHCb
' S 10
g £ * Simulated J°=2" Simulated J™*=1""
E" 8 10
]
5 8.4c /,I-\
E 10 .l.":,f
E 2t
=z 10° 4 data %
. 4 arXiv: 1302.6269
107 £34% A Accepted by PRL
g rd 4
. L. . . w7 1 . ., . F .'K. e o 01 . .
—Eﬂy—mﬂ 0 100 200 _
v P(Q 127, &
Gaussian fit r:—}lswzwl_.ln Pl 1)

The Gaussian approximation conservative since the actual distribution to the
left of the Gaussian fit.

— The 2+ hypothesis is ruled out at 8.4 (>8 after systematics)

1++ C.L. is high (34%).

The state n.(1'D2) is excluded, favour unconventional interpretations
xe1(2°P1), D*°D° molecule, tetra quarks or charmonium-molecules
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D meson mass measurement

Interpreting X(3872) as D*° D% molecule Eg is determined by D mass
measurements: Ep = 0.16 + 0.26 Mel7/c?

» Mass measurements in the D system  arXiv: 1304.6865 ([ £L=1fb"1)
¢ Determine D massin D° + KT K~ K=+
M (D% = 1864.75 4+ 0.15(stat) + 0.11(sys) MeV /c?
* Mass difference measurements
M(D*") — M(D%) = 4.76 4+ 0.12(stat) £ 0.07(sys) MeV/c?

M(DF) — M(D*) = 98.68 + 0.03(stat) = 0.04(sys) MeV /c? anxiv: 1304.6865

Derive a significantly more precise D mass E:: , ; ,
M(DT) =19684.19+0.20 £ 0.14 £ 0.08 MeV/e*  cueo e
ChF2 : : : : ———
e Dominant syst. uncertainty on the mass BABAR e B
is due to the momentum scale of 0.03 % mimt:"g?”m | )
Dﬂ mass - 0.09 :‘-._[E‘if:,f'cg New average 95.69 + 0.05 -
mass difference  : 0.04MeV/c? o

M(D}) — M(D™)[MeV/e]
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Summary

LHCDb, the forward spectrometer for precision studies in flavour physics domain
Excellent performance of the LHC and LHCb has led to a lot of physics results
- Test of SM (which still holds its ground!)
- Search for NP
- Make CP violation measurements in b- and c-sectors
World best quality of the results in charm and beauty physics!
Remember, that presented here measurements use mainly the 1 fb™* dataset
(70% of the 2010-12 data still in progress)

OUTLOOK:
1) Plan to have more than 5 fb™* at Vs = 13 TeV during next LHC run (2015-18)
=> 8 times higher statistics in 2019 (in comparison with presented results)

2) Upgrade (next slide)
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Outlook. Theory vs. 50 fb™

EPJ C 73, 2373
Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb~")  uncertainty
B! mixing 283 (B: — Jf @) 0.10 [30] 0.025 0.008 ~ 0.003
28, (B? — Jhp f5(980)) 0.17 [32] 0.045 0.014 ~ (.01
as BAx 10°°[63] 06:102] D2 102 003102
Gluonic 284 (B; — o) 0.17 0.03 0.02
penguins 2BTERD o BURY 0.13 0.02 < 0.02
28°T(BY = ¢K2) 0.17 [63] 0.30 0.05 0.02
Right-handed 284 (BY — &) 0.09 0.02 < 0.01
currents (B & &v)/ TRY 5% 1% 0.2%
Electroweak S3(BY = K*0utu—:1 < ¢° < 6GeV?/ ) 0.08 [64] 0.025 0.008 0.02
penguins so Apg(B® — K=%utu) 25 % [64] 6% 2% 7%
A[{H,r:_;r,_ 1< q < 6BV 0.25 [9] 0.08 0.025 ~ (.02
BBt > watutu™)/B(BY - Ktutu™) 25 % [29] 8% 2.5% ~ 10%
Higgs B{B’z’ -y ptu~) 1.5 5 10~ [4] 0.5 x 1077 0.15 x 10~% 0.3 x 10~*
penguins B(B® — putu=)/B(BY — ptu~) ~ 100 % ~ 35 % ~ 5%
Umtarity v (B — DX KW™) ~ 10-12° [40, 41] 40 0.9° neghgible
triangle v (B? =+ D,K) 11® 2.0° neghgible
angles 3 (B — J/Y KY) 0.8° [63] 0.6° ' negligible
Charm Ar 23x 107 [63] 0.40 x 10—
CP violation AAcp 21x 1073 [8] 0.65x 10~

61



Thank you for your attention!
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