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Outline

Main goal of this talk: Show how precise LHCb measurements in b- and c-sectors make constraints
on fundamental prameters of Standard Model (SM) and provide New Physics (NP) searches.

Standard Model (SM) and its difficulties

Cabibbo-Kobayashi-Maskawa (CKM) matrix, CP violation (CPV)

Why and where to find New Physics (NP)? MFV or not?

Power of indirect measurements

LHCb setup (apparatus, physical program etc. )

Selected results

Rare decays
Results which demonstrate tensions with SM predictions
Studies of the CKM parameters

Physics with b- and c-tagget jets.

Summary and Outlook (what can be achieved after upgrade?)
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Flavour sector of SM

Standard Model (SM

) . (o]

No doubt that SIVI is great achieyverment!

(no large conflict with HEP, but some tension will

SM parameters before LHC:
be discussed in this talk)

2%s(Mz) 0,114 +0,0007
/(M) 127,916 £ 0,015 .
i O ) 0.23108 20,0003 Reasons for New Physics (NP):
Q = 1010
ny, (2 TaB) 2,545 MaB .
ma (2 T5B) 50715 MoB 1) Neutrino sector
my (2 T3B) 105733 MaB mass
ni(mg) I._Eﬁﬁfg:gié B
mp (i) 4,198 =0,023T2B _ OSClHEl’[lOI]S
my (i) 173,10 = 1.35T2B
e 510,998910 = 0,000013 k9B 2) Hierarchy of quark masses
"y 105,658367 £ 0,000004 MoB
1,77682 + 0,00016 5B 3) Radiative correction to m
012 13,02° +0,05° H
fos 2357 £0,06 - fine tuning
o 0,199° +0,011°
’ 120 £0.08 - desert between M___and M
u(m,) 246,221 + 0,002 2B EwW GUT
M, 115,5-127,0 T2B . .
- o ’ 4) Astrophysics (CPV is needed)

Great success of ATLAS and CMS in - dark matter

. e . - baryon asymmetry of Universe
determination of Higgs boson parameters. y y y

SUSY was considered as a good candidate to solve 2) &43)



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

Many historical successful HEP examples (Kaon CPV — KM predictions of 3" quark
generation, neutral currents — Z-discovery, B-meson mixing — top quark mass scale)

Direct searches are restricted by LHCb kinematics conditions, but they are possible!
(this talk: search for massive long-lived particles)



Cabibbo-Kobayashi-Maskawa

* Flavour eigenstates do not

coincide with weak eigenstates d“ Vaa Vas Vun'\ (d ) d
5 .I = [’Fd Plﬁ Ir’_{.h, 5 = F CEM | S
« Mixing matrix V b Vg Vs Vb b b
CKM

e CP violating phase can appear e o s

if we have 3 generations of Aig—tupoete s WhaibL e Al 2z Vw1 +75)u

fermions wWoo

w-

* Elements of the CKM matrix q . 5 .

appear at the decay vertices — > « -

Wolfenstein parametrization to demonstrate CKM elements hierarchy

E
,.."__ ] ; - e i . R ~ il i e i e

( i=ag A Al (p— 1:;]\ 5ij = sinl;;, ¢;; = cosy; cj3 = cn = 1

Vieng = : 1= .2 + o> : .2 R Y

CKM — il | = = Ai° 25 Si2=4A, s =A4AA", spexpl—w) =ALp —m)

\Aﬁ."(l —o—in) —AN | ) $12= A =022240002, 5;=001072), s55;= 010"
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» 2 of 6 relations have all three contribution of same size

» Parameters of the triangle can be measured at the decay

e Contain experimentally known CPV source in SM.
e Can be drawn as triangle at the complex plane

* Many different experimental constraints

« In this talk will show LHCD results on [V |, sin(2B), y

e Other triangles are also very important

« Unitarity of CKM => |[V_[F+|V "+|V_[*=1



LLHCDb features
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Beauty and charm production

Gluon-Gluon-Fusion

* LHCD: forward spectrometer 2 <1n <5
(ATLAS & CMS: |n|<2.5)

=== S
e p— Y [ Jp—p— I
- - - - e
I St | .
1 __ ey “""-' ; , e :

‘/Spp =8TeV
e In LHCD acceptance (pp-collisions Vs = 7TeV)
' o(bb) = 75.3 +£5.44+13.0 ub
Phys.Lett.B694 (2010) 209-216
ie=s Tov o(ce) = 1410 £ 12 + 116 pb ~ 20 x o'(bb)

Largest charm samples in the world
Nucl.Phys.B871 (2013) 1



Operation in 2010/12

pp-collisions at Vs = 7 & 8 TeV (2011-12) pPb-collisions at Vs =5 TeV in 2013

ha
L

= T r T ".n; B ; - .
=1 - 2012| e — | @ delivered
§ o} |(Emmm <= T S ® recorded
g — £ 2600 — — n —
I e 538 1 E -
E T N
> 1.5p %mz_
= -
E mm:—
e 1 -
3 v el
2 osf - -
2010 -
g G i i i —-—I - ‘_._-‘/.- i i
- Apr Jun Aug Oct Dec 41 3101 T
Date Date

