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Introduction

THE FLAVOR PARADIGM

e BABAR/Belle [2000-10]: established the CKM CPV framework.
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° 0, ~QO(nb). For precision physics: super-flavor factory.

e QLHC: huge cross-sections 0,7 ~ O(mb), but harsh environment.

o Folklore: hadron colliders are discovery machines, while lepton
colliders are precision machines.

o To harness JII;BHC, needed a special detector...
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FLAVOR-FACTORY AT A HADRON COLLIDER

o LHCb: @Z ~ 1073, Highly boosted b’s = forward spectrometer.

Vs
LHCb Run I+IT detector [2010-18] 4. 0%
. ) h: ()
Tracking eff.: 96%, dp/p ~ 0.5% ] HSA? 5(71\44 s
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i physics at the LHC
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[ JINST14(2019)P11023, JINST14(2019)P04013, Int.J.Mod.Phys.A30(2015)1530022, JINST3(2008)S08005 ]
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https://doi.org/10.1088/1748-0221/14/11/P11023
https://doi.org/10.1088/1748-0221/14/04/P04013
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Introduction LHCb: Run I and II

BUT, ALSO A GENERAL PURPOSE DETECTOR...

e Rich haul of physics (> 530 publications). Broad program.

Hadron
spectroscopy

arXiv:2009.'00(')26

Fixed target by
S
e Dark sectors T
PRL122,132002(2019) ; F
PRL123(2019)232001

124,041801(2020)

|
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RUN I/11 OPERATIONS AND LUMINOSITIES

~__ATLAS/CMs © 10-15% lower lumi than ATLAS/CMS to limit

Luminosity [x10™]

| — occupancies in sub-detectors (lumi-levelling).
’ LHCb . . 32 92 1
‘ e LHCb design lumi was 2 x 10°* cm™*s™*. We were
o] able to run at twice of that. Mainly due to
N R S innovations in the trigger.

@ Thanks to excellent performance of the LHC as well!

LHCb Integrated Recorded Luminosity in pp, 2010-2018

P TREET 3rd r .
8 aof[ T Limiimeeos 2018 3012 23" October, 2018:
T 2 bt mpdinr i / Integrated luminosity counters in 2018 [1/pb]
Foef| o ome ,m}{; 2017 [ o
Run I: 2011-12, 3/fb @7,8 TeV € 'L memumens o
n I: 2, ,8 Te £ »
3 12 f 2011
. i @i sy TR -~
Run IT: 2015-18, 6/fb @13 TeV  § &
08
3 oo bt A
T gaf S
5 04F
e g
R . £ 4 : 201
Rar May Jul Sep Nov

Month of year

Biplab Dey LHCb status, highlights, prospects 9l Sept, 2020 5/ 28



Expectations and bonuses...
TAKEAWAYS FROM RUN [-+II TILL NOW...

o Gained huge experience in triggering for precision flavor physics in
harsh LHC enviroment = lessons for Hi-Lumi LHC.

Significantly sharpened CKM picture. Charm CPV, BY mixing...

Access to all b-hadron species (Bi’O,Bg,Ag,... ) has been critical.

e LHCD can do neutrals, semileptonics, once thought to be
near-impossible (|Vyp|, AD) — A7,...).

B(B?s) — pt ™) consistent with SM, but evolution of B-anomalies
among the most promising topics in HEP today. —[Adlene’s talk]|

Revolutionized exotic hadron spectroscopy.
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https://indico.ipmu.jp/event/320/contributions/5072/

RUN I/II PHYSICS HIGHLIGHTS

o I will cover:

— Hadron Spectroscopy
— New measurements for v and CPV in BY
— Dark sector searches

o Adlene’s talk (next session) will cover anomalies in:

— Semileptonics
— b — s FCNC decays
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Exotic Spectroscopy
MAKING SENSE OF THE “Z0O0”...

e 1974 J/ip discovery: could be immediately interpreted.

