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B angle measurements

~ angle measurements and combination

Mixing induced CP violation (¢s) - B — Jhp ¢
Semileptonic CP asymmetry in B mixing (ASSL,AgL)

Selected others

Lumi measurement
Search for long lived to jet pairs
Measurement of B lifetime

The future

Prospects for Run2
LHCb Upgrade

3fb~t

3fb~ 1
3fb~?t
3fb~t
1fb~1
3fb~?t

1fb~1
1-3fb~ 2
3fb~?t
3fp~ 1t

3fb~?t
0.6fb~ 1t
3fb~?t

[arXiv:1412.6352]

[arXiv:1411.4413]
[arXiv:1501.03038]
[PRL 113, 151601 (2014)]
[PRL 111, 101802 (2013)]
[arXiv:1412.6433]

[PLB 721 (2013) 24-31]
[arXiv:1411.4600]
[arXiv:1411.3104]
[arXiv:1409.8586]

[2014 JINST 9 P12005]
[arXiv:1412.3021]
[PLB 742 (2015) 29-37]

[CDS LHCb Reports]
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2. LHCbh Experiment

The LHCb Detector

> A single arm forward spectrometer - unique pseudorapidity (7)) range

» pp collisions in Run 1:
> 2011: /s =7 TeV, L=1fb~ 1
> 2012: /s =8 TeV, L=2fb"1!

5=8Tev

» High bb and ¢ production cross section:

> o(pp — bb) = 286ub at 7 TeV
> o(pp — cc) = 20 times larger ' > S

» Recent detector performance paper using data from 2010-2012 - [arX|v 1412. 6352]

Vertex Hadron ID Tracking  Calorimeters Muons

Locator gcar HCAL
SPDPS

Magnet

RI(III
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2. LHCbh Experiment

The LHCb Experiment Il

» Detector sub-systems:
> Tracking system

> |P resolution &~ 20um
> p resolution =~ 0.5% LO Hardware Trigger : 1 MHz
» T resolution &~ 45 fs readout, high Er/Pr signatures

RICH sub-detectors 450 kHz 400 kHz 150 kHz
h* wpp e/y

v

» Good K — 7 separation for momentum range
2 < p <100 GeV/c
> Calorimeters

Software High Level Trigger
° 29000 Logical CPU cores
> ldentification of v, e, 7 Offline reconstruction tuned to trigger

> MUOI"I detectors time constraints
o . Mixture of exclusive and inclusive
> Identification of u selection algorithms
All complimented with a sophisticated trigger system
> Allows high readout rate

\4

5 kHz Rate to storage

> High efficiency for a broad range of physics topics 2 kHz Inczh'l‘::"’e/ 1 kHz
> Considerable improvement in the HLT for 2015 and Tf)'::.‘:f;}’;l Exclusive  Monand

beyond (more later) Charm

> Integrated luminosity
» Vs=7TeV L=1fb"1 2011
» Vs=8TeV L=2fb"! 2012
» /s=13TeV L=7-—8fb"1 2015-2017
> Instaneous luminosity (levelled)
> Can cope with anything ~ 1 — 4 x 1032 cm®s~* before detector occupuncies become very high
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2. LHCbh Experiment

LHCb Physics

» Many aspects to LHCb physics program

» Mostly indirect searches for new physics

> Rare decays
» CP violation
> Historically indirect approach gives success

> Z° inferred a decade before direct observation
»> t quark inferred 3 decades before direct observation
» Measurement of SM CKM parameters
> 7. B, s

> Can also offer hints of new physics

> Spectroscopy
> Charm physics

» QCD measurements

» EW measurements

Ai the institute of particle physics

» Exotica searches
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3. Rare Decays

BY— ptu~ and BO— ptp

» Very rare decay strongly suppressed in the SM LA
» Theoretically well understood B wot "
> Predicted BRs:
» BO— utp~ = (3.654+0.23) x 107° w-
» B utp~ = (1.06 +0.09) x 10~10 s -

> [arXiv:1311.0903]
» Highly sensitive to new physics
» LHCb result based on full Run 1 luminosity (3fb™?)