— High recording efficiency

— 50 ns between bunch crossings

(will try 25 ns this year )

— Constant luminosity of ~4:10** cms™

(twice higher than design luminosity)

— 1.7 visible interaction per bunch crossing

LHCD also has set of pp data at Vs =2.76 TeV (collected in 2011)
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Experimental setup

EP;’D(M) ~ 97 %

MisID (m— u) ~ 3 %

Muon System

B

10-250 mrad

/

EPID(I{} ~ 95 %
MisID (K — 1) ~ 5 %

RICH Detectors

/ specific for LHCb Vertex
Detector

oc(IP) =~ 20um
op/p=0.4—-06%

o - 10%

Calorimeters

€track — 96 (}7':

Tracking System

EP;D(E} ~ 95 %
MisID (e — h) ~ 5 %

LHCD performance during Run I:
Int. J. Mod. Phys. A 30, 1530022 (2015)

JINST 3, (2008) S08005
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LHCDb data analysis

Efficient trigger (LO/HLT1/HLT?2):
40MHz - 5kHz

Tagging if needed

Event selection

Kinematical and topological info
(P,» p, IP, vertex and track quality)

PID information

Cut based or multivariate selection
BDT, Neurobayes, etc.

Optimization of selection

Using MC

Using small sample of real data
Angular analysis++
Check for systematics

And a lot of other checks!

40 MHz bunch crossing rate Trigger

~ > =~

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz
h* H/Hp e/y

(Software High Level Trigger )

Introduce tracking/PID information,
find displaced tracks/vertices

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive

5 kHz Rate to storage

2 kHz — 1 kHz

Inclusive
Topological

Inclusive/
Exclusive
Charm

.

Typical flight distance

of B meson ~ 1 cm

PV = Primary Vertex
DV = Daughter Vertex

(secondary vertex SV)
12




Physics program of LHCDb

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 particles)

LHCDb results are available in more that 260 papers submitted to journals and 120 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:
1) Rare decays

RD with di-muons &$

2) Properties of the B systems "
CPV, Ams; s, Al dbs ; CKM B, vy, |Vub| determination ’29,\»

3) Mixing and CPV in the D mesons &,Q
Mixing observ., AA(CP)

4) Spectroscopy and production of heavy quarks + Exotics

5) Electroweak physics (top quark in fd.region, W+c—/b—jet)

6) Soft QCD physics, pA and Ap results

13



Rare decays and test of lepton
universality

1B " —p'p

2) B’ - K*p'y

3)B" - K'p'p/B" - K'e'e
4)B’ - op'y

5) B’ - D*tv

14



NP and flavour symmetry; Wilson's coefficients

* Progress of theory calculations allows to AF = 1 operators in the SM and in MFV

take into account QCD corrections

needed for SM FCNC implementation to y 4 Gp é°
eff —

decays. (Calculation of C in SM as well

- /2 1672

VisVis ¥ _ CiO; + hec.
-

as quite precise predictions for certain
processes)

Example

« H_is an effective way to test different

e

classes of possible NPs, because C
depend on their flavour structures.

 Minimal Flavour Violation (MFV)
paradigm: NP has same source of FV as
SM => real numbers, same CPV effects,
relations like:

Oy = (S17ub)(4"0) O1o = (S1yubr) (4" vst)

» If NP contains additional FV sources of
Vis |E C become complex as well as new CPV

BR(B; — ptp~)  Tafgma,
BR(By — pp—) N T8, rg,d mg, | Viq|? effects might appear!

15



Rare decays B(S)O —U

B* = 1ty 7 BY & utur — Helicity suppressed in SM
b ut b ut —Ar' correction [PRD 86, 014027]
B >J’L< B >£L< — —
BB =™ i ) =(3.6640.23) x 10
) " ° “ I BBt T )y = (1.0640.09) x 10710
BY g BY — utu-
2} u 5 e " Bobeth et al. Phys. Rev. Lett 112 (2014) 101801
g W2 B ) 5% precision SM calculations!
. w- " . T - Ratio is power discriminator as well

‘REB(BW#)SM/B(ng)SM—o.oz95+3;88§§

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

In MSSM.; mgmﬁ tan® B

MSSM2
4
M, 16

Cgp o



LETTER

Observation of the rare B)—u* 1~ decay from the
combined analysis of CMS and LHCDb data

The CMS and LHCDb collaborations*

doi:10.1038/naturel4474

CMS and LHCb (LHC run I) .
Tt 17 1 7 L I — respectively. An example of the charged current is the decay of the n
P32 b —4— Data 4 meson, which consists of an up (1) quark of electrical charge +2/3 of
w2 [ — Signal andbackground 3 the charge of the proton and a down (d) antiquark of charge +1/3. A

