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—I% Beyond the -
Energy Frontier

* LHC Run |: Detector Performance
Physics Highlights
(>200 papers)
* New Paper: D 11" 11 11°
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LHCD

The Ghostbuster:
Introducing the experiment
& its physics highlights

* Mixing & Indirect CP
* Direct CP
* Rare decays

Chris Parkes
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*LHCb: - Compor ‘
* study CP V|olat|on "[i
* rare B decays 5
—New Physics Iu
* Requirements:
* efficient trigger on leptons and hadron
channels

* efficient particle ID for flavour tagging
and background rejection

* good proper time resolution for time
dependent measurements of Bs decays

* good B mass reconstruction for
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* UK
— “UK’s LHC experiment”: 18% of Collaboration
— major contributors both key detectors (VELO/RICH)

Flag

* Key Responsibilities \
— 2 Spokespersons WaVI ng
— 2 Physics Co-ordinators
— 2 RICH & 3 VELO Project Leaders

* Cost
— £ Entire LHCDb < Cost of ATLAS SCT
— £ VELO R&D < Cost of ATLAS spare module boxes

Physics Papers 2013
ALICE ~ 1000 authors
ATLAS~ 3000 authors
CMS ~ 3000 authors
Yo LHCb ~ 600 authors

LHCHD
|ICE; 1 . )
L
%

L‘ - Papers published per year by LHC collaboration
(based on INSPIRE search for “cn [expt] and r cern-ph-ep-[year]-*)



LHCDb:A New Era in Flavour thsics

‘ . ,”‘- J ESD

B_-B, oscillations: “Box™ diagram

Discovering New Physics
through indirect effects:
sensitive far beyond
direct particle production reach

* Precision Measurements
— Challenging forward region at hadron

collider
— Need events !

— Need detailed understanding

Of detector & systematics
* Compelling results
from initial operation

Chris Parkes

Key LHCb Attributes:
Cross-section,
Acceptance,

Trigger,

Vertex Resolution,
Momentum Resol.,
Particle 1D




CP Violation Refresher
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Oscillations
& Time-dependent (indirect) CP
B/ B_system

D system




Neutral B-mesons mixing
I AAEEEEEEEEEE——
d  Feynman (box) diagrams for neutral B-meson mixing:

b o il - » d

_ u,c,t W+ u, c,t B

—d - sl ek « b
0 0
B : : ‘ B

b Couc bty ~d

) LU )

d < Ye U, C. \J b

: oL and similarly for B
" Dominated by top quark contribution : ( y :)

V.V
| For BO | 4. 4 — Sensitivity to a CKM
q M p V.V, triangle side and
— = M_12 angle 3
P 12 q V.,V " |
For B — =5 — Sensitivity to side
and equivalent

Chris Parkes angle Bs



Measuring B, mixing — tagging & decay time

opposite side

. same side (vertexing)

opposite
side lepta e % +
P | e ™" Decay mode
. fragmentatio
' kaon A tags b flavor
opposite-side K > i K at decay
D meson
B jet B hadron T T -
jet charge / B,
Collision Point "L typically 1 mm
Creation of bb ~ 4
. L .
2 B tags production flavor t = m— Proper decay time
negative lepton taggers p

(e, w) from b-quark
positive leptons from
b—c—l cascade
opposite

kaon tagger (K')

from displacement (L)
and momentum (p)

Chris Parkes I

» Need to determine:

— Flavour at production < tagging
— Flavour at decay, from final state
— B decay length
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B, Mixing Measurement

B - D;(KTK—n )t

ts|

CDF discovery 2006, LHCb measurement 2011 é
Most precise measurement of |V /V

g =-1)(t)

LHCb preliminary
k]

{5=7TeV, 340 pb OST+8SKT

0. 0.
A N(Bsﬂq:—l_l)(t)_N(Bs?
mix (t) —

3 + Tagged mixed
g - + Tagged unmixed
- 4001 Fit mixed
2 i — Fit unmixed
]
=
E=
E 200I_—
+H 5

% 1 2 3 4

Line is fitted oscillations
Points are data

0
Am =17.768 + 0.023 (stat) + 0.006 (syst) ps™

decay time [ps]

N(Bq=+1)(t) + N(Bf; ¢ = -1)(t) °

0‘.1 0:2 0:3
tmodulo (2n/ Amy) [ ps]

Oscillations occur at 3 trillion Hz !

Observed amplitude is not 1 as smeared

candidates / (15 MeV/c?)

4000 @) D,-on ?i?ta
_ BB - D1
W B> D,K*
2000+ LHCb misid bkg.
B comb bkg.

Mistag (B or B) of events
Resolution on time

4 5500
(D, ") invariant mass [MeV/ loal

5350 5400 5550

Chris Parkes
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Semi-leptonic B Mixing Measurement Thomas Bird

e Aim to measure B mixing: Amg and Amy
o Use semi-leptonic BY and B2 decays

e Difficult due to missing momentum §oria

% Ei = LHCb

Am, = (17.93 £+ 0.22(stat) + 0.15(syst)) ps—* 2o simulation
Reject null hypothesis of no mixing by 5.8c 03

1 1T 1.4 0

f;dl:-rmdized D massn {no uniE].

