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Outline

m The LHCb detector and running conditions

m Selected physics highlights

Focus on current measurements from LHCb: based on 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 (pentaquarks).

® 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 + 20 + 49 pb at Vs = 7 TeV
[Phys. Lett. B694, (2010) 209]
AtVs=13TeV: 518+ 2 %53 ub (EPS 2015)

— ~ 100,000 bb pairs produced/second (10* x B factories)
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LHCb data taking |

m Nominal luminosity = 2 x 1032 cm2s-! (50 times less than
ATLAS/CMS) : however, LHCb has learned to run at >2
times this

e 37 pb!' @ 7 TeV collected in 2010

e | fb'@7 TeVin 201
e 2fb'! @ 8 TeV recorded in 2012

LHCD Integrated Luminosity

2015at 13 TeV !

%x10°
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g 2 * Remrdedin2l}12{4T V): 2.082/f6 | e g ol 21.95 !pb
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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

O Pentaquarks
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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
(v v v, ) (

ud us ub 1=1%/2 A AN} (p - 1']7) \
Vcd ]7(“.5 Vcb = —A 1-2%/2 A + O(Ajl)
Vd 14 Vb AR (1 -p- 1'17) - AN’ 1

T ts 1

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* 1, Vi) =0

ds . uc .
_ VaaVos ——\y v p— i
N E VeV unitarity
ud v us VsV & VoV )
¥ /1 triangle
sb . ct tu V. V.
*
ViV ok VedV td
VesVieb s VeV VigVud VbV ub
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Unltarlty trlangle history : CKM fitter

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

100

m  Amazing progress in the last 20 years; the SM
remains intact, but still a whole lot still to learn
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t,c,u d
W
t.c,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,

Babar prp 79 (2009) 072009
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LHCDb now well into the game ...

sin(2p) from Bo—)/yKO

Phys.Rev. Lett 115,031601 (2015)

[(B(t) = Jjb K) = T(B°(t) = J/b K?)

AJ,-“'t;? K2 (t ) =

[(BO(t) — JWK9) +T(Bt) — Jh K9)

= Sy o sin(Amgt) — Cypy o cos(Amgt).

Sjjyks = 0.731 £ 0.035 (stat) + 0.020 (syst)

Cyks = 0.0308 + 0.032 (stat) £ 0.005 (syst)

World average from (HFAG) all
modes :

sin(2p) = 0.691 + 0.0170

World average from B°— J/y KO%(EPS 2015) :sin(2p) = 0.748
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Signal yield asymmetry
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... and B, mixing

N(B°— B°) — N(B°— BY)

N(B°— B°) + N(B°— B9) b - - c Dt

|
[#2)

7 — T T S
I e 1 .
g 04 —-po D ~ o i e Tagged mixed
E_ [~ combined ] g . e Tagged unmixed
Z 0.2\ _: P 400 —— Fit mixed
= ol - % I — Fit unmixed
~ i l 1 B g
02 1 E 200-
i 1 © -
B _ 3+ L
—0.4_— __ |-
5 10 s 0 1 2 3 4
B decay time ¢ [ps] decay time [ps]
L‘amd = 0.5156 = 0.0051 = 0.0033 ps_l ﬂmE = 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

B B:— DKt , D— K7t ¥ and D— K K* K*
B B*— Dh*,D— mt K*¥nt ¥ and D— K ¥ it ¥
B B*— Dh*,D— ntK* and D— K #*

B B:t— Dh*,D— K:tK¥and D— m* r?

#

“GGSZ”

“K3n” :

“ADS”

((GLW”

Vus 1] VH.S‘ U
el oty

cb Vm’
b ¢ c o € « d
i i T
rp= (.1 rp=0.06
% u u U
i p e
......... Z’ C \~ IS‘
b i/‘< V(:(; “'\ I_{
Bt » e

JHEP 10 (2014) 097

PLB 712 (2012) 203

Phys Lett B712 (2012) 203

Phys Lett B712 (2012) 203

Two paths to the
same final state via D°
and DO

— interference
sensitive to gamma
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Events / ( 5 MeV/c2)

‘ B > DK*and B*— Dn* ADS & GLW modes

B-— (mK*)pK"

Phys Lett B712 (2012) 203

ADS modes

B* - (m*K)pK*

Anps(K) = (-52 % 15 £ 2)%

GLW modes
Agw = (145+3.2+10)%

Corfu Summer Institute

Anps(m) = (143 £ 62 £ 1.1)%

b Bk b b mumw I fb-l, 7 TeV da.ta.
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Events / ( 10 MeV/c?)

| B*—> DK*and B* - Dt GGSZ & K(31) modes

15 ’ B - (mK't*'m)pK- }

10 -

K(37) modes

| fb!