These quarks = | [R. Lebed] :

are much heavier than — This part consists of( o NR pOtentlal

gu; QCD scal? Aqcp, " 0 Q innumerable gluons and ~ model predicted
ence are discernable, sea gq pairs, but in the =

nonrelativistic entities I hadr‘éﬁspof lowest mass the cc spectrum...

within the hadron it just has JP€ = 0*+ [eg., PRD17(1978)3090]

e Till Belle discovered the X (3872) exotic candidate in 2003.

c. @ ~ 40 exotic candidates
' since then.

@ No single theory picture
hadrocharmonium that fits all cases, though
Aqcp/me < 1 is a common
thread.

D° - D? “molecule”

threshold/rescattering/cusp effect
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[SSWEICER ST ISl Nature of the x.1(3872)

JHEP 08(2020 123
THE x.1(3872) LINESHAPE PUZZLE {LHCb_PAPER_Q{m_gOS]

o LHCb established the xo1(3872) (x(ss2) as 1+ [T 2 o) |,
but its nature still not understood. Molecule or tetraquark?

o Key features: narrow width, mass right at the DD threshold.

e
................. X
l LHCb B* — xa(3872)K* § H-eHl rBW N
E [ asr2) > OF L
) —
'.L.If(.libﬁ.x.'.(.mj ..... : 70— Moxer (3872)] s
. - CDF pp— xa1(3872)X i
Belle B— x1(3872) = g i
elle B X1 (3872)K — B Belle B xa (372K 0 |Lcn [= 70 + 120 keV ‘ e
BESII e*e™ — X (3872)y  f=— LHCb pp— Xt (3872)X e
[ R E—
BaBar B— x. (3872)K - 1
—————
BaBar B— xa1(3872)K - - ._', .
rel. Breit-Wigner widths DO PP Xai (3872)X
i 1
0 1 2 3 4 5 3868 3870 3872 3874
[JHEP 08 (2020) 1238] 1 i [JHEP 08 (2020) 1238] MoV
[LHCb-PAPER-2020-008] Dy s72) [MeV] [LHCb-PAPER-2020-008] e (3872) [Mev/e?]

e Flatté with couplings to DD”, p°J/), wJfp: FWHM ~ 0.22 MeV,
< I"BW = yBW lineshape inadequate.
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https://arxiv.org/abs/2005.13422
https://arxiv.org/abs/2005.13419
https://arxiv.org/abs/1302.6269
https://arxiv.org/abs/1504.06339

Physics highlights New exotics from LHCb

— [LHCb-PAPER-2020-011]
FIRST |cccc) TETRAQUARKS (Science Bulletin (2020))

° Thoog: @ € {¢, b}, in many QCD models [1803.02522,1911.00960].
o Ty searched at LHCDb (JrEP10(2018),086] and CMS [2002.06393].

e LHCD prompt di-J/i): peak at 6900 MeV + other structures.

e Diquark models: [cc]s=1[cC]s=1.

o Karliner et al. [2009.044201: 077 (25).
“Dip”: opening of S-wave di-1g.

mg ~ 6905 MeV

Lo e Becchi et al. r2006.143881: 277,

[LHCb-PAPER-2020-011] Mgy MeVIc?]

e Spin-parity determination (as X — 4/¢) with Run 3 data [2007.05501] .
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https://arxiv.org/abs/2006.16957
https://arxiv.org/abs/1803.02522
https://arxiv.org/abs/1911.00960
https://link.springer.com/article/10.1007/JHEP10(2018)086
https://arxiv.org/abs/2002.06393
https://arxiv.org/pdf/2009.04429.pdf
https://arxiv.org/abs/2006.14388
https://arxiv.org/abs/2007.05501

