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| Dispatch from the flavour frontier -
an experimental perspective

« Flavour physics Some excuses are in order:
- A topic of intrinsic interest * This talk will not touch on-
- A tool for indirect discovery kaon physics — but this topic
_ Is a vital and important
* LHCDb overview piece of the jigsaw:
 Selected topics « Similarly, no discussion of
- Spectroscopy and hadron exotics neutrinos, (g-2), etc;
- CPV in beauty and charm « It will be LHCb-centric. Apply
- Rare decays, FCNCs and Ry. your own bias correction.
* Beyond Run Il Also note that | have defined
- Belle |l spectroscopy to lie within the
- The LHCb Upgrade(s) tent of flavour physics. Flavour-
expt.s are good at spectroscopy !

Guy Wilkinson
University of Oxford and CERN
5 June 2017



Why flavour ?

Flavour encompasses many of the open questions of the Standard Model.

 Why 3 generations of quarks, and
why the extreme hierarchy of masses ?

171200

 \What determines the hierarchical structure of the CKM matrix ?

Ve Ve Vi 0.9705 —0.9770 021 —024  0—0.014
Vg Vi V| = 0.21—024 0971 —0.973 0.036 — 0.070

Via Vis Vi 0—0.014 0.036 — 0.070 0.997 — 0.999

* The CKM paradigm accommodates CP violation,
but it does not really explain it. Furthermore, can
the study of quark flavour tell us anything about
the matter-antimatter asymmetry ?
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( Moreover, the tools of the flavour physicist are well
suited to probing hadron spectroscopy, where the
behaviour of QCD can be studied in the non-perturbative regime. )

Most importantly, flavour physics is a tool of discovery !



Breaching the walls of the Standard Model

The LHC is searching for New Physics - to find this we need to get behind the
walls of the Standard Model fortress. There are two strategies used in this search.

Use the high energy of the LHC Make precise measurements of
to produce the New Physics processes in which New Physics
particles, which we then detect particles enter through ‘virtual loops’

Both methods are powerful. LHCb specialises (mostly) in the ‘indirect’ approach



‘ Indirect measurements —
an established tradition in science

Eratosthenes was able to determine
the circumference of the earth
using indirect means...
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‘ Indirect measurements —
an established tradition in science

Eratosthenes was able to determine
the circumference of the earth
using indirect means...

...around 2.2 thousand years
prior to the direct observation.
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‘ Indirect measurements —

In flavour physics the guiding principle is to probe processes where
loop diagrams are important, as here non-SM particles may contribute

o P = ~ 7 7%
kot ‘v tqg t ‘ tb

(but as we will see, tree-mediated decays also have their role to play)

Indirect search Precise measurements of low energy phenomena
principle tells us about unknown physics at higher energies
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The main players in b (and c) physics

b-factories

Q-
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ATLAS & CMS

BaBar (SLAC) & Belle (KEK)

Operated in the 2000’s

e*e- machines with asymmetric
beams for time-dep studies, mainly
at Y(4S), hence B? and B* samples.
Considered ‘clean’ environments.

CDF & DO

Tevatrons ‘general purpose detectors’. e =
Pioneered b-physics in hadronic collisions. = 2%
Important early B, and b-baryon studies.

Their excellent instrumentation gives them
great capabilities in certain b-physics channels,

especially those with dilepton final states.

5 June 2017
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‘ LHCDb — a flavour physics
experiment at the LHC

A collaboration of ~1200 members from 72 institutes in 16 countries

An experiment to search for physics beyond the Standard Model, through
flavour studies of beauty- and charm-hadrons (but also general ‘forward physics’)
10



LHCD — a forward spectrometer
for flavour physics

HCAL

A
M3
SPD/PS M2

--------------

NY
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LHCDb - a forward spectrometer
for flavour physics

e L, =5
’ o,

S5m | The VELO is a silicon
detector around the
Interaction point.

Vertex /

Locator _ |
o One-half of the VELO
b under construction

It approaches within 8 mm of the  prmay st

beamline and reconstructs the
b-hadron decay vertex precisely.

o Imml o bl

A reconstructed b-hadron decay vertex

5 June 2017
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LHCDb - a forward spectrometer
for flavour physics

Two ‘RICH’ detectors provide Ce@e® J\@ ") ®

hadron identification from ~2-100 GeV. hd \‘ ¢ e @) e e)
/(& ‘; ®®)& @

10m

Cherenkov angle [rad]

Assembling RICH 2;
Momentum [GeV/c] note the mirrors 3



LHCD — a forward spectrometer

for flavour physics e

A 4Tm dipole, and the tracking detectors
provide momentum resolution with
precision 0.4-0.6 % (for 5 < p < 100 GeV)

Magnet
\ T3
T2

. T
AY 9 ¥
\F ¥

Reconstructed tracks
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LHCDb - a forward spectrometer
for flavour physics

The calorimeter system (ECAL & HCAL)
reconstructs the energy of photons,
electrons and hadrons. The muon
system (M1-M5) identifies muons.

Part of calorimeter system (preshower)

\ M4 M5
M3

SPD/PS M2 -

HCAL s ”
ECAL \
MI \
‘ ‘\“ \

- , -
g ey

15m 20m zZ

These detectors play a major

5 June 2017

role in the LHCDb trigger
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“The LHCb trigger

LHCD trigger is unique in being

LHCb run-2 Trigger Diagram fully optimised for flavour-physics.

40 MHz bunch crossing rate

At earliest stage (LO) a hardware trigger

LO Hardware Trigger : 1 MHz fires on single hadrons, leptons,
readout, high Er/Pr signatures

photons from heavy-flavour decays.

— gives access to all topologies of
heavy-flavour decay (not just dimuons).

Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

: Software trigger (HLT) split into two
Sitleresnia i i patororin )| steps, with HLT2 not run until
SELSEN SaSRon S0 BIR RS calibration and alignment validated.

HLT2 (F“" iyl e B R “""‘“"’] — this ‘split HLT” ensures final trigger

of inclusive and exclusive triggers

>

oy 8 decision has offline-like quality.
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‘ LHCDb - the story so far

LHC run 1 went from 2010 to 2012, during which LHCb collected 3 fb-! of data
(this corresponds to ~3 x 10 b anti-b pairs being produced within LHCb).

LHCh Cumulative Integrated Recorded Luminosity in pp, 2010-2016

e 2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.32 /fb
e 2012 (4.0 TeV): 2.08 /fb
« 2011 (3.5 TeV): 1.11 /ib
2010 (3.5 TeV): 0.04 /fb

2010 . 2011 2012 2015 i 2016
Year
Now embarking on second ‘production year’ of run-2 (after a ‘start-up’ year in 2015).

Operating at higher energy and at 25 ns bunch-crossing (+ detector improvements).
Run 2 will go to end of 2018 — expect to increase the beauty sample by x3 or more.

Integrated Recorded Luminosity (1/fb)
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‘ LHCDb - the story so far

LHC run 1 went from 2010 to 2012, during which LHCb collected 3 fb-! of data
(this ¢ N " . . ) o

LHCDb deliberately operates at lower luminosity than ATLAS/CMS

nstantaneous Luminosity Updated: 18:23:21
4500

= 4000 ATLAS/CMS lumi

N"I' 3500 falls exponentially

g 3000

o

< 2500

; 2000

2 1500

=

E 1000 LHCb lumi continually feveled

= s00- / ~4 x 1032 cm=2s1

0

1 o | 1 1 1 1
08:00 10:00 12:00 14:00 16:00 18:00
— ATLAS — ALUCE — CMS — LHCb

Now| This is (current) best choice for precision b-physics measurements. jin 2015).

Run 2 will go to end of 2018 — expect to increase our beauty sample by x3 or more.
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Selected physics topics

- Spectroscopy and hadron exotics

- CP violation measurements
in beauty and charrn

- Rare decays, FCNCs and R,.
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Selected physics topics

- Spectroscopy and hadron exotics

- CP violation measurements » A case study: the pentaquark

in beauty and charrn - Strange happenings: the X(5568)

- Rare decays, FCNCs and Ry . The famous five: excited Q. states

Candles of Darkness, ICTS Bengaluru

5 June 2017 Guy Wilkinson
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‘ Hadron spectroscopy at the LHC

The LHC has turned out to be a first-rate facility for hadron spectroscopy,
a topic that was virtually never discussed prior to first collisions.

Many examples, most notably the pentaquark discovery in A,—J/wpK decays.
One important message is the that this game is more than bump-hunting.

In certain cases it is necessary to deploy the full armoury of amplitude analysis.
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Aside: these studies attract a surprising
amount of attention in the wider world

e.g. overage of the Z(4430) analysis [LHCb, PRL 112 (2014) 222002] , demonstrated
to be a four-quark resonance in same way as was used for the five-quark case.