PLB 712 (2012) 203

5800
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JHEP 10 (2014) 097 %, 3k S 1, 3L B
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> >
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LHCb-CONF-2014-004

B* > DK* Yy measurement

N T T ' T T ]
S | LHCDb 1
— 08 : : Preliminary _|
i 9;.2 -
0.6 N [EE .
047 683% b ]
02 .
05594 |

0 T ! I Y B

50 60 70 80 90 100 110
_ O
Y [°]

LHCb combined
GLW(D® - trmr, K K)  1fp-t ™ Compare:
ADS (D° — K* 1 K* T 1) 1o Belle (69
GGSZ(D° — K 1, K K* K) 3fb- BaBar (68 */3

+92 m [ndirecty value from global

Combined: y = (72 9 9 CKM fit:y = (66 5+| 3
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CP violation in Bon'n~ & B.— K*K~ (angle a/y) ‘
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m | fb!:

~9000 B> rtn~ events

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

C._=-038+0.15+0.02
S =-0.71+0.13£0.02

cos term (direct)

sine term (indirect)

m Also first ever time-dependent
asymmetry seen in B >K*K~

Ce =0.14 £ 0.11 £0.03
Se =0.30 +0.12 + 0.04
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LHCb measurement of |V, | ‘

m Side opposite to 3 proportional to |V .| / |V|- Both 3 and |V
known better than 3%.

m Closure test of UT mainly limited by |V |

m The measurement of |V | has an internal inconsistency between

0.7

0.6

0.5

04

0.3

¢ Exclusive measurement: B— 1 p* v

¢ Inclusive measurement : BY/B*— X, y* v

—_— L L 7 /< B R B R R N R R p—
- |9 . - Exclusive Inclusive
-y : Y Am Arggrm € @Eﬂ er. - PDG
= 3 : y K — O version[— T~ T T~ T T T T T T T T T T T
L §g ' —
— ¢ sin 2B ! - 2004
- |a sol.wi'cos 2f < 0 —
— [3 _,—-""*I. (excl. at CL = 0.95) . 700()
m = 7 -
:_ E o _: 2008
= h 4 2010 —_——
— y 1 2
— 2012 ———
= 2014 —
i B I M T RIS B
- P T L . : I — T < 0.003 0.004 0.005
0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 \Y%
ﬁ ub
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m |Vl |Vl long thought to be impossible at a hadron
colliders due to neutrinos

. - ~1 T T T . o
m NEW : LHCb measures /\b —>pHMV g 8000; B Combinatorial LHCH
S 15000 r Mis-identified ]
§ - EmD’puv
A;ﬂ_v B
O 12000 mmAuv  sttece E
S - Nuv et !-!', -
> 9000f EEpuV SRR g
B C -
I - i
S 6000F
"U -
=
[q]
O

3000 F

30000 | 4000 5000
m LHCb measures Corrected py~ mass [MeV/c?]

V| = (3.27 + 0.15(exp) + 0.17(theory) + 0.06 (|V,|) x 10-3

(relies on new A, — p form factors from the lattice)

(Nature PhYSiCS |0 LHCh-preliminary L
(2015) 1038) Inclusive |2
Exclusive I
Tension between inclusive and exclusive 3.90 tension |5
\/ ersists — -
H.[}li"_".lﬁ IH..[;HI:‘\I ill H-III'H JH;H-I- {HPEI'-I-‘:I It]‘.t]t].q
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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

O Pentaquarks
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Rare decay B ;) — pu-

Decays strongly suppressed in
SM

Predicted BRs
B — pru- =(3.66 £0.23) x 107?
B - utu~ = (1.06 £ 0.09) 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 R 14000:: :’_E.Th.p_mlimiﬂﬂr}’
— <, 12000 s=8TeV M(IS)=9465.3 + 0.31M|:\’.fc3 1
| —~ L G(18)= 43.0MeV/ic~ -
10° - Smmpiw | NI
1 08 —? & 8000 N, (38) = 6489 + 138 =
1 07 /g 4000;‘\\-)
6 Y 1S, 28, 3SU 2000 -
10° & : |
— 0 Lasssss . .
1 05 [ Q000 10000 ) 11000
E M) (MeV/c?)
10° & LHCb-CONF-2012-025
3 —
10" 20
10°
10 =
e B0 ., +y-?
- : —
10 E S u u °
1 0‘2 L 1 1 L1 11 | 1 1 | L1 11 I 1 1 1

i 102
1 410 M) [GeV/e?]
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‘ Histo ry ‘ LHCb: Phys. Rev. Lett.