. - Bo— uwru” - . . . . -
ti T2 % s it — pictorial representation of this process, known asa Feynman diagram,
ir g H 1 ~ -~ Combinatorial background 7 15 Shown in Fig. 1a. The u and d quarks are ‘first generation’ or lowest
T A Y AU Semi-leptonic background  J mass quarks. Whenever a decay mode is specified in this Letter, the
es g 8 = = Peaking background — charge conjugate mode is implied.

m O . v ‘CMS and LHCb (LHG run1)

' 6 __ i a 019 :I T T T I T T T T I T T T T I T T T T I T T I —
B 15 osf =
ri 4 L ‘L —be L E =
O J~is = =

2 L, 0.6 =

st Lt LT P s -l 1 [T PR | — be[ ._i ’ g g

5400 5600 5800 T oaf- -

1 m-MeV/c? alg,  E =

H.l ALINN BLGL LT Uyclﬂlulﬁ} LIV CVIUCIILC 1P CIUICh uc\.ﬂ.}' LIIUMIC 1iciil tl() = g g

been found. Upper limits on the branching fractions were an order qu:  °*} A

of magnitude above the standard model predictions. The CMS pre °'E' E

. . - | T | —

(Compact Muon Solenoid) and LHCb (Large Hadron Collider beauty)  era % 6 7 8 9
collaborations have performed a joint analysis of the data from CK . BB2— 4w} (1079

Nature 522, 68 (2015) 17



¢ [GeV/cH

Analysis of B’ -» K*u" i

0 Y 2 2 1,4
o B Fit result for 1 < q" <6 GeV'/c
B 4, S e 3 b M~ 1 T T
18 ] Y LHCb_ 10* E i Er[igl?iinary J E i Il;rl:elfi:r?linary ]
L6k s preliminary 5 Z ool
L —— — ‘; K
nl'.. . B o -; 100 ¥2S) E s
1250 | - S sof
: |
10
) 102 J/lll Ly ~.:2.._ L
L 5600 . , . 0.95
m(K 7 ) [MeV/idd m(K 7)) |GeV/c?]
6 — = —
o T = ' LHCb ] = LHCb
4 _g "2“ +prelimina B B 100 preliminary
= g :}: -
e E = Lt 1: =
O L Ll 1 L 1 ‘ 1 L 1 | ‘ | 1 | 1 ‘ 1 | | L 1 m
52 53 54 55 56 5.7 ]
m(K a urw) [GeV/c?]

* Loose preselection cuts

cos 6, cos 6

e Using BDT trained on proxy B - K*J/y

——— T
LHCb
+ preliminary

* Background from upper B sideband

Events /0.1 &

* Choice of variables to avoid biases on angles and q°=m’(pp)

 Final selection from BDT decay time, flight direction,

trk/vtx quality, p_, PID
[LHCb-CONF-2015-002]
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— three angles + q° to describe data

Analysis of B’ - K*u" i

1 3T+ 1)

d(T +T)/dg?

Ao

—-F,A__ & S bilinear combinations of amplitudes

(short-distance interaction + hadronic form factors)

— Precise theoretical calculations

© 0.5

Altmannhofer, Bharucha, Straub, Zwicki [1503.05534

1 L L L L R I L L B AL
C LHCb ]
08 - preliminary -
D.GE— -y I SM from ABSZ
0.4__ —
o ——
0.2 ]
% 5 015
¢ [GeV¥ ]
T LN L B B B B
B LHCb
| preliminary
B M SM from ABSZ 7
D_r ’__‘_l_‘ 1 _
Tt _
- b ———
-0.5- —
| TR N T TN TN S NN T S
0 5 10 15

& [GeV¥ Y]

.,....,...V}.o-a_..
—+ J_ L

0.5
U T
- LHCb
i preliminary
I SM from ABSZ |
0.5 _
0 5 I 10 0 15 —
¢ [GeV¥/ ]
_ T T T T T [ T T 1T
05 LHCb
| preliminary
r Il SM from ABSZ 7]
i -
T L
-0.5 —
| TR Y SN N TN TR N S N
0 5 10 15

¢ [GeV¥ !