Physics highlights New exotics from LHCb

= 77 LHCb-PAPER-2020-024
FIRST |cstid) TETRAQUARKS {LHCb_PAPER_MO_O%}

:\“ 22:_ ﬁ‘*’ — DD~ K*] i: soF m - 'LHCb E U+X0( 900) o
i 77 3 f 3 1y ~ 2866, T 57
=20k LHCb - & 60F wz«;g; :g Z 3 17 x,(2000): :
S uf S Np o mo ~ 2904, T M110'
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14 :_'a~(3770)—_‘-;1— 18 nf 7)?02(3935)’%2)?, Ty~ 17
S Sl i S 0 (3930):
[LBCo-FArER.2020-028] DK [GeVe mo kY (Gevie) M0 ~ 3923, T'o ~ 34

e “Model-independent” analysis: cc reflections < [ﬁncb-pAEE_RJzoio-ms]
can’t mimic m(D~ K ™) band. zf }lfo_’DoD o
o Karliner et al.[2008.059931: Xy (compact ?'_ +H Hﬂﬂ + n
tetraquark), X; (D*K" molecule?). Suf v+ H f 1
=0 S T g,
o BY - DD K*n™: no isospin-partner [DVK ). 0 EE w0 E 0

Biplab Dey LHCb status, highlights, prospects LT Sept, 2020 12 / 28


http://arxiv.org/abs/2009.00026
http://arxiv.org/abs/2009.00025
https://arxiv.org/abs/2008.05993

Conventional Spectroscopy
EXCITED b/c-HADRONS

< [see Arvind’s talk]

e Major strides in conventional (heavy-flavor) baryon spectroscopy...

8
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8
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n ‘Q;*O S EfK-
L
EZOO
E 100

EXF by LHCb.

I not seen yet.
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[JHEP02(2020)049]
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[PRL121(2018) 162002]
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[PRL121(2018)052002]
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https://indico.ipmu.jp/event/320/contributions/5134/

Conventional Spectroscopy
...AND MORE A COMING (NEW!)

@ New BT K~ structures from B**° o New =,(6227)" — =, 7 likely

decays. isospin partner of the Z3,(6227).
— T T >
L] imi —- Data
z 700 . LHCb preliminary 2 | LHCD preliminary _ Fullfit
S 600 e r — Signal
el > Combinatorial
= 500 T 40
@ ’ b
g 400 5
k=l e °
5 300 5
S 200 i g%
=3
100 =
o ] E o=
. 300 5 500 300
[LHCB-PAPER-2020-026] M(BTK ™) —mp+ —mg- [MeV] [LHCB-PAPER-2020-032]  M(Z,7*) - M(Z;) [MeV]

@ See Arvind’s talk on Wed for details.
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CKM angle v and CPV in BY



7 from Time-integrated B — DK
v FROM BT — D(— KSWJWT_)Ki [LHCb — CONF — 2020 —001]

“BPGGSZ"’ method

e SM benchmark: 7 accessible in tree decays. Vi ~ e~ 9.
o = (72.1741)° from trees mrravy; (65.7791)° from loops (cxmritcer.
o Model-independent method (inputs from BESIII on D decay).

D —0 ,
/’\ — 120
@& yD KT ] e T
¢ \ LHCD preliminary Nz m 2
<2 o _ D-decay
B [Kymn~]pK Bt Dalitz bin
\ . gives
A DOK— 6’1,61) 2 3DK .
[CLEO/BESII] o e bty dutesd T80
[LHCb-CONF-2020-001] T DK Mev/d) h Y ke

3.0 1 LHCbD preliminary

st ™| @ B — D as control mode. v = (69 4 5)°. Most
precise single measurement.