108 (2012) 231801

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

m BR(B%, » pfu~) has now surpassed the SM prediction

'K

- i_{l‘ u ‘- ‘—ll
¢

<<
2

1074

107

UL |||||l||

10°°

Limit (90% CL) or BF measurement

107
1078 % CLEO .& Belle ‘_i‘"* .......
* ARGUS [J BaBar 3 _ w
| Y¥ uai MM LHCb SM: B; — p'u r
10 Yris CDF ®d cms [ maty
VV L3 { ATLAS o ®
oo AA Do @®® cms+LHcb | SM: B — u'u-
1 1 1 1 I 1 1 L 1 I 1 1 1 1 | 1 1 L 1 -l 1 1 L 1 I | 1 1 1 I
1985 1990 1995 2000 2005 2010 2015
Year

Long story with increasing precision 24



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

m Selection based on multivariate
estimator (BDT) combining vertex and
topological information

m Cuton BDT>0.5

m The known B masses and widths are
fixed in the fit

PRL 111 (2013) 101805

m, “_ |Mc'v’fc~|

— e ]

I

— BDT
Gl T T T ' mupDF | .
% 145 LHCb — — E.;] — utu _:
= N BDT=0.7 BY — utpu- ] 0 b 111 +0 _9
T2H sp0 0 e B - ntw- 3 }[ﬁ‘(Bs—> ptpT) = (29°7,st Ty 15}/) % 10
> 105 mrmvms B,y — (K )ptvg Significance . 4.0 (Expected 5.0)
% 8 | = mm B::”_: —3 r[:":—:'”+”—_—
= °F \ ) _ ]
= 6: 9 wemmme Clombinatorial
=1 —]
& h: 1 BBY— putpm) = (3.713%st 19%y) x 10710
2_ <l> l l_ ‘l_ E Significance : 2.0
{:' E‘- ---I' '--' pephoeg) ..t.:"ﬁ.l:_.-—.':.:‘f.-.‘.l - 1 : 1 : L | : :
5000 5500

my, - [MeV/c?]
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Candidates / (40 MeV/c?)

‘ Combining with CMS results

CMS and LHCb (LHC run 1)
16 — T I T T T I T T T I T T T =]
- —4— Data -
14 :_ = Signal and background _:
12 B NPty ]
Z e [ 8= ]
10 4~ === Combinatorial bkg. _
I Y e T Y R Y T Semileptonic bkg. ]
8 F IA‘., — — Peaking bkg. —
6 [ —
4 - - f l —
- __ % ]
2 4/ ‘l’ l J‘ .
N N W G/ e R IGITIAR SR 80 DR AR &
5000 5200 5400 5600 5800
m - [MeVic?]
CMS and LHCb (LHC run [)
G-g : T T :II | T 1 T T | T T T T | T T T T T T T T T T T T T T T T T T T T T T I:
08 | / =
C f -
C [ ]
07 | ;f —
i -
06 || —
0.5 ‘ | =
0.4 | | =
S I 3
03 | | | =
02 |\ =
0.4F |\ ]
= \. / a 3
n £l I I b1 | I B Rl | | 17
0 1 2 3 4 5 6 7 8 a

BBS — p* p) [10°7]

Nature 522, 68-72 (June 2015)

B, — MY
BR = (3.975)x107°
3.00 significance

B5 » HFU

BR = (2.873£)x10?
6.20 significance
First observation!

B® compatible at
2.20 with SM,

B, at |.20
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Constraints on new physics models

2.0 o

IMbdffieﬂ fru|:n [.Str.'.l:uh.IEGIIZ] )

15 L MSSM-LL

30 40 a0

20
B(Bg — H""u:_) [10_9] MSSM (with R-Parity conservation)
Straub Moriond 2012 . tan®
trau. orionc | BB, - 11 « 4/3
(http://phys.davidstraub.de/files/dstraub-moriond | 2.pdf) m,
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SM + New physics contributions

1 L} -
fia
=
Higgs box ot Neutralino loop o—

m LHCDb has largest sample in world, as clean as the B Factories!

m Interesting anomoly seen in | fb-! dataset | JHEP 08 (2013) 131

= New 3fb-! sample now analysed, 7/8 TeV dataset| LHCb-CONF-2015-002

L | = | T T L) | L] T | L) L | I L] L] L] T I T T T T I T T T L] I T T T T
— L LHCb 4 :: i LHCb |
E L prelimmary -~ i prelinunary
== 100+ — = L |
- = 100+ —
ury L | = L

g [ 2

2 1 2

@ 0 B 50

. . 09 0935
Cor m(K~m wr ) [MeV/ied] m(K 1) [GeV/e?] 29



B° > K'uu~ continued

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

m Measurement of zero
crossing point with 3 fb-':

q? = 3.7 %98 _  GeV?
[JHEP Ol (2012) 107]

m A measured by LHCb
consistent with Standard
Model

Corfu Summer Institute 2 Se

Apy

0.5

JHEP 08 (2013) 131

I I I I ]

1 I 1 1 1 1 I 1 1 1

LHCDb
prelinunary

Il SM from ABSZ

I
5

10 15
a2 [GeV?*/cH]



Angular observables in B - K'utp-

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 3 fb! 7/8 TeV dataset JHEP 08 (2013) 131 : | fb'!

