i




Outline

m The LHCb detector and running conditions
m Selected physics highlights

Focus on current measurements from LHCDb:
based on | fb-! (2011) and 3 fb"! (201 1&12)
pp collision data at 7 & 8 TeV CM energy.

e Parameters of the CKM matrix

e Rare B decays
e Studies of CPV in the B, system

e Mixing and CP violation in charm
e Other highlights.

® Summary and Outlook
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LHCDb- forward spectrometer

m Forward-peaked production — LHCDb is a forward
spectrometer (operating in LHC collider mode)

m bb cross-section = 284 + 53 ub at Vs =7 TeV
[PLB 694 209]
— ~ 100,000 bb pairs produced/second (104 x B factories)

M2
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A fish-eye view
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LHCDb data taking

m  Nominal luminosity = 2 X 1032 cm2s-! : however, LHCDb has learned to run at
>7? times this.

m Continuous (automatic) adjustment of offset of colliding beams allows luminosity
to be levelled

37 pb™! collected in 2010

e | fb'in 2011 2013/14 : long shutdown
e >2 fb! recorded in 2012

LHCD Integrated Luminosity

Instantaneous Luminosity

45001 2 - L] Delivered in 2012 (4 TeV): 2.209 /fb
2 =i . Recorded in 2012 (4 TeV): 2.082/fp |- e e o

= 40007 ' ' il " Recorded in 2011 (3.5 TeV): 1.107 b : : ;
3500+ ATLAS/ C M S = Recorded in 2010 (3.5 TeV): 0.038 /b | i dg 1 T
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m Vertex Locator (VELO):
2| modules of back-to-back silicon sensor
disks, R-¢ strip geometry

m Silicon is only 8 mm from beams. Must be
retracted for safety during beam injection

m 300 um-thick silicon
2048 strips/sensor, 40 um inner pitch
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Vertex reconstruction performance

m Impact parameter resolution = |2 um for high p; tracks
from VELO detector.

m Proper-time resolution: ¢, = 45 fs for eg. B.—>)/w¢

Prompt J/y
2 AN
~ LHCb Preliminary
2 404 \s=7TeV, L =337 pb’
g B.—> Jwv ¢
L 1n3 / S v
102
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Tracking performance

:

(a)

LHCb
(s =8 TeV B Integrated field strength 4 Tm

2.5<y<3.0 .
from dipole magnet

15000 3<p <4 GeVie
B Planes of straw tubes
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Particle identification

m Charged particles identified with two Inside RICH 2 :

T
b

Ring-Imaging Cherenkov detectors
covering 2 <p <100 GeV/c

m Cherenkov angle resolution

0.66 mrad per photon achieved (in
RICH 2)

» . LHCb data RICH 1
¢ 'S (preliminary)
N
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‘-.“ . g "_v
: i
g o [
AP P Kaon ring
fx, AN o , _—
.~ 7 pion ring jreee k//:l’
L ."

e (1T o e
. 5 4 -
s ebit i d il Sl b :"'F
: . ' =S = \ I/_J
O RN
% A X ER W\

e U GRS .
Sy . A ] ‘_\\ ‘;.3 '.'
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PID performance

m Kaon identification efficiency > 90%

Efficiency

for pion misidentification < 5%
over a large momentum range
(2 <p <100 GeV/c)

Calibration data
1.4 ——r—v—"p—"—"—""T—"TT"TTTTTTT
- LHCb 2 0 ALLK-a)=0

\Js =7 TeV Data e ® ALLK-7)>5

- “’m” -
T *;:.HHKHHNHH“RHRHM
e
+ -ty Oy,
- P00,

20 40 60 80 100
Momentum (MeV/c)

arXiv:1211.6759

* Allows strong suppression of
combinatorial background
eg for ¢ »> KK~
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‘ The LHCDb trigger performance arXiv:1211.3055

Hardware level (LO):

o 4 ys latency @ 40MHz
: firmware / custom electronic

ECAL HCAL Muon » high-p; M, &, Y, hadron candidates, typically
{ey) § Edhad) pr(M)>1.4; E-(e/y)>2.7; E (hadron)>3.6 [GeV]

1 MHz max

40 MHz

Software level (HLT):
« ~30000 tasks in parallel on ~1500 nodes

HLT : software / online farm

High p_ track with non zero
impact parameter

Combined efficiency (LO+HLT):
e ~90 % for di-muon channels

Inclusive selections,

W, p+track, p, topological, o ~30 % for multi-body hadronic final states
charm and exclusive selections

Offline processing:
« ~10'% events, 700 TB recorded per year

Ol ERRVEIENRC VN « ~800 “stripping’ selections to reduce to samples

S e e with 0(107) events for analyses

ytember 2014 N.Harnew 12




Selected physics highlights

2 Parameters of the CKM matrix

O Studies of CPV in the B, system

a CP violation in charm

O Rare B decays
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Quark mixing and CKM matrix

® In the SM charge —1/3 quarks (d, s, b) are mixed
= Mixing described by CKM matrix

( me’ Vns Vub \ ( 1=A%/2 A A}LS(p - ;'17) \
Vcd Vc.s Vcb = —A 1-2%/2 A2 + O()ﬁ)
AV (1-p-i —A\? |
Ve VT, S

m 6 unitarity conditions of CKM matrix, 2 of which give triangles which do not
have a side much shorter than the other two:

(V* Vit V* Vet V*pVig) = 0 (V* Vit V* i s VistV* Vi) =0

ds N uc N bd VcchE
V¥ v Yud Ved Y B
v dv * drs 1""".‘lew'""f{-:‘-tll v V %
- e us= o VUDVUE o Utbvttl
sb . ct . tu Vi V>
VisVip Ve Vi ts V us
YIRY, * Vcdvt_é
* b *
VsV us o VbV ib ViV ud ViV ub
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Unitarity triangle : CKM fitter

15 T

The CKM describes all the flavour-changing
processes in the SM

10F

Amazing progress in the last 20 years; the SM
remains intact, but still a whole lot still to learn

05 [

I= 0.0 _

http://ckmfitter.in2p3.fr
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t,c,u d
W

t,e,u b

- >

m Interference between B decay to J/gKO directly and via B? B oscillation
gives rise to a CP violating phase