LHCb confrms existence of eXOtIC How CERN'’s Discovery of Exotic Particles May Affect

Astro h 51cs
. hadrons 58
AR5 T %) 43 A i 3K B #h R AL T Z (4430) ”'( m' 'r : T
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S . oy, 227 e Tw
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atja'.m')u

T 0K D20 W NX WD |
' AN I NN DY DN "

v ,,‘% ‘ \TENbHO AoKasan
) me3oHa Z(4430)

P [ime To Open the Gates of Hell? CERN Large Hadron
.1 Collider Discovers ‘Very Exotic Matter’ That
Mystisk p| Challenges Traditional Physics! (Must-See Videos)
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Aside: these studies attract a surprising
amount of attention in the wider world

e.g. overage of the Z(4430) analysis [LHCb, PRL 112 (2014) 222002] , demonstrated
to be a four-quark resonance in same way as was used for the five-quark case.

(M Tube§ a

Z(4430) for saxophone quartet by Roger Zare

" Roger Zare
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I New puzzles

Spectroscopy is not all about bump-hunting, but it helps if all agree that the bump
exists. Recently a real puzzle has emerged with the X(5568) signal in B.r.

[PRL 117 (2016) 022003]

]

[CMS, BPH-PAS-16-002

Signal found by DO with B with B.—J/weo.
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‘ New treasures

Surprises continue to emerge in spectroscopy of conventional hadrons also.

Take these and add a kaon...

~
S
=)

60000/

40000

Candidates / (1 MeV)

20000

80000——

Candidates / (1 MeV)
(Ue]
>
S

T T T T I T T T T I T T T T I T

Co e :
2440 2460 2480 2500 0
mpK 7'") [MeV]

T | T T T T ] T

"""

3000 3100

LHCDb

+ =K

— Full fit

--- Background

Feed-downs

B =, sidebands

[T00Z8T (2102) 8TT 1dd]

3200 3300

m(Z,K") [MeV]

Five (!) new narrow states found in the =_*K- spectrum — excited Q_° baryons.

5 June 2017
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Selected physics topics

- Spectroscopy and hadron exotics * the angle y

- CP violation measurements * CPVinthe B
in beauty and charrn system (@)

- Rare decays, FCNCs and Ry. * CPVincharm

Candles of Darkness, ICTS Bengaluru
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'CPV and the Unitarity Triangle: vy

Almost all the best channels for the determination of the CKM angle y have now been
analysed for run 1. For example, suppressed ‘ADS’ mode, B™—(mK*) K™ (+CC):

:\I_\ T T T ._—U.
= 100 LHCb — &
o
= >
=) o
- 50 B*—[t'K 1 K" 4
2] =
5 )
= -
L o u| - - | " L i *J —_
5100 5200 5300 5400 5500 5100 5200 5300 5400 5500
. i m(DK*) [MeV/c?]
Combination of LHCb B—DK e
results obtained so far T
| - All BY modes —
(7 2 2 —|_6 8) - g [ yun Lucb Combination LHCDb 7 E
23 oisf 1 [
23 -
Uncertalnty significantly better than that = N
obtained with combined B-factory results. ¢ 2 o1 IS
== =
i icti 8L o
Agrees with p.redlctlon *y e = (65.3720) 0 g 2 0.05- 12
from rest of triangle == 3
. O 7 1 L 1 L | L
No theory or experimental showstopper. 0 50 100 150y ©

Aim for factor ~2 improvement from run 2. * CKMfitter, summer 2016 .



‘ CPV in the B_ system: ¢_

Measurement of @, the CP-violating phase from interference between B, mixing
and decay in channels such as B.—J/pp(K*K") a flagship measurement of LHCDb.

Existing LHCb measurements had used B.—J/yK*K- data around the ¢, as well
as B.—J/ytrmr.  Now augment this with m,,>1.05 GeV/c? data [arXiv:1704.08217].

Challenging, as requires time-dependent amplitude analysis.

~ 2000 T T . .
% 1500 LHCh - High mass region:
E 1600 H
< 1ok K*K- spectrum in ¢s = 119 4 107 + 34 mrad
= 1200 !
3 1 decays A] = 0.994 + 0.018 =+ 0.006,
> = =
3 - T, = 0.650 & 0.006 & 0.004 ps ™,
mg 5 AT, = 0.066 + 0.018 + 0 010ps—1
- s S | TIPS (| different
et Bk il Averaging with existing low from unity
1 1.5 2 - . indi
e [GEV] mass result [PRL 114 (2015) 041801] : \(’j\/_OU“tj gg\'/cate
SRR Ty T T T T ¢s = —25 & 45 + 8 mrad e )
S 4000 - _ _ s = ,
2 sso0f- 33K Eslcggdéda\tiszwﬂh A| = 0.978 + 0.013 = 0.003,
£ e e I, = 0.6588 % 0.0022 £ 0.0015ps ",
5 oo E AT, = 0.0813 + 0.0073 + 0.0036 ps .
= E =
£ 1500 3 .
S 1000k E Including B,—J/@Tr*1T- [PLB 736 (2014) 186] :
500 —
Ao s sa%0 ¢, = 1+ 37mrad and |)\‘ = 0.973 = 0.013

m(J/pK*K) [MeV] 28



‘ CPV in the B_ system: ¢_

Measurement of ¢, the CP-violating phase from interference between B, mixing
and decay in channels such as B.—J/pp(K*K") a flagship measurement of LHCDb.

Existing LHCb measurements had used B.—J/yK*K- data around the ¢, as well
as B.—J/ytmmr.  Now augment this with m,>1.05 GeV/c? data [arXiv:1704.08217].

Challenging, as requires time-dependent amplitude analysis.

~ 2000 £ T T
% 1800 LHCb
E 1600 - % —
T 1400 £ K*K- spectrum in 2 014
> 1200 i s Y D08 fb!
5 ot B—J/WK'K" decays - 68% CL contours
> g =

600 FF E 0.12 (Alog £ =1.15)

400 £ 3

g Ep CMS 19.7 fb !

0 :
:rl "'ﬂ'“hn"""'u'“rr'il"n"v“ﬁ“*w"“u”m-n‘n"‘uﬂw’"—un_—r-“ﬂ";O 0.10 Combincd NE——
1 15 ) -5 » CDF 9.6 fl
M. [GeV] ( ;

S0 T T ] 0.08
3 L . . . =1
E :zx_ £y 33k Bg candidates with LHCb 3 fb " |
S 3000f My >1.05 Geviez. ATLAS 19.2 fb /
£ 3 ' |
g mo) E 0.4 "02 | 00 0.2 04
g 1500 £ = ccs d
S 1000 F - ¢ [rad]

500 —] .

N e Run-1 legacy result — now focus is on run-2 data.
5300 5350 5400 5450

m(J/YK'K") [MeV] 29



CPV searches in charm

A very important task is to probe for CP violation in charm, both direct & indirect,
which is very small in the SM. For example, look for time-dependent CP asymmetry,
expressed in Ar parameter, in decay to CP eigenstate, e.g. D°—KK or 1.

Massive, clean & well-understood samples.
(i.e. 9.6M tagged K*K- vs BaBar 140k)

x10°

> SR MR LN LR BRI IEIE L AL ZE N LR =
% ok ; E
% 300: LHCb —— Data .
S 550 = — Fit (x*/ndf = 1.40)_:
8 EDO _)K+ K_ ...... Slgnal =
g, 200:_ -Random pions ]
35 150F E
= . =
= 100 E—_
= N ]
< [ i ]
O 50F =
0140 142 144 146 148 150 152 154

Am [MeV/c?]

4;_] T T T T T T I_;

= 2?“‘” ol s
Qs" _(2)5' J. E
—4 :_l 1 1 1 1 L 1 I_:

A(t) [%

A(t) [7]

2

Apr(D°— KTK™)
Ap(D°— ntm7)

(—0.30£0.324+0.14) x 1073
( 0.46+£0.58 +0.16) x 1073

No slope, so no CP violation (yet)

AL B AL L R R L
F LHCh D' — KK~ + Data ]
: — Fit ]
STV VIR U et E— _
*++ .
B T ' | | ]
0 2 4 6 8 20
t/TD
—"'I"‘I"'I"'I"""'
F LHCh D’ — nta— <4 Data
3 = kit
E T T T T B | T T T R T T A ]
0 2 4 6 8 20

104 precision, and systematics t/mp
under good control. Excellent
prospects for run 2 and beyond !

[06790°20. T :AIX €]
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- Spectroscopy and hadron exotics

- CP violation measurements
in beauty and charrn

- Rare decays, FCNCs and R,.

