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Integrated Luminosity (1/fb)

The LHCb xperiment

" @ LHC: Large bb cross section in pp collisions (gluon fusion)

(~250 pub — 500 pb @ Vs=7 — 14 TeV): -
(s =8 TeV

® LHCb: single-arm forward spectrometer (2 < n < 5):
~ 4% of the solid angle, ~¥30% of the b hadron production

® Very good performance: 3 fb-! accumulated in Runl,
working well for Run2, expected 5 fb?

LHCD Integrated Luminosity LHCb Integrated Luminosity at p-p 6.5 TeV in 2015

. Delivered Lumi: 362.75 /pb
Recorded Lumi: 320.66 /pb

Delivered in 2012 (4 TeV): 2.209 /fb
Recorded in 2012 (4 TeV): 2.082 /fb
Recorded in 2011 (3.5 TeV): 1.107 /fb

Recorded in 2010 (3.5 TeV): 0.038 ffb |

Integrated Luminosity (1/pb)

. (7Tev+8Tev).
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The LHCb experient

[INT.J.MOD. PHYSA\30?\2015) 1530022]
[JINST 3 (2008) sosoosq\\

ECAL HCAL

SPD/PS
RICH2 M1 M2




The LHCb experiment

Precise tracking
Good Impact Parameter (IP) resolution
Good vertex resolution

Magnet =




The LHCb experiment'

Excellent particle identication ~ Calorimeter system Powerful p identification
n/K separation over 2-100 GeV |

ECAL HCAL

SPD/PS

M4 M>
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New state of matter

qqaq and qqqqq states predicted from the origin of the Quark Model
[M. Gell-Mann, PL8 (1964) 214]

e DO has three months ago
* X(3872)(ccuu), Z(4430) (ccud) observed announced a new state formed
e LHCb has observed J/{ p resonances in by 4 different valence quarks: b, s, u, d
A, — )/ Kp decays: two pentaquarks Tetraquark X(5568) — Bsmt
states: P(4380)* and P_(4450)* (ccuud) [DO, arXiv:1602.07588 [hep-ex]]

90

DO Run II, 10.4 f&'

(=]
(=]

1000

. DATA
Fit with background shape fixed
---. Background
e Signal

5.1 Significance

~

o

N
==}

N events / 8 MeV/c?
[=7]

Events/(15 MeV)
8

"
o
¢

| .4||~.|_

‘ 43 4.8
m(J/y p) [GeV]

[PRL 115, 072001 (2015)]

Residuals (Data-Fit)




New state of matter

B [DO, arXiv:1602.07588 [hep-eX
e At DO: X(5568), with 10.4fb™! at pp, Vs= 1.96 TeV:

Candidates: B, — J/y ¢ (with J/y—p*pand ¢—K*K) N
+one m —X(5568) state: 3

DO Run 11, 10.4 f6'

5582 + 100

B, —J/yo
events

-
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= 5567.8+2.9 (Stat) )0 (syst) MeV/c?
' =21.946.4 (stat) 27 (syst) MeV/c?

N events / 20 MeV/c?

i H H . 0 % — — ] — — _ — '53' —
Relative production fraction to B,: (8.6 1.9+ 1.4)% e oI

e At LHCb, with 3fb! at pp, \s= 7 and 8 TeV, we have very large B, samples
[|_ch CONF 2016 004] (20 Iarger than DO samples better mass resolutlon)
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New states of matter

e Adding a pion to the B, candidates... [LHCb-CONF-2016-004]

Fit to the Q =m(B.n*) —m(B,)-m(n*) distribution:

— Claimed X(5568) stat:
LHCb Preliminary - aimed X(5568) state

PT( BS) > 5 GeV |:| Combinatorial
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20

Cross-check:
Fit to Bt* candidates obtained
with similar selection criteria

No peak observed |
at 5568 MeV |..n¥ i 1B

gLl /
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Candidates / ( 1 MeV/?)