(I) = q)Mixing -2 d)Decay = ZB
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Spectacular results from e*e" B factories on CP violation
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Large CP violation effects : sin(2p) from B*—J/yKO,
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and LHCb comes into the game ...

sin(2p) from Bo—)/yKO
_ T(B(t) = JW K?) —T(B°(t) — J KY

Ajpro(t) = —=— — = —
pglt) [(BYt) = JA K9)+T(BYt) = Jhio K?)
= Sy K sin(Amgt) — Cyy, KO cos( Amyt).
o VA
Syus = 0.73 £ 0.07 (stat) + 0.04 (syst) R
R
0.089 = 7E
Cpyks =0.030 £ % at) £ 0.012 (syst) E ‘;;
Z of
s 01f
Phys.Lett B721 (2013) 24-31 S F
& 02F
03F
1 E ! !
04 5 10
f [ps]

World average (Winter 2014) :sin(2p) = 0.679 + 0.020
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... and B, mixing

N(B°— B°) — N(B°— BY)

N(B°— B°) + N(B°— B9) b ——>— € e
i L B ) - S
- LHCb
04 B D g i e Tagged mixed

e Tagged unmixed

o
)

S

[\ )
/

|III|I\\
# candidates / 0.2 ps

N
o
(=)

T T T

— Fit mixed

— Fit unmixed

Raw asymmetry

L . : 0 ‘ —
5 10 s 0 1 2 3 4
B’ decay time ¢ [ps] decay time [ps]
ﬂmd = 0.5156 = 0.0051 = 0.0033 ps_l L‘amg = 17.768 = 0.023 £ 0.006 ps_l

Phys.Lett B721 (2013) 24-31 J. Phys. 15 (2013) 053021
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A measurement of y from B* — DK*and D=*

m Four methods, comprising 14 B* decays

included in a combined fit

e B¥=DK*, D—Ks’mrtn™ and D—Ks°K=K+ “GGSZ”
e B¥—=Dh*, D—r K= it and D—K e “K31” :
e B¥—=Dh*, D—m*K* and D—K*m* “ADS”
‘e B¥—Dh*, D K*K=, D=+ “GLW”
V. il Vi 1
g g
Vc:;) Vﬂ;’ S
b * c C ‘ . d
B 0 -
u U D i " d
rp= 0.1 rp=0.06
% u u
i D" e
_____________ C c ~ S
b Vcs< VCS

‘ Y S CTED R s
B 7 o K- (_favoured V”d<d T

Phys Lett B718 (2012) 43

LHCb-CONF-2012-030

Phys Lett B712 (2012) 203

Phys Lett B712 (2012) 203

= [wo paths to the

same final state via D°
and DO =>
interference sensitive
to gamma

20



Events / ( 5 MeV/c?)

‘ B*—) DKZ* and B*—) Dt ADS & GLW modes

Phys. Lett. B 712 (2012) 203-212

Asns = (-52+15+2)%

ADS modes

B* > (t*K’)pn* - = (14.3+6.2+1.1)%

B> (K- )DK+

. 1o, 7 TeV data

.....

Aces = (14.5+3.2+1.0)%
GLW modes

Events / ( 5 MeV/¢?

B* > (K*K-)pr*

e T 25 00 5400 5600
m(Dh¥) (MeV/c2)
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| B*—> DK*and B* - Dt GGSZ & K(31) modes

Events / ( 10 MeV/c2)

arXiv:1408.2748

GGSZ mode
(K. ),
3 fb!

m?2 [GeV~/c*]

3t A

LHCb Preliminary

Ly

1)

_hlullu HHL iy uﬂ |l lf

b |
I

+ B> (nK'nt*m)pm

5800

6 September 2014

Corfu Summer Institute

5200

[Sh

m?2 [GeV?/ ¢4

3

2_

T T T T T T

K(31) modes

| fb!

LHCb-CONF-2012-030

5800
m(Dh*) [MeV/c?]

N.Harnew
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Bi — DKi Y measurement LHCb-CONF-2013-006

'_] l_' 1 LI S N B B L B
Q i LHCb -
- 08+ Preliminary |
0.6} 1 ern
4P e83% L May2013 |
021 .
T 955% | :
00207740 60 80 100 120 140 160 180
LHCb combined v L
GLS (D% — 1* 11, K*K") 11 Compare: Belle:(69']])°
ADS (D° — K* 1 K* 1t 1) 1fb” BaBar : (68,3)°

GGSZ(DO — Komr* 1, K K* K°) 3fb-T
y = (67+12)°

® Indirect y value from global
CKMfit: 66.5° +].3° -2.5°
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CP violation in Bon'n~ & B.— K*K~ (angle a/y) ‘

Ll("a‘):b m | fb!:~9000k B®—>r*n~ events

m First time-dependent CP asymmetry
plot of B®—m*n~ at a hadron collider

C_.=-0.38+0.15+0.02 Cos term (direct)
S =-0.71 £0.13+£0.02  Sine term (indirect)

e
. 54 55 56 57 58
Invariant 7z mass [GeV/c’] m Also first ever time-dependent
2 05 asymmetry seen in B >K*K~

2045 | Heb

Cex =0.14 £ 0.11 £0.03
See = 0.30 £ 0.12 + 0.04

2 I £°% Lhco
;2500' LHCb E :
SE ? F E 0.2
© = F (a) = F
AFE o I g - B — —
E Z.2000 0.1
L . . . P B A 1 I = E
0.5 2 4 6 8 10 12s f & r
Decay time [ps] §1500_ : o
g ; 040
& 1000} ' E
r & -0.2)
500F . F
L i 0.3
B e e o 0 005 01 045 02 025 03 035
0 T — Y . . 3 x . . 5
JHEP 10 (2013) 183 ¢ 05 BT 5555 51 55 56 57 bl I L

Invariant K*K- mass [GeV/e?]