[LHCb-CONF-2015-002]

][1411.3161]

p T 327

- | ;
31— F)sin® O + B cos®

4&(1 - F) sin’ By cos 26,

Z ¢ a2 a2 ey )
—F}, cos? B cos 26, + Sy sin® O sin® 4, cos 2¢

45, 8in 20 sin 26, cos & + Sy sin 205 sin 6 cos ¢

/ . 2 - . ¢ . . |
+§AFB sin® g cos 8; + S5 sin 20 sin 4, sin ¢

: ¢ L ¢ L ] 4 £ L2 . I3 P
+ Sy sin 26 sin 26, sin & + Sy sin’ By sin® 4, sin 20

TL

LHCb
preliminary
M SM from ABSZ

T
-—{—+

#

- +
0.5 —]
| PR I SN SR ST SR N ST S
0 5 10 15
¢ [GeV¥ ¢!
_ T L L B
05 LHCb
| preliminary
ot
e _
'0.5__ —
L | TR AN S SN R SO NN N N1
0 5 10 15

& [GeV?¥/ ']

05

LHCb
preliminary

+

Ty
03 | P T S S SR NS N
0 5 10 15
¢ [GeV¥
_ T T T T T T T T
05 LHCb
| preliminary
L _ [ 4
SIS o RS R S
Uiy ]
03 | T IS T T S SN N U SR | ]
0 5 10 15
¢ [GeV¥ ']
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. 0 _
AnaIYSIS Of B _’K*u+u [LHCb-CONF-2015-002]

\Q\‘ml""l""l""l"'
LHCb

preliminary

| B o of1.- 1/2
_P4’5—S4’5 [F -(1-F) .
— Less dependent on form factor

— Consistent with previous result PRL 111, 191802 0} —
— 2.90 deviation for [4,6] and [6,8] GeV?/c* bin }

-+

L L L 1 | L L L 1
R 5 10 15
SM from Descotes-Genon, Hofer, Matias, Virto[1407.8526] 2 [GeV?¥/ A

What theory can say about BO —>K*u e P

SM from DHMV

3L
+

I

0.5
— Naive combinations 3.70¢ local significance

— Global fit of the available b —sy & b - sll
— CQNP =-1.5, 4.50 deviation from SM

— Matias, Descotes-Genon, Vitro: PRD 88, 074002

— Straub, Altmannshofer: EPJC 73, 2646, —1:‘

Re(Cly)
arXiv:1503.06199

DO o g pg g 98 $5 1% ¢ 36 v8 3§ $49 3

— arXiv:1503.06199 (3fb™ result is discussed) )
— 30 discrepancy, modification of C, needed T S 2
Re(Cy")

— Possible solution - flavour changing Z'



L.HCDb results which are in tension
with SM predictions

21



Test of lepton flavour universality

—+— Belle

T T T T T T T T T

SM

LHCb, PRL 113 (2014) 151601
Belle, PRL 103 (2009) 171801
Babar, PRD 86 (2012) 032012

L L 1 ' L i A | i A L 1

IIIIIIIIIL|IIIIIIIII

—*—LHCb —® BaBar
— In Standard Model By 2ERRE A EL
2__ 2/ 4 : LHCb
o2 jes (AB[BY = K+t =] /dg?)dg? ) 1.5F
Ris= "o e =14+ 0(1073) ~L
o) (ABIBY — K+ete~]/dq?)dq? [
— Event migration (MC) I 1
— Bremsstrahlung "y 3 T
— Double ratio with B - J/AUK" to cancel systematics |
— 3/fb dataset =
_ +0.090 +0.036
Rk = 0.745 ¢ g74(stat.) Zyo36(syst.) Lo
— Deviation from SM expectation at 2.9¢ level ol
cals‘i
— QCD can't explain NON-LFU 7%
— Non universal Z' can produce such effect ~0.5]
— Ghosh et al. arXiv:1408.4097
-1.0c

— Such explanation in agreement with P_' anomaly

L |

10 15 l 20 .
q*> [GeV?¥/c4]

|||||||||||||||||||||

1111111111111111

Co=-C1o 2



Analysis of B~ ou'p-

— Analysis similar to B’ - K*up ——
s LHCb
— No sensitivity to P’, Preliminary

— Measurement of branching fraction

+

T
T

and angular analysis
— Theory: arXiv:1411.3161, 1503.05534
— New analysis confirms tension in 1fb”

dataset analysis JHEP 07 (2013) 084

+

S = o s Oy o O

] 1 | ] ] ] 1 ]
— Extrapolation to full g° range 5 10 15

(using PRD 66, 034002 & PRD 71, 014029) [L HCbhb-PAPER-2015-02 3] g2 [GeV?/c4

dB(B’—duu)/dg? [10°GeV-2c4]

B(B — opup)
B(BY — &J/v)
B(BY — ¢pup) = (7.977043 £ 0.22 + 0.23 + 0.60) x 10~

= (7.407045+£0.20+0.21) x 10~*
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Analysis of B’ - D*10

T

W/ =,
B{ m }D

« Dafa
B - D'w

ITIISS

Pulls

935<q?< 12.60 (GeV)* [ B=DH (= NMX)X

— — B~ D"
"o I B =Dy
3000 Combinatoric
-
L
]
[ag]
)
g
o
2
m
2, 10
(GeV-/c’ )

Events / ( 75 MeV )

Pulls

Lo

500 T000 1300 2000 3

LHCB-PAPER-2015-025

00

— Theoretically clean

— Measurement of the ratio:

x\ B(B—=D*Ttv
R(D ) o B%B:D*,{w%

— Sensitive to charged Higgs or non-MFV couplings favoring T.
— No narrow signal structures for signal, many bkg.
— Isolation technique against partially reco. bkg.