Selected physics topics

In search of the
super-rare: Bg y—u*y

B—K®I*I- & friends, including Ry

Trouble at tree-level: B—D*1v

Candles of Darkness, ICTS Bengaluru

5 June 2017 Guy Wilkinson

31



‘ The gOlden mOde: BS_)H-FH- [PRL 118 (2017) 191801]

Recall: B,—pp is ultra-rare in the Standard Model (~3 x 10-) & very sensitive to
New Physics contributions. LHCb found first evidence in Run 1 [PRL 110 (2013) 021801] ,
& then a combined LHCb-CMS analysis yielded a 50 observation [Nature 522 (2015) 68] .

CMS and LHCb

g 165 I I ! T T I T T T I T T T I - 4 0.g ?IMS'EIP"}F'LF(IJP| LB I B, | T T T ]
S ¢ —Data 12 .E/ |/ E
24 r — Signal and background _: : 08 = [/ =
g oF -= B utw o 4 07 —
- - - By i I 3
21wk --- Combinatorial bkg. o w 08 -
8 F --- Semi-leptonic bkg. 1 % osE E
E 8F il — Peaking bkg. - “E 3
S oy . 0.4 F ". =
61— 1 — - 7
- i 1 %F | E
E £ ."1_ ,‘I “. ‘ a2l 3
2f- O 3 Lk A
0 C PR N =) T:’;‘;."}F.‘:ﬁ'_’i;-‘ I-._A-J_ 1 | J.| I - I ]. L1 - = =
5000 5200 5400 5600 5800 0, R
My [MEVIE?] BB - u ) (107
0 +,,— _ ( +D.7) —9 _
B(Bs =p7n7) = (28ZIg5) x 107" (6.20) arXivi1411.4413,
B(B° = utu~) = (3-9+%E) % 10~19 (3.00) Nature 522 (2015) 68]

Analysis also searched for the even rarer B, —up. Here there is also a hint of a
signal. The picture is intriguing and has provided encouragement for run 2 !

Candles of Darkness, ICTS Bengaluru
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B4 ,—pp: the complete run-1 LHC picture

And now ATLAS have joined the game [arXiv:1604.04263] !

L UL L L S L
\ATLAS

\s=7TeV, 49fb’
\s=8TeV, 20 fb™"

IIIIIIIIIIIIIII

Contours for -2 Aln(L) = 2.3,
6.2, 11.8 from maximum of L

L1 | | | T | III|I\I 1 | | I\I 11 :
0 1 2 3 4 5 6 7

No signal evidence in either mode... but lower intrinsic sensitivity than LHCb/CMS
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B —p*u: first news from run 2 rrews eor) oo

LHCDb has now returned to this critical observable with an improved analysis
(~50% combinatoric background than previously). Run 1 + 1.4 fb! of Run-2 data.

e 7.8 o signal & first single-

] ) 35 : Total
experiment observation ! 20 = LHCb — - B
R BO N !J~+!~f

------ Combinatorial

[\
wn

* Precise measurement
of branching fraction

[\
=}

|IIII|jIII|IIIIIIIIIII

- B, — T (K)U*v,

(s)
00 0 -
=i B — "
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l|IllllllII|IIIIIIIIIIIIIIIIIII|I

B(BY — utp~) = 15 oo
(¢ ~+0.3 _9 ===t Ay S PRV,
(3.0 + 0.6 _0_2) X 10 10 B! = Jiyp'y,
« No evidence yet of the Sl S, | l+ N

TTET

s S ; ; :
5600 5800 6000

my.,.- [MeV/c?]

o

corresponding B?, decay
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Weighted BS — W candidates / (1 ps)

B —p*u: first news from run 2 rrews eor oo

LHCDb has now returned to this critical observable with an improved analysis
(~50% combinatoric background than previously). Run 1 + 1.4 fb! of Run-2 data.

j= 0.9

Results are very compatible & s

with Standard Model, and &

will tighten further constraints .} gg

on New Physics models with B 04

an extended scalar sector. 0.3

0.2

0.1

I — —1 0
8 LHCb 7

6 —— Effective lifetime fit

|
10
Decay time [ps]

Proof-of-principle measurement

<10

T T T T T T T T T T T T T T T

_ 3107

BF(B, — p*’)

Vital that these branching ratios
are measured ever more precisely
- a key goal of the LHCb Upgrade.

In addition, we may start to probe

over observables associated with

the decay, e.g. the effective lifetime.
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B'— K1l and friends i i

b—(s,d)I*I- decays such as BO%—K*I*I- offer many
observables which probe helicity structure (& more) of any New Physics...

The B-factory experiments had inadequate statistics for meaningful tests. This
has now all changed, e.g. forward-backward asymmetry vs g? (dilepton mass).

[PRL 103 (2009) 171801] [JHEP 02 (2016) 104]

A E T T T L
i - *|+]- i 0.5 —
- B_e]le. 250 K*I*| candldates+ < : B SM from ABSZ N .
, —+— _ L T
i J/y and y(2S)
\ 0 RS always vetoed
L ‘ o [ LHCb, 3 fb?
0 2 4 6 8 10 12 14 16 18 20 osk  —2400 signal candidates ]
7'(GeVIc)
2 27 4
But there are many other ¢ 1GeVi/cT]
observables, which can be built from General pattern as predicted
mild tension at low

the measured amplitudes, & are constructed
to be intrinsically robust against form factor uncertainties, e.g. “ P;"”

Candles of Darkness, ICTS Bengaluru
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B’—K"1"I- and friends: the P’ conundrum

One such observable is P;> What this describes physically is hard to visualise,
but it is constructed from angular observables in a manner that is robust against
form-factor uncertainties, and also easily relatable to the short-distance physics.

5

[JHEP 02 (2016) 104]

Interesting deviation at low g2

—_—

=)

1
[

)

s wme
- (4-8 GeV?) % SM from DHMV —:
o3 29 ]
: +

o

OII

. 115. L
q* [GeV?/c4

—_
]

= Belle data © CMS data ]
1 SM from DHMV ]
SM from ASZB 1]
N I | ]
- — @ N i
0.5 —] 5 (E{”J/ ——
- = > |
-1 T | B B B ]
0 5 10 15

Same pattern seen by Belle and
ATLAS (preliminary), but CMS
(preliminary) more SM-like.

T T T T T T T T T T T
e LHCbdata o ATLAS data

q* [GeV?/c*]

A word of caution. The SM uncertainties shown here are from one group.
There are other values on the market, and some are more conservative.

[To8TTT (LTOZ) STT 14d ‘al9d]

‘/00-ST-Hd9-SVd-SIND
‘€20-.T02-4dNOD-SVY1L1V]
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[JHEP 06 (2014) 133]

[JHEP 09 (2015) 179]

B'—K*1*1- and friends: differential x-secs

P.’ is not the only funny thing going on in b—(s,d)I*I- decays.

_ EN].CSR Lattice -#-Data : 0.15% 10°° . : : EN].CSR Lattice -e-Data
& T T T &Y T T e ST — LA IR AL A L AL B AL RN —
0 0,4, 17 LHCb AN _q <
E B->Kuwu {3 BO ’K*IJIJ T3 B*—> Kyt r:rE1
g LHCb {3 o 19 g LHCb 4 4
X ERT 1 = O ] <
0 n 3 7 = X ] o
5 18 ] D % 1 D
3 ; L 5% E
Y ; I G | &
3 1 o © 1 =
= 1 L N~ w
15 20, — L --1'0----1'5----353 e N @
15 20
q? [GeV-/c?] 5 3 4
¢ [GeVier] ¢* [GeV/c4]
* LHCb APRI3 # HKRI5 B FNAL/MILCIS - A
T o e TP L A A E
a3 a SM prediction =
5 8 p % % e g AUM El
S 7 ] U T 1 T
2 O P =
== o = = ] O
= 5E = O = (o))
& £ ~ — = i 7] —
P k) S 2 8
SN = EEEET AN (S 1 5
% 2E 2 9 5 ERRS.
3o IE o £ 19
— ] 1 ] —
o
7 [GeV/ct] 5 24 15 20
q (GeV fc ) 6]2 [Gev2/c4]

Consistent tendency for differential x-sections to undershoot prediction at low g2.
Intriguing — but maybe the uncertainties in theory are larger than claimed ?
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B%—K*1*1- and friends: lepton universality tests

The cleanest way to probe these decays are with lepton universality (LU) tests,
l.e. comparing decays with di-electrons and di-muons. Negligible theory uncertainty.

« First done [PRL 113 (2014) 151601] by

LHCDb with B*—K*I*I decays Ry = 0.7451 )5 (stat) + 0.036(syst)

R, = ratio of dimuon to dielecton

2.60 low — a statistical fluctuation ?
decay rates, for 1 < g°< 6 GeV?

