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Dirac's prescience

Concluding words of 1933 Nobel lecture

“If we accept the view of complete symmetry between positive
and negative electric charge so far as concerns the fundamental
laws of Nature, we must regard it rather as an accident that the
Earth (and presumably the whole solar system), contains a
preponderance of negative electrons and positive protons. It is
quite possible that for some of the stars it is the other way
about, these stars being built up mainly of positrons and
negative protons. In fact, there may be half the stars of each
kind. The two kinds of stars would both show exactly the same
spectra, and there would be no way of distinguishing them by
present astronomical methods.”
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From Dirac to LHCDb

1956 T.D. Lee and C.N. Yang note that parity (P) could be violated in
weak interactions

1957 C.S. Wu observes P violation (= Nobel prize for Lee and Yang)
1957 L. Landau notes importance of CP symmetry
1964 Observation of CP violation (J. Cronin & V. Fitch; Nobel prize 1980)

1967 A. Sakharov lists conditions for evolution of matter dominated
Universe

1973 M. Kobayashi and T. Maskawa: theory of CP violation in 6 quark
model (= Nobel prize 2008)

1980s, 90s, 2000s Many experimental measurements of CP violation; all
consistent with Kobayashi & Maskawa theory
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Where is the antimatter?
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CP violation and the
matter-antimatter asymmetry

* Two Important facts

1) CP violation is one of 3 “Sakharov conditions” necessary for the
evolution of a baryon asymmetry in the Universe

2) The Standard Model (CKM) CP violation is not sufficient to
explain the observed asymmetry

 Therefore, there must be more sources of CP violation In
nature ... but where?

- extended quark sector, lepton sector (leptogenesis),
supersymmetry, anomalous gauge couplings, extended Higgs
sector, quark-gluon plasma, flavour-diagonal phases, ...

» Testing the consistency of the CKM mechanism provides
the best chance to find new sources of CP violation today
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What causes the difference between
matter and antimatter?

* |n the SM, fermion masses arise from the Yukawa couplings of the
qguarks and charged leptons to the Higgs field (taking m =0)

 The CKM matrix arises from the relative misalignment of the
Yukawa matrices for the up- and down-type quarks

= U, Uy

VCKM

U matrices from diagonalisation of mass matrices

 Itis a 3x3 complex unitary matrix

— described by 9 (real) parameters
- 5 can be absorbed as phase differences between the quark fields

- 3 can be expressed as (Euler) mixing angles
- the fourth makes the CKM matrix complex (i.e. gives it a phase)
« weak interaction couplings differ for quarks and antiquarks

« CP violation
Breaking of the electroweak (gauge) symmetry

JinLGershon leads to violation of the CP (discrete) symmetry
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The Cabibbo-Kobayashi-Maskawa
Quark Mixing Matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb
th VtS th

e A 3x3 unitary matrix
* Described by 4 real parameters — allows CP violation

e Highly predictive
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Quark flavour mixing
a.k.a. CKM phenomenology
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CKM theory is highly predictive

- huge range of phenomena over a massive energy scale predicted by only 4
independent parameters (+ QCD)

CKM matrix 1s hierarchical

- theorised connections to quark mass hierarchies, or (dis-)similar patterns in the
lepton sector

« origin of CKM matrix from diagonalisation of Yukuwa (mass) matrices after electroweak
symmetry breaking

— distinctive flavour sector of Standard Model not necessarily replicated in extended
theories — strong constraints on models

CKM mechanism introduces CP violation

- only source of CP violation in the Standard Model (m, = 6,., = 0)

Tim_Gershon 10
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Beyond the Standard Model

CKM phenomenology a part of the Standard Model of
particle physics

- Extensively tested over ~30 years
— Astonishingly, unreasonably successful

But clearly only an approximate theory

- Higgs sector is “unnatural” (“hierarchy problem”)
- Neutrino mass is not explained

- Too many free parameters (origin of flavour)
- No unification of gauge interactions 268 s
- No explanation for dark matter, dark energy
- There must be more CP violation

Tim_Gershon
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CP violation
(extra sources must exist)

Rare decays
(strong theoretical arguments)

But

 How high is the NP scale?