: : . . . LHCb-CONF-2015-002 : 3 fb"!
m Angular differential distribution given by:

d*(r + )

1 3 2 2 1 2
— = —(1 — F1,)8in" 8¢ + F1, co8” O + —(1 — F1, )8in" O cos 20
T dcosfydcosfy dé 32 [4( L) EToL gt gL K ¢

2 - (2) . 2 . 2
— Fp,cos® 0y cos20; + E{I_FL}A"I" sin” @ g sin™ @y cos 2¢ +

VFL(L — FL)P] sin 20 sin 265 cos ¢ + 4/ FL (1 — FL) P, sin 26 5 sin 6, cos ¢ +

(1— Fr )AL sin® 0 cos 8, + /Fr (1 — Fy)P. sin 26 sin 8, sin & +
Re \ 6

./FL(I — FL) P} sin 28 ;¢ sin 28 sin ¢ + (S/A)g sin® B sin® 6, sin 2¢ ]
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New observables in B - K'uty~ cont’

m Local discrepancy of 3.7c in 2 bins of P¢’
(SM prediction J.Mathias et al, JHEP 05 (2013) 137)

T Li T r L Ll T Li 'I T T Li T r Li
0.5+
_ LHCb
- prelimunary
i I SM Som ABSZ |
O Hi_i_
05+ _
PR | PR | PR S S T PR
0 5 10 15
2 [GeV A4
r T I T T T T r T T
0.5 . =
l LHCb. ]
i preliminary
:+ M SM fom ABSZ |
olL
— iy =
0.5 —
1 M R M R
0 5 10 15

Corfu Summer Institute

a* [GeV-/c*]

A,

g’

LHCb-CONF-2015-002

e i

B SM from Descotes-Genon

B et al., 1407.8526 i
0.5 q— —
0 " ‘ -

= i - -

B ’ ~ i

- + N\ x> _

L ) ' o -
0.5 : + . _
B ' ' l l i

" C T

S I S S T S I S T T
Fm 10 15

2 27 4
= A flavour changing Z’ q- [GeV*/c?]

boson, QCD effects, or just ; z b
.. . s B,
statistical fluctuation? ; °
S

o
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‘Lepton universality test in B* > K*'1t 1~

m Due to lepton universality,

LHCDb : arXiv:1406.6482

the B*—>K*u*u~ and 5 300
B*—K*e*e decays should 200
have same BF to within a

LHCb A
3 fb"!

—

5400 5600
m(K'u'u) [MeV/ies]

factor 10-3
m [he ratio 5200
- + 4+, — o
RK:B(B_}KMM) L 40F
B(B+ — K+ete—) s *
is sensitive to lepton flavour £ 3¢
. . E 20k
violating NP g 7
= 10E
m [he electron mode is a E 0
challenge for LHCb 5000
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3 fb-!

5200 5400 5600
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‘Lepton universality test in B* &> K*'1+ 1 -

B(BT— K pu p™)
B(Bt — Ktete)

m Define Ry as: Rk = =1+ 0(107%)in SM

m To cancel systematics, form

double ratios with o lHeh mBuur 4 B
B* - K* Jly(—>1"17) = LHCb |
(assuming lepton universality — '°F 0 ]
for Jly —> 1t 1) ) + —
m The result for Ry differs from ¢ :
SM at 2.6 sigma level. This is 0'55_
using the 3 fb"! of data. T
m This is the most precise ¢* [GeV*/ct]

measurement of R, to date.

Rk = 0.7457% 0% (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

O Pentaquarks
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\Es weak mixing phase ¢.in B. > J/y ¢ ‘

BS(‘) * ‘. S/ ? 1‘:!1 S
¢M\ ]/¢¢ By .“ BY W W E(:
Es(*) /% . b s T.iu 2:
* Golden mode for this study is B, — J/y ¢ T a1l 13104

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

m Interference between B decay to J/y¢ directly and via B0 B0 oscillation glves
rise to a CP violating phase RECU

(I) - (I)Mixing -2 (I)Decay - 2(I)s

= (), is expected to be very small in the SM
and precisely predicted:

¢, = —0.036 £+ 0.002 R

(see eg Charles et al PRD84 (2011) 033005) 5300 5350 5400 )
m(Jy K'K) [MeV/e]
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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

s LHCb 7 & 8TeV, 3fb-!: 95,690 + 350 candidates

* Tagging: Opposite side tagging power 2.55% (+15% w.r.t. 201 |)
Same Side Kaon Tagger 1.25% (+40% w.rt. 201 1)



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

= Amplitude of asymmetry & sin ¢,

= Frequency is the same as in B, mixing

b, = 0.04 (SM)
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\ES — J/v ¢: fit projections

Candidates / (0.2 ps)
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3 fb! arXiv:1411.3104

Results correlated with Al = width diff. of the B, mass
eigenstates — plot as contours in (¢s VS Al') plane

[ =0.6603 £ 0.0027 + 0.0015 ps"!
Al = 0.0805 + 0.0091 £ 0.0033 ps’

CP-violating phase:

¢s = —0.058 + 0.049 £ 0.006 rad

Also add in B, — J/y nw

¢s =—0.010 £ 0.039 rad

PLB 736 (2014) 186

Corfu Summer Institute
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World’s most
significant direct

measurement of (g
& Al'g

Do 8!