« An analogous measurement has now been performed with BO—K*|*I-
[arXiv:1705.05802] -

oo BB Kty BB K= ee ]
= s KT} B Ko )

This double ratio (also employed for Ry), involving the control mode B%—J/yK*,
ensures that all 15t order systematics in efficiency cancel — robust !

Measure in similar g2 region as for R, (‘central g?: 1.1 - 6 GeV?),
but also perform measurement in a low g2 bin ( 0.045 - 1.1 GeV?).
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‘ B’—K'1*l"and friends: lepton universality tests R

Mass spectra in di-electron final state

= LHCb Preliminary 3 S “F Leakage due to LHCb Preliminary 3
S » - Signal = < “E brem tail of - Signal E
< Combinatorial 3 < 250 =0 Combinatorial -
s B'>X(—YK )ee 3 o » B—K" I/ y(ee) B —X(—YK)ee 3
g 3 8 B =Ky 3
g o = g " E
3 3 S 10 3
g s — bS] : 3
5 I I ] s 3
O E y; OO £ ; 1
4 VT T + 3 o = i X
g " ﬁﬁtﬁ.ﬁii{’fﬁ.m::-..:f:::::I:::::I:I:::E RS 0 A L <
5k . ) = -5 , . . =
4500 5000 5500 6000 4500 5000 5500 6000 ) E)‘
low—q2 m(K wee) [MeV/c?] central-q2 m(Kmee) [MeV/c*] (5
o
&
Around 90 and 110 signal S LNChPeliminary 5 )
H H g === Signal ER
candidates in low-g° and = oo B Combinztorial 3
2 : G S000 W A, —pKT y 3
central g4, respectively. 5 00 — AR
g 3000 =
58k in control channel 5 E
£ 1000 -
O E — —n
Muon samples 3-5x larger T TV, Nk DTV S
= F_ e 14T I S T, L PL 3k o Y5 A 3
g "’ 3 +*+ .......... +++1++ 4+*+*+f+{+++#+++#+++_
spt -
4500 5000 5500 6000 —

m(K mee) [MeV/c?]
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B’—K'1*l"and friends: lepton universality tests Ry

low- ¢? central- ¢
R0 0.66 =~ 001 +0.03 | 0.69 © 501 +£0.05
95.4% CL 0.52,0.89] 0.53,0.94]
99.7% CL [0.45,1.04] 0.46,1.10]
| I | | |

Soob ——— -

Cd 1.0 :_Ilj.(_.— ....................................... e : B
0.8 I -
06F ® LHCL §

[ 210-2.30 2.40 - 2.50 BIP 83
0.4 |- tension tension v CDHMV T o

| B EOS
0.2 F ® flav.io

© LHCb . JC ]
0.0 I T AT N A AT IS S A

0 1 2 3 4 5 6

41
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B’—K'1*l"and friends: lepton universality tests Ry

low- ¢? central- ¢
R w0 0.66 T 757 £0.03 | 0.69 = ;7 £0.05
95.4% CL [0.52. 0.89] [0.53.0.94]

Intriguing! What happens next?

* New Ry measurement, including run-2 data.

* Measure R, analogous observable with B decays, including run-2 data.
* Run-2 update of R..

« Seek to include high-g? region above @(2S).

Avalilable data should be sufficient to clarify picture.

= oo

[ 2.10-2.30 2.40 - 2.50 BIP

0.4 — tension tension CDHMV
EOS

flav.io

- LHCb e
0.0_""|""I"ll|llll|||||I|||||

0 1 2 3 4 5 6
q* [GeV?/ct] v

Lcvoav

0.2

|II
* O H <«

IIIIIllIIIl
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Other hints of lepton universality violation

Remember, there is another

—_— 05 T T T T | T T T T | T T T T T T T T T
* [ ——— BaBar, PRL109,101802(2012) ]
class of decays, b—clv, e - ——— Belle, PRD92,072014(2015) Ay’ = 1.0 contours .
(tree level — not a FCNCY!) 045 — LHCb, PRL115,111803(2015) === SM Predictions —
- [~ Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) ]
Where the_re IS a S_tubborn [ —— Belle, arXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2015)
longstanding tension between 0.4 - Avenge . ROY0I00)S Faiferetal 012 ]
data and the SM expectation. i -
035 —
R(D®) = : E
BR(B—D"1)/BRB—D ) BT E
> 025F 3.90 u
/H‘ :i - : rension I — o
opb———
B{’ m yD™) %45 03 0.4 0.5 0.6
R(D)
Most measurements are from B-factories, but LHCDb result with B—>D*1v, T—>pvVv
[PRL 115 (2015) 111803] is a very important (if unexpected) piece of the picture.
LHCDb will have more to say on this very soon (measurements underway with
hadronic 1 decays, simultaneous fits of B—Dr1v, D*1v and B.—J/y1v).
Candles of Darkness, ICTS Bengaluru
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Other hints of lepton universality violation

Remember, there is another o —————
P ——— BaBar, PRL109,101802(2012)
class of decays, b—clv, e ——— Belle, PRD92,072014(2015) AY’= 1.0 contours
(tree level — not a FCNC') P 045 LHCb, PRL115,111803(2015) == SM Predictions
. e Belle, PRD94.072007(2016) R(D)=0.300(8) HPQCD (2015)
Where the_re IS a S_tUbborn = Belle, arXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2013)
|Ongstand|ng tension between 0.4 - Avcragc R(D*)=0252(3) S. Fajfer et al. (2012)

data and the SM expectation.

III,IIIIII~_IIII|IIII|IIII
II|II"II|IIII|IIII|IIII

032 LHCb
R(D®) =
BRB—D"1v)/BRB—-D ) BT
T 0.25F 3.90
e il DO —— .
1 i S V2 S e e e T
R(D)

New LHCb R(D*) result to be presented later today at FPCP conference !

First ever to exploit Tt (11%Vv decays.

Competitive sensitivity !

Candles of Darkness, ICTS Bengaluru
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https://indico.cern.ch/event/586719/contributions/2531261/

Flavour beyond run 2

LHC run 2 now in full flow. This is sure to deliver a substantial Improvement
In precision, and perhaps many surprises, but let us look both to the further
future, and to other initiatives in flavour:

« Timeline

« Bellell

 The LHCDb Phase-l Upgrade

 GPD Phase-ll Upgrades

« LHCDb Phase II: the ultimate flavour experiment

Candles of Darkness, ICTS Bengaluru
5 June 2017 Guy Wilkinson 17



“The LHC schedule up to 2030

LHCb phase-1 Upgrade >
HL LHC e
2019 2021 2024 2027 2030
Run 2 Run 3 Run 4
Install LHCDb Install HL-LHC and Proposed
Phase-l Upgrade ATLAS & CMS LHCDb
2018 Phase-Il Upgrades Phase-ll
Belle-ll - Upgrade

Candles of Darkness, ICTS Bengaluru
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'Why Belle II ?

B production at the Y(4S) presents several
advantages over hadron environment.

Can reconstruct full event, which is beneficial

for missing energy modes and also inclusive €-9. \
- - - N \‘ Z

measurements (lower theory uncertainties). B—Tv Saa-——

Low multiplicity environment permits excellent performance for final states

with 1%, n’s, photons. Also, good efficiency for long-lived particles Kg and K.

Coherent B°BPbar production at Y(4S) makes flavour tagging easier and
compensates for lower sample sizes in time-dependent CP measurements

‘@ N 3 B Ot a) 4
e.g. in sin23 measurement < 400/ B’ N ()_:
with BO—J/yKq < ]
=200 -
¢ (tag effective) BaBar ~ 31 % S F e e ]
[PRD 79 (2009) 072009] g E ()
- =S S ke s I
¢ (tag effective) LHCb ~ 3 % & of ]
[PRL 115 (2015) 031601] 5-05E
-1E

5 Junc 2017 > At(ps)
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‘ « Beams circulating already;
SuperKEKB + Collisions planned for this year;

First collisions with full detector late next year
SuperKEKB goals: luminosity of 8 x 103° cm?s-1 and 50 ab! by 2024

“R 10" | oyl
T SuperKEKB KEKB
.g 10 35 - ‘ 6,~100pm,6,~2um
Z 103} B S
g “ PEPII /-
= 10 W ~DABNE
e "2 'rﬂfhw
-
° ] n
1 : ,./ SuperKEKB
10 o o .,. l;;?ORIS/ .I E:,i:‘ - ‘ G,~10um,5,~60nm
b ; ',—’ ' { g T S5mm
1030 @ —,“‘. Spps >
[)CI j .oooo ; E
1970 1980 1990 2000 2010 2020

Year

An ambitious 40-fold increase in luminosity on KEKB, to be achieved
by squeezing the beams by ~1/20 and doubling the currents

5 June 2017
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‘ Belle II detector

Targeted

Improvements

w.r.t. Belle

* Improved
K efficiency

* Improved IP
and vertex
efficiency

* Improved K/1r
separation

* Improved m°
efficiency

Hadron & muon
ID in endcaps

Time of Propagation counter
DIRC with 20 mm quartz bars

MCP-PMT readout
l

Pixel Vertex Detector
2 layer pixel detector (8MP)

§| DEPFET technology

A= s>

/ silicon Vertex Detector
4 4 layer double sided strips

20 - 50 ns shaping time
g

Central Drift Chamber
proportional wire drift chamber
15000 sense wires in 58 layers

M,

Electromagnetic Calorimeter
8000 Csl Crystals, 16 X,
PMT/APD readout

Aerogel RICH
Proximity focusing RICH with silica
aerogel

5 June 2017

Candles of Darkness, ICTS Bengaluru
Guy Wilkinson

49



The LHCb Upgrade in a nutshell {75

Indirect search strategies for New Physics, e.g. precise measurements
& the study of suppressed processes in the flavour sector become ever-more
attractive following the experience of run-1 LHC that direct signals are elusive

Our knowledge of flavour physics has advanced spectacularly thanks to LHCb.
Maintaining this rate of progress beyond run 2 requires significant changes.