Selected physics highlights

2 Parameters of the CKM matrix

O Rare B decays

O Studies of CPV in the B, system

a CP violation in charm
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Rare decay B ;) — pu-

Decays strongly suppressed in
SM

Predicted BRs
B — pru- =(3.56 £0.30) x 10~?
B - putu~ =(1.07 £ 0.10) x 10-10

arXiv:1208:0934 & PRL 109 041801 (2012)

Very sensitive to new physics -
e.g. MSSM

But it’s a bit like looking for a
needle in a haystack

Corfu Summer Institute
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LHCDb p+p— mass spectrum ‘

cand. (not corrected for efficiency)

1 010 _; J/"Lp . HUUU:: I.Ilrh.T’_t'clin-u'nar}r
— < 12000} Vs =8 TeV M(18)=9465.3 + 0.31ML-WC3
. — L G(18)= 43.0MeV/ic~
10° R T e R
1 08 — & 8000:_ N, (38)= 6489 £ 138 =
- / g om|
1 0? % 4000;‘\_]
6 Y (1 S, 28, 3SU 2000:
107 E -
— 0 L . .
1 05 [ Q000 10000 ) 11000
E M(u') (MeV/c?)
104 & LHCb-CONF-2012-025
3 —
10" 20
10°
10 =
e B0 ., +y-?
- : —
10" E S u u °
1 0‘2 L 1 1 | L1 1 | 1 | 1 | L1 11 | | 1 1

i 102
1 410 m(w) [GeV/e?]
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I History

0 BO(S) — uru sensitivity to NP has motivated searches
since 1984 !

m BR(B®, » putu~) has now reached SM prediction

LHCb: Phys. Rev. Lett. 108

I I I I I
199 2000 2002 2004 ‘?006' ‘?008 ‘?OTO

90%]| C.L. Upper Limits (2012) 231801

E - | | | | | | [ I | ! =
o - # LHCb _
ol = + ATLAS =
1) F . ® CDF -
% 107 = . DO =
= O L3 —
10_? :_ [ ] — SM Prediction _:
; @ A - . ;
10°® = \ E
; x> ;

10° | | | | | | | | | | |
e



LHCb B, > p'u~ candidate
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m Results based on 201 1/12 data: 3 fb
blinded analysis

W [MeV/c?]

m Selection based on multivariate g
estimator (BDT) combining vertex and £ _ : -
topological information e

= CutonBDT>05 0TI T

m The known B masses and widths are

u

- T, .
T S
Cya e 9o ] TR r | 1

0.6 08 1

fixed in the fit
BDT
PRL 111 (2013) 101805 o . 1 o L
S I6E T T T T ' mmpDF ] W(BS_} ,u.. p) = (2.9I7pst Zgysy) < 10
> 14 LHCb —— Bl ptp = Significance : 4.0 (Expected 5.0)
= H BDT>0.7 BY — ptp- ]
%125-* 3fpt e B — hh" _ 0 + +2.4 . +0.6 10
> 10g meme Bl —m (Ko phvg BB — ) = (3.7757st Taasy) x 10T
: - ( — ) (3.75571st Zgasy)
= E Y weee  Combinatorial 1 Significance : 2.0
S 6F ~
< 4R J» l ‘L l 3  Upper Limit
2T j il ol Ba ol No compelling B® — p™ ™ signal hint
e T v e— - B(B®— putp~)<7.4 % 10719 at 95%C.L.

m,.,- [MeV/c]
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Combining with CMS results

—1 |
DO 10.4fb | CDF 106" . :
CDF 10fb ' — : |
ATLAS 4.9fb " LHCb 3fb™' : . i
preliminary . SM
LHC 3 cms 25t | b—e '
W sm
CMS 25fb ' -
CMS+LHCb | ;;gﬁ;&ggb . ————
pTClilTliDaTy ety by b b b b by Ll bl b b b o A4 il L
0 2 6 8 10 12 14 16 18 20 22 0 1 23 4 5 67 a2 43 a4 45 46 47 48
B(B%— u'w) [10°] B(B'— 'y ) [107"]

®  Preliminary combination of CMS+LHCb vields

B(BE — ;;"'ﬂ‘) — (2_9 + 0.7) % 10-9 Observation at morethan 5 o

B BU—> I+ ) = (3.6 +1.6 v 10_10 PRL 112 (2014) 101801
o 4
' FN.Mahmoudi, arXiv:1310.2556
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Constraints on new physics models

20

IMtI::dilfield fru|:n [‘I.itra:uh.IEGIIZ] R

1.5 I MSSM-LL

1 1 1 1 1 1 1 1 1 1 1 |
30 40 50

20
B(Bg — .U’+ u_) [10_9] MSSM (with R-Parity conservation)
Straub Moriond 2012 . tan®
rau. oriond | B(B. > 1" i) « 4/3
(http://phys.davidstraub.de/files/dstraub-moriond | 2.pdf) m),
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IFCNC decay B — K*Op+p- |

. / s ’ : ) 3
P B W R
- == R s e e
SM + New physics contributions — E
% i LHCQ :
m LHCDb has largest sample in .
£ D Combinatorial bkg |
world, as clean as the B Factories! r=snotia

m LHCb BR = (1.22*038 ) x 10-¢
agrees to within ~30% of SM

arXiv:1210.4492

m Analysis presented here based on

883 + 34 events (Ifb'at 7 TeV)

JHEP 08 (2013) 131

Corfu Summer Institute
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Candidates / { 10 MeV/c? )

Candidates / ( 10 MeW/e? )

£
b —p—— =

[

- > 8
d; d;
et
H
Gluino loop i

5600
m(K"':t'!l‘.u'] [MeWie2]

60 T
LHCh ]
43<qf <868 GeViict A
40|
20|

3

T
LHCb ]
1418 < <16 GeVie!

5400 5600
m(Knwtu”) MeVie?]

Candidates /(10 MeV/e2)

?)

Candidates / { 10 MeV/c

Candidates / { 10 MaV/c? )

60| L}

LHCb

2<q’ <43 Gevict
40|
20|

.
=
—T T

(5}
=]

0 5400 5800
mlK ) [MeVc?]
60 :
LHCb
F 16 <g” <19 GeVe?
a0l
201

W i el L :
5400

5600
m(K ) [MeVie?]




