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Overview

@ LHCb has a broad physics programme
@ Increasingly functioning as “a GPD in the forward region”
@ Will highlight a selection of results from the last year

@ Many topics not covered
e e.g. CEP, heavy ions, fixed target...
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The LHCb detector JINST 3 (2008) S08005

@ Instrumentation in the
forward region
(2<n<b)

@ Excellent secondary
vertex reconstruction

@ Precise tracking before
and after magnet

@ Good PID separation up
to ~ 100GeV/c

ECAL HCAL

SPD/PS
Magnet RICH2 M1 M2
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https://doi.org/10.1088/1748-0221/3/08/S08005

LHCDb timeline

Run | Run 11 Run 111 Run IV LS4 RunsV+

HL-LHC
R S S S S S S S O

2010 2012 2014 2016 2018 now 2020 2022 2024 2026 2028 2030 2032
Phase | Upgrade Phase Ib Upgrade Phase Il Upgrade
Triggerless readout at 40 MHz Possible stepping stone Upgrade for HL
\ \
9fb~! 50fb~" 300fb~"
\ \

Belle 2 LHCb may be only dedicated B-physics experiment
50ab~"
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CERN-LHCC-2012-007

The LHCDb detector: phase 1 upgrade

Side View gcar HCAL

Seifi  RICH2 M2 \

Phase-I Upgrade 5m

@ Triggerless readout at
40 MHz

@ New vertex locator
@ New tracking (UT, SciFi)
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https://cds.cern.ch/record/1443882

Phase 1 upgrade : Upstream Tracker

1719 mm

@ Upgraded silicon tracker to replace TT e >|
e Finer granularity
e Improved coverage
o Lower material budget

@ First major LHCb construction contribution from US

Bare stave construction complete

Sensor QA almost finished

ASIC design validated in test beam

Off-detector electronics validated in slice test, now
in production

e Aim to install first half at LHCb by March 2020

e Contributions from Syracuse, Maryland, Cincinnati, g
Michigan & MIT
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The LHCb detector: phase 2 upgrade CERN-LHOC-2017-003

////H\*i:\
- ~J

@ Tracking in magnet

/ Magers — ECAL i @ ECAL upgrade
// L e @ TORCH for PID or ToF
' ' \ ' @ Replace HCAL with
shielding
Yer Al U @ Some changes could

happen as part of phase
1b

Phase-II Upgrade
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https://cds.cern.ch/record/2244311

Phase 2 upgrade : Magnet Stations

@ Slow particles swept out by magnet

@ Significant gains at low momentum by instrumenting
sides of magnet

@ Particularly useful for gluon saturation studies
@ Recommended for inclusion in Phase 1b ugrade
@ Los Alamos leading design and construction

» Los Alamos

NATIONAL LABORATORY
51,194
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LHCDb trigger

Run 1 Run 2 Run 3: Baseline Run 3: GPU-enhanced
[ pp Collisions ] [ pp Collisions ] [ pp Collisions ]
1TB/s § 1TB/s
/ ‘ / 5TB/s
[ Hardware LO ] 5TB/s
50GB/s § 50 GB/s EB on FPGAs
HLT1 on GPUs
( EB EB ) (FPGAs & GPUs hosted
50GB/s | 50GB/s 5TB/s | on same EB servers)
x86 CPU farm x86 CPU farm 0.2TB/s
( HLT1 ) |( HLT1
l 6GB/s x86 CPU farm
4 GB/ . 9 PB buffer buffer on disk buffer on disk
S calibration calibration and alignment calibration and alignment
JocBys | |
( HLT2 ) |( HLT2 Il HLT2 )
0.3GB/s § 0.7GB/s 10GB/s § 10GB/s §
[ Storage [ Storage [ Storage ]

Hardware trigger to be
removed from Run IlI

Option to move to a
GPU-based HLT1 with GPUs
installed on the Event Builder
servers

Demonstrated technical
feasibility modulo integration

tests that are underway

May be adopted by LHCb for

Run I
@ M
2019-10-16
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CP violation and CKM elements

@ LHC era has seen marked improvements in key LY
measurements (upper—Ilower) " PN ;
@ But deviations from the CKM quark-mixing mechanism PNV, i
continue to elude detection ) 4
@ Uncertainties on “tree” quantities still give room for new % W ot
physics in loops °
@ Key goal to improve precision on less well-determined SM T
measurements, v and | V| e .
@ Compare these “baseline” results to loop-dominated Ve amy
processes to search for NP F e M' )
. . osk s’ 4 =
o Continue to improve key loop-process measurements such as :
¢s, Ams and Amy " g '"t:
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Yy from BO — DK*O JHEP 08 (2019) 041