 Why have FCNC effects not
been seen?

But

* No guarantee of the scale

* No guarantee of effects in
the quark sector

» Realistic prospects for
CPV measurement in vs
due to large 6_,

SSRET
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Generation
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o Absence of NP signals at
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The Large Hadron Collider
and the LHCb experiment
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The Large Hadron Collider

ALY
=
LHC - B CERN
mazploint 8 “TE ATLAS ALICE
i 1 Point T Point 2

el

Tim Gershon
TRV REOA

14



The Large Hadron Collider

* Aims of the LHC include:

— to discover the Higgs boson (v)

- to find hints of a more fundamental theory, that may

e provide better understanding of the Higgs mechanism
« allow unification of the forces (strong, EM & weak)
» explain the origin of dark matter

- to Improve understanding of matter-antimatter
asymmetry

Tim Gershon 15
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LHC collisions

Two counter-rotating beams of protons accelerated to high energy

- 3.5TeV, 4.0 TeV, 6.5 TeVin 2011, 2012, 2015+
- n.b. proton mass = 0.938 GeV, so y = 3731, 4264, 6930

Beams are bunched, with ~10% protons/bunch

Bunches are squeezed at collision point to ~50 um
Collisions every 50 (25) ns in 2011/12 (2015+)

Protons contain uud valence quarks, but are mainly composed of
strong interaction “glue” (gluons + sea qQ)

- Most pp collisions are gg collisions

- Can have >1 interaction / crossing

Interaction  SdgE

Tim_Gershon
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LHC collisions

(illustrated with an unusually clean CMS simulated Higgs event)

heavy (=100 GeV) particles light (10 GeV) patrticles
mainly produced centrally mainly produced forward

Tim Gershon 17
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Different objectives, different detectors
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CMS (& ATLAS)

 Symmetrical, ~41t coverage

« Optimised for detection of high
energy objects (central region)
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The LHCDb detector

« In high energy collisions, bb pairs produced
oredominantly in forward or backward directions

 LHCDb is a forward spectrometer

LHCb MC
/s =8 TeV

- a new concept for HEP experiments
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The LHCb Detector /7 SIS M2
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LH{b footage

https://cds.cern.ch/record/1752882?In=en
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The Vertex Locator (VELO)

Material imaged used beam gas collisions

LHCb VELO Preliminary

Ner——T———— 77 T
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The LHCDb trigger

Challenge is 40 MHz bunch crossing rate

« to efficiently select most
Interesting B decays

JINST 8 (2013) P04022

« while maintaining LO Hardware Trigger : 1 MHZ
manageable data rates readout, high E:/Pr signatures
Main backgrounds e

* “minimum bias” inelastic
pp scattering

 Software High Level Trigger o
* other charm and beaUty Introduce tracking/PID information,
decayS find displaced tracks/vertices

Offline reconstruction tuned to
Hand'es trigger time constraints

Mixture of exclusive and inclusive

selection algorithms J

5 kHZ Rate to storage

- high p_signals (muons)

 displaced vertices due to
B lifetime & boost

2 kHz 2 kHz 1 kHz
Inclusive/
Muon and

Exclusive 27

Topological Charm DiMuon

Inclusive

' Tim Gershon
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Some highlights of results

(from ~225 papers, so far)

Tim Gershon
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B -y
Killer app. for new physics discovery

SM - MsSM .

5

Very rare in Standard Model due to
« absence of tree-level FCNC
* helicity suppression
e CKM suppression
... all features which are not necessarily
reproduced in extended models

HYA”

~tan’p

B(B_ - p'u)*™=(3.65+0.23)x10°  B(B_— p'p)"*M ~ tan’B/M* _

PRL 112 (2014) 101801

Tim Gershon 24
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B(S)O - U — analysis ingredients

* Produce a very large sample of B mesons
* Trigger efficiently on dimuon signatures

* Reject background

- excellent vertex resolution (identify displaced vertex)

- excellent mass resolution (identify B peak)
- also essential to resolve B¢ from B.° decays

- powerful muon identification (reject background from B decays with
misidentified pions)

- typical to combine various discriminating variables into a multivariate

ClaSSIerr &) ET T T T 7 T T T T T T3

=) —C— ]

.. : = 1

* e.g. Boosted Decision Trees algorithm e

0 b —0— .