) [GeV?/cY)

Kg

e Combined 7| cp precision at 4° level on
target. = see Anton’s talk on Wed

m?(

B+
0.5 9 decays

05 1.0 1.5 20 25 3.0
m?(Kdn") [GeV?/c
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https://arxiv.org/pdf/2006.12404.pdf
https://hflav.web.cern.ch/content/unitary-triangle-angles
http://ckmfitter.in2p3.fr/www/results/plots_summer19/num/ckmEval_results_summer19.html
https://arxiv.org/abs/2003.00091
https://indico.ipmu.jp/event/320/contributions/5089/

=+ —
¥ FROM Bg — D;FK s (NE W ‘) [LHCb — PAPER — 2020 — 030]

s CPV from interference S
. K+t~ between mixing and decay - Dy
‘ U W= c

’
’

€

3 b -
} D7 BY — BY { Vo b—u } Ktrntn~

s s

3 e Similar to Bg — D;':K:t [JHEP03(2018) 0591 ,
except complicated K7 system.

Candidates / (5 MeV)

i e Time-dep. flavor-tagged 5D amplitude
3 analyis! Ngg ~ 7500.

5200 5300 5400 5500 5600 7()0
[LHCB-PAPER-2020-030] m(DK'w7’) [MeV]

@ Most precise measurement of Am, and a new measurement of ~y
from BY decays = see Stefano’s talk tomorrow.

Biplab Dey LHCb status, highlights, prospects LT Sept, 2020 17 / 28


https://arxiv.org/abs/1712.07428
https://indico.ipmu.jp/event/320/contributions/5088/

Physics highlights Time-dependent CPV in Bg — KtK—

CPV IN B&)

— hTh'~ (NEW') [LHCb— PAPER — 2020 — 029]

o 2-body B?s) decays: rich set of diagrams (tree, penguin, mixing).

w

a3

"—IR=" o TD-CPV: B - 7t~ BY — KTK~.

L
5 @ &-(“

v “  TICPV: B - Ktn~, B - K~ 7t

ds ds

> < I o Results dominated by Run I LHCb

ol
o
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Ql

53 analysis terossc2018y032001 = ewidence for
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6
[LHCB-PAPER-2020-029] m,., - [GeV/c?]
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e Update to 2015+16 (2.2/fb) data. Results
compatible w/ Run I analysis.

o First observation of TD-CPV in
BY — KT K~ = see Stefano’s talk tomorrow.

6.2


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
https://indico.ipmu.jp/event/320/contributions/5088/

Dark sector searches




Dark sector searches
DARK SECTORS: A DIFFERENT PARADIGM FOR NP

e DM charged under its own (dark) gauge sector = SM talks to DM
via messengers. Messengers can be at any (GUT?) scale.

e Low energy EFT = four portals. Messengers

e LHCD sensitive to all: scalar
(Higgs), neutrino (HNL), vector
(dark photons), axions (ALPs).

o Complementary to ATLAS/CMS: LHCb has x15 5% ATLAS
lower Lint and forward coverage only. 3 S 0 el
< cMs
e LHCD: low pileup, soft triggers (pr > 1 GeV for o |
muons, pr > 3 GeV for calo), exotica from B decays & e
= 2<n<h

e Run II (2015) onwards: offline quality selection (PID, vertexing,
calo) in trigger. No pre-scale for dimuons. Non-standard searches.
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Dark sector searches
A SAMPLE OF EXOTICA SEARCHES AT LHCB

o Many dark photon, Majorana neutrinos, dark scalar searches..

PRL 124 (2020) 041801
EPJC78 (2018) 1008
JHEP 09 (2018) 147
PRL 120 (2018) 061801
EPJC 77 (2017) 812

EPJC 77 (2017) 224

EPJC76 (2016) 664

PRL 112 (2014) 131802
PRL 115 (2015) 161802
PRD 95 (2017) 071101(R)
PRL 116 (2016) 251803
PRD 92 (2015) 115017

Search for A" — ptpu~

Search for lepton-flavour-violating decays of Higgs-like bosons
Search for a dimuon resonance in the 7" mass region

Search for dark photons produced in 13 TeV pp collisions
Updated search for long-lived particles decaying to jet pairs

Search for massive long-lived particles decaying semileptonically
in the LHCb detector

Search for Higgs-like bosons decaying into long-lived exotic
particles
Search for Majorana Neutrinos in B~ — 7+ u~u~ Decays