1 T T
¢ : LHChb 1 @ v measured at tree level — SM measurement
— L Preliminary _]| .
08¢ e "7 @ LHCb average dominated by B — DK decays
06] e 1 e B°— DK*0 decay pathways both colour
oal ] suppressed
568'3% ] o Larger rg cf. Bt — DK™ (~ 0.3 vs ~ 0.1)
0.2 - .
— | @ New analysis uses a larger dataset for 2-body
o GLW/ADS modes
LHCB-CONF-2018-002 vl @ Includes 4-body GLW/ALS-like modes for first
“—35”: LHCb tlme
f ® @ First observations of B® — D(r+K~)K*% and
E Previ ly:
S B s D(rtn—mtn)K* Y s 4 O comours)
[ . B i
i ® ow - —
: p T A T e
5650108 o@ 5350 \d\’*ﬁ Ve T \H Vi ) wE
e \\J\\K*O A K B - s i

PRD90 (2014) 112002
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https://doi.org/10.1007/JHEP08(2019)041

d SSs EPJ C79 (2019) 706 PLB 797 (2019) 134789 arXiv:1907.10003
s and ¢3

@ ¢s small in SM, may be enhanced by NP =

o BY— Jhy¢ decays studied in data from 2015-16 §

@ Single most precise measurement of ¢s to date

@ Other channels, e.g. BY— Jiynt7~, also utilised

@ LHCb combination consistent with SM predictions o i a8
—0.041 £0.025 008

@ ¢$5 ~ 0in SM, small mixing & decay phases cancel

@ New analysis of BY — ¢¢ decays in 2011-16 data

@ Most precise single measurement of ¢35 to date st 4o %
—0.073+0.115+0.027 e K

LHCb
Spring 2019

J/rtr] 4.9 fot (AML-J‘.’

$(28)¢ 3 fbt

0.4

o[rad]

WETT T T T 3
E LHCb 2011-2016

Candidates / 9 (MeV/c?)

@ Upper limit (90% CI) on rate of B® — ¢¢ decay
B(B® = ¢¢p) < 2.7 x 1078
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https://doi.org/10.1140/epjc/s10052-019-7159-8
https://doi.org/10.1016/j.physletb.2019.07.036
https://arxiv.org/abs/1907.10003

CPV in Charm PRL 122 (2019) 211803

-~ 2200y

LHCb LHCb

{ Data
Wo - e
Comb. bkg.

{ Daa
Wo - kk*

| Comb. bkg.

Study CPV in up-type quarks

Measure AAcp between KK~ and ntn~ to
] control systematics

%005 2010 2015 2020 2015 2020

2010 . . . . e
m°rr) [Mev/c mo°rr) [Mev/c? @ LHCb combination gives 5.3¢ significance of

0.0100
T o v CPV
loriond 2019 BaBar

poo7s on First observation of (direct) CP violation in charm

CDF KK+rx
LHCb SL KK+ LHCb

0.0050 LHCb prompt KK Belle

0.0025 e decays
55 00000 [y @ Global average now inconsistent with “no CPV”
<1-0.0025

at more than 5¢

-0.0050

0.0075 g £ g 5 alag = (0028 :’: 0026)%

—0.0100 - z g Contours contain 65%, 99.79 dir Y

—0.010—0.008—0.006—0.004—0. 0.000 0.002 0.004 0.006 AaCP - (_01 64 + 0028) A)

ind
acp

Dan Craik (MIT) LHCb Status & Outlook (US-LHC 2019) 2019-10-16 12/26


https://doi.org/10.1103/PhysRevLett.122.211803

CPVinBr— nntn™ decays arXiv:1909.05211

@ Charmless b-decays have tree- and loop-level e
contributions with similar amplitudes by g
. . §1SD _*:‘- g
o Dalitz plot analysis of ~ 20000 B* — nnEnT  iw e
. 2 ot g
decays recorded in Run | 5% theo 3
@ CPV previously seen in a model-independent - Ft -
P! >y P i Dy *#& 4 4
analysis of this dataset S R BN s
@ Three different models considered for S-wave T A T 1,“.“?5. v}ﬂ
@ Significant CPV observed in low-m,.. .- S-wave, t. ﬁf R
the a»(1270) resonance and in interference £ Lt %’*Wu |
. . 2 09 % BT
between S- and P-wave contributions ﬂ FE
@ No CPV observed in p — w mixing ey |t
@ Does not directly inform on SM or NP parameters *H‘*i% % 1
but offers further insight into CPV in multi-body 2 ”ﬂ‘{ﬂ” e
decays
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https://arxiv.org/abs/1909.05211