Il B,(5747)'— B'n*
LHCb Preliminary [ Bu(s747)> BBy
I B(5721)> B (BY)x*
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L HCb cannot confirm DO peak

Upper Limit for the relative production ok
fraction: ' - ‘ ‘ - o

m(B°r*)-m(B°)-m(r*) [MeV/c?] N
(B, pr>5 GeV): pryep< 0.01 % at 95%CL ;
(B, p;>10 GeV): pyyep < 0.018 % at 95%CL




The CKM atrix ub

The smallest CKM element (b — u coupling) ~ 4%o

Exclusive

b W’ Vud Vus
VCKM =| Ved Vecs Vcb PDG
v Vi Vis Vib version [~

2004
Key constraint in the flavour picture 2006
2008
2010
2012
2014

1.5 T 17T

—_——

—

sol. weos2h<0 o

-1-5 | T | L1 1 1 i 11 1 1 | L1 1 1 | L1 1 1 | | I T -
-1.0 -0.5 0.0 0.5 1.0 15 2.0

[
ttp://ckmfitter.in2p3.fr, see also http://www.utfit.org

L | L L L L | 1
0.003 0.004

Large discrepancies
between |V, | from
different determinations
(~3c)




The CKM matrix Vub

[Nature Physics 10 (2015) 1038]

Using semileptonic decays of b-baryons:

(5% accuracy from LQCD)
[PRD 92 (2015) 034503 (2015)]

B(AY—>pu~v Vol
A, = prv) _ [Vl x Ratio of form factors

Candidates/(50 Me\V/ /¢2)

BA)— AFpuv,)  |Vyl?

- Use information from displaced vertex

- Select high g2 region (theory more precise)

- Corrected mass: ,, _ Xmﬁ,£+Pi tp,
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The CKM matrix Vub

V.,
|| - bll —0.083+0.004+0.004
cb

Using the world average from
exclusive V,;:

1V, =(3.274£0.1540.164+0.06) x 10~

Left-handed coupling .
- Incl
vs fractional Right-handed ] Bn:u::j
I 4, — puv (LHCb)

[ combined

[Nature Physics 10 (2015) 1038]

T T T T T
PDG 2014 +

- CKM fitter +
MILC 2015 +

— A,—puv (LHCb)

42 44
V| x 10’

Disfavours models with Right-handed
currents




By § OSC|IIat|ons

Neutral B mesons oscillate between particle and antiparticle with
frequency Am (mass difference between the mass states B, B,))

The time-dependent asymmetry A(t) of Bd events that changed flavour (mixed)

or not (unmixed) is: [LHCb-PAPER-2015-031]
%10’
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3 B

[u—

Use semileptonic decays of B decays to D* or D
and pv X with flavour tag to determine Amy

—
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§_-§_ oscillations

[LHCb-PAPER-2015-031]
The most precise single measurement:

Amg = (505.0 £ 2.1 (stat) & 1.0 (syst)) ns™"

Consistent with the world average Am=(510 % 3) ns!

= 0.5}

(best tagging
category)

10 t[ps]

New Lattice results [arXiv:1602.03560] allow stronger constraints on
the CKM Unitarity triangle




CP ViItion

CP violation in mixing is produced in the B system if the probabilities of
B — B and B — B are different.

This effect has only been observed, so far, in the neutral kaon system (€,=0.2%)

Possible to measure it using B semileptonic decays B—>D™*)uvX since the lepton
tags the flavour at decay and has large BR.

The semileptonic asymmetry is defined as:

_ N(B—= f)—N(B—f)
SNBSS HENB =)

Predicted to be very small in the SM:

agl = (—4.7£0.6) x 10~ (for the By system) Artuso, Borissov,

a5 = (2.22+0.27) x 105 (for the B, system) N7 [rXIV:1511.09460]




CP ViItion

[PRL 114 (2015) 041601]

The untagged CP assymetry is convenient at LHCb to have large statistics:

B N(f, t) — fT As] a’bl COS m
A0 = S~ 5 (5 () ot

Ap = Detection asymmetry: measured using calibration samples (K, )

A, = Production asymmetry: - almost not contributing for the B, system (large Am,)
- measured simultaneously with a for B, (time-depende

- LHCb ¢ Data

L ~ + —Total
1000F D u — - Signal
C - B" bkg.
5[)”: Comb. bkg.