B° - K'utu~ continued ‘ JHEP 08 (2013) 131

m But forward-backward
asymmetry Acz(q?) in the ppu
rest-frame is a sensitive NP
probe (q*=m_ %)

m First measurement of zero

crossing point:
q?=4.9 £ 0.9 GeV? <

m A measured by LHCb
consistent with Standard
Model

Corfu Summer Institute 6 Se & [GeVZ/ ]



B° - K'utu~ continued ‘ JHEP 08 (2013) 131

-
R
l\

First measurement of zero Theory EEEBinned

crossing point: A ol e B L —
q?=4.9 £ 0.9 GeV? <

Az measured by LHCb | ' :*: E'
' I‘ . ]

consistent with Standard l
Model
_1' PR B PP B
0 5 10 15 20

ATLAS & CMS now enter
Corfu Summer Institute 6 Se q2 [GEVEIG“]

But forward-backward .
asymmetry Acz(q?) in the ppu \R
rest-frame is a sensitive NP
probe (q*=m_ %)

FB

the game




New observables in B? > K'utu-

m Goal: express differential decay rate in terms of parameters that
are less sensitive to the hadronic matrix element uncertainty <
prevent NP from hiding under strong interaction effects.

m Same | fb'! 7 TeV dataset PRL 111 (2013) 191801

m Angular differential distribution given by:

d*(r + ) 9

1 3 1

.2 2 , . B
— = —(1 — F} )sin” 8¢ + Fy, cos8” @p + —(1 — Fy, ) sin™ 8¢ cos 20
T dcosfy dcosby dp 32 [4( L) EToL g+ g Fu) K .

2 - (2) . 2 . 2
— Fp,cos” 0 cos20p + E{I_FL}A"T‘ sin” g sin™ Op cos 2¢ +

VFL(l — FL)P} sin 20 sin 265 cos ¢ + 1/ Fy (1 — F,) P{ sin 205 sin 8y cos ¢ +

(1 — Fi)AR, sin® 8 cos 6, + JFL{I — FL )P4 sin 20 sin 8, sin ¢ +

\/FL{I — FL) P} sin 20 sin 28 sin ¢ + (S/A)g sin® 8 sin? 6 sin 24 ]
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‘New observables in B - K'ufu~ cont’

m Local discrepancy of 3.7c in 3" bin of P’

PRL 111 (2013) 191801

(SM prediction J.Mathias et al, JHEP 05 (2013) 137)

S | =
0.6}
0.4f-

-0.6

0.4f=
-0.8p=

0.2
0
-0.2

SM Predictions

LHCb

20
g2 [GeV¥/e*

0.6p-
0.4
0.2p=

(=]

0.4}
-0.6}=
-0.8}-

o sl

+‘=+—- '''''

SM Predictions

Data

. 20
g2 [GeV¥/e*

Corfu Summer Institute

-

oy
QL o8

6 September 2014

1 —TrTTTT
LHCDb
0.6

e
0.2 1

0

SM Predictions

4 oata

-0.2
-0.4
-0.6
-0.8

4t

I-1 '] '] '] L I ']
0 5

= A flavour changing Z’

boson, QCD effects, or just

statistical fluctuation?
* More data required

N.Harnew
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g2 [GeV?/c?]
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‘Lepton universality test using B* -5 K*1*1 -

B(B"—= K pu ™)
B(Bt - Ktete—)

m Define Rgas: Ry = — 1+ ©O(107°) in SM

m To cancel systematics, form
double ratios with

B+ BN K+ J/\lf( _)l+ l_) @ LHCb g BaBar 4 Belle
P L S B B S B B B BN L

assuming lepton universality for 3 LLHCb -

J/\V - 11 —) 1.5:— i u
= Reconstruction of B* — K*et e \: +

is experimentally challenging due S M ]

to bremsstrahlung emission 0.5F ]
m The result for Ry differs from SM I

at 2.6 sigma level. This is using T R T

the 3 fb"! of data . % [GeV¥/c4]

m This is the most precise

B 10.090 ,_ o
measurement of RK to date. Rk = 0.7457 174 (stat) £ 0.036 (syst)
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Selected physics highlights

2 Parameters of the CKM matrix

O Rare B decays

O Studies of CPV in the B, system

a CP violation in charm
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\Es weak mixing phase ¢.in B. > J/y ¢ ‘

-

BO d)D J /0 b fz(. u
N e T ]
EO /%7 . o .c,: z‘.:.:u

L

* Golden mode for this study is B, — J/y ¢

= Analogue of 23 (phase of B mixing) but in the B, system

m Interference between BP decay to J/WKO directly and via B - B oscillation gives
rise to a CP violating phase

_ _ AT T T T T
(I) - (I)Mixing -2 (I)Decay - Z(I)s <4000 .

. . =3500 £ ;A 3

= (), is expected to be very small in the SM o0 ;
2500 3

and precisely predicted: gro0of 3
S1500F =

¢, = —0.036 £+ 0.002 Z1000f- ;
(see eg Charles et al PRD84 (2011) 033005) ~ S00E - E

R -.|-.“|““|.-.ln--l“.-|.-“|:-”|'-'.-1-- I N M
%Zﬂ 3340 3360 3380 5400 3420

[ Ifb-!,7TeV PRD 87 112010 (2013) ) m(JWK'K) [MeV/c’]




B. — )J/v ¢ angular analysis

" (¢ is a vector meson (spin |)

= Vector-vector final state: mixture of CP-odd and CP-even
components

Need to perform B.— J/'¥ ¢ angular analysis
’ Y,

—— e e e e — — —

LHCb: Ifb-!,7 TeV, 27617 candidates
Use opposite side tag: Power = 2.10 + 0.08 + 0.24%

= First measurements from the Tevatron indicated large values for ¢,

discrepancy with SM reaching ~3c |



“Visualizing” the effect of ¢.in B. = J/y ¢ ‘

= Amplitude of asymmetry & sin ¢,

= Frequency is the same as in B.—D. 7 decays

pdf(t,cos6) N

¢s = 0.4 o, = 0.04 (SM)
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'.Jr; lﬂj - 1400 [ T I I ]
a, = - ]
D 10 21200 LHCb E
H W B -
% ; 21000 Tk =
=~ 10 9 - ]
L S 800

"g 10- g c u —_ H"""--... .
= = O 600 -~ ~ ~
2 i e SN
s 10g L/ N
o - 400 .. :.,E
= 200 T TTTteeeeiceeeeet T =
i 1 0 :*-'-'----."-:' e R Pl el ekl o) -.--.....:
-1 0.5 0 0.5 1
cos 6,
%‘*14':'[] [T T T T T T T T T T T T ]
o B :
i S1200f LHCb =
:\- 1 o C ]
- ER S W
C N - *+
__ ] ¥ 800 + + —]