Rare decays and anomalies

Br(B,-y0) [10™]

ReClf
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Re
PR D122 (2019) 222001

@ Rare or forbidden SM processes sensitive to new physics
contributions
@ Many anomalies in current results
e Pi, Rk, Rp, etc
@ Analyses typically limited by statistics
@ Exciting prospects for Run I+

N T T T
flavi e (D HFLAV average Ay* = 1.0 contours
04 -
LiCbis 1
£ BaBarl2 ]
035~ 10 —
— £ Lichis ]
2 - 03 N =
- 025 = F hellelo Bellels =
el ~
02f H Aversge of SM prdicions HFLAV
D)= 0299 0003 Saiing 2019 1
RDA)~025 10005 [y
1 h L |
02 03 04 05
o R(D)
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Rk

@ Analysis of BT — K*¢*¢~ updated with
5fb~" of data

@ Total uncertainty on Rk in
1.1 < g% < 6.0GeV?/c* reduced by ~ 40 %

@ Central value also moved towards SM
prediction
e 2.5¢ discrepancy cf. 2.60 in Run |

@ Sitill statistically dominated
@ More data needed

X
o

PRL 122 (2019) 191801

T LHCb
g A {' e
3 “ i T TadRe=1
g e ek
g 40 -g‘ﬁ;::;na
5 20 L
05000 o it
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1OF
[ — 34—
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https://doi.org/10.1103/PhysRevLett.122.191801

RK* and angu|ar ana|yses JHEP 08 (2017) 55 JHEP 02 (2016) 104

@ Analyses of B® — K*0¢t¢~ give access to

” e EETRE I ] -
both Rk~ and angular quantities i oot 3 3 T = Combintord
@ Run | analyses show interesting anomalies, ; ® siepssorcarie ; ol AP
/ c S mrmpl ] 'd i
e.g. RK*, P5 E Ag;m 5400 5600 5800 H 200 5000 5500 5000
@ Analyses on Run Il data still to come . e e
T T ] 1.4+ T T
e LHCbdata o ATLAS data ]
= Belledata © CMS data ] 1.2+ H- : : :
[ SM from DHMV ) 1
A sM from ASZB QE’ 1.0~—¢ . L
Li T
= 7™
1 1 s Tl +— H LHCb17
I EB— é % M +- 1 E Belle 19
> Q 0.6 = -
S + = HH B BaBar12
L 04 T T T T T .
10 15 0 2 5 8 10 12 15 18
¢* [GeV?/cH ¢ [GeV?/cY]
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https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP02(2016)104

Radiative decays PRL 123 (2019) 081802 PRL 123 (2019) 031801

@ Updated study of BY — ¢+ decays

& 700 .
§ 60 @ First measurement of CPV parameters S, and Cy,
k] T S ar @ Updated measurement of AdAW
~ 400 . .
g . @ Results consistent with SM at 1.3, 0.3, and 1.7¢
S
g 200 % T T
o 100 . . 0 S 25 Signa LHCb ]
ot E @ First observation of Ay — Ay g | &
5200 5400 5600 5800 6000 ; 0 E
mKKy) [Mev/c] using 2016 data g ]
g‘m—lﬁ‘ oo 4 gj: % ' ' ' ins o Normallsed tO BO — K*O’y élO“ }
gﬁ]‘#%fﬂ} Yom ] %Sﬁ Fom o
g :: H,L Fit 3 §1:‘ — At 6 5 ‘l;
N 1% B=(71+15+0.6+0.7) x 10~ it N
o et e Ty 5000 5500 6000 6500
tles tles m(prry) (MeV)
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https://doi.org/10.1103/PhysRevLett.123.081802
https://doi.org/10.1103/PhysRevLett.123.031801

arXiv:1909.01010

arXiv:1905.06614

LFV decays

@ Charged LFV negligible in SM
@ Would be clear evidence of BSM

physics

@ Searches for Bt — KtetuT and
B?S)—> 7,7 in Run | data

@ New best limits set on branching

fractions

<
<
<
<

7.0(9.5) x 107°
6.4(8.8) x 107°
3.4(4.2) x 1075
1.2(1.4) x 107°

at 90 (95) % confidence level
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Candidates/ ( 15 MeV/c?)