E —O— E

107 F e 3

- LHCb —Q——<}>— :

: 107 & Signal .
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LHCDb NEW! Combination with CMS data
PRL 111 (2013) 101805 To be submitted to Nature
QT — T T T T T T CMS and LHCb
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Impact of B_— p'y"

2.0

Informal and uwnotficial compilation

Modified from D. Straub - Nuovo Cim. CO35N1 (2012) 249

-I—-u 1.5
2
3
..T.

- 1.0
o
X
o0
X

) 0.5
3
[ |

0.0

0 10 20 30 40
10° x BR(Bs; — utu™)
" Tim Gershon )8

\ Large Hadron Collider beauty.

A AT



B K*u'y"

« B,- K*u+u- provides complementary approach to
search for new physics in b - sl*I- FCNC processes

- rates, angular distributions and asymmetries sensitive to NP

- superb laboratory for NP tests

- experimentally clean signature

- many kinematic variables ...

— ... with clean theoretical predictions

Tim_Gershon
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Forward-backward asymmetry in B - K*u™u~

[*hot i ___ﬂ S5y ple n
&y &N o w8
B* ¥ o B Bk et T i )
al e a — . i e o

Theory I Binned
—o—-LHCb

- LHCDb
Zero crossing-point 0.5
q°, = (4.9 £0.9) GeV?/c*

(consistent with SM) g,
E JHEP 08 (2013) 131

1 ] L 1 1 1 ] 1 1 L 1 ] 1 1 1 1
5 10 15 20
g2 [GeV?/c*]

Backwa ld .

Forward




Another angular observable in B - K*p'u~

: » _® ~ | ®
H'*'}_ - ”""}:- “'.j_" ‘ : J_ ____ r o
i 'ﬂ'h d == _ ﬂh ﬂ!{"
Yy T
* 0.81- LHCb SM Predictions N
0.6 —
: : - 0.4 —+—Data -
Possible discrepancy with SM? o2kl T P R ET——
Updated results expected soon '0 (2013)
ok '] i
0.4} —
0.8} —
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10 15 20
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CP violation

 Measure relative phase between amplitudes by
exploiting quantum-mechanical interference

- Compare results for B and B to see if the phase is
CP-conserving (strong) or CP-violating (weak)

* |dentify processes with contributions from two
different sets of CKM matrix elements, e.g.

U b
* KT
ot VCb VUS W — S B—|'{/\HI.
b c VA
a) U
B~ | DY
(Vi - \J/
u
Tim Gershon Interference & CP violation when D° and D°
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Ewvents / { 5 MeV/c2)
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CP violation in B - DK decays

PLB 712 (2012) 203

LHCB

BSIK KK

H'—ilF."F."In.‘."

LHCH b

L

PRELIMINARY

DCP K ACP+

BaBar :
PRD 82 (2010) 072004

Belle ;
LP 2011 preliminary

CDF i =

PRD 81 (2010) 031105(R)

. 4
" H

—d—i

0.25+0.06 £0.02
0.29+0.06 £0.02

|, 0.39+0,17 +0.04

o)
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arXiv:1203.3662
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HFAG
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Observation of CP violation in B - DK decays
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Extension to B - D1tK decays

TG PRD 79 (2009) 051301(R)
TG & M. Williams PRD 80 (2009) 092002

« Powerful extension of the method exploits additional
sources of interference that occur in multibody decays

- Bo-, D(1t-K+) decays can have CP violation

- Bo,, (D1t-)K+ decays have no CP violation

* Provides ideal reference amplitude from which to determine
relative phases via interference between different resonances on
the Dalitz plot

|
effects of spin
Toy example containing clearly visible
K*(892)° —
* 0 —
K2 (1430)
DZ*(2460)_ — L
Tim Gershon T y
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Extension to B - D1tK decays

TG PRD 79 (2009) 051301(R)
TG & M. Williams PRD 80 (2009) 092002

« Powerful extension of the method exploits additional
sources of interference that occur in multibody decays

- Bo-, D(1t-K+) decays can have CP violation

- Bo,, (D1t-)K+ decays have no CP violation

* Provides ideal reference amplitude from which to determine
relative phases via interference between different resonances on
the Dalitz plot |

effects of spin
clearly visible

Toy example containing

K*(892)°
0
K_*(1430)
D_*(2460)" -
ijL?r;i_Hr;rg%gﬁdTanmy Interference region/ 35

N~ m},. (GeV?)