» Recent combination with CMS (25fb™") submitted to
Nature - [arXiv:1411.4413]
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3. Rare Decays

BY— ptu~, B®— utp~ combination with CMS
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3. Rare Decays 11/37

v
Bs(d)—> ™ implications \‘\'\(,9 @

» Provides strong constraints on many new physics models
> particularly at large tan 3

[arXiv:1107.0266] [arXiv:1401.2145]

CMSSM - 1an B2, A =2 iy,

2.0

MSSM-LL
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3. Rare Decays

FCNC decays B® — K*0¢+¢~

Standard Model SUSY
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> Sensitive to NP contributions in the loops

» Express differential decay rate with angular observables
which are form factor independent

» Decay of B°— K*°u" ™ at LHCb with 1fb™* (3fb™!
update coming soon)

() e amd 0, definitions for the 5° decay

» Recently published result of B°— K*%e*e™ in low g2

region
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3. Rare Decays

> Complicated angular fit

» Use observables with small form factor e Y

:
uncertainties o o8- LHCb -
SM Predictions

2 P 0.6~ -
Al 0.4F 4 pata i
; 02
0.4 i
-0.6/- ._+_. _
» Discrepany with SM, local significance of 08 ——

3.70, in 3rd bin of P} o 5 10 15 20
q2[GeV?/c4

> After LEE correction this goes down to
~ 30 Y A AR ARREE I AR PROURARSRSN
. - . N 1 +om ]
> Possibly NP contribution to EW penguin? M%'* + 1 o + + ]
e e
> . 2 02 4 02k, 4
Are the theory errors reliable? of + + + ] Z:ﬁ‘ + %’ ]
> Result with 1fb~! of data - [PRL 111, o , , I I , | N
191802 (2013)] a2 [GeVac] a2 [GeVi/c]

> Update with full Run 1 data coming soon
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3. Rare Decays

» New result - [arXiv:1501.03038]

» Similar concept to B® — K*%ut ™

» Measure angular observables in low g region: 0.002 < ¢ < 1.120 GeV?/c*
» Using full 3fb™* of Run 1 data

> Results are consistent with SM predictions

o~ T T
L 30 |
G - (e 1
é 2 Commatna 3 Variable Fit value £ (stat) Relation
§ 20 3 =+ (syst)
g . 3 Fr, 0.16+0.06+0.03 Related to K*U polarisation and
% 0 E| ARe 0.10+0.1840.05 lepton forward-backward asymme-
8 . E Ai[z:) —0.23+0.234+0.05 Ensitive to the photon polarisa-
3 A,I{“ 0.144+0.224+0.05 tion
4%00 5000
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mK'te'e) [MeVic]
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3. Rare Decays

Lepton universality in BT — K+¢T/~

> In the SM expect that: o w
_ BBToKtutuT) -3 7 < < T
Rk = Bleorrerey — 1 E0O(1077) w3
.. . B \ 5 B W We
» Sensitive to lepton flavour violating NP § .. B .'
- e o
» Electrons are difficult for LHCb q - q >
» Use double ratios with BT — K™ Jap(— £707) to cancel systematics
> assumes lepton universality for the J/2)
» [PRL 113, 151601 (2014)]
-e-LHCb -m-BaBar -a-Belle
% 1 % X 2 T T T T
2 + + LHco 1 300 LHcb { & | LHCb
= q = 18- [ N—
g @ q200 (O ; |
S 1 glOO ] o5 B
& 5 £
5 ; — S
5000 5200 5400 5600 %200 5400 5600 0 5 1 152
m(K'e'e) [MeV/c? mK W) [Mevic? o [GevZc]
Find Rk compatible with SM at 1% level
Rk = 0.7457%9% (stat) + 0.036 (syst) J
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3. Rare Decays 16/37

e
Bs(a)— I TR T m@

» New result using 3fb™" of data - [arXiv:1412.6433] - submitted to Phys. Lett. B

» First observation of the decay B? — n"n~ptu™ at 7.30
» First evidence of the decay B® — 7™ n~putu™ at 4.80
» Use the B— Jip K* decay for normalisation

» Veto non-resonant p* 1~ and require 0.5 < m(n"77) < 1.3 GeV/c?