_ —1
Amg = (0.503 £ 0.011(stat) + 0.013(syst)) ps EPIC, 73 (12). p. 2655]
Reject null hypothesis of no mixing by 13.00

= = ~ O Ea
KExMass - 1) Mass [Mave™]

Chris Parkes Listen to mixing ! 3




Charm X'S.e(? 20 times B x-sec reminder x<<1 only small fraction of an
Charm MIXiNg with D= K+ oscillation before decay

* Exploit interference between mixing and doubly-Cabibbo-suppressed
decay amplitudes

suppressed 5 O
D* = DO 1t @)D % wrong-sign events
— DO K
\DC&/
suppressed

¢ Compare to RS events which are dominated by Cabibbo-favored amplitude

suppressed Mo suppressed
D*+ = DOt @_’ D _D&‘ right-sign events
—, O KTt

~ CF 7

e Assuming |x|,ly|<<1 and no CPV

72 4 y‘fz z' = xcosd + ysind

Nws(t
R(t) = M =Rp+ v RDyIt -+ t2 Yy =ycosd — zsind
Nrs(t) ;

DCS _interf . -
12
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SR Key points on D mixing

X =(0.48 + 0.14)%
vy =(0.76 £ 0.10)%

Flat with time? no mixing, increases with time ? mixing

Nws(t . T4y
Rty = Yws®) _ o Rpt s LY

1. Wrong sign / right sign

E x I]-ijl_3 T | T T T T T T |_| -?\F:R.;S (It)l 4
C ] ! B ' I I
! ; * Data g Ebi o) C ]
6.5 — — Mixing fit _E " ' LHCb
0F - No-mixing fit . 1.5F ]
5.5EF ] :
: . 1 ]
5? B N
4.5F E 05F —0 .
44#% E - 3o SN
E ] 0F —lo AN A
33t LHCb E -+ No-mixing s ]
3E .|...;;...E 051 | 7

PR IR SO T S R RN N B PR ST S

0.1 -0.05 0 0.05
2

See just first part of oscillation cur{g x= [%]

0 2 4 6
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L HCDb: Vertex LOcator

Beauty mesons live 10-'%s
Multiply by c and y

Travel few mm

vacuum

stable ’
beams

Sensors



Performance: Vertex Resolution

| X and Y resolution - offline, exactly 1 PV |

— 0.05
EM%
S 0.04
0.035
0.03

0.025
0.02

0.015
0.01

0.005
0

Resoluti

i ndf 59.8/33
Prob 0.002913
X - Const 0.1061 £+ 0.002001
Power 0.6605 + 0.0661
Epsilon 0.0004835 + 0.001658
¥/ ndf 43.56 / 33
Prob 0.1034
Y - Const 0.1164 £ 0.0121

Power 0.7626 £ 0.07157
Epsilon  0.002562 + 0.00129

LHCb VELO Preliminary

\/s = 7 TeV 2011 Data

Vertex resolution

* 15um in XY at 25 tracks

* 7/0umin Z

* Key Physics quantity
in identifying long
lived

B meson decay
10 mm

Primary
Vertex

propertime resolution
* ~50fs tracks

17



VELO Closing

o Fit Stip only 8mm
from LHC beam

* Move detector in each
fill of machine

* Update alignment
parameters

Chris Parkes 18




CP Violation in B mixing ?
Like-sign dimuon asymmetry

Chris Parkes
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Like-sign dimuon asymmetry

PHYSICAL REVIEW D 84, 052007 (2011)

Measurement of the anomalous like-sign dimuon charge asymmetry with 9 fb~! of pp collisions

DO Collab.
t=0 t
Bo/B°,
F(t) <
X+u'v,
Bo/B°, q, o
9rt Y
b (D) # u
Bo/B°,
Bo/B°,
o 8
B/B° THV,
/B, g [0 Xeu,

b EN;JF_NJ;—_
L ONfTH N

« Produce BB pair (or B,)

* |f one oscillates before decaying
get two like sign leptons (++ or --
* If no CP Violation in mixing get
N** =N-

)

example decay: ,v
W- K
7
_ b .7 c
Bo
d d

D+

Chris Parkes




Like sign dimuon asymmetry: current results

Tevatron: proton anti-proton — equal matter anti-matter
LHC: proton proton production asymmetry, makes analysis more
tricky, but LHC statistics much hlgher

pp— .

2 " Standard Model
T, DO — B and B, decays
o inclusively (mainly)
o 3
g [ | LHCb-B, /B, only:
2 © - . .
E - 23 1 first results compatible
=, - g LHCb D™uvx ’ '
N 3= o DO p®uvx . — SM and DO :
& TP B | Bmaoh :
B | Belle !{ . — — . i ' g
4 5 X 0 1 NEW ! a
ag [%]
Asymmetry BO as* = (-0.06 £ 0.50scac + 0.365y5c)% pLB 728C 607-615 (2014)

ayd ( 0.02 £0.19:c £ 0. 305),“)% LHCb-PAPER-2014-053

New Physics 7 Situation unclear —improved measurements needed

Chris Parkes 21




LHCDb: Initial Highlights — ®_ &_- s

Observable value

- D@ Eft} I, [ps‘l] 0.6603 + 0.0027 + 0.0015

AL, [ps?] 0.0805 + 0.0091 + 0.0033

Ty,
AlogL =115
3—:}1:} E‘qua LHCb 3
TLAS 4.91b ra
0.08 2 ﬁl‘\ (I)S —0-010i0.040 ]f'ad
0.06
""" ' = NEW !
i [radl 1z

: . q Ar
+ ®_: B_mixing phase  *"(%<) 5“‘( i (p,qf)) %
— Tagged, time dependent, angular analysis
— TeVatron SM discrepancy resolved

Chris Parkes 22



=0

T O AAcp BaBar
May 2014 AA; Belle prel.