The LHCb Upgrade
* Allows effective operation at higher luminosity

1) Full software trigger Improved efficiency in hadronic modes

2) Raise operational luminosity to 2 x 1033 cm s1

Necessitates redesign of several sub-detectors & overhaul of readout

Huge increase in precision: Upgrade + run 2 yield in hadronic modes ~ 60x
» that of run 1; also perform studies beyond the reach of the current detector.

Flexible trigger and unique acceptance also opens up opportunities in other
topics apart from flavour (‘a general purpose detector in the forward region’)

50



LHCDb Upgrade timeline

today  Start of LS2

R&D

zo Engineering

Framework

i Ch Production

ilni9gen and Online
Assembly

O
% T :l"%»h.\

Technical Design Report

Installation

Technical Design Report

\ 4 B

2008 2010 2012 2014 2016 2018 2020

Goal: to operate throughout the 2020s & to have accumulated 50 fb-! by end of run 4.

Candles of Darkness, ICTS Bengaluru
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I
Current detector

EcaL HEAL M4 M3
M3
Magnet RICH?2 15[81/ SPD M2
T3
42

Il

T1 |
_,‘ H
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Full s/w trigger —

|
Required modifications iy

Calo system:
TT: replace with replace FE electronics

new Si-strip’detector  OT & IT: replace with and remove PS/SPD
scintillating fibre
(SciFi) tracker

VELO: replace with Magnet RiCH2 FPS/SPD M2
M1

EcaL HEAL M4 M3
M3

new Si-pixel detector T2T3
Al T T
1]
Vert | = ; — =R
Loc L === }
) e | - Muon system:
RANT T | | / replace FE electronics
RICH: new photodetectors and remove M1
and FE electronics, and modify : e =
RICH 1 optics + mechanics 5
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I Upgraded detector

M3
Magnet SciFi ~ RICH2 M2 o
Tracker
l M ,N H i
[©) (C)] |—

‘Oo

ﬁ 11 NV

Candles of Darkness, ICTS Bengaluru >
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‘ Upgrade progress

Excellent progress on all aspects of the Upgrade project.

Diced wafer with RICH
microchannel cooling yhotodetectors Testi
esting Upstream
Prototype readout boards RF box for VELO substrates for VELO P 9P

gea=== Tracker ‘flex cables’

.

Delivery of tracker MWPC fdr
scintillating fibres (SciFi) Machining of SciFi mat and scan of fibres  muon system ECAL front-end ASIC

12000

11000 {|== Shipment date (Japan)
T 10000 | |== shrinking andQArzady(cERN)l T T
= 9000 T T
£ 8000 T T T
a
¥ o~ W
g A
£ so00 7
5
8 so00 1 // T 1
g
: A
tw 7 >loway
2000
e there !
o 7 -

R B U R R I AR S
& & W O o o o
FEE @S

Date

Status: 20.04.2017

Timescale tight, but still on-track for installation in LS2.
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How will the next generation of
flavour experiments perform ?

Projections exist, but the numbers are, IMHO, merely indicative, e.g. LHCb Upgrade

[ ‘old’ table from EPJ C 73 (2013) 2373;

Type Observable Current LHCH Upgrade Theory
precision 2018 (50fb~')  uncertainty

. BY mixing 28, (BY = Ji 8) 0.10 7] 0.025 0.008 ~ 0.003
T 23, (BY — Jf f4(980)) 0.17 [10] 0.045 0.014 ~ 0.01
5 '® Afs[Bg} 6.4 % 103 [18] 0.6 x 1072  0.2x10~* 0.03 x 103
2 & Gluonic 25 (BY = 6¢) 0.17 0.03 0.02
S5 penguin 23°T(BY — K*°K*%) 0.13 0.02 < 0.02
23 23T (B — $K?) 0.17 [15] 0.30 0.05 0.02
c = Right-handed 23 (BY — ¢ry) 0.09 0.02 < 0.01
a% g currents (B — ¢v) /7o 5% 1% 0.2%
= E Electroweak  S3(B” — K*%utpu—;1 < ¢° < 6 GeVZ/et) 0.08 [14] 0.025 0.008 0.02
6 o penguin sg App(B® — K*%u*tp™) 25% [14] 6% 2% 7%
0 ® AKptp—1 < 2 < 6GeV/et) 0.25 [17] 0.08 0.025 ~ 0.02
o o B(B* — wtptp ) /B(B* — K+ptp) 25 % [16] 8% 2.5% ~10%
Qv Higes BB® = i) I5x10°[] 05x10° 0156x10° 03x10°
.;! 2 penguin B(B® — ptp=)/B(BY = ptp~) ~ 100 % ~ 35 % 5%
'>E g Unitarity v (B = DFIK®)) ~ 10-12° [19, 20] 4° 0.9° negligible
© c triangle v (B? = D,K) 11° 2.0° negligible

angles 5 (B — J/¢KY) 0.8% [1%] 0.6° 0.2° negligible

Charm Ap 23x 1077 [15] 040 x 10~ 0.07 x 10-3

CP violation AAcp 21x10%[5]  065x10°° 0.12x 107
Candles of Darkness, ICTS Bengaluru
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‘ How will the next generation of
flavour experiments perform ?

Projections exist, but the numbers are, IMHO, merely indicative, e.g. Belle Il

CPV
S(B = ¢K") *ohk 0.02 Belle 1T
S(B — n'K°) Frk 0.01 Belle 1T
eff .
R - S BT (Bs — ¢d) [rad #k 0.1 LHCb
B2TiP Report (in progress) ‘5‘*(}35%1(*0}(*“% frad] o o1 LHChH
— A(B = K°2")[107?] ok 4 Belle 11
Ob bl E ted th. - E ted . un-  Facility (2025
servables Xpecte h.  ac xpe.c er exp. un acility (2025) AB - K*n-) [1072} . 0.20 LHCh/Belle 1
curacy certainty (Sermi-Yleptom
T €1711- ) leptonic
UT angles & sides s o4 Belle 11 B(B — ) [107°] Hox 3% Belle 11
¢ [] o ~ elle B(B = i) [10~°] *x % Belle 1T
@2 ['] - L0 Belle IT R(B — Drv) ok 3% Belle 11
@s [°] y . L0 Belle IT/LHCb R(B = D) ok 2% Belle IT/LHChH
S(Bs = J/v) 0.01 LHCb Radiative & EW Penguins
3 HFokok
[Vep] incl. 1% Belle II B(B — X.7) *ok 4% Belle 11
[Vep| excl. ok 1.5% Belle 11 Acp(B — Xoav) [1072] ok 0.005 Belle 11
[Vin| incl. wE 3% Belle IT S(B — Kin'y) ok 0.03 Belle I
[Vis| excl. ok 2% Belle II/LHCb 2555 (B, — ¢v) ok 0.05 LHCD
CPV S(B = py) *k 0.07 Belle 1T
S(B — 6K ok 0.02 Belle 11 B(B. —~7) [1079] x 0.3 Belle 11
S(B — 'K ok 0.01 Belle I B(B — K*vw) [107°] ok 15% Belle TT
8 (B. — ¢¢) [rad) ok 0.1 LHCh B(B — Kvw) [107°] ok 20% Belle 11
BT (B, —+ K*°K*) [rad] o 01 LHCD @BArR(B — K*pup) ok 0.05 LHCb/Belle 11
.A(B . KOWD)[IU—Q] *kk 4 Belle T B(BS — T’r) [10_3] Fokk <2 Belle 11
A(B = K*7~) 1072 e 0.20 LHCh/Belle 1T B(B: = pp) e 10% LHCb/Belle 11
(Semi)lepton Charm
orJlepotie B(D ) ok 0.9% Belle 1T
B(B — ) [107%] ok 3% Belle 11 s o o
& B(D. — Tv) FxK 2% Belle 11
B(B — pv) [107°] ok % Belle 11 0 P VR
RE — D) . S Bl 1T Adep(D° = KTE7) [107) 0.1 LHCh
: T s 0 Acp(D° — K9%7°) [1072) ok 0.03 Belle 11
R(B — D*1v) 2% Belle II/LHCb la/pl(D° = Klntz) -, 0.03 Belle Ti
H(D° = Kntn™) ] Fokk 4 Belle 1T
. Tau
P_ GOldenZV\lelg, T — py [1077] FokE <5 Belle 1T
. T — ey [1077) Ho <10 Belle IT
LaTh Ul|e, 11/3/2017 7 — e [107°] ok <03 Belle IT/LHCD
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How will the next generation of
flavour experiments perform ?