Search for Hidden-Sector Bosons in BY — K*0p+p—
Search for long-lived scalar particles in Bt — KTy (utp™)
Proposed Inclusive Dark Photon Search at LHCb

Dark photons from charm mesons at LHCb (for Run 3)

Biplab Dey LHCb status, highlights, prospects LT Sept, 2020 21 / 28


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.112.131802
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.071101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.251803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.115017

LOow MASS A’ WITH DIMUONS [PRL124(2020)041801]

e Low mass dark photon (A" — £7¢7): ptu~ easiest at LHCb

Run II onwards, high-level reco available in the
trigger (Turbo stream), allowing for these searches

PID

O
ﬂ ) (Ml

LHCh Prompt
"

PID

Displaced
Isolation N QY = =« cceeeaa
> 1.1GeV Vertex

Veto B decay
signatures

PV

mit) [GeV]

g
PRL124(2020)041801

90% CL upper limit on n[m(A'), % / n[m(A),<?
T T

=
LHCb EILHC
aced sea‘rch prompt-like A’ search CILHCIK2016 data)
5 =0 . ) PRL124(2020)041801 BaBaf KLOE+CMS
PRL124(2020) 041801 m(A’) [MeV] Prompt search 10 m(A) (GeV |

e Run 3 proposal: eTe™ in with D* — DA’ 70, n — ~A’.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801

Ropleeziodessicies
HNL IN W+ — utu*JET

[LHCb —PAPER — 2020 —022]

e Heavy right-handed (“sterile”) neutrinos can
solve DM, v mass. Mixing w/ active v (|V,ar])-

e Run I search of on-shell W+ — y*N. Prompt
decay of HNL, and my € [5,50] GeV.

z 6 LHCL = 300 ey = UF ‘ ‘ ‘ i
b 3 z
S preliminary 1 Date & 5 [preliminary t SF LHCb 1
> 5 :;j/'i/ = 20 =107 preliminary 5
~ Iz = E B
PR T 2 200 ) Run I (3/b)
2 mNoutjet| E g
k] 3 L -
© sign © 100 E E
1 50 E UL at 95% CL E
0 0 £ corrections for HNL lifetime and prod. xsection ]
A ! .
0 20 40 60 80 0 20 40 60 80 10 20 30 10 50
[LHCD-PAPER-2020-022f(15ie0) [GV] iy =15 GeV m(pxiet) [GeV]

My [GeV)
e Sensitivity still statistics-limited (compared to ATLAS/DELPHI
limits). Can be competitive after the upgrade.
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Long-term perspective
LHCb UPGRADES

[

CERN-LHCC-2017-003
LHCB-PUB-2018-009

]

e Aim to collect x100 data, improving upon 1-2fb~! /year.

current LHCb — Upgrade | ——» Upgrade Il—»

wé' 20— Runl Run2 Run3 Run4 S
L 18_: ---------- bl ----- )l | memmeaa >
) E ;
ONE olfb’ 23! 50/ | ;
z ' Ula Ulb uz 9%
3 14— ! B
£, ! —20
3 12_: - (3] (] < 1
a - » 7)) (7] @ ]
% 10 | = | - s
= = ! ]
83 Belle2, 50/ab 10X lu 3
67 i o
. 3 ATLAS/CMS i =
] By | } upgrades ! _:50
2—] .
E | L
02010 2015 2020 2025 2030 2035
* HiLumi-LHC  Year
EEEEEEE——
< [see Laurent’s talk on Thu]
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o

o

Integrated Luminosity [fb™']

215t

Staged upgrade
towards 300 fb*

Upgrade Ta(now)

Entire detector
R/O at 40MHz

Versatile online
s/w trigger
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https://cds.cern.ch/record/2244311?ln=en
https://arxiv.org/abs/1808.08865
https://indico.ipmu.jp/event/320/contributions/5078/

LHCb UPGRADES

Upg

Long-term perspective

[ CERN-LHCC-2017-003
LHCB-PUB-2018-009

]

@ No departures from CKM picture yet, but 20% NP still allowed.