< 0.015

EXSY AA(, LHCb prompt prel
FZZ2 AAp LHCb semil.
E=3 A, LHCb 2010

KSXJ A BaBar

V2 A Belle prel.

A LHCb KK

R

N Iy T, (7 2

LLT T FA T 5 7 Oy S T

it A L A

0 Oy, ,""... L1 T AR LLITFF ...-;'.‘.:';'.'"".',','""'".'""
% g

SRR \
SesutTaes TN
S IR

-0.005
-0.01
-0.015

-0 0 "/;”/ P P R R
'-%.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
a2

* Charm CP Violation
D™*—DYK*K)m* and D™*—DO(rrm)m*
— Direct CP Asymmetry
— Indirect CP (A;)

Chris Parkes




Direct / Time-integrated CP Violation
Including discovery of
CP Violation in B_system




Direct CP Violation: two-body B? & B, decays

Time-integrated measurement: Direct CP Violation

Direct CP violation

46
=
B A e:an AT

—_—

J

:S 0
I'r_l_e!@?‘.v t0p

AP

—t

€

\

=
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Direct CP Violation: two-body B? & B, decays

Time-integrated measurement: Direct CP Violation

Direct CP violation

CKM phases " P 7 Amplitudes and phases due to
QCD interaction among quarks

hris Parkes 26



Direct CP Violation: two-body B? & B, decays

Time-integrated measurement: Direct CP Violation

Direct CP violation
/ - \ Use f
— -
0107 f B" - K

B A o 1 AT o071 4 piPr AP

K _%‘// B.—-K "

[ —
d.a

|.| w i:"'/_-—-..:
M B + a4 T i, 5 ‘ v E -|-K—
B Axea R
.
B.—»K'xm

Chris Parki o P o 27
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Direct CP Violation: two-body B? & B, decays

However several different two-body B decays B’ - rK*
Separate with Particle ID and mass for B%/B,

B.—-K "
— B 5 7K
= L LHCb {}S
Z 4000/ Preliminary I
g L NE=7TeV BY — 7w
B & K+tK-
S
2000 .
B — Kn
1000_
. (also A\, 3-body backgrounds)
0

5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8
m(xtr) (GeV/c)

B _hh, (h=K,)

Chris Parkes 23



Ring Imaging Cherenkov gRICHz

* Unique at LHC: 1/K/p separation

— Measure particle velocity through Cherenkov effect
* Two RICH detectors — lower / higher momentum

RICEL2

Photodetectors x{
'W‘ 2

Flat Mirror
. | 120mrad
e
Spherical
Mirror
CF,
Gas enclosure and
mirrors installed in

LHCb LHCb pit
u
m:hris Parkes, University of Manchester 29




Particle ldentification

RICH PID across wide momentum range

Data

- 44—

e [ LHCb K*—> K*: (95.46 + 0.25)% 1

2 12C Preliminary .,k (7.06:006)% 7

= - \Js=7TeV Data .

w 1= -
0.8F iyt
0.6

20

40

60 80
Momentum GeV/c
-~ 5000 p———+——T————————T—1—
S 4500 II;IITIe‘.I.:ilr)ninary
[)
4000E" < = 900 GeV Data .,.'../'.“'""v
+ 3500 .
~ 3000 Jﬂ
E 2500 f
> 2000 + —
1] —>
1500 .o". ¢ K K
1000 °
500 °
380 1000 1020 1040 1060 R
my (MeVi/c?)

Events / (1 MeV/c?)

Clean reconstruction of
hadronic decays critical to
many physics results

‘LHCb
Preliminary
\'s = 900 GeV Data

lllllll

1000

1020

M M 1 M M M
1040 7060 IS0
my, (MeVic?)



LHCh_  Direct CP Violation: two-body B° & B, decays

E LHCb : g

51 52
Chris Parkes K*r~ invariant mass [GeV/c®] K 7* invariant mass [GeV/c’] 31



Dalitz Plots — three body decays
B* —h*h*h
D h*h*h

Tunight you will be visited
by three ghosts...

ay e ﬁ




Dalitz Plot — Visualize three body decays

P— ABC

Dalitz Plot: Scatter plot in m_ 2,

If no intermediate structure then unlformly populat
(inside kinematic bounds)

P—-rC, r—AB

If intermediate resonan
then plot will have internal structure
Shorter-lived resonances — larger widths

* Energy Conservation sets boundaries of plot
« Q=T +T,+T,,
* Q energy released in decay of P,
« T.K.E. of product i

L Richard-Sakil



* B*=h*h*h- (where h=K or m)
* Both tree & penguin diagrams contribute

* Any difference B*/B- is CP violation st e Dalitz Plot
* Search for global T T
* & local asvmmetries S EC LHCb
& ), K*(1430)Preliminary
A, =T(B —0-TB* > ; :

[(B-0)+I'(B*—1)

~ Acp + Aprcn:l + Aget

@ Aprod is B production asymmetry,

h o - : s e
@ A"  is h detection asymmetry. 0 10 2
det d i mk. . [GeVie']

Control channel B* — J/yK™ used to cancel production asymmetry.
Al = (0.00 +0.25)%, Aj,, = (—1.26 + 0.18)% [PLB 713 (2012) 186].