= &

(B— ntn ™) =(8.6+15+0.7+0.7) x 1078
(B = nmn~ptp™) = (2114051 £ 0.15 4+ 0.16) x 1072

4l -es BO— Jp K*(892)° ” —
10 E - Partially reco. 40 Bty
: i (b) -

- B Jhp K*(892)° - B— K*(892)° ut w
== Combinatorial
— Total fit

LHCb

Bt

+=* Combinatorial

— Total fit

Events/(10 MeV/c?)
3
T

1075

Events/(20 MeV/c?)
©
S

10t

1“}'\‘.’:‘\-:”‘\”‘ ;‘:';HH‘HH
5.0 52 54 5.6 52 54 56 58

M(K*mutw) [GeV/c?] M (et ) [GeV/c?
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4. CKM matrix
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4. CKM matrix

CP violation at LHCb

“CP violation in B and D systems at LHCb"
» More details in Marta Calvi's talk later today
» A brief description and selected highlights here

THE MIRRIOR DID NOT S€€M T
BE OPERATING PROPERLY.
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4. CKM matrix

Quark mixing and the CKM matrix

» Quark mixing in the SM described by the CKM matrix

CKM matrix

Ve Vs Vi 1-X%)2 A AN} (p — i)
Vao Voo Vo | = -2 1-)%/2 AN? +O(\*)
Vie Vis Vi AN(1—p—in) —AN 1

» ~1,~0.2, ~0.04, ~0.004 —0.008

» Further from diagnoal, the weaker the couplings (hierachy)

» Unitarity requires that VWV =1

» Imposes 6 conditions (off diagonals of VVT = 0) - unitarity triangles

(p,m)

“BO° unitarity triangle" i“f‘i‘ %
Viua Vi + Vg Vi + VgV, = 0 J

0. >
“B? unitarity triangle" (much more squeezed) o "
VsV, + Vs V3, + Vis Vi = 0 J s

(0.0) (1,0)
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4. CKM matrix

The BO unitarity triangle

» CKM picture now well verified - any discrepancies could be of great importance

1995 2014

) ¥
2004 4
" q
1.0 - i By —
= pEgm AN,
" | ‘- Vet M o 2t L% 0 OL)
o Ly Rl by s | Y, L T
- \ ST T ] 0.0 0.8 ia 15 20
b P
"
v V.
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4. CKM matrix

The BO unitarity triangle

» CKM picture now well verified - any discrepancies could be of great importance

1995

2014 - zoom

Winter 14,

excluded area has CL>0.95

o solw/kos 2 <0
. /—*' {encl a1 CL>095)

Q

4
oy /2% i AT N ER ANETL FRT A

°

-0.4 0.2 0.0 0.2 0.4 0.6 0.8
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4. CKM matrix

Measuring angle 3

> Interference between mixing (via BB oscillation) and decay (to Jip KS) gives a CP
violating phase:

¢ =odm—2¢p =2

¢

h t.ou d BU D
B° I I B’ ¢M\\> TP K, ’
Bo /%'

» Measure decay asymmetry to get sin(23)
F(B°(t) = JwKg) — T(B°(t) — Jy KS)
F(Bo(t) — J KQ) + T(B(t) — J/p KS)

d teu h

Y
I
=

A(t) =

03F L(HCb =
0. )
E oo B Iy K.