— Shapes are taken from simulation, validated against data

R(D*) = 0.336 + 0.027 + 0.030

— Agreement with SM at 2.1¢

— Main systematic comes from the size of simulated sample

Belle 2010

657x10° BB .
(Inclusive Tag)

BaBar 2012 (Full)

471x10° BB ——
(Hadronic Tag)

Belle 2015
772x10° BB —————
(Hadronic Tag)
LHCDb Runl preliminary
3.0 fb! ——————

TOUVY

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Standard Model R(D%*)
(Fajfer et al 2012)
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CKM studies

1) |V | determination
ub

2) Measurement of sin(2f3)

+ reminder about LHCb -measurement of y

(1.0)

LHCh [V v (CKM 2014)

Inclusive |V| B (HFAG 2014)

25



|V | measurement

—|V | has largest fractional uncertainty among all other CKM elements
— Discrepancy between exclusive (B — nlv) and inclusive (any b - ulv) determination of [V _|

x10°
. 7 C T4 sdeinae | 4 oo meactoniostnt —_
B T ; ¥ Bells hadronic tag Theory prediction not used in m;
d Vb (3, 12 C ® BaBar untagged (6 bins) @ LOCD (high ¢?): FNALMILC | §
b NU r W BaBaruntagged (12 bins) LCSR (low g°): Bharucha N
C l § 10 + Fitted BCL param. (3+1 par.) — a §
w- < : = "y
5 E" )
iz 4 i a
g &
2 2.3 ]
dl’ — GF‘Vub| pvr‘f+(q2)‘2 g ﬁ
dg? 243 el
q (Gev?) ® vow Z:;(c.e\zrg) m e
_ v 4 ~ 'Y _3
V| = (3.28 £ 0.29) x 10 Vip| = (441 £0.15 T 015) x 1073
u 0.17
PDG Exclusive Phys. Rev. D
VeI‘SiOn T T I T T T T I T T T T I T | T | T | T
. - ==EB - X v
;>_.’ 2004 B - BorTv
e 2006 o B ——-Boalk
L=
= 2008 i
= |
S 2010 — gy
e = —
) ——
S 02| —— i ]
< 20 14 2 . 1 | St?n | IM()ldel|4 1 | 1 | 1 | 1 i
o 04 —03 -02 -01 0 01 02 03
0.003 0.004 0.005 €r

ub



— LHCDb measures ratio:

|V | measurement

B(AS = puv) /B (A2 = Ac(— pKm)uv)

— Sensitive to [V _|/|V |
— Direct Lattice QCD calculation gives sufficient

precision for high ¢° [arXiv:1503.01421]

— Corrected mass is good discriminating variable

9

Meorr = \/pJ_ + Mﬁz)p + pL

6

Candidates / (5 MeV/c?)

98]
o
o
]

— Two solutions for g°, bin migration problem

both required to be > 15 GeV?*/c*
— Isolation technique sensitive to the extra tracks

close to SV for background reduction

— Main systematics from: A_- pKn BF and decay

model, trigger and tracking efficiency

—

Candidates / (40 MeV/c?2)

18000 —

—
n
=)
(=)
o

—
(3]
ey
]
o

000 F

g..?

000 F

— T T T T — T ]
I Combinatorial ]
E Mis-identified ITHCb ] «\'5%
B TR preliminary a x
- AV :r\ﬁ%
C ALY \..%'
r Nuv e . ﬂ\$ ]
By v t" \% ]
<}
O
s)
i
3000 4000 QS
Corrected pu™ mass [MeV/cz] S
— . )
T
LHCb prelnnmary s
r -A*Lt v é
A uv (T,
B Combinatorial
27
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4500 5000 5500
Corrected pK 7"~ mass [MeV/c?]



|Vub‘ measurement [arxiv:1504.01568]

B (/\g — p;w)q

— Measured ratio is: - 215GV (1,004 0.04 +0.08) x 1072
B (Ab - /\C/-W) §2>7 GeV? Inclusive — [:"[l ’l"j
— Using exclusive measurement of the |V _|: —— PDG 2014
B ——— G
——t arXiv:1503.07839
| V| = (3.27 £ 0.15(exp) & 0.17(theory) 4 0.06(|Vp|)) x 1073 (AL
LHCb " arXiv:1503.01421

(Al—>puv) (RBC/UKQCD)

— 3.50 tension to the inclusive measurements

— Right-handed current hypothesis is in trouble 0.003 0.0035 0.004 0.0045 0.005

IV, |
x*/ndf = 2.8/ 1, p-value=9% - 16.0/2, 0.03% ‘
[an} 8 T T T | T T T T T T | T
=) Other CKM parameters:

— B X, HFAG) Berflochner, Karb P
X 7+ B « (HFAG) Pr.
_ B © (HFAG)
32 [ A, (LHCb) SM
> 6 combined
5
4 (L0)
contours hold f}?‘.} CL Inclusive |V B (HFAG 2014)
—20.4 -02 0 02 04
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LHCb measurements of sin(2[3)

-B —>J/IIIKSO is tree-level dominated decay,

negligible contribution from penguins " 0

— Time dependent CP asymmetry to measure:

A(t) =

J/p—prpe

Kos—mtmr

D(B(t) = JW KJ) —T(B°(t) = JWKJ)  Ssin(Amt) — Ccos(Amt)

— For B’ mesons AT ~ 0 => two CP observables:

— S ~ sin(2p)
— Good tagging is required
— 41 560 + 270 signal events

arXiv:1503.07089

Candidates / (1 MeV /c?)

3500 F

3000 E

2500

2000 £

1500

1000 .
of N

Vs
el e = T

||\\|\|‘-'\-—\|\|:
5240 5260 5280 5300 5320

m (MeV/c?)

/(0.2 ps)

['(BO(t) — Jp K9) + T(BO(t) = JWKY)  cosh(At) + Aarsinh(4LY)

A(t) = Ssin(Amt) — Ccos(Amt)

Candidates




[LHCb measurements

— arXiv:1503.07089 B’ —»J/IIIKS"
— Multidimensional PDF includes reconstructed
mass, decay time, flavour tagging

e =36.5%, ®__=35.6%

tag

S = 0.731 & 0.035 (stat) 4 0.020 (syst).
C'= —0.038 4+ 0.032 (stat) £ 0.005 (syst),

— Consistent with Belle and BaBar results
— Most precise time-dependent CPV

measurement at hadron machine!

— See also arXiv:1503.07055 B’ - J/PK’

— Is used to constrain penguin
contributions, which are enhanced for this

decay since it is CKM suppressed

of sin(23)

04: T ]
£ oaf LHCh |
= 02
A AN i
- 0 — |
2 —01F W\i}»/ E
— —02F =
5 —03F E
V4 5 10 15
t (ps)
EQ[E:L;I@J 172009 (2009 H—'—H 0.687 + 0.028 + 0.012
E;Eiog 171802 (2012) +| pertm o
EE lc}; I | . } I0.731 +0.035 +0.020
ﬁgﬁ;age — 0.686 + 0.018
016 0.|65 017 0.|75 OI.8
Aar (Bl = JWK]) = 049 £ {{T (stat) £ 0.06 (syst)

Cair (BY— JWKY)
Six (B = JWKY)

—0.28 + 0.41 (stat) £+ 0.08 (syst)
—0.08 £ 0.40 (stat) £ 0.08 (syst)
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Don't forget about LHCb measurements of y

— LHCb-CONF-2014-004

— vy is the only UT angle that can be directly
Measured at tree-level

— Many channels to study
— Interference between D and D-bar
— Alot of D final states

— Combined results from several analyses

sensitive to y

DK only (68% CL)
Y= (73f?0)°

r — 0.091+0:008

8 = (127735)°

— Consistent with Belle and BaBar results
— More precise than B factories!

— Negligible theoretical uncertainty (~10°)

— NEW: LHCb-PAPER-2015-014 for B* - [hhn’] Dh*

— First evidence of B' - [K'Kn’ 1 K

1

;J B \ ' I ‘ |
O LHCb -
A 08 Preliminary _|
061 129'3; -
045 683% §
02 .
- 955% | i

| L Ly | L [ \ | | |

0 S0 60 70 80 90 100 110

v [°]

: : : :

LHCb —

Preliminary

First observation
B*—[K*K n°)

A —— 15 L aaa gl s
5200 5400 5600 5800
m(Dh*) [MeV/c?]

— First observation of B" - [K'Kn’] n’
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Physics with b-tagget jets

1) Top quark production in forward region

2) Direct search for massive long-lived particles
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A bit about c- and b-jets tagging.