Chris Parkes 34



CP Violation in B* _hhh  PRL 111101801 013)

*  Make Dalitz plot for B*,B- [A

* Any difference is CP violation

o=1(B —=D-I'B*—1)
(B - +I'(B*—f)

Positive for h*tntn~,

s+ negative for KEKTK™.
Effects of 777~ & KTK~
rescattering and
interference between

T
% af resonances.
EN: Full amplitude analysis
£ ot will be invaluable.
3" Year u/g Lab

experiment in

T 1
i, [GeVHe]
Local regions of large CP violation MANCHESTER

hris Parkes 39
The University of Manchester




Slides: Shanzhen Chen
New !

Direct CP Violation Search
D _

* First LHCb CPV result with 1°
* First use of Energy Test

Chris Parkes 36



Introduction to D° — 7770

== Singly Cabibbo suppressed decay:
Tree + Penguin

» CP asymmetry < 1073 ~ 1072 DO—pOmo

within SM c T
» New Physics can increase CPV m

» Phase space dominated by three
interfering pm resonances 4

First time use full LHCb 7° HB‘M’L:
» d,s,b >

reconstruction:
» Two separated photon clusters :%&C u
(resolved 7°)

=
A
F 3

» Two overlapping photon clusters
(merged 7°)

Previous studies:

BaBar: PRD78, 051102 (2008) Belle: PLB662, 102-110 (2008)
CPV effects of several % excluded

= =1 = &l

Chris Parkes
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[ ]
Chris'|

DY s 7~ 7t7° data

Prompt: D*T — DO, flavor tagged by slow pion ()

D™

pPp

collision
-

2012 data, integrated luminosity 2fb—!
Selected candidates:

(a) Resolved 7%, 416 x 103 candidates, purity 82%
(b) Merged 7%, 247 x 10° candidates, purity 91%

Candidates / (0.2 MeV/c2)

. 8B B8 E
Candidates / (022 MeV/ich)

ul-'-ll] 145 150
Am [MeVic?]

155

arXiv:1410.4170

36




~ Resolved and merged 7!

» 79 has low momentum — two separated photon
clusters in ECAL — resolved 7°

» 79 has high momentum — one merged photon cluster
in ECAL — merged 7°

=3 tHcy a5
= () —
L:. =
% 1 10 g

= &l

E @

l —
4l
e
— .
"ﬂ 1 é } 3 .
nF(EtaT) [GeWoiet]

(a) Resolved 7°

2 LHCH :
2 \\ (b)

E i k=

2 )

® ;

T 0

1+ 15

S, 10

% 5

" 1 2 3 "

(") [GeWVoet]

(b) Merged 7°

Candidates

arXiv:1410.4170

'ﬁ LT LHCh 140
T icl l.l"l'l%
L: =
{:' 2 1) E
(5] &
E"‘. =l
L—
- “
4 =

=

1 : 3
ar( ) [GeViiet]

(c) Combined sample



A model independent unbinned method:
Energy test » Looking for asymmetries on Dalitz plot
» Compare D° and DO decays statistically

— T Ao p— T L
,:;1:‘ 3_'. LHCh unofficial % ;[hf 3r LHCh unofficial B %
% [ @ W3 3| o W3
: "5 5, “§
T 50 < &2 50
& | A a0
E [ E
1h 0 1H 30
: ‘ 10 : ‘ 10
_— ol 0 L S P 0
> - 0 1 2 3 0 1 2 3
Test statistic: i [GeVen (e 1) [GEVHA
1 n,n
B B r——— S djj
nh_¢]§:¢{ﬂ — > v (@) — 3w (d)
I jo=i Iof =10 iy
\q—'
average ¥ of DU set average ¥ of DU st average ¥ of D0 1o DO
. —d? /22 2.j i 2 i 2 '
with ¢(d;) = e il . dij =| (my — m%z;: mﬁ’ ”%3; JI""-'1:3:’ 15) |

Chris Parkes 40



Results

» With 1000 permutations

» For no-CPV hypothesis:
p-value = (2.6 = 0.5)%

Result consistent with no
CPV hypothesis

» Other metric parameters:

Table 2: Results for various metric parameter values.

The p-values are obtained with the counting met hod.

a [GeVet | p-value
0.2 (4.6 +0.6) = 10~°
0.3 (2.6 +0.5) x 10~2
0.4 (1.T £ 0.4) = 1072
0.5 (2.1 £0.5) = 1072

hri:

arXiv:1410.4170

gy T T T T LI T
‘Eﬂ]j—[ﬂﬂ: @ 3
wf E
3“‘ -
20f E
mf— 3
0t :
T value [109]
L3 LHCb 3
g b) 1
5
|H r
LA
s [}
e
o

Significance
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Rare B decays

By = WH S..p

bt -
—

BY o K* -

" .
o




Rare Decay Loops

Why are loop dominated decay processes very perceptible to ‘new’ particles?