HFAG B
Fall 2014
68% CL contours |
- (Alog L = 1.15)
ﬂ‘_'_'___'_‘_'_'_ . 4
CDF 96" LHCBE™ 1
3" .
"0 ] N\ ATLAS 491
. _
Combined
SM / ;
—0.4 ~0.2 0.0 0.2 0.4
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Mixing (and
CP-violation)
in charm
decays

Short Range W

C > MWWV > u
d.s. b Ad.s. b
u < < c
W
Long Range

i

m m News Sport Weather Travel

NEWS SscIENCE & ENVIRONMENT

'tember

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

15 November 2011 Last updated at 1218 GMT ]

—__

LHC reveals hints of 'new physics' in

By Jason Pa
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.



Mixing in charm decays

m Charm mixing was confirmed by BaBar, Belle
& CDF, but LHCb shows clear observation

in a single experiment. Short Range
c —— WWWWWWW—>— U
m LHCb measures the time-dependent ratio of J s bY | -
O . . . ¥ c
D" decays to VWrong Sign over Right Sign L —‘—R WA
(will have contribution from mixing) ChE e

_ ND°>K'rn7) D"
R(t)  N(DY—K-—7T)

m Use the sign of the slow pion from
D*—De°*, and D*— D° ", to tag the initial *

DO flavour.
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Charm mixing measurement

0 g+
R(t) = i

. _ ><||0-‘ | |
4 m(U“_""".""'
) 1 N : E LHCb Drﬂtﬂ
> — Fit 2 sob () — Fit
= . Il Background = I Background
S O Em:
P 2 30
1) 1) E
= 3 =
= = 20
= 9 = L
= ‘. oF
i 5 el
(0 = Ot
2.005 2.01 2.015 2.02 2.005 2.01 2.015 2.02

M(D"r?) [GeV/e?] M (D)) [GeV/e?]

* New analysis uses 3 fb-! of data (results coming soon)
* Huge samples of D candidates: 230k WS and 54M RS
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Charm mixing measurement (201 | data)‘

ot o
_ * Data :
6.55 —Mixing fit E

6F - No-mixing fit 3
5.5F =

i )ﬁf _;
Y
4t :
3.5E LHCb -

) T

0 2 4 6 20
it

1 data, L=1/fb

K7

The no mixing hypothesis is

PRL 110, 101802
(2013)

excluded at the 9.1c level in a single

experiment
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CP violation in charm

2 sh E
=~ .

e 7

C ]

6 :_ {b} ......... ; ....... _: ConSIStent
= ] with no CP
= 5 — CPVallowed " : : :
> A No direct CPV V|O|at|0n In

e No CPV - charm sector
T 02F - | New J.Phys. 15 (2013) 053021
S :
| B -
= 02 -

|

I
=

it
Corfu Summer Institute 2 September 2015 N.Harnew 46



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

O Pentaquarks

Corfu Summer Institute 2 September 2015 N.Harnew




NEW ... pentaquarks !

PRL 115 (2015)
072001

[GeV?

2

Hyp

26

24

22

20

18

16

Events/(20 MeV)

'IIITII1I|I

| T S S T R TR T T

800 (b) LHCb

Events/(15 MeV)
g 8

m(J/y p)~

3 4 5 6
mZ [GeV?]
m(K p)
3000
2500 |- (@) LHCb
2000 |-
E - data
1500 =
E —— phase space

14 16 18 20 22 24
my,, (GeV]

4.0 42 44 4.6 4.8 50
m,.» [GeV]

= Unexpected narrow resonance in
m(J/Q p) where A, = (J/y p) K-
m Consistent with pentaquarks:

allowed by QCD, but not seen
for 50 years.
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Pentaquarks - full amplitude analysis ‘

%2200 —=— data
2.0 ' —e— total fit
background
0 a
2a00f + @ LHCDb —=— P,(4450)
:@ ¥ —=— P_(4300)
= 1600 --+p-- A(1405)
P --i3-- A(1520)
7, 1400 A(1600)
1900 A(1670)
. weoveen A(1690)
1000 . --%-- A(1800)
; P,‘ --=1-- A(1810)
800 g ceetee- A(1820)
i A(1830)
600 4 ! ~eae- A(1890)
400 --=f-- A(2100)
-e=fee= A(2110)
200
03 16 18 2 22 2a 26
My, [GeV]

P _*(4380): M = 4380+8+29 MeV , ['=205+£18+86 MeV| |9 sigma
P _*(4450): M = 4449.8£1.7£2.5 MeV , [ = 39+5x19 MeV 12 sigma
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Pentaquarks )P assighments ‘

0’.15_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.1F

0.05F

Argand _
diagram  : -

+ P.(4380)

: .

o 'LHCb ¥§ | g

_O|35:IIII|IIII|J]II|IIII|IIII|IIII|IIJJIIIII|IIII|IIIJ::JIIJIJ]JIlIIII|IIII|IIII|J]J]|IIII|IIII|IIII|IJJJ:

-0.35 0.3 -0.25 -0.2 015 -01 -005 O 005 01 015 -01 -005 0O 005 01 015 02 025 03 035
Re A% Re Af

m The preferred J° assignments are of opposite parity, with
P_.*(4380) having 3/2~ and the P_*(4450) having 5/2*

m Good evidence for the resonant character of P_"(4450)
Too large errors for P_7(4380) : hard to make a definitive

conclusion PRL 115 (2015)
072001
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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, much of this at
nearly double the beam energy (now Vs =13 TeV) giving
~twice the 8 TeV heavy-flavour production cross-section

Still much room for new physics, higher precision required ...
— preparing for LHCb Upgrade beyond 2020 !

Corfu Summer Institute 2 September 2015 N.Harnew 51



=108
I 1 1 I 1 1
N,y 217164645 + 2207 31
012 * Data Mg 736641.05 L 185392
r — Fit ¥ DaF 339
[ e Signal ]
Pl Background LHCb preliminary
= L \/E =13TeV
=
o -
Z0.08 -
w
o L
o
a0t
<
g t
o0.06 -
- t
) F
2
= b
Znos -
(= -
m
Ut
002 -
L
< E
18 1.82 1.84 1.86 188 19 1.92

‘ Looking to the future ...

Charm from the first July 2015 run

m(K~x+) [MeV/c?

D° - K"

Corfu Summer Institute

=
=]
(=]

Candidates / (0.992366 MeV//c?)

=
s
x10*
1.82 1.84 1.86 188 16 1492 1404
m(K'?r*’?r*’} [Me\f’,fcz]
- S N
D* - K111
2 September 2015 N.Harnew
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[X]
(=]

B owmeEo

=108
T T T i : T
+ Data Moy 201469644 4+ 205452
Neg TE7659 46 L 2630.81
Fit +*/DaF 38
= e Signal _
= Background

Vs =13 TeV

LHCb preliminary |

Candidates / (0.992366 MeV /c?)

Efoweo
aadtaar

x10*
T T T T T ‘
4 Data ‘ Moy 919553 4+ 34558
Mg 25375.76 L2208 N
- — Fit . /DoF i
== Signal
o Background LHCb preliminary ]

Vs =13TeV

192

1.04 1.96 1.98 2

m(K-K*xt) [MeV/c?)

2.02 2.04

D, - K*KTr*
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Spare slides from
here on

Corfu Summer Institute 2 September 2015 N.Harnew
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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* 2 08Errrrr T

m Current opposite side tagging power: 0.5 -HCP preliminary ]
& (1-w)2 = (2.10 £ 0.08 £ 0.24)% y

0.3 _f

same side

TIIIIlIIIIlIIIIlIIIIlIII
]

pion tagger 0.2
0.1 + -
Same side K C / B — Jf’ l,b K+ ]
Pf‘ofon proron {}_ 1 I L1 1 I 11 1 I 11 1 I L1 1 1 I 11 1 ]
> 0 01 02 03 04 05 0.6

=

. vertex-charge tagger TI{:

Opposite side X x ( )
pp ‘-\_trom inclusive vertexmg

opposite B

opposite kaon
tagger (K-)

lepton taggers
(e, w) from b-quark
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Candidates /(10 MeV/c?)

CP violation in BoKrt and B

> Kr

BY 'f_?r+) (BU — Kt

™)

K-7nt)+T(B"— K+n—)
['(BY — 77 K™)

R B BT N R
K*: invariant mass [GeV/c?]

R R N T

K w*invariant mass [GeV/c?]

)+ T(BY — ntK~)

* Aocp(B') =

-0.080 £ 0.007 £ 0.003
(most precise
measurement, 10.50)

* Zocp(BY) =

-0.27 £ 0.04 £ 0.01
(first observation of CPV
in B% decays, 6.50)

; M PRL 110, 221601 (2013)

w
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Charm mixing formulism ‘

— P w_ —
U D T C +
d d K -

D ts Do LC)_D"

bl b,

W K

mass difference Xx: decay width difference y:
o= Ma2—my __ Am g = 21 _ AL
="t T 7T Y= "Tor P

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

:B"Q f2
/

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

decay rates (—’/,:/,7—'