» Current analysis with 1fb™"- [PLB 721 (2013) 24-31]
> Result: sin(28) = 0.73 £0.07 £+ 0.04

@ o1

Signal Asymmetr:
o
o =
T T
\ ‘

» 3fb~! coming soon (precision comparable with B

factories) 22 ] e
World average (HFAG Winter 2014) o g i .
sin(23) = 0.68 £ 0.02 J
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4. CKM matrix

Measuring angle ~ from trees

> Use interference between tree decays of B* — DK?* and Dn* which lead to the
same final state
> Inteference between “suppressed"” and “favoured” decays
» Combine results of many modes with different methodologies:

Method  Decay Reference
GGSZ D — Kiwin{ D — KIKETKT [arXiv:1408.2748]
K3rn D — X KFntaF, D - KExFataF  [arXiv:1203.3662]
ADS D — ntKTF [arXiv:1203.3662]
GLW D — KEKF, D — n¥aF [arXiv:1203.3662]

Favoured Suppressed
DK~

B o
Asw'm A,M”
—0
D

K-
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4. CKM matrix

LHCb combination of angle v from trees

» Nominal result: v = (72.97%52)° - [arXiv:1411.4600]
» World average (direct measurement): v = (73.27%3)°
» Uncertainty < 10° is better than combined B factories
» Many Run 1 modes still to be published with 3fb™!
» Continued improvement expected with larger statistics of Run 2 and beyond:
> Hope to get near ~ 3° precision (current indirect precision)
Result combining B — DK decays Result combining B — DK and
B — D decays
o Ir T T ] o If T T ]
Q I LHCb | C LHCb 1
— OASL Preliminary | - 0.85 Preliminary N
061 7219%3 . 0.6}~ .
0'4} 68.3% { 0‘4; 68.3% 7:
02f 3 02f ]
F 9559 ] F955% 1
050 60 70 8 9 100 110 07750 e 70 8 9 100 10
v [°] Y [°]
v v
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4. CKM matrix

Measuring angle ~ from loops

» Make use of decays: B® - KTK~, B® —» 7=, B = 7n"#° B® — n%
» Result compatible with v from trees v = (63.5752)° - [arXiv:1408.4368]
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4. CKM matrix

CP violation in the B? system

> Interference between decay (B? — J/ip ¢) and mixing (via BB oscillation)
» CP violating phase ¢s = —203s in SM

> Very small and precisely predicted in SM
> Early Tevatron results were tantalising

2z 10 8
» LHCb (and also a S
ATLAS/CMS) have = " §
clarified this picture % 1w 3
> BY— Jp¢ 2w S
analysis with hd £ CPodd
~ 20X precision S-wave
of Tevatron 10 5 m
> Augmented with Decay time [ps]
complementary g 3500 T T T 3
ana|y5i5 of gn 3000 . LHCb 4 .E 3000 LHCb 4
B — Jfpmta~ 3P0 3 2500 Bt T
. 5 2000 < 2000F E
» Final LHCb Runl & 10 $ sk~ ST N
results recently made o0 :g 1000 =
public - 500 © 500 3
[arXiv:1411.3104] o 0 5

@, [rad]
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4. CKM matrix

HFAG combination of ¢s and ATl

>
>
>
>

SM wins out again!
Still, these observable are very sensitive to non-SM contributions

Improved precision is a long term aim
World average ¢s = —0.015 £ 0.035 - [arXiv:1412.7515]
> Precision dominated by LHCb

—1

0.4 DO 8 fb HFAG B
—— 012 ) 68% CL contours
| . (Alog £ =1.15)
£ 0.10 CDF 9.6 fb™"

w

—~ ATLAS 4.9 fo™
<1 .08

0.06

—04 “02 0.0 0.2 0.4
@ rad]
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4. CKM matrix

Semileptonic CP asymmetry in BB mixing

> Reconstruct B — D™ p* and B® — D*~ " where D~ — K*n~ 7~ and
D*~ — Dmw~

» Measure asymmetry between the number of D™~y and D** ™ decays

» Result consistent with SM a4 = (—0.02 £ 0.19 % 0.30)% - [arXiv:1400.8586]

5 20 » X0
2 F LHCb + Daa 13 00k LHCb + Daa 3
§2] E - + —Tota 49 E «— + — Tota E
& 1000~ Du _ sga 15 150E D — - Signal 3
o F SN B* bkg. 1a F w0 B" bkg. E
500 Comb.bkg. 4 — 100F Comb. bkg. 3
s 1 sof 3
S EEEE: RE
IS ERS E
E o ERS E
@ -1 13 E
< 1< 3
ol = 3