¢ You can simply replace an ‘internal quark line’ (the circle) with ‘new’ particles
without affecting the initial and final state of the decay

S
¢ ¢
1,C.t
b +
B, s
S — d’
S S - S

e Momentum flowing through loop should be integrated to “infinity”
— Potential high masses of virtual particles don't kill their contribution...

¢ No tree-level diagrams: less competition/pollution from (boring) Standard Model
amplitudes..

[
Chris Parkes 43



Rare B decays — All active research topics at LHCb

DECAY TYPE
B > K*vy
B.—» ¢y Radiative penguin
B> oYy
Electroweak
(] *0 11+ 11—
B* > K®uu penguin
B.—>¢¢ : :
Gluonic penguin
B > ¢ K
B,oun- Rare box diagram

{ # (d)

wr
/.{}E
|
£
a 4w
w

Al

q ]

T {a} Gluonlcpsnguin (] EM penguln

' Radiative penguin

B.R. (approx.)

4.0 x 10
2.1x10°
4.6 x 107

1.2 x 10¢

1.3 x 10¢
1.4 x10¢

3.5x107°

£ (d)

=1

[g] EM penguin

il



The B, — w'w decay (1/2)

* Unique Experimental signature
* Easy to identify / trigger — good for ATLAS/CMS as well

* Really really rare! But well predicted in SM

SM box SM Penguin

* Sensitive to New Physics
B(Bs — pp) 1n SUSY models

~5x 1077 (57)° (399F)"

Chris Parkes




First evidence of the B? — ptpu~ decay LHCD

- )
— LHCDb collaboration —m

g smomoTion PESY Phys.Rev.Lett. 108 (2012) 231801

DEUTSCHES EL

B MESON DECAYS INTO CHARMONIUM STATES

| BR(B, > ') = (3177147)x10°

25 year Iong search

hmase of the B" and B* dtrmldtb

5279 lG+3ﬂ)\d’V,ﬂ’ d (5278.5 iJS faD]MVc:rep vely. Bra g
ching ratios are determined fram five of the type B vap;f and thre SM theor 3 23 + 0 27 10_
of Bt J',wK In the stEd s'lmp] f BY et ",y,+p and = - -

#¥eT leads to upper limits for such decays.

A
=

CMS and LHCb
T I T T T

B B2

<]

SHS-+E) weighted cand. / (40 MeVic?)
]

il
(=]

B
IIII|IIII|IIIr|

=]

Powerful constraint on SUSY 46



Bds — utu . LHCb and CMS combination
[LHCb-PAPER-2014-049]

2D likelihood of B(BY — utu~) vs B(BS — ptu):

CMS and LHCDb
LI I T T T T

NEW !

i

= M W & n @ = @ @

TRRRLE RN LRI VLI VLA LA LR
Tt ARETI ARTRARTARA ATARUIRRRIRRARIARETa

[=]

B(B) — utyu~)= 28737 x107° 6.20
B(BY - utp7)=38917x107"° 320
Both compatible with SM predictions.

B(BY — ptu~) compatible with SM at 2.20-.

Paper submitted to Nature.

]
Chris Parkes 47



LHCD: Initial Highlights— B _ K*u*u-

* BO_K*u*u: NP in loops
— Rare decays are not so rare now !

Theory EEMBinned

——| HCDb
£ - D B s s T T T T
< [ LHCb 1% o8- LHCDb oM Predictions
05 *i l]-li:+— _
i — i 0.4F Data —
i —— ] 0.2 _+_ |
ui¥ ] o . _
i 02 + _
05 - 04 _
i ] 06 + _
: | | | ] 08 + + B
o s 10 15 _ a2 T T T T s T T
& [GeVZic?] g2 [GeV¥ el

» Large (3.70) local deviation in P (measure of L ++ R asymmetry of
interference between Ag and A | [Descote Genon et al. JHEP 1305(2013)137] )

Chris Parkes 48



— Gi&s Beyond the —
Energy Frontier

New ! Recommended for approval by STFC

* Upgrade

plieh:@I 01

- OI bld TEBBRREM tmovi Db

Chris Parkes 49



ILHIJSC“b Physics Programme
Limited by Detector
But NOT Limited by LHC

* Upgrade to extend Physics reach
— Exploit advances in detector technology
—Displaced Vertex Trigger, 40MHz readout
—Radiation Hard Vertex Detector
— Better utilise LHC capabilities

. T Independent of
Timescale, 2018-2020 LHC upgrade
* Collect >50 fb! data * HL-LHC not needed
* Modest cost compared with * But compatible
With HL-LHC phase

existing accelerator infrastructure

Chris Parkes 50



LHCDb Trigger: the key to higher Lumi

Ma M3

Current First Trigger Level:
Hardware Muon/ECAL/HCAL

+ SR TN 1.1 MHz readout
40 MHz
=R o~ —
TL ;EU €2'5 5 O LO—u for uuK’ o
g = > 2 -~ B LO—hfor pp
- 2 - o
. . <C -
Max 1 MHz ~ -
1.5 o)
®
g - > 1 o
(7] o B
g Sos 8 0% % .
e Global reconstruction Ml
%E Inclusiv:esell(ections Sljy 012345
- © u, u+track, pu, ) )
.g £ E topological, charm, ¢ Luminosity (x10%)
=7
xclusive selections
Performance:
Max 3 kH
TR lv Muon channels scale
Storage: event size ~50kB . .
Hadronic channels saturate bandwidth
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Solution: Upgrade detector to 40MHz readout