Events / ps

detection and
production
asymmetries

_—

11IIIIIIIII]]]’l]]]I]]]lllll

Asymmetry %]

n




CP Violation

Results: BY — D Xu™v

a’y =(0.45£0.26 (stat) 40.20 (syst))% [LHCb-PAPER-2016-013

(3fb'1) (Preliminary) \ - N
15_\] Sta}ldard Modél E
Eats Rt {,h\\_\\ N:g_.._,._A._,._‘,_,._A,_.._.,.
Nl
S\
) i : DO CPV %0
K _ - (3.60)
! - [PRD89(14) 0120028

1 I LI
LHCb DyuvXx
preliminary

LHCb DOuvXx
DO DOuvX
BaBar D*lv
BaBar /1 i

Belle /1 | — |

-l i
ag [%]

' |
[ DO DuvX ————n

B — D(*)_ﬂ+VﬂX

a% =(—0.02 & 0.19 (stat) £ 0.30 (syst))%| [PRL 114 (2015) 041601]

(3b1)




Lepton universality

[PRL 113 (2014) 151601]

In the SM all leptons are expected to behave in the same way.
For instance,

B(BT — K utp™)

R, =
o B(Bt — KTete™)

=1.000 +O(m */my?) (SM)

e Precise theory prediction due to cancellatlon -
of hadronic form factor uncertainties

e Models with new Z’ bosons can make R <1

Candidates / (40 MeV /e

e Experimentally, use the B—>K J/y(—ee)

and B—K J/y(—upu) to perform a double ratio 5000 5200 5400 5600
m(K'e*e) [MeV/c?]




Lepton universality

- BaBar —a—Belle LHCb .

i -o-LHCb

M S T T S R
15 20
g2 [GeV¥ 4

For 1< g2< 6 GeV?

Ry = 0.7451507) (stat) £0.036 (syst)]  [PRL113(2014) 151601]

— Consistent (but lower) than the SM at 2.6c

Boost the measurement of other obsevables: Ry, R, , Ry, ...




Lepton universality

e Another test of lepton universality:

Ratio of semi-tauonic and semi-muonic branching fractions: _
-
W—XH—/‘L ET

B, " & § 9_,1D"

B(B' - D*"t71,)
BB - D*"up,)

R(D*) =

Sensitive to charged Higgs bosons

SM predictions very precise : (V. and form factors (partially) cancel)

Based on HQET form factors:
R(D),,=0.300 £ 0.008 [H. Na et al., PRD 92, 054410 (2015)]
[Fajfer, Kamenic, NiSandiz¢é: PRD85, 094025 (2012)]
*)  —
R(D )SI\/I_O'ZS2 +0.003 and experimental measurements (HFAG)

BaBar measured an excess of B—>D*)tv (3¢ away from SM) [PRD 88 (2013) 072012]

LHCb started with B—>D*tv, cleaner mode
77 — u v,u, toreduce experimental uncertainties




Lepton universality

[PRL 115 (2015) 111803]

e Information from the missing mass squared m;;.>=(Pg-Pp«-P )* and muon energy

. 2 .
4000 935 <’ < 12.60 GeVc ' LHCD in several g bins

3000 normalization

signal

R(D*) = 0.336 + 0.027(stat) + 0.030(syst)

2000

1000

Contributes to increase the SM deviation

Candidates / (0.3 GeV'/c! )

L

—— BaBar, PRL109.101802(2012) )

— Belle, PRDY2,072014(2015) Ay =1.0
LHCb, PRL115,111803(2015)

e Belle, arXiv:1603.06711

=—— HFAG Average, P(3?) = 67%

== SM prediction

2 4
m2. (GeV*/cH)

miss

9.35 < ¢ < 12.60 GeV'/c* LHCb
Data [
I B - D'ty 0.35
[ B - D*H(— X)X :
Il B - D" - (
I B — Duv 0.3 [

Combinatorial
Misidentified u

Candidates / (75 MeV)

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

I R

E,* (MeV)