' =xcosd +ysind vy =wycosd —xsind

0 is a strong phase difference between DCS and CF amplitudes
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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°

l LHCb 2 < y < 5 :‘_...‘ B T T | T T 1T T T T | T T T | T T | T T T T 1T | T T T | T T I_
10° ?-ATLAS,CME ly| <2.5 E 031" \'s=7 TeV ATLAS+C:::T;::;?
_ S ]
W/Z | /s =1TcV > 0.2 .
5 m = —
4 ® C ATLAS/ .
—_— s c U} — —
& kS e 0.1 p, >20GeV  cws -
3 g 5 —
= 10° F S c o] .
5 - i
C 1 / "% - ~@~ ATLAS (extrapolated data, W — Iv) 35 pb”’ -
B § 4 -0.1F = CMS (W- puv)36pb’ ]
. DGLAP - m  LHCb (W- pv) 36 pb’ ]
10 evolutiony  HERA 0.2 MSTWO8 prediction (MC@NLO, 90% C.L.) .
, - HHEEE CTEQS66 prediction (MC@NLO, 90% C.L.) -
10" | C x - a ]
E e llllll - llll.l.l - I.lull e AAIHJ. el lllul e llll.ll T | -O . 3 —_— %| HIEI Hlﬁ1 ;Dl preldllcltl?n {I.F"qlc@Nl Llol‘ |9{|_] I‘I.E G'LI‘) L | Ll | I L |_

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

sea X valence
COrtu summer institute 4 deptem |T| ‘



Isospin asymmetry in B - K°Optp-

= LHCb measure “isospin asymmetryZ:

D(B—=K°utpu ) -T(Bt=K+utu™)

(B Kutp=)+D(BtT—=K+Tutpu™)
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 2 September 2015

Il 7

P LHCb B K'u'u

05
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-+ +
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arXiv:1403.8044

0.5F
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CP-violating asymmetry a; in B, decays

m CPVin mixing P(B— B)+# P(B— B)

m First step to resolving the issue of the DO ,,,m—ﬁ0.0z

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 1" )~T(Be — D' 1t")

5
ag

s

a8, [LHCb] = (—0.06 £ 0.50 =+ 0.36)%

m DO result not confirmed nor ruled out.

S = -5
Standard Model ag =(1.9£0.3)x10

predictions a; = (-4.1£0.6)x107"

T(B° > D i) +T(Be — D) -0.02f

arxiv: 1308.1048 -0.04

- LHCb 1 fb’!

it
s

LHCDb

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

A.Lenz
arXiv:1205_1444

Corfu Summer Institute 2 September 2015 N.Harnew 60



The Z(4430) tetraquark

—

First observed by Belle (but not ‘

T T
—— data
]. 000_ —s— total fit --+=—- total fit with no Z{4430)

> | LHCb -
seen by Babar) CR e =i " ]
LHCb: use very clean sample of & | :EEEI;L}“’ o |
25,200 B® — y’ K*1, (@’ — pH) j <ol +i”’1 1
decays observed in 3 fb~! of data _fj '
(7 and 8 TeV). g
Z(4430)" peak seen in @’ 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
m = 4475 £7 © 32 MeV/c?
M=172+13 737 MeV/c2

Phys.Rev.Lett. 112, |07 "0 0 o2
Corfu Summer Institute 2| 222002 (2014) Re A”




‘ R(D) and R(D*) ‘ R(D*) = BB — D1 (= vuvr)7y)

BB’ — D*tu~7,)

BaBar o 05 T T T .
" ) = BaBar, PRL109,101802(2012) Ay=10 7
R(D) = 0.440 £0.058 £ 0.042 | & 045F =—Belie.acXiv150703233 =
B LHCD, arXiv:1506.08614 -
R(D*) = (0.332 £ 0.024 = 0.018 04:_ m— Average E
Belle 0.355— —
R(D) = 0.375 4+ 0.064 + 0.026 035 E
R(D*) = 0.293 £ 0.038 £ 0.015 ] -
0.25 — e —
LHC b SM predliction | II,(?.;) — 556,
e et e S 035 03 04 05 0.6
R(D*) = 0.336 = 0.027 = 0.030 R(D)

« Combination is 3.9¢ from the SM expectation:
R(D) =0.297+£0.017 , R(D*)=0.252 4+ 0.003

[Kamenik et al. Phys. Rev. D78 014003 (2008), S. Jajfer et al. Phys. Rev. D85 094025 (2012)]
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Possible anomaly in B —¢u*y- decays?

Corfu Summer Institute

LHCb-CONF-2015-002
1_ ~7T rrrr 11
: LHCb
0.5k preliminary
i — SM from DHMV E
== i ]
0.5F —+— } I J
S TS —
0 5 10 15

q* [GeV?/c4]

B° — K*u*u- decays

2 September 2015

dB(B’—@up)/dg? [10°GeV>2c4]

arXiv:1506.08777

S =W R N N 0 N
TTTTJTTTT

LHCb
SM pred,
* Data

+

B

N.Harnew

,_.
Q
o
<
=
o

B

q2

B.°~ ¢u*u decays
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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
1{]6 E \,
w -
S a5 L \
N 107 LHCb Preliminary
=] - J—
2 10t \s=7TeV, L =337 pb’
S - B.—>Jvy¢
Wo10° - / s v
102

6¥-110C-ANOD-9OH

1507 ﬂ/
101 4
1 n-2 Ll / 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

Decay time (ps)
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Tracking performance