Upgrade Trigger fully software based
Runs in stageable Event Filter Farm R
Up to 40 MHz input rate

20 kHz output rate I

Trigger has access to all event

information

33 -2 -1 Opti
Run at L > 10 Cm S . Low L(Fa):[/gln'la":igger
~ Gain of 2 in signal rates for hadronic et

dependent on farm size

HLT

Tracking and vertexing
Impact Parameter cuts
Inclusive/Exclusive selections

A @xD
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| L HCb Upgrade Overview
* 40 MHz Readout of all subdetectors

* Flexible Trigger: General purpose
experiment in forward region

Retain key LHCb advantages:

* Vertex Resolution, Momentum resolution, Particle ID

* Installation 2018
* LOI submitted March 2011
* Approved by LHCC June 2011
* “compelling physics case”
* Funding effectively in place October 2014

Chris Parkes. Universitv of Manchester 53



LHCb Upgrade to 40 MHz

Photon
Detectors &
(partial)

mechanics
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VELO Desi N Thomas Bird

e New VELO sensors need optimal placement

e Right: Sensor position effects IP resolution

e Below: Final sensor placement

» Upgrade VELO
» Current VELO

Chris Parkes
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S trigger fle
— Installation

. ]
= - =
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Luminosity and Pile-Up

* LHCb design: L ~ 2x103%2 cm-2s-1 with 25 ns BX
= interactions / beam crossing = 0.4
* LHCb operations in run |: L up to 4x1032 ecm-2s-1 with 50 ns BX

= Interactions / beam crossing = 2

* LHCb Upgrade: L > 1x102 cm-2s-1 with 25 ns BX
= interactions / beam crossing = 2

LHCb Peak Mu at 3.5 TeV in 2011

P
=
x

o

s e

LHCb Peak Instantaneous Lumi at 3.5 TeV in 2011

ak Inst Luminosity (10*30/cm”*2*s™1
s @ @

39T

L] '~
.,{

Chris Parkes

Rate [MHz]

—N=10

R T OO S A S 5 i N S NS N N N S —-N=2
C Rate @ 2 x 107 em? s = 14.60 MHz —-N =3
S 00 O 0 - SO Rate @ 20 x 10¥ em? 5! = 2939 MHz | |* N =4
N —N=3

—~N =10
“N=11
.......................... N=1'2

UUNE (SR - B
Luminosity [x 107" cm?s™]
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Luminosity and Pile-Up

* LHCDb design: L ~ 2x1032 cm-2s-1 with 25 ns BX
— Interactions / beam crossing = 0.4

O o b D

N
N
N
N
N
N
N
N
-N

L T T T = AR =]

.__?_:

nosity (10*30/cm*2*s™1)

Peak Inst Lumi

fﬂ 2 2
Luminosity [ X 10 cms ]

2200
LHC Fill Number
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Velo Upgrade

* New Velo @40 MHz readout

= Pixel detector; VELOPIX
based on Timepix chip
* 86 ym x 85 pm pixel size

[ o |
-I ix |
.'. 1
il |
I Diamond Substrate
: —/ — Strip detector
I| | M:tdlised
| | Traces
. * New chip
If
J
Active Cooling Clamps
Ultra Low Profile
C
onnectors R sensor ¢ sensor

* R&D programme
— Module structure (Xo)
— Sensor options
— Planar Si, Diamond, 3D
— CO, cooling
— Electronics
— RF-foil of vacuum box
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ol Velo R&D

— e § il X, By w3

. wMicm:rown rersolution, high rate

telescope based on TimePix

D n r t | Nucl. Instrum. Meth. A Volume 661,
3 Se SO S Ud es Issue 1, 1 January 2012, Pages 31-49

I Planar Sensor Studies

1E_. ............... T ....... |5ﬂ.§minrun.théuh.5ansgri. ..........

14__-\. .................... .' ........ . ............... . .............. .- ..........................................

12___. .............. . ............... . ............... .._._ ................ _. ............... _, ..........