E L
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Lorentz i'nvariance and CPT

e Lorentz invariance and CPT are exact symmetries in the SM

e May be broken in Quantum Theories aiming to describe Planck-scale physics

e CPT symmetry implies equal mass and width for the B® and B® mesons

any difference can be characterized by the CPT observable

~ om —0I'/2

- Am +iAT/2

with Am and AI" being the mass and width different between the mass states
B) = pvV1—2|B) + ¢v/1+2|B)
|Bu) = pV1+2|B) — qv1—2|B)

and dm and &I" the mass and width difference of flavor B and B states

<

If dm or OI' # 0 (i.e. z # 0) — CPT violation

Since Am and AI' are very small, z is very sensitive to CPT-violating effects




Lorentz invrince and CPT

e CPT violation implies Lorentz invariance breaking

¢ In a low-energy effective field theory, like the Standard Model Extension (SME),
the z parameter is expressed in terms or the four-velocity of the B meson ()
[PRD 55 (1997) 6760,

N @ PRD 58 (1998) 116002]
p /6 y with Aa, (SME parameter) the vacuum expectatio

— Am 4+ ZAF/Q value (real) describing the coupling with the B
mesons.

— z is almost real and depends on momentum and direction in space of the
B meson in absolute coordinate system [PRD61(2000)016002]

Sun-centred frame




Lorentz invrince and CPT

e Re(z) can be measured using BY —s J/¢K§ and BY — J KTK~

[LHCb-PAPER-2016-005] Angle of B meson with Earth
rotational axis. B mesons mostly
Re(z) ~ [Aao + cos(x)Aay along beam cos () ~ -0.34
Am
+sin(x) [Aay sin(Qf) + Aay cos(Qf)”

Small Am Sidereal frequency

Large boost at LHCb <fy>~ 20

Re(z) as function of
sidereal phase £

No sidereal variation is observed




| Lorentz invriance and CPT

 Aa, values obtained for the B and B systems, more precise than results from
BaBar (O(103)) and DO (O(10)) experiments

BY system BY system
Aaj= (-0.10 £ 0.82 + 0.54) x 107 GeV Aaj=(—0.89 + 141 £ 0.36) x 10 " GeV
Aai: (—0.20 £0.22 £ 0.04) x 107" GeV Aa|=(—0.47 £ 0.39 £ 0.08) x 1072 GeV
(

+1.97 £ 1.30 £ 0.29) x 10715 GeV Aax=(+1.01 £2.08 £0.71) x 10714 GeV

+0.44 + 1.26 + 0.29) x 10715 GeV Aay=(—3.83 £2.09 £ 0.71) x 10711 GeV
Re(z)= —0.022 £ 0.033 £ 0.003
Im(z)= 0.004 +0.011 £ 0.002

e

e First direct measurement of the z parameter in the B, system,
no Lorentz invariance-assumption

/_\m




Lorentz i'nvariance and CPT

e A wide range of frequencies scanned around the sidereal frequency

(0.03 —2.10 dayg 1)

A~
o
~ 1o}

s

0 Ii.lll‘ whabeal 1 sii L:I\LUL.J .II.“. VT ) | VA YRl ‘.Al.k:mn\l“ LI.L ifbah ILL.. ||||I|JJ\I| IlILJi. AT T

No significant peaks found

LHCD

N o N P P Ll.”l o “hl‘“ /R AN MR AU Tttt .H.“. L.IHL A, .lll‘ i L‘ ki, l

Lodilid

B'—J/yK,

B\—JIWK'K™ s

0 AAL. al VA~ AN L AAN
0.98 1 1.02

0.5 1 1.5 2l
v [solar-day ]

Results consistent with CPT symmetry
and Lorentz invariance




PFOS pects

e Already results with 13 TeV (2015) data on production cross sections

Prompt charm production

J/ v production

TFeh Z—pu production

L R LHCb D* ——— Vs=13TeV

LHCb preliminary, {s = 13 TeV LHCb - Statistical Uncertainty
P (u) =20 GeV LHCb - Total Uncertainty
2.0<n(u)<4.5 CT14