§
—_
o
R

20000 LHCb .
OO is =8 TeV _| M Integrated field strength 4 Tm
i 150001 2.5<y<3.0 ﬁ .
o 3<p, <4 GeVie 3 from dipole magnet
w L o
g =| M Planes of straw tubes
= 10000 o
2 i o
S =
0001 * o(m;,)=13 MeVIc?
05000 050 031503200 . —
m( (WL ) [MeV/e?] i LHCb
10000 \s=8TeV

8000
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Candidates / (25 MeV/c?)
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=
]
]
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.
"
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Particle identification

= Charged particles identified with two [T IaUO A
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
*_ (preliminary)

Wi A o
N " "
G Yiee P e k’,'/’/l Kaon ring
-y J 'PI_. ’ ' =
; NV ~ plan Elﬂg rere =
1] fles) Vs ' (s r" I i
. = L .
B 3

{ehat .t'fi“' H"h--_
i\ *' 'l_‘-"-\i"l‘\(

AW =0 .
« " A ) A %
- =/ A\ ‘fl =
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Efficiency

PID performance

Kaon identification efficiency > 90%
for pion misidentification < 5%
over a large momentum range

(2 <p <100 GeV/c)

Calibration data

-
B

O O ALLK-71)>0
. ,E LHCb
\Js = 7 TeV Data o m ALL(K-7)>5
1 «}i’i-m'f;*”ﬂﬁauﬂwuﬂm
- 5

O P

- -l-_.__-. e '-___.-_ e
C o

20 40 60 80 100
Momentum (MeV/c)

arXiv:1211.6759

* Allows strong suppression of
combinatorial background
eg for ¢ »> KK~

~12000 e —
(4]
S LHCb ]
2 100001~ (s = 900 GeV Data ~
T~ 8000 o -
-~ / ]
[} .
T 6000 .'o’ -
L% ® ]
4000 o 3
2000 °© -
) —
980 1000 1020 1040 1060
my, (MeV/c?)
i — T T T T 7 — T T T 7
90
S LHCb .
2 80F s =900 GeV Data ¢ — K'K
s 70
I 60
(]
E 50
> 40
w

i i L M M " L i i " 1 i " i
980 1000 1020 1040 1060
my (MeV/c?)
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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
(V) ) Eihad) p-(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, py, topological, o ~30 % for multi-body hadronic final states
charm and exclusive selections

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

OLNEEEVEIEYRCE G JVELN(M « ~800 “stripping” selections to reduce to samples

S e e with 0(107) events for analyses
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Outlook: LHCb Upgrade

~ 3
m  Main limitation that prevents exploiting higher '52_5 S
luminosity is the Level-0 (hardware) trigger S [ ag
. . . 5 2 L v ‘g').;a
m To keep output rate < | MHz requires raising - o D
thresholds — hadronic yields reach plateau gj S -
m Proposed upgrade is to remove hardware trigger: o 1 C
read out detector at 40 MHz (bunch crossing rate). -§D.5 -
Trigger fully in software in CPU farm. Requires a -
0 el v b b b

replacing all front-end electronics 1 2 3

4 5
- # 3.2
= Will allow to increase luminosity by factor ~ 10 to Luminosity (x107)

|-2 x 1033 ¢m2s! g
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"!
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Epgrade sensitivities 50 fb"!

LHCb-PUB-2012-009

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb™")  uncertainty
BY mixing 26, (BY = Jh) ) 24] 0.025 0.008 ~ 0.003
206, (BY — Jhb f5(980)) 0.045 0.014 ~0.01
Ag(B?) 0.6 x 1072 02x10™3% 0.03 x 1073
Gluonic 23°T(BY — ¢¢) - 0.17 0.03 0.02
penguin 2B — K*°K*?) — 0.13 0.02 < 0.02
28°M(B° — ¢K?) 0.17 |41 0.30 0.05 0.02
Right-handed 26T (BY — ¢v) - 0.09 0.02 < 0.01
currents T(BY — ¢7) /o — 5% 1% 0.2 %
Electroweak  S3(B° — K*uTp=;1 < ¢* < 6 GeV?/c?) [42] 0.025 0.008 0.02
penguin so App(B° — K*u* ™) 6 % 2% 7%
Al(KpTp=;1 < ¢ < 6GeV?/ct) 0.08 0.025 ~0.02
B(BT —w ntutu™)/B(BT — K p*pu) B 8% 2.5% ~ 10%
Higgs BB — utu™) ﬂ 0.5x 107 0.15x 1072 0.3 x107°
penguin B(B° — ptp™)/B(BY — ptp™) — ~ 100 % ~ 35% ~5%
Unitarity v (B — DWEK®) ~ 10-12° @@ 4° 0.9° negligible
triangle v (BY = D.K) - 11° 2.0° negligible
angles B (B — J/¢ K2) 0.8° [lm 0.6° 0.2° negligible
Charm Ap 23 x 107 [41] 040 x 10— 0.07 x 1073 -
CP violation AAcp 2.1 x 1[]_3H§J 0.65 x 107* 0.12 x 1073 -

Corfu Summer Institute 2 September 2015 N.Harnew
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