Projections exist, but the numbers are, IMHO, merely indicative, e.g. Belle Il

Belle 11
Key facts. Bl I

LHCb
AT e | Belle 11
™ | Belle II's aim is to collect ~50 x more than BaBar + Belle, LHCH/Bale
ol plus benefit from several detector improvements. Bl
#s [°] Belle IT/LHCb
S(Bs — J/1d) —
[Vep| incl. . clle
Val e LHCb Upgrade (+ run 2) aims to collect: Bl 1
[Vaun| excl. LHCbH
S8 — K™ ~60 x more than LHCb run 1 in hadronic modes and bl 1
S(B—=1K" . . Belle 11
gggggi% ~30 x more than LHCb run 1 in muonic modes, Bl L e
AS(B j>?{°¢r°)[1 Belle 1T

Kt . . . . /Belle

o= ]  where difference is driven by full software trigger. P
B(B — v) [107 Bgllg II
B(B — ) [107] LICb
R(B — D;ru) . . . .. Belle 11
me=rm b So order of magnitude improvement in precision expected ! e
P. Golden gegeg
La Thuile, IIr312017 P U R =03 Belle 1T/LHCb
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Looking further forward...

Serious thinking now underway about a phase-Il Upgrade that would occur in LS4
(~2030) & allow full exploitation of flavour potential of the machine in HL-LHC era.

Expression of Interest submitted to
February LHCC [CERN-LHCC-2017-003]

* Install in LS4 (~2030), after Phase-| Upgrade.

Detector to be able to operate at ~2 x 1034 cm=2s1;
Integrate ~300 fb3;

Comprehensive flavour physics programme
and general-purpose forward physics (as now),
but targeting clean measurements currently
limited by statistics, and new observables;

Modest activities foreseen for LS3 in consolidation
. . Opportunities in flavour physics,
of Phase | & in preparation for next step. and beyond, nthe HL-LHC era

Expression of Interest

Significant detector challenges, but many benefits
to be gained from R&D for ATLAS & CMS Phase-Il Upgrades, e.g. fast timing.

Candles of Darkness, ICTS Bengaluru
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https://cds.cern.ch/record/2244311?ln=en

‘ Conclusions

Precise measurements of flavour observables provide a powerful
way to probe for New Physics effects beyond the Standard Model.

Flavour-physics measurements at the LHC, in particular by LHCb,
but also by the GPDs, are dramatically adding to the already
impressive knowledge accumulated by the B-factories and Tevatron.

The results obtained in run 1 have matched, & in many cases exceeded the
sensitivities expected prior to data taking. Many of these results show good
compatibility with the SM (for now), but some signs of tension are emerging.

Need more data to test these hints. These data are arriving during run 2.
— stay tuned !

Belle Il and the LHCb Upgrade(s) will open up a new frontier in precision.

Candles of Darkness, ICTS Bengaluru
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Backups

5 June 2017
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'Focus on the software trigger

. Software High Level Trigger " The Blg Idea of run-2 data taking:

Stage i - - - -
19 [ divplaced tracke/eartions s dimuns ] - Calibrate and align detector (if needed)
as soon as data are collected,;

Buffer events to disk, perform online {
detector calibration and alignment

<10°

s before

1100

Stage [ Full offline-like event selection, mlxtura]

= - - - 1000
2 of inclusive and exclusive triggers
900
800
700
600
2 4 6 4 6
Misaligned olracl Aligned olrad]
E200:_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_[I‘lllAISI.(;IIII_: ’g‘lo- ’
E 5 LHCb Tracker N >0 E iy T T 8 E e x-translation
- 150 - : g} Friglt)‘rom 4 £ o4 ' . : Rw ﬁprhed] ; = 65 LHCb VELO » y-translation
3 imi i = 7 ot applie = 6F ..
2 100 Prelimjnary oImicside 4 5 03 LHCD OT Preliminary . 2, E Preliminary , o
< 02 : p=~ E .
‘= 50 S E . oo
c>t$ 0.1 5 2p-"---- S | b e S
0 > 0 Pegt ®e m, L] [ Hmg
>< £ m ‘ ..t n gl
550 Y U S S S LI R R
100 E -4F - '
E E F ]
~150 3 i : 3
F 05/07/2015 - 01/10/2015 3 Commissioning * Early Measurements Stable runming —-8F 05/07/2015 - 01182015
7200;IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII' 70'50 2(')0 4(')0 60 _10:|||||||||||||||||||||||||||||||||||||||||||||||
O e ot Lo G BAE AR AR R PR R
R P A = e TN ey A R ek e S T Calibration number [a.u.] SRR e Brrrsadeseer
Fill number Fill number
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1

2

Stage [

Stage [

'Focus on the software trigger

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

-

Buffer events to disk, perform online

detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

=
S

Candidates per 0.2 ps

)
A

S
e

S A .
12.5 kHz Rate to storage

e.g. forward J/y production
at 13 TeV [JHEP 10 (2015) 172]

LHCb

\s=13TeV, L, =3.05pb’
3<y<35

2< p.< 3 GeV/e

0

10 8 6 4 2 0 2 4 6

8 1
t, [ps]

First results shown within
2 weeks of data collection !

Candidates / (1 MeV /c?)

Cane

)

« Only run 2" stage of software

trigger when calibration / alignment OK;

« Consequences: most critical trigger step

has access to offline-like data quality.
— more discriminant trigger;
— no time-consuming offline reprocessing;
— immediate analysis with trigger

100 +

o
<
L

B
anat?®

»10° T
150 * i D.“ & LHCb H
| = Fit \/_E =13TeV
L owoennn Sig. + Sec.
r ] Comb. bkg.

9800

1 L
1850

1900

rwr— 1IN\ Taae xT /i M

information (‘the TURBO’ stream) !

e.g. open charm production
| at 13 TeV [JHEP 03 (2016) 159]
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% S w3
. AL { ey
‘ J/W¥p resonances consistent V=g &f
. u}K S
with pentaquark states ofs i,
——
Large & pure sample of Ab—>J/‘PpK decays Distinctive structure in J/¥p spectrum
wTOOOE—I" SR o ‘gge:"”"""""""”'”
iaooof— Hree % S |
Ny o Q24
£ 5000 F- “§ -
£ 000 ~26k events 22f
3000 ~95% purity 200
2000 Naive first —7af
1000~ Impression: sk
0 5500 5600 5700 this is exotic ! 2 3 4 5 2
Mypyicp MeV] (uudccbar). Mo [GeV]
Amplitude model of conventional states ...but cannot describe
can reproduce Kp spectrum well enough... N]e J/¥ projection at all.
<2200 data —a— data Ssoo
wzooo :4’ —e— total fit 2 + data
Sof gw Lo e o o~ o e
> L --43-- A(1520 :‘r;
-51600 p best fit Rglgggi EBOD +.m: best f+|t
> 1400 i e A 1T 500
o L
: --k3-- A(1810) 400 * [
1000 : , --ie-- A(1820) m
sof- | %, L M)
400 ::' A IS o Agzasoi
200 N I . . A(2385)
9 2.6 64




‘] / Lpr resonances consistent  rrous
(2015) 072001]
with pentaquark states

P. (4380):

Need to add two states Wlth content uudccbar. M = 4380 + 8 + 29 MeV,

DAct fit hae 1=219 And CI9 wvinith AnnmAai A mnAritiaa [ =205+ 18 + 86 MeV
P.(4450):

%‘800 + data M = 4449 8 +1.7 + 2.5 MeV

= LHCb [ =39 +5+19MeV

L0 700 tb

= ' .

2 600 * best i ear resonant behaviour for narrow state,

:>J’ >ed more statistics to elucidate wider one.