- . % o ~——~«_CPteven
— 4 5 600 :___...--"f H"--.______—-"f H*“‘-::
- 1 £ N ]
400 N e? -4 = 400 amee 7]
- et N 1 © R R

200 L e 200 el C%’-odd

CI :JI: - I'I--rl-l - - -r - -I-I -.I.‘ .I-.--I-... I..-I|--* .: D :l.- - r-'l I--II- - -'II---l-r -- II-- - - .--1 - - .;-I I-'II
-1 0.5 0 0.5 1 2 0 2

cos B ¢, [rad]

0
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= 02_ ' ' ' | ' ' ' | ' ' ' | ! ! ! [ T
= —68%CL 3

& 0.18 _ LHCb ~---90 % CL .
:, 0.16F Results correlated with
S 0E AT, = width diff. of
0.1F the B, mass eigenstates
8-825‘ = — plot as contours in
0.04F E (¢, vs ATL',) plane
0.02F =
%202 0 0z 04  AlsoaddinB;— ]y nn
b, [rad]

World’s most significant direct measurement of ¢, &I’ , Al

Os — 0.01 £0.07 (stat) £0.01 (syst) rad.
[s — 0.661 £ 0.004 (stat) & 0.006 (syst) ps™
Al s — 0.106 £ 0.011 (stat) 4 0.007 (syst) ps™'

Still much room for new physics in ¢, will continue to improve precision
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= ATLAS and CMS also measure 0,

ATLAS

CMS

s = +120 + 250 + 50 mrad
5fb-1 result.

s =-30 + 110 + 30 mrad
20fb1 result.

DO, JhyKK 8 fo!

CDF, JiyKK 9.6 fbo!
ATLAS, JIyKK 4.9 fb!
CMS, JiyoKK 20 fb!
LHCh, J/yKK 1 fo!

LHCb, J/ynn 3 fb!

Naive 1D average

w)
ST R <

I L |

A naive |ID
combination of ¢
shows data not

incompatible with the
SM

Os = +38 + 48 mrad
naive world average
®M =-36+ 2 mrad

08 06

IR

o
=
. F
o
P

0.2
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04
qfs [rad]

New 3 fb-! LHCb
results coming soon
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Selected physics highlights

2 Parameters of the CKM matrix

O Rare B decays

O Studies of CPV in the B, system

a CP violation in charm
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Short Range

Mixing (and
CP-violation)

in charm
decays

W
€ ——WWWWWW—>—— U
d,s.bY Ard.s. b
u < < c
W
Long Range
T KT
_0

rtember

E E News Sport Weather Travel

NEWS scIENCE & ENVIRONMENT

Home UK Africa Asia Europe Latin America Mid-East US & Canada Business Health

15 November 2011 Last updated at 12:18 GMT f]

—__

LHC_ reveals hints of 'new physics' in

By Jason Palmer
Science and technology reporter, BBC MNews

Large Hadron Collider researchers have shown off what may be
the facility's first "new physics" outside our current
understanding of the Universe.

Particles called D-mesons seem to decay slightly differently from their
antiparticles, LHCb physicist Matthew Charles told the HCP 2011
meeting on Monday.

The result may help explain why we see so much more matter than
antimatter.



Charm mixing measurement

m  Charm mixing has been confirmed by BaBar, Belle & CDF, but LHCb now shows
clear observation in a single experiment.

s  LHCb measures the time-dependent ratio of D? decays to VWrong Sign to Right
Sign (will have contribution from mixing)

(t)— N (D " S Ktx )

(DO —=K—7T)
= Use the sign of the slow pion from D*—Den*, and D*— D° 1t to tag the initial
DO flavour.
x10°
{{;l_"' 8 L = % & & | & F E_ & [ B % &3 ‘_':l-"‘ fU I O N
~ LHCh } « Data N ) . « Data
= F () _El " > 50 _Eﬂ L
> 6 + [l Background = BN Eacaumd 3, Analysis now uses
s 3 s ¥ 3 fb-! of data
o @ 30 * Huge samples of D
L oo .
= 3 = candidates:
3 S 20
S 2 S 230k WS and
L] o
> 1 £} 10 54M RS
0 . 0
2.005 2.01 2.015 2.02 2.005 2.01 2.015 2.02

M (D"l [GeV/e?) M(D"10) [GeV/e?] 48



Charm mixing measurement (201 | data) ‘

<16 LHCb 201
R 7 " PR

-+ Data :

6.5F — Mixing fit E

6F - No-mixing fit
55F e

1 data, L=1/fb

S :

4.5¢ .
4
3.5¢ LHCb 4
3F -
T

tit

The no mixing hypothesis is

PRL 110, 101802
(2013)

excluded at the 9.1c level in a single

experiment
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. . . Phys. Rev. Lett. 108
CP violation in charm (2012) 111602

Measure D%/DO decay asymmetries — charge of m from D* decay determines
production state of the D9, also include events with muon tag on opposite side.

p NO S KK)-ND 5KK)  NOD° > 2'7)-ND' > r'r)
N(D® KK )+N(D" 5 KK) " ND° - 77 )+N(D° - 77 )

In the Standard Model these asymmetries should be close to zero

Candidates / ( 1.1 MeV/c?)

x10° I . X10° , —

160 LHCb R LHCb E
140 o Data > _F (b) :
50 -e- Data 3
120 — Total = Tk — Total :
20 8 Comb. bkg. N - @ Comb. bkg. 3
- 30 - Y A
60 5'_»; - .
S 20 -
40 g ]
10 —

20 S

0 0
1850 B 1900 1800 1850 1900

M(K K*) [MeV/c?] M(nt ntt) [MeV/c?]

The quantity AACP: AK - An is measured (since systematics largely cancel)
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CP violation in charm

m From D% > and D° ->K*K-

AAp [%]
(Y]

2F

Lig

—®— Data

Average of 2011 resp. 2012

Total average

LHCb (a) :

—4

—

_1—;:{“ =

—e— N

AAcp = (+0.14

5

10

Data taking period

- 0.16 (stat) & 0.08 (syst))%

Combination consistent with zero CP violation

Corfu Summer Institute 6 September 2014
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And finally ... the Z(4430) tetraquark

First observed by Belle (but not
seen by Babar)

LHCb: use very clean sample of
25,200 B — wK*m, (¢’ — P*u)
decays observed in 3 fb™! of data
(7 and 8 TeV).