Table 10.
LHCb sens

ummary of prospects for future measurements of selected flavour observables for LHCb, Belle IT and Pha
ivities take no account of potential detector improvements, apart from in the trigger. The Belle-IT sens

-1 ATLAS and CMS. The projected
ies are taken from Ref. [608].

Observable Current LHCh LHCD 2025 Belle 11 Upgrade I ATLAS & CMS
EW Penguins
= Rk (1< <6GeVic') 0.1 [274] 0.025 0.036 0.007
=1 Ric- (1< ¢* < 6GeV2e) 0.1 [275] 0.031 0.032 0.008
g Ry, Ryi, R 0.08, 0.06, 0.18 0.02, 0.02, 0.05
= CKM tests
8 7, with B? — D} K~ 7)° [136] 1 1°
s} 7, all modes 20)° [167] 1.5° 1.5° 0.35°
o sin24, with B® - J/yK? 0.04 [609] 0.011 0.005 0.003
2 65, with BY = J/¢ 49 mrad [44] 14 mrad 4 mrad 22 mrad [610]
(57 &, with BY - D¥D; 170 mrad [49) 35 mrad 9 mrad
©n 65%, with BY = ¢¢ 154 mrad [94] 39 mrad 11 mrad  Under study [611]
% a 33 x 1071 [211] 10 x 1074 3x 1071
Z Val/IVal 6% [201] 3% 1% 1%
i BY, B —ptp
— BB = ) /B(BY = ) 90% [264] 34% 10% 21% [612)
— TBO syt 22% [264) 8% 2%
g ” 0.2
< b — ¢t~ LUV studies
5 R(DY) 0.026 [215,217) 0.0072 0.005 0.002
2 R(J/¥) 0.24 [220] 0.071 0.02
2. Charm > 50 in PRL122(2019)211803
AAcp(KK — ) 8.5 x 107 [613] 1.7x 1074 54 %1074 3.0x107°
Ap (= zsing) 2.8 x 107" [240] 4.3x 1077 3.5x 107 1.0 %1075
zsing from D° — K+~ 13 x 10 [228] 3.2x 107 46x 107 8.0 x 107

sin ¢ from multibody decays

(K37) 4.0 x 10~

(K%7) 1.2 x 104

(K37) 8.0 x 10°°
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https://cds.cern.ch/record/2244311?ln=en
https://arxiv.org/abs/1808.08865

Upgrade Ia
LHCb UPGRADE Ia

o An almost new detector for Run 8 in 2021. Commisioning hit by
COVID. Nevertheless, all sub-detectors progressing well.

New mirrors and photon detectors
HPDs — MAPMTs

AL hCAL w73
. 4 M3

Magret
New readout electronics for
the entire detector

New vertex locator
silicon strips — pixels

New scintillating fibre tracker

e HLT w/ hybrid technology: HLT1 in GPU’s; HLT2 in CPU’s.
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SUMMARY

e Run I/IT LHCD has been a fantastic success — core flavor physics,
spectroscopy, dark sectors, heavy ions...

e Only way to increase data collection rate was to remove L0
hardware trigger (1 MHz bottleneck).

o Versatile software HLT seen the way out = major uphaul of
code-base for analysis flow as well.

o Updates with Run I+II data coming up for our theory colleagues.

o Looking forward to Run 3...
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SUMMARY

e Run I/IT LHCD has been a fantastic success — core flavor physics,
spectroscopy, dark sectors, heavy ions...

e Only way to increase data collection rate was to remove L0
hardware trigger (1 MHz bottleneck).

o Versatile software HLT seen the way out = major uphaul of
code-base for analysis flow as well.

o Updates with Run I+II data coming up for our theory colleagues.

o Looking forward to Run 3...

Thank you!
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