TTTTTTTTTTT IRAARERRRRS IRARRERRRRS | RAARN LARRS RARN SREEEEREREERERE) IRARANREARS RARRE LERL: IRARRERRRR} IBARR"
' I '
5 '

P,(4380) \

P.(4450)

E ! - =
= ' = 4
E ! 1
= / b -
F L 1
E 1 ]
2 H = =
F : E
5 | ] =
' LHCbD - . ;
UV FPEYH UYEY FYTYY VY FUTE FEVTY FYTUY (YUY PTY: TV SYTTY FYUTY PUYTY FYRTE FETRY [YRTE PRVEY IYUTE PIVE:
635 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 -0.1 -0.05 0 0.05 0.1 0.15 02 025 0.3 0.35
Re A% Re A%
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‘ J/W¥p resonances consistent
with pentaquark states

Contribution of wider state clearer if one
focuses on my, > 2 GeV region.

[PRL 115
(2015) 072001]

P.(4380):
M = 4380 & 8 = 29 MoV,
[ = 205 + 18 + 86 MeV

P.(4450):
—r r [ rr 1 1 .1 M = 44498 + 1.7 + 2.5 MeV
[ =39 +5+19MeV
LHCDb .
Clear resonant behaviour for narrow state,
Need more statistics to elucidate wider one.
i F TR (B3 Rk {RSRE] RELL RLAZ |REdEd i 222227 BAAR) Razad RRER) |RRERA PRAZS PadE | LARRY RARL T
B ‘i = < F ' 4 ! |
f E s
! : :
[ & g SR A — U S S IO E
o |'|'|I ﬁ’ ﬁ z ' z \
! N, o P.(4450) = ! =
; * :/,1 01 ol r_ PC(.4380)
"“‘i 0.15 7Z I
"';“1 02 '
ks lon = sote 025 ; 24
o3 'LHCb + s ;
4.5 = oglielinilon il ottt dhoud il bl
Re A% Re A%
m,,.o [GeV]
Candles of Darkness, ICTS Bengaluru
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‘ Where else to look ?

If the P, shows up in A,— J/wp K it should also be visible in Ay,— J/ywp m,
albeit harder to see, as this is Cabibbo suppressed, and there is a potential

‘background’ from another candidate 4-quark exotic, the Z_ (A,—Z.p, Z.—J/w).

—~— T . . . i i . . , _ — - . | | | l :
8 s00f | | | ] 33 LHCD :
= >00 - LHCD 3 =39t ]
0 - ~+ Data ] Qa0 ;
:400 3 . — Fit g -
@ 300 - %cik;é?(r}il eventsg + Signal : £ 20§ s P, states §
-+ [ A . 0 . 9 :_ , . 7 t b '[ _:
o L A= JlwpK) : Ap—=J/ypK 1 5 A . contribution f
2200 ; s Background3 - 2

(C-)U 1 0;— | Y @" =
100¢ sF I -5 A E

O . il 0 N |

3.9 5.6 _ = .
m o [GEV] m, . [GeV]

Including the exotic contributions fits the data better (3.1 o) than N* states alone.

Entirely compatible with earlier analysis. More data will allow for more precise
measurements of P, propertiessanddonseraicbes.far other pentaquark states.

5 June 2017 Guy Wilkinson
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Candidates / ( 0.2 GeV?)

200

Four-quark states

Many more candidates for four-quark exotics,
with studies still ongoing in B factory and
Tevatron data, and at BESIII experiment.

The most famous of these states, already

studied extensively at the LHC, is the X(3872).

Many other examples. The first demonstration
that such a state is a genuine four-quark
resonance came with the Z(4430)" and LHCD.

[PRL 112 (2014) 222002]

R . A
i L 4277MEV A
1 .- LHCb BW

[ LHCD - 5
L1 0=ms. < e V2 - L 4411 ]
_1.0 Mg, - < 1.8 GeV ] 0 345 ey, Z(M,I)

vl 4605 MeV.|
A
L eV ]

T i i = I I . 06 TN T T N T S S N SR R
16 18 20 22 -0.6 04 -0.2 0 02
my- [GeV?] Re AZ

Invariant mass amplitude variation

across signal
5 June 2017

Candidates / 5 MeV

o [CMS JHEP 04 (2013) 154]
100: o ©OMS \s=T7TeV
- 10<p < 50 GeV _I;d;at}fb 4
r yl<12 —total fit y
B A ---background .
80— { ..... signal _|
K x10° s
- 3 16f T 7
L | = A _
60— x § 1af =
L [ ]
40~ 2 10i— i .
i ! k © 875738 385 39 805 4 ]
L m{JAy 1) [GeVl ]
- S X(3872) Y |
0 L ‘ e g ) ) T A )
3.6 3.7 3.8 3.9 4

m(J/y ') [GeV]

The argument goes like this:

1. The ‘bump’is
certainly there;

2. It can NOT be built
from standard states;

3. It has textbook
resonance behaviour.

l.e. the same as was used in
the pentaquark analysis.
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[PRL 118 (2018) 022003;

More four-quark candidates PRD 95 (2017) 012002]

The J/p® spectrum in B*—J/y®PK™* decays has attracted attention for some time.
Here CDF saw a narrow structure [prL 102 (2009) 242002], dubbed the X(4140). Confirmed
by DO [PRD 89 (2014) 012004] & CMS [PRL B 734 (2014) 261], all in ‘bump-hunting’ analyses.

Study spectrum with full LHCb run-1 sample, & complete amplitude model machinery.

120E + ey Spectrum in undeniably lumpy,

: 'H' + a most obviously above the X(4140)
100 LHCb region (CMS & DO had also seen
evidence of structure ~4300 MeV)

Candidates/(10 MeV)

805—
“F Very importantly, a model based on
conventional PDG states cannot

describe data. So must inject exotics....

40

20

4100 4200 4300 4400 4500 4600

' T -1
4700 4800
My e [MeV]
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[PRL 118 (2018) 022003;

MOI‘C four-quark candidates PRD 95 (2017) 012002]

The J/p® spectrum in B*—J/y®PK™* decays has attracted attention for some time.
Here CDF saw a narrow structure [prL 102 (2009) 242002], dubbed the X(4140). Confirmed
by DO [PRD 89 (2014) 012004] & CMS [PRL B 734 (2014) 261], all in ‘bump-hunting’ analyses.

Study spectrum with full LHCb run-1 sample, & complete amplitude model machinery.

§ - A good description of spectrum
S 120 + } LHCb requires four (!) non-standard
% 100f + contributions, all of which are
=i resent at >50 level.
2 80FX(4140) X(4700) P

60

X(4140) found to have larger width
than previous analyses, and its
guantum numbers are found to be 1**.

+ + X( 427 4) X(4500) M

‘ ; / 'A-’:k«'-u 0

,,;;«-?.—.. N *az, . .
e A NG iy wai . This structure can also be described

.k
4100 4200 4300 4400 4500 4600 4700 4800 *
M), [MeV] by a below threshold D;Ds* cusp.

X(4274) is found to be 1**. Other two structures best described by 0** resonances.
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‘ F our-quark exotics: Study of [PRL 118 (2018) 022003;
J/ D structure in B*—]/{DK*

Candidates/(30 MeV)

Looking in a specific ®K mass window

—=— data
—— total fit
—— background
> 1950 MeV —— I NR,
K(1)
—— K'(1")
—a— K(2)WK'(2)
—— K'(IN)
—— K'(2)
—— K(0)
== 1" X (4140)
== 1" X (4274)
e 0 X (4500)

LHCb +

[y
o))
=]

My
140
120
100
30
60
40
20

My [MeV]

PRD 95 (2017) 012002]

A good description of spectrum
requires four (!) non-standard
contributions, all of which are
present at >50 level.

X(4140) found to have larger width
than previous analyses, and its
guantum numbers are found to be 1**.

This structure can also be described
by a below threshold D.D.* cusp.

Quantum numbers of X(4274) are also determined to be 1**,
The other two structures are best described by 0** resonances.

Candles of Darkness, ICTS Bengaluru
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The Unitarity

. V'V
Triangle: vy ub® Feb
A precise measurement of the angle y ﬁ
is a raison d’étre of LHCb.
Look in B* — DK* decays using
common mode for D & D° Favoured Suppressed
— v sensitive interference W,‘__y'f"/'(:_-_-_‘;K_ e —" W50
5 p Yub~ e g
— different rates for B* & B- (CPV!) b e —0 w1
O = € <
Many possibilities: K, KK, K. ; eV
w \\\‘»‘V‘I\'_

Tree-level decays: strategy very clean & yields result unpolluted by New Physics

This is a good thing! Provides SM benchmark against which other loop-driven NP
sensitive observables can be compared (e.g. Am /Am, sin2B, y measured in B—hh)

Candles of Darkness, ICTS Bengaluru
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Measurement of y: B—DK at LHCb

Sometimes CPV involves looking for B/ B* differences in multibody phase space,
e.g. D—Kgmrr or KcKK. In all cases benefit from the surprising (?) purity of signal.