—~
E S i i i i i
=. L[] EEE L T o HRRRUOE SRRRRRRURNY U S T
b :

Efficiency

PuBLIsHED BY 10D PUBLISHNG FOR SISSA I-5I = Iﬂl = IE — I'"]I - I15I - IEDI - IEEI - I.'J-IJI -

Recmvem: March 14 207
ACCHrTET Apri 21, 2N
PunvLismx P75 AW7

JINST 6 P05002 (2011) S Sensor Angle (deg)

P Precision scans of the Pixel cell response of double
sided 3D Pixel detectors to pion and X-ray beams 61




~Timescales: LHCb & Accelerator

* 2011: 1.2 b

2010 - 2012
LHCb Integrated Luminosity at 3.5 TeV/ in 2011 Start of LHCb physics
§ o Datvereatum 1219575 programme
i e o 7-8 TeV
P p 7] l Long shutdown
Splice repairs
I A R 2015-2017
14 TeV
LHCb > 5 b
LHCb upgrade Injector and LHC
* Doubling time for installed Phase | GPD upgrades
statistics requires 2018.2022
upg rade ~ 2018 Start of LHCb upgrade physics

programme
l Towards High
Luminosity LHC

Chris Parkes 62



CP Violation: Upgrade Examples

* Core familiar physics - two examples:
* ¢, : Mixing induced CPV in B,
— Phase |: Observe NP in ¢, if larger than 3xSM

* arXiv:1112.3183; arXiv:1112.3056

— Upgrade: Beyond SM precision measurement: 0=0.006
* Rare penguin decay topologies sensitive to NP

‘ —4— Data
—Fi

Charmless hadronic B-decays LN |
— Phase [: Direct CP violation in B, and A, ! \\_*l\ e

Time dependent CPVin BS —= K*K- (arXiv:1111.0521)

— Upgrade: Precision time dependent CPV in penguin
dominated BS,:K*OK*O (arXiv:1111.4183), S,=,(I)(I) o~0.02
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— RareDecays __

e B u*y- Problng MFV Scenarios
s,d M=

2.0

D M. Straub, arXiv: 1012 3803

— Phase I: Search for NP in sl

B §v)
s = MM @rxivi1112.1600, arxiv:1103.2465)

— Upgrade: Correlation
B.oM'W VS By oMy
° BO — K*OIJ+“-
— Phase |: measure AFB
and other observables

(arXiv:1112.3515)
— Upgrade: precision full

angular analysis '
.. o100 5200 5300 5400 5500 5600
» Radiative decays: b_sy:B,.¢Yv, My MEV/E?

10° x BR(By — ptu~

Events / [10 MeV/c?]
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Charm

* LHCDb is world’s foremost charm factory
— Evidence direct CP violation (arXiv:1112.0938)
— Probing oscillations (y.p)

— CP violation in mixing* (A;) (arXiv:1112.4698)

* Upgrade D sample approx 1000 X B factories and time dependent measurements
benefit from excellent resolution

— Rare decay measurements e.g. p° — i+,

* where limit currently 108 X larger than SM

Nu F
= 14000F

— Dalitz Analyses e.g.

_D+ . K+K_ﬂ'+ ='1ﬂﬂﬂﬂ_-

— Time dep. CP violation in " «xf
D° — KSh*h~ e f

* mostly, see arXiv:1111.6515 Am (MeVic?)
»
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Sensitivities to key flavour channels

Type Observable Current LHCb | Upgrade Theory
precision | (5 tb™!) | (50 fb™!) | uncertainty
Gluonic S(Bs; — ¢9) - 0.08 0.02 0.02
penguin S(Bs, — K*OK*0) - 0.07 0.02 < 0.02
S(B° — ¢K?) 0.17 0.15 0.03 0.02
B, mixing 28, (B, — J/0d) 0.35 0.019 | 0006 | ~ 0.003
Right-handed S(Bs — ¢7) . 0.07 0.02 < 0.01
currents AR (By — ¢ry) - 0.14 0.03 0.02
E/W AP (BY — K*Outp-) - 0.14 0.04 0.05
penguin so App(B® — K*0utpu™) - 4% 1% ™%
Higgs B(B;, — ptu) - 30% 8% < 10%
penguin ggg::ﬁ Iﬁ :; - - ~ 35% ~ 5%
Unitarity v (B — D K®) ~ 20° ~ 4° 0.9° negligible
triangle v (Bs — DsK) - ~ 7° 1.5° negligible
angles B (B — J/v K°) 1° 0.5° 0.2° negligible
Charm Ar 25x 1073 | 2x107* | 4x 107° -
CPV A% (KK) — A% () | 43x 1073 |4 x107% | 8 x 1075 -

* Unique potential B,/ b baryon sector

. Charged particle final states far in excess of other facilities
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Legton Flavour Violation

* Neutrino oscillations established s mie DS i
* but low neutrino mass scale to be understood
* Heavy Majorana neutrinos in many NP models
* e.g. VMSM (dark matter, baryon asymmetry)

* Direct Search: long lived from B& D decays

Search for the lepton number violating decays BT — 7~ pTu® and BT — K putpu™ ut
(arXiv:1110.0730) v SN
. u e K~ (n7)
Indirect: lepton violating e.g. )

E'Si — ?r:FEiEi' ar Bi — T EfE
Lepton Flavour violating T-decays

— Vanishingly small in SM with mixing
* LHC mainly produces 1's from B and D_ decays
— LHCb : 1 3p
* Phase-1: aim to match B-factories with few years

* Upgrade: 10°level
Chris Parkes 67




Electroweak & QCD

* Boson follows quark direction in forward
* Hence asymmetry measurements at LHCb
— sin? @ 4°*t: measure A; of leptons in Z-decays

« raw A_; asymmetry factor 5 larger than @ LEP

* Top quark forward-backward asymmetry
* Constraining pdfs, e.g. W Charge Asymmetry

— changes sign in LHCD region: constraints on the low x
quark content of the protons at high g2

* Central Exclusive Production

=
=

do*/dvn-do/dn
do*/dnrdo fdn
=]
2

S :
) =

2

— LHCb prellminary I -

- l =
- MCFM NLO\/s=7 Te\| -4
- MSTW2008 PDFs i

&
m

1* PP=pt+tX+p

"3 4
Lepton Pseudorapidity

LHCb Event Display

with rapidity gap:
— Photon or

pomeron
exchange
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Exotics

final state
particles

decay vertex of long-lived particle

-~
primary interaction - ‘:R<

o, ,~ 70um -

interaction region

G, ~ 50mm

* Hierarchy problem: why is Higgs mass not at Planck scale?