Z(4430) peak seen in Y’ T mass

with significance of the signal 13.90

Spin-parity JF = 1* at 9.70
Being charged, it cannot be a

cc(bar) state. The minimal quark
content of the Z(4430) is
cc(bar)du(bar). It is therefore a

two-quark plus two-antiquark state

2 GeV?

m = 4475+ 7 7 2 MeV/c?

)

1000¥

500~

Candidates / ( 0.

- data |

= total it ——+— total fit with no Z{4430§
| —— Z{4430) exclu

K (832}

- —e— Z[4430)

——K S-wave
K, (1430)

L —=— background

K (1680}
K {1410}

ded

)
M [GeV ]

M=172+13 737 MeV/e

Corfu Summer Institute

Phys. Rev. Lett. 112,
222002 (2014)

-0‘6 1 1 1

-0.6

-0.4



Summary and Outlook

The LHCb experiment is performing spectacularly well

So far all is in good agreement with the Standard Model
— New physics is becoming constrained in the flavour

sector
— Hints of new physics await more data.

Up to 2017 we expect 7-8 fb-! of data in total, and much of
this at ~double the current heavy-flavour production cross-
section (since \s: 8—14 TeV)

Still much room for new physics, higher precision required ...

— LHCb Upgrade (see talk tomorrow).

Corfu Summer Institute 6 September 2014 N.Harnew
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Spare slides from
here on
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‘LHCb 2012 data-taking in numbers ‘

m-mm

Peak Luminosity ub-!/s 142%
Average Luminosity ub-!/s 200 265 390 195%
Seconds of running t 107s I 046  0.63 63%
Integrated lumi |Ldt fb-! 2.0 1.2 2.1 105%
Bunches 2600 1300 1300  50%
CM energy TeV |4 7 8 57%
Inelastic cross sec G, mb 80 64 67 84%
bb(bar) cross sec Gy, ub 500 284 ~330  58%
pp interactions/BeamX 0.55 [.15 |.65 272%
Average min bias rate MHz 16 |7 22 131%
bb(bar) yield: Gy, /Ldt 102 | 035 063  63%
HLT rate Ay kHz 2 2.45 4.1 205%
Stored events At 10° 20 | | 26 130%
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Flavour tagging

m Tagging of production flavour (B or B)

important for mixing and CP analyses.
Perf lib d . | European Physical Journal
erformance calibrated using contro C 72 (2012) 1-16

channels such as B* — J/y K* N
m Current opposite side tagging power: 0.5 -HCP preliminary ]
& (1-w)2 = (2.10 % 0.08 + 0.24)% o4
0.3 _f

same side

TIIIIlIIIIlIIIIlIIIIlIII
]

pion tagger 0.2
) 0.1 + -
Same side K N / B —r Jf’ L,b K-I_ ]
P!’OfO.".' profon {}_ 1 ] PN N N T N T T T N T O ]
— D ——— 0 01 02 03 04 05 08

—=<

. Vvertex-charge tagger TI{:

Opposite side 5 o E )
pp ‘\‘irom inclusive vertexlng

opposite B

opposite kaon
tagger (K-)

lepton taggers
(e, p) from b-quark
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Constraints from tree level quantities

1=

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

v is the only angle directly accessible in tree decays

“Standard Model” measurement possible

Direct measurements (all results combined): 70.0 +7.7 -9.9 degrees
Indirect precision from global CKM fit: 66.5 +1.3 -2.5 degrees

CKMfitter Group {]. Charles et al.), Eur. Phys. |. C41, 1-131 (2005)

[ 1 ! I T | | | T 1 I 1 1 T I _
|3 - -
- 12 : fEam -
| ! Winter 14 _
[ % : 'Y 1
iy ! -
— = | —_
| E 1 —]
— ®© —
- S -
| | © p —
— 3 > —
: é %1 r:'.llf;/ :
— o -
— : -
1 a |

1 —

1 JE—

1 —

1 —

1 —

: I —]

l ' p -

1 [ I [ 1 1 1 1 I 1 1 1 1 I 1 1 1 I -

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
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3 fb~! y analysis of the self-conjugate final states ‘

;;‘ 0.3_ L L | L | LI L I 1_
B | ]
ol LHCb | ]
“t | - g
i ‘I B 1
0.1 0=2y | { NNy .
o———— B! “%_4_ ]
0.1 o : -
Bt | ]
02 : .
_ I 1
_ i I Ll Ll | L1 L | L | 1 Ll L | Ll 1 ]
003 02 01 0 01 02 03
X

Corfu Summer Institute

6 September 2014

J}Q - h(K., +r2K +21/KK_I[x

< =28 5]

Fraction of events in bln
for pure DY sample with

D from B+ events in
bin i of Dalitz plot

X,= chos(ﬁ + g]

Y, =rgsin(dg = v)

the efficiency profile of
signal

y=(62733)°

Result is as precise as either B-factory final result

1+1

win new ‘lDL‘ (TLI\ {ami

g sub-10° measurement

to be combined Ilf:?t‘ﬁ

to form a r{‘o.rfn‘-f eadin

Soon

LHCD upgrade (2020-2027) will
reduce experimental error to ~1°

N.Harnew 58



Parameterization for phi_s fit

i L - IS L [ Es i

Three angles characterise the decay.

* Non-negligible Bs—]/{’KK is selected in with Bs—]/t¢ and is included. This swells the list of terms to 10
d'T(BY - J/WK K-