[JHEP 10 (2014) 097]

m?2 [GeV?/ c4]

This cleanliness thanks to:

Seen in all modes

that enter the y

analysis, even those
with 7%’s (once thought
‘impossible’ at the LHC).

Events / ( 10 MeV/c2)

3 3 3

2

Candidates / (10 MeV/c?)

400

200

....................

— DK*
— Drn*
------- Combinatorial -

== Part. reco.
Cleaner than
B-factories !

35200 5400 5600 5800
m(DK*) [MeV/c2]

excellent particle ID and vertexing
separation of D and B vertices

..................

LHCb

B —[rrn” I

40

30

20

ST S, #ﬂﬁgﬁﬂiﬂmfuﬂﬂ W1y by

F—)In*n‘:t"luK_
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Measurement of y: B—DK at LHCb

Sometimes CPV involves looking for B/ B* differences in multibody phase space,

e.g. D—Kgrrmr or KKK.

[JHEP 10 (2014) 097]

m?2 [GeV?/ c4]

This cleanliness thanks to:

Seen in all modes
that enter the y
analysis, even those

with 7%’s (once thought
‘impossible’ at the LHC).

g

2

Events / ( 10 MeV/c2)

m* [GeV?/ ¢4

Candidates / (10 MeV/c?)

In all cases benefit from the surprising (?) purity of signal.

400

200

....................

— DK*
— Drn*
------- Combinatorial -

== Part. reco.
Cleaner than
B-factories !

35200 5400 5600 5800
m(DK*) [MeV/c2]

excellent particle ID and vertexing
separation of D and B vertices

g

=

..................

LHCb

B —[rrn” I

40

30

20
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5800

[#¥T0ZTT (STOZ) T6 Add]

g
~



‘LHCb: current precision on y and future prospects

Combination of LHCb B—DK

results obtained so far

_ +6.8\0
v = (72.2773)
Uncertainty significantly better than that
obtained with combined B-factory results.

Agrees with prediction *

from rest of triangle

Y

3
g 0.2
=}
e
S|
2 0.15
ks
o)
£ 0.1
o
<
<
et +1.0 o
indirect — (65_3_2.5 ) o] = 0.05
2
£
A 0

B*—DK*, D—h3n/mh' 7"

E B*—DK*, D—Kihh
B*-DK". DKK/Ka/ 17
B Al B modes ' '
[ | Full LHCb Combination LHCD -
! ! !
0 50 100 150 :
7 [°]
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vy measurement — the last ~10 years

The story so far...

—180
?'160 — Derived from combination UTfit
~ of observables in many summerl6 Consistent with the
140 — S .
- B—DK decay channels indirect prediction...
120
100F- ...but nqt nearly
: as precise
80—
60— ¢ \
40 = Indirect
- prediction
20— from rest
0 : 1 1 I 1 1 | I 1 1 1 I 1 | 1 I 1 1 1 I 1 1 1 I L 1 Of triangle
2006 2008 2010 2012 2014 2016
year
...factor 3 improvement in 10 years.
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‘LHCb: current precision on y and future prospects

B*—DK*, D—h3n/mh' 7"

Combination of LHCb B—DK ~ [ B DK DKl

results obtained so far . -wd%m | | |

[ | Full LHCb Combination LHCD -
0.15F

v = (122485)°

Uncertainty significantly better than that

Relative strength of interfering amplitudes

obtained with combined B-factory results. 0.1 -

Agrees with prediction * 10

from rest of triangle vt = (65.3.55) ° 5 %051 N
. . . O L | 1 | ) |

Will improve steadily: 0 50 100 150

¥ [
» still several important run 1 modes to be published (e.g. 3 fb! B.—D.K)

* repeat with much larger data set being collected in run 2.

Aim for ~ 3-4° uncertainty after run 2 to match current indirect precision. The
LHCb Upgrade (see later) will allow for even higher sensitivity (~1°). Ditto Belle II.

Candles of Darkness, ICTS Bengaluru N .
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All measurements: Ry

2.0 T T T 17 L L
SO0 : :
&= 15F T -

3 | 5 1

1.0 ;.I .................................................. .

—— * g

0.5 ® LiCh -
[ LHCDb Preliminary : E;ﬁ; ]
0.0 - /I N RN TR N NN SR (RN NN NN S B I T R T ]
0 5 10 L5
 PRD 86 (2012) 032012 e [GeVZ/cA‘

 PRL 103 (2009) 171801
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B9—K*1*1- and friends: what does it all mean ?

Already much theoretical interest in b—(s,d)I*l sector prior to latest result.

Typical approach — global analysis of all S
observables and fit to Wilson coefficients. offmmsady
What is intriguing, and undeniable, is that M ,,,,,,,,,,,, . £ ele
a coherent picture emerges. The Ry. result - @ ) v
fits this picture well (certainly, at central-g?). Z2 o N\ - " K
One example [arXiv:1704.05340]. - LIS D
These fits can give >50 pulls w.r.t. SM, & have of - T S ]
led to excited discussion of Z's, leptoquarks etc. ;

T D D S -
The experimentalist’s view: -3 -2 -1 0 1 2 3

NP
* Hypotheses non fingo ! Cou
» Recall, for several of observables there is no consensus on the theory errors.
« Excitement premature: we should wait until we see highly significant deviations

in one or more LFU observables. Wait for run-2 updates on Ry, Ry & indeed R,,.
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'Why Belle II ?

BaBar & Belle were astonishingly successful experiments. Most importantly, they
demonstrated that CKM mechanism drives CP violation (at least at 15t order).

1800 - I I l l I I l | I I l
Nobel prize to KM /
1600 Decisive confirmation of CKM picture
- Observation of direct
1400 CP violation in B — ntm™ f
Excess in
1200 B— DMy

Observation of

b—dy

1000 Evidence for

DO mixing

Observation of
CP violation in N\

Integrated Luminosity in fb™

||||III|llllllllllllllllllllllllll

III|III|III|IIIIIIIlIIIlIII‘III'III

800 B—-meson system N E .
Observation of B — v
600 B—K®ee
¥~ Evidence for direct
400 CP violation in B — Kt~
200 ¥ Measurements of mixing-induced
CP violation in B — ¢Kg.n’Kg, ...
0 | | | | | | | | |

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year
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‘ SuperKEKB and Belle II roadmap

70p Phase 1 (completed)
§ Ut | |Goalof Belle 1I/SuperKEKB |} - Circulate beams
£ S0¢ (no collisions)
zg aof- = « Tune optics etc.
%* 30;_ """" _ =
g 20f- é‘ é g Phase 2 (2017-2018)
- 105_ P e |8 9 months/year * First collisions

I - 2odaysimonth |+ Physics run, without
x10% gf it vertex detector
g A
Oz~ o
IR B — Phase 3 (2018-)
3 C : . .
%5. 2  Physics run with
o s ' T '
. 05 2018 2020 2022 2024 full Belle I

Calendar Year
Candles of Darkness, ICTS Bengaluru
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‘ GPD phase-11 Upgrades (LS3)

In run 1 ATLAS and CMS have already made high quality B-physics
measurements in modes with di-muon final states.

New capabilities of GPDs after Phase-Il Upgrade (CMS in particular)
will strengthen their capabilities in flavour physics

e.g. new CMS tracker e.g. CMS new L1 track trigger
GMS F'rellmmary Simulation
L "T'm Phase GeV muons|’ TrTT = LI L L LN BN LR BLBLELEL B
E. a l[!, Phase; E: :glt.}le\-'mu-::nsl#LIJ ; % g n ." o T T %
o Ph 1, 1GeV = G I o SOOo00000 ot
P el Phase 2. p! = 1 GeV muons >0 2 [* 0000 OO;‘;WE,D%MMM 5 &
2 o 23 w [ 0% (0500 4 =
(o) . X' 5 0.8 o O()OO 1 o
10-1 i — - -en:__ D = L o QD 1 @ E<U
5 e s B 065 o° ] 8=
& Ly AT & w o S 4 5
o e T 2 b CMIS Preliminary Simulation, Phase-2 | Al
i “'m 0.41-° —e— Single muons -1 O E
! q‘ﬂ; o0 [ —&— Single pions 1 2 T
:'.._ﬁ o ; S E o2k —&- Single electrons N 8 —
.. 3,&5 ug: B T ' [ L1 tracker reconstruction, <PU>=140 | '_; E
10° Ma?!\_-_ﬂﬂ E: ). S P DU FUTE DI FURTE P PV P o
o T b~ 5 10 15 20 25 30 35 40 45 50
e —— O p, [GeVic]
4 3% 2 40 1 2 3 ﬁ‘ Could allow CMS to accumulate large
Significantly improved p resolution samples even in hadronic modes!
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