Observation of BO(S) L DOITTK®

Tim Gershon
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Candidates / (10 MeV/c?)

PRD 87 (2013) 112009
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Observation of BO(S) L DOITTK®

PRD 87 (2013) 112009

LHCb
* Data
— Full fit
- BY signal

----- B? signal

e DO +K_

((I""\ [ T ]
3 _ _
™ T T T | = 2500 \ -]
L N ’
; 200 . % B q i Data LHCb i
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= 4004 00 E® 0 B} double misID 'Cé IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII g8 _ D°K ]
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Dalitz plot analysis of B® — Drt*K"

Analysis performed with Laura++ PRL 113 (2014) 162001
https://laura.hepforge.org/ PRD 90 (2014) 072003
o . R R 7 N L L B L e L
=2 2500 - L2 12r —
B | A . paa LHCD - > F ]
E 2000 - Full fit - G 10 3 E
g : N L — By signal . Py gL 7
8 1500 BRI Combinatorial bkg. |E N _
3 o SR JNN RE— B - DK . M 6 —
5 1000[ R B D% ] T .
S ollen 4 o0 ] i -
500 __\\» £ 2, E(*m}_)fr‘ . _ -~ N
L : \‘ o b - i = 't :
200 5400 5600 _S800” 0L —— -
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- T (¢400:-.--u.---|-|||~'§
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o w0F E 2 20
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g 2000 .g 150§ g
g f S 100F E
O 1005— SO sy . 3
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Dalitz plot analysis of B® — Drt*K"

Analysis performed with Laura++ PRL 113 (2014) 162001
https://laura.hepforge.org/ PRD 90 (2014) 072003
R F . T T o I L T B L B
ke ol 7 o 12f o -
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Observations of new particles!

~ 400F — -
Y o F § | E PRL 113 (2014) 162001
% 0 | LHCb 5 PRD 90 (2014) 072003
= 300F | (b) =
& 200F | E S AV :
5 - E " ]
S ]50:_ E : 5 : E
5 1005 1 & ;
s0F - :
0: i L~ e ok _ £ 4 - _:
2.4 2.6 28 3 32 4 E ]
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:I L ‘.J P T T I T R R | M I |:
/ 07 la, 15 20 25
. S (DK [GeVe
<= C ]
S: 50_*,_._ . Data -
Observation of interfering s E spin-1 + spin-3 LHCb . ] ]
spin-1 and spin-3 resonances  § B .. spin-1 * E First observation of
around m(DK) ~ 2.86 GeV RN . 3 any spin-3 resonance
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- P a heavy quark
10F 3
Tim Gershon F 40
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Yes, but what does it sound like?

at 08:00 minutes
https://www.youtube.com/watch?feature=player embedded&v=gPmQcviT-R4

Tim Gershon M
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D meson spectroscopy

Figure from PRD 89 (2014) 074023
Most masses offset from measurements

- 3306 3323" 3311 19 ]
3200 31543125 ormg 3208 L 3190]
i 3005 A~ ]
f; 3018 2800)292¢( 2917 |
" -
§ 2800 | 26? 222 2200 Newly established
~ % Improved understanding
oA
S 2400 D Previously established
mv D, Mass Spectrum |
2000 /== _
1600 & i
Spectroscopic notation ]Sn 381 BPH P] 3Pf, 3D] Df, 3D3 BF,:, F3 3F4
25+1L L L 2
J S = sum of quark spins

i GéfeHon L = orbital angular momentum (S,P,D,F)

1 Large\Hadron Collider beauty J = total Spin
N
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Candidates / 7 MeV/c>

1 Large Hadron Collider bei

Dalitz plot analysis of B° -

Analysis performed with Laura++
https://laura.hepforge.org/
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Work in progress
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Short- & mid-term plans

« Complete analysis of Run | data

- Measurement of CP violation in B - D1T-K+

- Apply similar methods to other B decays arXiv:1408.5373, submitted to PRD
« Can we understand CP violation effects in, e.g. B+ - 1*11*11- decays?