% 20000 T ——— g I e 3
Jet ID: anti-k algo with a distance parameter 0.5. _c:z - LHCb . % - LHCb .
E 15000 * data - 'c'% L data B
Particle flow approach - charged & neutral particle inputs. © L 1 ° - o ]
10000 -Cd . i c i
C udsg 1 d
SV-tagger algorithm: C ] 2000~ W e |
5000 ]
— Displaced: y’ _>16; High p_> 0.5 GeV/c r . i
O_ -
. N g 0.5 1
— Inclusive 2-body vertexing: BDT(beludsg) [—
C
DOCA<0.2 mm, X <10
vertex b _. Lk_léb T — — T ]
04<m __ <m_ (all particles assigned to 1) g 0.8:— o biet E
. &= C c-jet 1 ]
AR(PV-SYV, jet) < 0.5 s osl ’ t ]
o0 ggl —4— ]
— Merge into n-body ; r ]
Not more than 1 track with AR(trk,jet) < 0.5 04, .
p, >2 GeV/c, Flight-Distance-y* > 50 0.2f -
(PV-SV)/p < 1.5 mm/GeV N
20 40 60 80 100
— BDT(bcludsg), BDT(b|c) M, M_, FD *', AR(SV,jet), N _*, p,(et) [GeV] 3 ¢19
LHCb simulati 2.2 < nijet) < 4.2 Q0A-
NtrkSV(AR<0-5), st’ FD_XZ, ZXIPZ ‘::P 1 b Slln?.u .a I:DIII — InFI —— .‘qo.\_a
= F e SV-tagger udsg-jets 3 af
Data samples (tagging): E neis i
o F 3
— Fully reconstructed b-hadron + jet = C
£ 107 5
— Fully reconstructed c-hadron + jet 2 %_ *
S F —_—
— p(b,c) + jet = 100, l
= r
— Prompt isolated high-p_muon + jet é 104_5 | L | R
£ 20 40 60 80 100

p(jet) [GeV] 33



W + c- / b-jet selection

b) A .
W — pv final state. PT( ) Wi(b.c)+jet
: 100
Jets tagged with the SV-tagger. top
pr(1) > 20 GeV, 2.0 <ny <45
pr(j) > 20 GeV, 22 < 1y < 4.2 50
AR(p,j) > 0.5 20
pr(pe+j) > 20 GeV

p-jet (Ju)

-
2025 pr(p)

- AL DL L L DL AL L L DL AL B LR DL R L |
= + {s=8TeV S (s=8TeV
E v Data ::_,I_-Ejlzt u*, s e w, s e
2 v
S oo M2
Jets
L i
T ) +
il
0.6
- ———————— arXiv:1505.04051
%1000— i . LHCh u*, fs =8 TeV 1 I, {s =8 TeV -Data_
o T T L+b-jet
=
o
E
[
=
500
PRI S T T T N T T T PR T R
0.6 0.7 0.8
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Top quark observation

W + c-jet:

— Free of top contribution (method validation)
— NLO SM prediction folded to LHCb-detector response
— Yields are in a good agreement with SM predictions

— Charge asymmetry: 20 difference with SM prediction

o(Wrq)—a (W™
A(Wq) = (W7q)—o(W™q)

o(W+q)+o(W—q)

W + b-jet:

—Discrepancy between data and Wb predictions

— Good agreement with Wb+top predictions

— Profile likelihood to compare Wb+top and Wb

— N(Wb) and A(Wb)-shapes fixed, yields variation
— 5.40 observation of top production

in forward region

200

o
+
=
= 150

100

50

® Data

Charge Asymmetry

| 1 -/ f—

T0 95 o0
p(1+b) [GeV]

arXiv:1506.00903

041

95 0

p(u+c) [GeV]

Bwo

| //_

20

45

70

95 o0
p(+b) [GeV]
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Top quark & W + c- / b-jet results

1508

- SM Prediction
100E -

e

E o(top)[7TTeV] = 239+ 53 (stat) £ 38 (syst) fb,

Vs =7 TeV Vs =8 TeV Vs =7 TeV Vs =8 TeV \/” 7 TeV ﬁ =8 Tm.

— 500 T = T T T T " 0.8 T I | =12
= 450;— = I ] % [ %J/ 11 LHCb measurement
"f 400 ;—_+_LHC*’ measurement i ; < 0.6 1= # L SM Prediction ]
Ig 350 ;—- SM Prediction g - ] %/ 10
‘6 300 L ] 0.4 T 1 ot _

250E g I b I + ]

200 © {+ LHCb measuremem} 3 0.2 i T ]

f—

Ln (=33 ~]
I RN T

: : T
50F ; ‘ E E -
E o(top)[8TeV] = 289 +43 (stat) + 46 (syst) fb. F a 1 é
2 , . ; ﬂ q 0.2
’ 7 8 - . ! ! ' ' ! ' 4 ' ' —
Collision Energy (TeV) c-jets b-jets c-jets b-jets c-jets b-jets C-jets  b-jets T
o (Wb+top) = 1.17 £ 0.13 £+ 0.18% (NLO prediction = 1.23 + 0.24%)
o(Wj) 7 Tev
a(Wb+top)

W) ey 1.29 4+ 0.08 £ 0.19% (NLO prediction = 1.38 4 0.26%)

Data does not support large contribution of b-quarks in proton

— Study of W boson production in association with beauty and charmm  arXiv:1505.04051

— Identification of beauty and charm quark jets at LHCb arXiv:1504.07670
— First observation of top-quark production in the forward region arXiv:1506.00903
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Direct search for long-lived particles

0.4 mm < R;, < 1.0 mm

T[T T[T [TITTI[TTIT

LHCbH =

1.0 mm <::Z: R <

.U mim

LHCb

Candidates / (2GeV/e*

— Generic search for heavy 25<m<50GeV/c2

| U
2 = 10°F] .