_.
—
el
2,
-
=1
B,
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5. Selected others

Luminosity measurement

> Precise luminosity measurement required to reduce
uncertainty as much as possible when measuring cross
sections and vyields

» LHCb now has the most precise lumi measurement at a
bunched hadron collider
» Luminosity uncertainty now at 1.1% level for Run 1 data
- [2014 JINST 9 P12005]
> Introduced two-dimensional description of the beam
density profile
> Use of both “van der Meer scan" and “beam gas
imaging" methods

58

T oF . . . . —
Vertex observable LHCb
" 2dfit
76 LHeb Coa |
5 | Lo ‘ v ro ! 1
el R Lo SRR
c 56n w 1 1 | 1 ! ! ! ,
g | ! ! ! | i . - : : : 3
8 | gyl S 2 - ! T .1 =
.
g5 ' R b | |
8 -, | I 1
1 ' -} il
b ikt & }
it b L - B = I
[ | | | | . . , | \ 1
' o roa ' Lo L |
55| 2852 28532855 28563311 '3316 2852 128532855 28563311 3316
0 100 200 300 400 500 100 200 300 200 500
Measurement Measurement
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5. Selected others

Search for long-lived particles decaying to jet pairs

» Search for long lived particles with 25 < mj; < 50 GeV/c? and 1 < t < 200 ps
> Pair-produced from SM-like Higgs
> Using just first 0.62fb™" of data at /s =7 TeV - [arXiv:1412.3021]
> See no excess above background
» Exclude some hidden valley scenarios
<~ 6000F T T T . :;_10"5“” T T 3
L2 b - Data LHCb1 = ¢ . E
o i ] [ER i, = 25CN/E + my, = 50GeV/c2 LHCb 1
% 5000:’ m,, =25 GeV/c? E ; [+ me, =35GeV/c O my, =35GeV/%, m, — ce 1
8 40001 m,, =35 GeV/c? E = W0 o m, —43GeV/E B my, = 35GV/, 7, - 55 3
= E o, m, =50Gevic? | % ]
8 s000f 1 Tl ]
= g 1 F E
S 2000 E [ ]
8 & 1 ]
1000F ] 5 ’
OE — L] i & 1
0 20 40 60 80 100 L—— ST .
mass [GeV/c?] lifetime [ps]
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5. Selected others

Measurement of the B lifetime using B} — Jiy

» Study the time evolution of B — Jiynt and BT — Jip K decays - [PLB 742 (2015)
29-37]

» Measure the partial width difference (ratio of decay times) of the two to extrapolate
the BZ lifetime

» Indepdent of the complimentary measurement with the semileptonic
Bf — Jputv,X decay

BX — Japw lifetime Combined B — J/ynt and
+ +
AT =g g =446+014+007 mm—1c | Be = St X
Tgt ot = 513.4£11.0£5.7 fs Tg+ =511.4+93fs
L ‘ LHCb L E " LHCb - ‘
A T L BY - JMKY 1
e 300 ¥ E %zm}m; E g
& a0 8 £
_g _g 15000; |
;’a 300] = F
é 200| - 5100005 E
mn ; 5‘“‘;’ E
3 52 5‘3 54 10° o‘z 0‘4 u‘o u‘s 1
mypre [GeV/c? mypr [GeV/¢?]