T T T T . g
= 25F LHCb 3.0-82{ Hos<
z 1 06 1 0.6
S 2ob Ml S— 3 dos 1 os
5 B 1 2 3702
& 15F BN 1o
w ] E
B 10F 4 o2 1 o2
& E Ju1-04 1404
= 0.6 06
oE R 0.8 0.8
r)""5"';10"'2'15'1 -1
m(w'n)  [GeVZc!] m(K'K) [GeV¥/ 4

* More than quadruple available statistics in Run Il (2015-18)
- Update key measurements with much improved precision

- Extend programme to spectroscopy and CP violation in B - D* i hh decays

Tim Gershon 45
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Longer-term plan

 Beyond LHC Run Il, the data-doubling time for LHCb becomes too long
- Due to 1 MHz readout limitation and associated hardware (LO) trigger

 However, there is an excellent physics case to push for improved
precision and an ever-broader range of observables

» Will upgrade the LHCb detector in the LHC LS2 (2018-20)

- Upgrade subdetector electronics to 40 MHz readout
- Make all trigger decisions in software

— Operation at much higher luminosity with improved efficiency
 order of magnitude improvement in precision (compared to today)

i |
1 { |
2015 2016 2017 2018 2019 2020 2021 2022 2023
I[3[AS[o[NE A [FMAM I A[ATSe o] AT F [MATM[ I [ [A[S[o]NIo| A [FM[ATM 3 [ 3 [ASToIRI] AT F TMATA] 3 [ TATSToRIe] 3 [F Ml ATMI 3 [ [A s[N]3 [F[MIATM []ATS[o[RIo| ATF M AT I [ [A[S[o]RIC 3 F [M[AM[ 3 [ A SIoTN]D]
T T LT LT
YETS ] LS2 LS3
- -
Tim_Gershon . 46
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LHC upgrade and the all important trigger

. higher luminosity
s HERUEE RN EDE B TS S — need to cut harder at LO to keep rate at 1 MHz

- lower efficiency
Qo -
<)) ‘c .
- 5
(2] : .
= 450 kHz 400 kHz L 25 = T .
g ht u/pp = x
- — - o A wl}( /
+— —
i L :
é ( Software High Level Trigger ) >
— Introduce tracking/PID information, E
- find displaced tracks/vertices g
Offline reconstruction tuned to e 1.5
trigger time constraints -
Mixture of exclusive and inclusive
\ selection algorithms J 1
5 kHZ Rate to storage
0.5
2 kHz u
2 kHz i 1 kHz .
Inclusive  Inclusive/ /0 nd . Already running here
Topological =LA DiMuon .
A/ %5 1 15 2 25 3 45 5.
Lumunosuty(m cm™s™

» readout detector at 40 MHz
« implement trigger fully in software - efficiency gains

\ Tim Gershon « runatl upto 2 10%*/cm?%/s 47
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W

LHCb detector upgrade

VELO Silicon Tracker Cuter Tracker MUON
Si strips Si strips straw tubes :
ps LRI S - almost compatible
Replace all Replace all Replace R/O
SPDVPS M3

RICHZ w4

1 ARICHI
- TT

Calo
PMTs
Reduce PMT gain,
Replace R/O

RICH Bl Central Fiber Option
HPDs fibers
Replace HPD, R/O Mew design and R/Q

im 'Gershom

o Bk
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Summary

* Hugely successful operation of the Large Hadron Collider
and the LHCDb experiment

« Dramatic improvement in precision in key observables

- pushing at the boundaries of the Standard Model, searching for
cracks ...

- observing new hadrons, changing understanding of QCD
- obtaining new insights into matter-antimatter asymmetry

» EXciting prospects for both near- and long-term future

Tim Gershon 49
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