60 < M(up) < 120 GeV NNPDF30

[CJ FONLL, * Io ] LHCb average —e—i MMHT 14

LHCb D" ——
—4— LHCb J/ w-from-b

FONLL arXiv:1507.06197

. S

POWHEG+NNPDF3.0L (scaled) arXiv:1506.08025

POWHEG+NNPDF3.0L (absolute) arXiv:1506.08025 ——
! o |

MR T T S T R T [ ST S S | L 1 1 1 1 1 ]
0 1000 2000 3000 4000 160 170 180 190 200 210 22&)(2_)2};1{11} [])ﬁ?{l

Vs [TeV] o(pp — ccX) [ub]

[JHEP 10 (2015) 172] [JHEP 03 (2016) 159] [LHCb-CONF-2016-002]

e Largely benefits from a larger bb cross section (Runl x2) and an improved trigger:
Larger farm, online full event reconstruction, real time calibration and alignment




S'ummarv

® Excellent performances of LHCb, plenty of results
with Runl (more than 300 publications), including
very challenging channels (with Vv’s in the final state).

® Deviations from SM in some channels and obsevables,
focus on them with Run2 data

® 2016 Run2 already ongoing, with larger bb cross section
(XZ) and Improved trigger' LHCD Integrated Luminosity at p-p in 2016

*  Delivered Lumi: 54.05 /pb
*  Recorded Lumi: 47.13 /pb

minosity (1/pb)

Many things to learn this year!
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Backup
[LHCb: JHEP02(2016)104]

15 . I 5 Bele i and LHCb (LHC run 1)
‘ efln 1ry T T I T T T

—— Data
— Signal and background
[ By
By
=+ = Combinatorial background
Semi-leptonic background
— — Peaking background

=]
o

LHCb 2013
X+ - LHCb 2015
_ Bo>Kpmu

— B SM from DHMV

1.0

(2] E (2]
(=] o o

[\S]
o

JIlIIlIIJ|IIILIILIIlIIJIIJ

Weighted candidates per 40 MeV/c?

o

5400 5600 5800

[LHCb: PRL 110 (2013) 021801], "+ ™V
[Nature 522 (2015),68]

EmLCSR Lattice -#-Data
e e o e

¢° (GeV?/c?)
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L e B

EWICSR Lattice —*-Data
T T T
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NN FEEEE NN
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B; — ¢uTp~ [JHEP06(2015)115] ~ [JHEPO6(2015)115]
T T “E ' T
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Backup

[LHCb-PUB-2014-040]

Type Observable LHC Run 1 LHCb 2018 LHCDb upgrade  Theory
BY mixing ¢o(BY — Jh) @) (rad) 0.049 0.025 0.009 ~ 0.003
bo(B® — JAb fo(980)) (rad) 0.068 0.035 0.012 ~0.01
Aa(BY) (107%) 2.8 1.4 0.5 0.03
Gluonic ¢M(BY — ¢¢) (rad) 0.15 0.10 0.018 0.02
penguin ¢M(BY — K*K*Y) (rad) 0.19 0.13 0.023 < 0.02
26°T(BY — $K?) (rad) 0.30 0.20 0.036 0.02
Right-handed T (BY — ¢) (rad) 0.20 0.13 0.025 < 0.01
currents (B — ¢v) /750 5% 3.2% 0.6% 0.2%
Electroweak  S3(B — K*%u"u™:1 < ¢* < 6 GeV?/c?) 0.04 0.020 0.007 0.02
penguin g2 App(B° — K*%utp) 10% 5% 1.9% ~ 7%
A(Kptp—;1 < ¢® < 6GeV?/c?) 0.09 0.05 0.017 ~ 0.02
B(BT — 7t p~)/B(BT — KJ“,UJF -) 14% % 2.4% ~ 10%
Higgs B(BY — ptp~) (107%) 1.0 0.5 0.19 0.3
penguin B(B® — ptp)/B(BY — ptum) 220% 110% 40% ~5%
Unitarity (B — D®K®) 7° 4° 0.9° negligible
triangle v(BY - DTK#) 17° 11° 2.0° negligible
angles B(B® — J/v K§) 1.7° 0.8° 0.31° negligible
Charm Ap(D° - KTK™) (107 34 2.2 0.4 -
CP violation AAcp (1072 0.8 0.5 0.1 -