t [mm/c]
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6. The Future

Preparing for Run 2

> Run 2 now only a few months away!
» Nominal running at /s =13 TeV
- . . LHCb 2015 Trigger Diagram
> bb cross section increased by ~ 1.6 29 2
> Expect total integrated luminosity of ~ 6 — 8fb~?! 40 MHz bunch crossing rate
» Considerable improvements to trigger system will
facilitat hall LO Hardware Trigger : 1 MHz
acilitate new challenges readout, high Er/Pr signatures
» Improvements 450 kHz 400 kHz 150 kHz
—_— . h* u/pp e/y
> Systematics from size of control samples .
> Detector induced asymmetries
> PID calibration :
. . . . . . Partial event reconstruction, select
d Llfetlme blas'”g cuts in trlgger [ displaced tracks/vertices and dimuons ]
» Objectives
—_— Buffer events to disk, perform online
S There are many! detector calibration and alignment
> Improved precision in CKM paramters p
Full offline-like event selection, mixture
> Improved knowledge of rare processes of inclusive and exclusive triggers
e.g. Byg)— putp™ and BO — K*0pty—
> More spectroscopy 12.5 kHz Rate to storage

> New ideas!

» Full explotation of Run 1 data still ongoing
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6. The Future

And beyond....

v

Huge improvements planned for 2019 and beyond with the LHCb upgrade
Operational lumi will increase to 2 x 10*3cm™2s™?

> Aim to collect 50fb~1 in total
Upgrade all detector subsystems:

VELO 41M 55um x55um Si pixels very close to beam

PID Upgrades to RICH1, Calorimeters and Muon system

Tracking Si based upstream tracker and scintillating fibre downstream tracking system

Limitations of current LO hardware trigger will be completely removed
Will read out the full detector at 40 MHz!
Full software trigger - running on large CPU farm

All upgrade projects have been approved by CERN research board
> Final R&D ongoing
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6. The Future

LHCb Upgrade expected performance - CERN-LHCC-2012-007

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb— 1 ) uncertainty
BY mixing 285 (B — J/w @) 0.035 0.025 0.008 ~ 0.003
285 (BY — J/a 1(980)) 0.17 0.045 0.014 ~ 0.01
A (B9 6.4 x 10~3 0.6 x 10—3 0.2 x 10—3 0.03 x 103
Gluonic 285180 — 49) - 0.17 0.03 0.02
penguin 28eM(BY — k*0K*0) - 0.13 0.02 < 0.02
26°(80 — ¢K2) 0.17 0.30 0.05 0.02
Right-handed 28SM(BY — ¢+) — 0.09 0.02 < 0.01
currents Te“(Bg — d>—y)/-rBo - 5% 1% 0.2%
Electroweak 5387 = k*0ut =1 < ¢? < 6Gev2/cF) 0.08 0.025 0.008 0.02
penguin 59 App(B® — K*Oput ™) 25% 6% 2% 7%
AKptp=i1 < @ < 66vY/c?) 0.25 0.08 0.025 ~ 0.02
BBT = xtutuT)/BBT = Kfutu™) 25% 8% 2.5% ~ 10%
Higgs BB = ntu) 1.5 x 109 0.5 x 1079 0.15 x 109 0.3 x 1079
penguin BB = ptu)/BBL = ptu) - ~ 100 % ~ 35% ~ 5%
Unitarity ~ (B — DIk(*)) ~ 10-12° 40 0.9° negligible
triangle ¥ (Bg — DsK) - 11° 2.0° negligible
angles BB — J/y Kg) 0.8° 0.6° 0.2° negligible
Charm Ar 2.3x 1073 0.40 x 1073 0.07 x 10~3 -
CP violation A 21x107%  065x1073  0.12x 1073 -
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6. The Future

Summary

> LHCb has performed incredibly well Run 1
» Have produced a wide variety of informative
results with 3fb™*

> First observations of new decays

> Observations of new particles

> Precision physics measurements of many
parameters of interest (3, 7)

» So far results in CPV consistent with SM CKM
matrix

» Some interesting deviations in rare decays
> Plin B— K*utp~
> Lepton universality in B® — K*0¢ty—
» Need more data to confirm or deny

' WE AN SEE HEAE THAT THE
ASKEEMENT wiTH THESLY 15 ErcEueNT”

£6000 Torn Bwansen

» Much more still to come from Run 1 and much of it in the near future

» Exciting prospects in Run 2 (and beyond) to add new measurements and improve
existing ones with more statistics

Thanks for your attention! )
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