= Many models (Susy, Xtra dimensions, Technicolour, Little Higgs) predict new states at TeV
scale: Z', 4t generation, leptoquarks, Hidden Valley particles

* Hidden Valley particles carry “v" quantum number and can be low mass
= Lightest v-particle is a dark matter candidate

= V-neutral particles might have long lifetime and decay, e.g. to b bbar
- \/ flavoured particles could be produced by Higgs

M.J. Strasser and K.M. | b
Zurek, Phys. Lett. B 661 M _
(2008) 263 1'[3 zZ' b

R

]
Chris Parkes
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Introducing LHCDb

LHChD is a dedicated experiment to study
flavour physics at the LHC

* Search for New Physics in quantum loop processes

* CP violation and rare decays allowing to probe

beyond the LHC energy frontier B decay vertices:
a few tracks

Primary vertex:
many tracks ~50 ‘ «~ 10mm >‘

. [ |
Detector requlrements -------------------- E<:
_________________ n-

*  Efficient trigger for both leptonicand .7~ N
N u-
Doy

K/1T separation

hadronic final states

* Excellent vertex finding and tracking efficiency

* Outstanding particle identification
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Vertex Resolution

VELO - Highest Resolution Vertex Detector at LHC

'_45 C . Projected angle 0-4 degrees _ _
540__ Projected angle 7-11 degrees | Z resolution - offline |
= = 0.25
M Binary Resolution E [ ot 235770
E 3 2 E - I Prob 0.1831
B30l § o2 1 Zres  0.4TI7 = 0.01778
e F = C I Asymp 0.018 = 0.003323
250 2 - I LHCb VELO Preliminary
- g 045 ; |2 =7 TeV Data
: B 1]
20p B Iy
15 0.4
1 DE— B
C ﬂ.ﬂ-ﬁ_—
5( -
3 [ | I [ i I NI BT [T 1 I 1 [ {}_l .| I Ll
gﬂ 40 50 60 70 80 90 100 3

Strip Pitch [um)]

|dentification of
beauty and charm

from displaced
vertices critical to

LHCDb physics




Chris Parkes

Heavy hadrons spectroscopy

Many predicted states still not observed

New XYZ states observed at the B factories

— Their properties do not fit with the
expectations for quarkonia

Many theoretical interpretations

— Tetraquarks

— Meson molecules E‘—; ah@_‘
— qqg hybrids He:;

— glueballs,... o Bminatr ﬁ.mm

More experimental input needed !

[GeViiq

3.0

Example : charmonium

G

establizhed ot states

predicred, undiacovarad
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Exotic spectroscopy: the Z(4430)

» History:

— Structure seen by Belle in w'n~ mass distribution (2007)
— not confirmed by Babar (explained by reflexions)

Charged = minimal quark content = ccud

— Exotic state : tetraquark, = D'D" molecule?
S
|® I!:I
o% @®
d)

@

» LHCb analysis: PRL 112,222002(2014)

Z° K resonances
and interferences

— 10 times more data than at B-factories
= 4D amplitude analysis

Chris Parkes

. BELLE

PRL100, 142001




Z(4430)-

* 4-D fit with known K* resonances + a Z + interferences
— Resonances described with relativistic Breit-Wigners

Candidates / ( 0.2 Ge
n
[

'}ﬂ

o2
My [GeV7]
The presence of the Z(4430) is well established!

-@-data "

—=— total fit

(4430} excluded
K (892)

— K' S-wave

—— 2(4430)

—s— background

K (1410)
K (1680)

—— K,{1430)

M(Z)
(%)
fz
Iz

Significance

4475 +
172+ 13+
gingﬂdﬂ

lﬁ?ilﬁ““W

> 139

""|—.I.J MeV/
MeV

—_
=
!

._.
=
¥

= ; :,

Candidates /{ .02 Gey? i

.03
=}
2

A0

Candidates / 0,05

206

200

Candidates

LHCh

- =]

100 0 11
b [depiees]
14

Chris Parkes
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Nature of the Z(4430)

» Measure the Z(4430) amplitude in 6 bins of mass:

— If this is a resonance = circle in the Argand plane

Resonance behaviour is clear!

« Spin determination : testing J’=0,1-,1+,2" ,2* possibilities
Z(4430) is a 1* state with more than 9¢ significance over other possibilities

= msaf LHCb E
= Rules out the D*D* molecule interpretation (JP:U',I',E'}%EW;— o -
iii{r::— =
= The Z(4430) is a good tetraquark candidate! 3“"" E
(_'_Ij :ﬂg— E

®. % gt
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