10
) x Z hi(t) f1(Q)  hi(t) = Nye™ ' [ay cosh (AT t) + besinh (FAT,)
k=1

dt df) .
+ ¢ cos(Amt) + di sin(Amt)),
k k04, 0k om) Ny ak by, Ck dj
1 2cos? O sin? 6, EN 1 D C -8 :
2 | sin® 0k (1 —sin® O cos® p) | |4 1 D C -8 S = _M ’ — _M
3 | sin?0x (1—sin?f, siny) | A2 1 D C 8 1+ [A]2 14 [A?
4 sin? A sin® B, sin 2p;, |AjAL| | Csin(6, —8)) | Scos(6y —&y) | sin(6. —4&)) | Deos(éy —d))
5 % 2sin 20 sin 20, cos py, |A0A"| cos(9) — do) Decos(d) —do) | Ceos(dy —dp) | —Scos(d) —do) 1— W" &
6 | —5v2sin20k sin 26, singy | |AgAy| | Csin(d, —do) | Scos(d. —d&o) | sin(dy — &) | Deos(dy —do) O = )= q A
7 Z5in6), |Ag|? 1 -D C S 1+ "Top A
8 % Gsin b sin 26, cosy, | [AgAy| | Ceos(d —dg) | Ssin(d) —dg) cos(§ —dg) | Dsin(§) —dg)
9 | —3V6sinfxsin2f,singy | |[AsAL| | sin(dy —ds) | —Dsin(dy —8s) | Csin(d, —ds) | Ssin(d, — ds) o
10 £/ cos B sin? 6, |AgAg| | Ceos(dy —ds) | Ssin(dy—0s) | cos(dg—ds) | Dsin(g — dg) \ = i) ni = +1 forv € {0,]|}
i =i

i =—1forie{L,S)
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The sign of AFS ‘ PRL 108 (2012) 241801

« To resolve ambiguity I o
(9 AT, 8),8)) <> (n—¢, —AT' , 218, —3)) @E o -
study strong phase difference 6., = 6,90, g x . T
between K*K- P-wave and S-wave amplitudes ‘Na 102 P+ T
€ F ++ + ++ ++H
as a function of m(K*K") around the ¢(1020) g f + t
by
o P-wave: $(1020), going through resonance 1°§_
— expect rapid Positive Phase shift ;5;0' ' 'mloo' - 1n|10' - ;0120' - ;njao - ;olzmj 1050
my, (MeV)
 S-wave: non-resonant and tail from f,(980) T :_
— expect no fast variation of phase S GE .—I—.
o Analysis based on 0.37 fb"! 2f- ~- solution|
=
e ._1_1 - —=— solution |l
« Determine g, in four K*K"~ mass bins o 3
-2
Solution corresponding to AI', > 0 A T T T T T
990 1000 1010 1020 1030 1040 1050

preferred with 4.7c significance
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CP violation in B—o>Kr and Bs—)Kﬂ

.. D(B°= K-7t)=T(B°— K*r~)
A B’ — K = _
ol ) = B S R 1T (BY = Koro)
. T(BY— 7 K+)—I(B°— 7+K-)
Acp(B? — 1K) = —=s
or(Bs = ) = L B k) T T k)
7

* Aocp(BY) =
-0.080 = 0.007 + 0.003

(most precise
measurement, 10.50)

* Aocp(B) =
-0.27 £ 0.04 £+ 0.01
(first observation of CPV

in B decays, 6.50)
; % PRL 110, 221601 (2013)

%541 52 53 54 55 56 57 58
K w*invariant mass [GeV/c?] W 6l

51 52 53 54 55 56 57
K% invariant mass [GeV/c?]



Charm mixing formulism ‘

—_ o W_ [
77 T C +
d d K -

S D A

o bl e

W+ K

mass difference Xx: decay width difference y:
. mao —Mmy .&_m Y = Fg Fl — QF
=" =T J = Tar or

In the limit of small mixing |x|,]y| << 1 and assuming negligible CPV:

R(t) = JXZSS(() = Rp +/Roy't + ’+y’t
/

the ratio of the interference of mixing
DCS to CF the DCS and mixed decays  parameters

decay rates (—’/”,’:/,/,;7-—

' =xcosd +ysind ¢y =wycosd —xsind

d is a strong phase difference between DCS and CF amplitudes
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i - SBOO0OF " T —T——T
PID calibration Bo0ooE ™ gk
gonoo Prel 'mmary peak_yield = 588157 = 79
\vs=7TeV Data
samples o

i 1 - 1 — T T ] 30000
6000 LHC'b ] bkgd_yield = 37330 = 293 | T
s000f-  Preliminary peak_yield = 329986 = 615 | $oooo
g \'s =7 TeV Data . i
+2000 o 10000
30000 D from D* : ;
= : 0 L - b, b
§8000 - 460 480 500 520 540
Ws000 = m,, (MeV/c?
4000 3 — — :
- o™
2000 3 £6000 LHC-b . bkgd_yield = 10744 = 126
0 . : ° Preliminary peak_yield = 56975 = 249
1820 1840 1860 1880 1900 ) 35‘"0“ \s=7 TeV Data
m,_(MeV/c a
i <4000
56000 LHCb ' L %3000
L i bkgd_yield = 939103 = 121 =
34000 Preliminary peak_yield = 122037 = 81 o
>2000
\s =7 TeV Data L
32000
(=]
30000 1000
S
28000 0 " L .
- 1110 1120 1130
52000 m,. (MeV/c?)

m |mpressive calibration purity — samples allow |

. calibrations in efficiency and purity to be evalua

1020 1030 1040 :
e (MeVich with data
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WI/Z production

LHCb’s unique forward and low p; acceptance equips it to perform EW / QCD
measurements which are highly complementary to those of mid-rapididty GPDs

Studies of W/Z production [JHEP 6 (2012) 58]

Unique kinematical acceptance
alongside ATLAS/CMS gives complete picture

10°

LHCb 2 <y<5 a.' B T T | LI L T T T | T T T | LI | LI T T 17T | T T T | T I_
10° | [RFOASIEIR 1 < 2.5 g 0.3 \s=7 TeV s ATLAS-rCMSTr-L.I-le;
; = Preliminary ]
W/Z | /s =T1TcV > 0.2 .
E m —]
3 : ol - ATLAS/ .
10 F S o 0.1 _
Q_:f}.“ E - pL>20GeV  cms _
2 [ § o n .
" c 0O 7
1 / "% L =&~ ATLAS (extrapolated data, W — Iv) 35 pb" .
0F - -0.1F & CMS(W- pv)36 pb’ i
. DGLAP C m  LHCb (W- pv) 36 pb™ 7]
"°F evolution  HERA 0.2 MSTWO08 prediction (MC@NLO, 90% C.L.) .
- HEEEE CTEQS66 prediction (MC@NLO, 90% C.L.) .
10" | C s - . ]
[ bl lllllll - 1111.LI - hlull bl lAAluJ. bl uuul e llll.ll I W | -0.3 o W| HIEI Hlﬁ1 ]IDI. priﬂllcltl?n (lmlc@liNlLf:)l‘ Iggl rl:n GPL;) | | | | L | J | | |_