3 Iox
1 =z 10 ¥
= = r

3

Lol

X long-lived 1<t<200ps particles using
i = 1L

ty ﬁ + i displaced two-jet verteces

el s Lol il L

0 lU 2i} 30 40 u[) 60 “’[} N(]

Lt . =
o

011075030 10"50°60°70 %0 — Hidden valley H - nt t as benchmark model

\
|
]

a

Candidates / (2GeV /e*

oy

Candidates / (2GeV /¢

|
/

103

-

10°

1

00 ~ LHCT 2 "y quarks due to large multiplicity and
N SR interaction region .
T - smaller jet mass
F | a"% E in transverse plane
10 Jf ¥ % 2
|
L J% % EPJ C 75 (2015) 152

10k

2

mass [GeV /%]

!
;r

Ay

&
w‘

"

¥

[) mm < I?JJ < 2.-'3 L
AL L AR LA AR

LHCb

Leviolens, 0

AT A S TR
0 10 20 30 40 50 60 70 80

1M1a8S [GE.“V"I.-’[--Q]

4.0 mm < Ry < 4.8 mm

Ty

IIIIIIIIIIIIII_
0 li} ?UI 3(] -1[) JU 60 70 80

mass [GeV/c?]

0

P
|
]

l(};
102
10k

mass [GeV /c?]

2 5 111111 < Ry < 4.0 mm

LHCbH
Hlﬂ
%

Candidates / (2GeV /e

lE

2
|
ok
i

e

+‘.}(‘P — Fit mass in 5 bins R

Xy

0 lU 2i} .3) 40 50 GU "[} H(]

mass [GeV /c?]

R - distance to

—Vs =7 TeV, L

= 0.62/fb

— Reconstruct m with two (b-tagged) jets

— No signal is observed

— Upper limits are better for decays into light
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Direct search for long-lived particles

= 10* 1 T T T T T T T 3
A - -
E u m,, = 25GeV/c? m,, = 50GeV /c? LHCb .
,]t:f B + 1y, = 3D GeV/c2 <& mg, = 35 GeV/cQ, Ty — CC )
3 |

m 10F O ma., =43GeV/® O ma, = 35CeV/2, m, — 5 =
o) L _
v B B
g B |
© 10% =
10 = =

L | | NN NI EEE

1 10 102
lifetime [ps]

Complementary to ATLAS & CMS
EPJ C 75 (2015) 152
More restrictive than Tevatron
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Summary

LHCDb, the forward spectrometer for precision studies in flavour physics domain
Excellent performance of the LHC and LHCDb has led to a lot of physics results

— Test of SM

— Search for NP

- Make CP violation measurements in b- and c-sectors

- Direct measurements as well

World best quality of the results in charm and beauty physics!
Most measurements agree with SM predictions, but some exciting tensions exist
=> Further studies certainly needed!

Presented here measurements use mainly the 3 fb™ dataset

(several analyses still going)

OUTLOOK:
1) Plan to have more than ~ 5 fb™ at Vs = 13-14 TeV during next LHC run (2015-18)

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

Type Observable LHCb 2018 Upgrade Theory
(30 fb~! ) uncertainty
BY mixing 28:(B? — J /¢ o) 0.025 0.008 ~0.003
2B5(BY = J /¥ fo(980)) 0.045 0.014 ~0.01
al, 0.6x107% | 02x107  0.03x107°
Gluonic penguins 2B (BY — o) 0.17 0.03 0.02
265 (BY — K*K™) 0.13 0.02 <0.02
28°M(B" — ¢ KD 0.30 0.02
Right-handed currents 2B (RY — ¢y) 0.09 . =0.01
rM(BY — $y)/rpo 5 % 1 % 0.2 %
Electroweak penguins Si(BY - k¥t =1 < g <6 Gevi/eh) 0.025 0.02
soAFR(B? — K*0u*tpu) 6 % 2% 7 %
Af(Kptp—:1 <g? <6GeVi/ch 0.08 0.025 ~0.02
BBt - ntpuTpu )/B(BT — KTputp™) 8% 2.5% ~10 %
Higgs penguins B(BY — ptu) 0.5%x 1077 § 0.15x 1077 03 x107*
B(BY — utp)/B(BY - putu) ~100 % ~35 % ~5 G
Unitarity triangle angles  y (8 — D K'*}) 4= 0.9° negligible
v (B - D.K) 11° 2.0° negligible
Bi BY I fafr KE} 0.6° 0.2° negligible
Charm CP violation Ar 0.40 x 107 ) 007 x 107 -
AAcp 065%x 102 f 0.12x 107 —

EPJ C 73 (2012) 2373



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40