17 10°  10°  10f 10 10" 107 10° 0 05 1 1.5 2 25 3 35 4

sea X valence
COrtu dummer Insutute o0 deptem |1] |



Isospin asymmetry in B - K°Optp-

m LHCb measure “isospin asymmetry, ———m———————— :

(B =K%t pu ) -TI(Bt=K*utu™)

D(BY— KYuTpu ) +I(BT—=KTutu—)
m Expected to be ~zero in SM

m Significant had emerged (4.6
from zero) in early K° data not
in K*), JHEP 7 (2012) 133

= With full 3 fb-! data set the
Isospin asymmetry is
compatible with zero at the
.50 level

Corfu Summer Institute 6 September 2014
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0.5k

arXiv:1403.8044

- LHCb B—->Kuiu

0.5 -

ﬂ-

'10 5 10 15

20

g [GeV7/ct]
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B* — m"u" U~ rare penguin decay

m BT — .|.|.+“+ -
First observation — (rarest B decay ever observed that has >5c
significance)

i, o — u,d

1
JHEP 12 (2012) 125 f

2516 events
5.2 o significance 1

»0F | B 1 L a— . " |
: — — ut i, o | i, o
! e
- jl . -
oo W R
.B+—>J1:+31:+J1: = —

e

[
-

Candidates / (20 MeV/c?)

Part. reco. N

B combinacoriat | SM prediction: (2.0 + 0.2)x1078

5 | PRD77 (2008) 014017
H + m BR measured

0
5000 5500 6000 6500 (2.4£0.61£0.2) 108
M- o\ [MeV/c?] 66



CP-violating asymmetry as

4 In B, decays

m CPVinmixing P(B— B)+# P(B — B)

m First step to resolving the issue of the DO -0.02

. <
di-muon asymmetry anomaly.
Phys. Rev. D 84, 052007 (201 1), Phys. Rev. D 86, 072009 (2012)

m LHCb | fb'! result for as
[(B® — D u*)~T(Bs — D it")

8
dg

5

a8 [LHCb] = (—0.06 % 0.50 =+ 0.36)%

m DO result not confirmed nor ruled out.

5= -5
Standard Model ay; =(1.9x£0.3)x10
prEdiCtiOHS a; — (_4.1i0.6))<10_

[(B° — D ")+ T(B. — D i) 0.02f

arxiv: 1308.1048 -0.04

' I I e 1 I L 1 ! L
-0.04 -0.02 0 0.02

A.Lenz
arxiv:1205.1444

4
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Outlook: LHCb Upgrade

~ 3
m  Main limitation that prevents exploiting higher '§2‘5 S
luminosity is the Level-0 (hardware) trigger -43:' S b
m To keep output rate < | MHz requires raising > v v
. . =15 L O DK
thresholds — hadronic yields reach plateau 20k
m Proposed upgrade is to remove hardware trigger: o 1 F
read out detector at 40 MHz (bunch crossing rate). ,§D'5 2
Trigger fully in software in CPU farm. Requires — -
0 el b b P

replacing all front-end electronics K 2 3

4
- - 32
m  Will allow to increase luminosity by factor ~ 10 to Luminosity (x10™)

|-2 x 1033 cm2s"! s
m TDRs being approved by CERN : Physics case
enthusiastically endorsed, detector R&D underway LHCb
UPGRADE

Upgrade of LHCb detector planned for
2019 to take at least
|0% more data; 50 fb"!

Technical Design Report




Epgrade sensitivities 50 fb"!

LHCb-PUB-2012-009

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb™")  uncertainty
B? mixing 26, (BY — Jh) @) 0.10 [24] 0.025 0.008 ~ 0.003
208, (BY — Jhb f3(980)) 0.17 |26] 0.045 0.014 ~ 0.01
Aw(BY) 6.4x 1073 [41]  06x10~2 02x10=* 0.03 x 1073
Gluonic 2681(BY — ¢¢) - 0.17 0.03 0.02
penguin 26T(BY — K*0K*?) — 0.13 0.02 < 0.02
2BM(BY — ¢ K2 0.17 [m 0.30 0.05 0.02
Right-handed 26T(BY — ¢ry) - 0.09 0.02 < 0.01
currents TT(BY = ¢7)/7po — 5% 1% 0.2%
Electroweak  S3(B" — K*%utp=;1 < ¢* < 6 GeV¥/c?) 0.08 [42] 0.025 0.008 0.02
penguin so App(B°® — K*%ut ™) 25% (42 6 % 2% 7%
A(Kptp—:1 < ¢? < 6GeV¥eh) 0.25 |9 0.08 0.025 ~ 0.02
B(BT - ntptp™)/B(BT = K ptp) 25% [43] 8 % 25% ~ 10%
Higgs B(BY — utu™) 1.5 x 10~ ﬂ 0.5x 107 0.15x1077 0.3 x 107"
penguin B(B° — putp~)/B(BY — ptu™) — ~ 100 % ~ 35% ~ 5%
Unitarity v (B — DWEK®) ~ 10-12° @@ 4° 0.9° negligible
triangle v (B? = D.K) - 11° 2.0° negligible
angles B (B — J/U K2) 0.8° [lm 0.6° 0.2° negligible
Charm Ar 23 x 107 [41] 040 x 10— 0.07 x 1073 -
CP violation AAcp 2.1 x 1072 |8 0.65 x 10~* 0.12 x 1073 -
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LHC(b) Long Term Plan

2009 < LHC startup, Vs = 900 GeV
2010 J- L dt
RN Vs=7/8TeV; L 1,c,= 3-4x1032cm2s-!
2011 c R
8 9 ~|.5fb /year 3/fb
2012 ~20-25 o' s
““1s  G(LHCDb first infrastructure for Upgrade !
2014 _i
2015 Vs=13/14TeV; L 1= 4x1032 cm2s” .
> 1.5-2fb"!/ S
2016 Vs year S 5.7/fb
2017 ~75-100 fi_ E EE§§
woe 12 Inj LHCb Upgrade Installation
2019 m— <
20 V. Vs=14TeV; L= 1-2x1033 cm2s-! T o
—> >5fb-!/year

2021
2022 HL-LHC Phase-2 upgrade, IR, crab cavities?

LS3
2023
2()-:;(1? ! Vs=14TeV; L ncp= ~2x10°3 cm2s”!
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