Fraction of candidates per bin
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https://arxiv.org/abs/1909.01010
https://arxiv.org/abs/1905.06614

arXiv:1910.06926

@ New physics may well be disconnected from SM up to GUT scale

@ If a dark sector couples to ours at some scale, photon can mix with a
dark photon

@ May interact either via a particle carrying both charges or through
GUT-scale interaction between sectors

@ Search for massive dark photon decays to u*u~ in this “few-loop”
regime

e.g, particle carrying both EM
and dark-EM charge

e= (/= (IO + &—~D~ +... - -
e~ 0O(1073) e~ 0O(107°) I||"

e.g, GUT near the Planck scale
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https://arxiv.org/abs/1910.06926

arXiv:1910.06926

@ New analysis extends previous LHCb searches for
dark photon decays to putu~
@ Factor 3x increase in luminosity
@ Search for prompt x*p~ limited by v* — ptp~
background
o Vertex-constrained fit improves resolution at low
m(p*p”)
e Isolation requirements reduce background at higher
mass
@ Search for long-lived A’ uses vertex resolution to
reduce background
o Dominant backgrounds from material interaction,
b-decays to multiple muons and K? decays
@ Exclusion region expected to be significantly
increased with Run Il analysis

10
m(A)[GV]
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https://arxiv.org/abs/1910.06926

Hadron prOdUCtion in Zo-tagged jetS arXiv:1904.08878

@ Production of charge hadrons studied

e e e R = in jets in 2012 data

Hwp g e d Sl E:;“ ] _ , _ o
o i Waw o} iy &5 m @ First studies of jet hadronisation in
wh e, T e e forward direction and in jets produced
1P ___;-,,._.‘»offkrh» 1 . th a ZO
12: -r—o— '—r?k-_.-:P?j -4% WI
o . =3 —+— @ cf. mid-rapidity jets, more collimated in

- v . i cev] both z and r

@ More similar to ATLAS ~+jet
@ Suggests effect due to
quark-dominated jets
@ cf. simulation, more high-momentum
hadrons
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https://arxiv.org/abs/1904.08878

Spectroscopy and production

Candidates/ 0.04

PRL 117‘ (2016) 082903

4.5

5
My, [GEV]
PRL 113 (2014) 162001

Data

spin-1+spin-3
spin-1

spin-3

LHCb

@ Many new states and decays observed

@ Many serendipitous discoveries

@ In particular, LHC provides a unique
environment to study b-baryons

e First evidence of CP violation in A9
decays
o First observation of pentaquarks

Entries per 0.45 MeV/c2

Candidates/ (1 MeV)

0 i LHCb
100 ?giﬁ
b
& 5 X3 Dottt
© érl[)M-sJ\I/El
: & |
20
o
8m [MeV/c?
PRL 118 (2017) 182001
T T T
400 LHCb

PRL 114 (2015) 062004
5

3100 3200 3300

mEK) [Mev]
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Pentaquarks

[N
N
o
=]

[
Q
S
=]

800

600

Weighted candidates/(2 MeV)

— data
— total fit
— background

P (4440)" 3P 4457)"
P @312y c(4440) (4457)

Myrgp
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PRL 122 (2019) 222001

@ Hidden-charm pentaquarks first observed in 6D
amplitude analysis of Ag—> J/w pK~ decays

@ Latest analysis uses 9x larger dataset to perform 1D
mass fit

@ Previously observed resonance resolved into two
separate states

New narrow state observed, P;(4312)"
Near-threshold masses hint at molecular structures
Also expect relatively narrow X% D(*)0 states

For P.(4312)* and P.(4457)", thresholds within
widths of peaks

@ Possible virtual states, arXiv:1904.10021

@ Updated 6D amplitude analysis required to identify
broad states or assign J*
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https://arxiv.org/abs/1904.10021
https://doi.org/10.1103/PhysRevLett.122.222001

c-baryon lifetimes PR D100 (2019) 032001

;Qlolf LHCb S~ 2uvX
o f +Data
z @ Properties of charm baryons effective tests of higher-order

corrections to HQE
o Lifetimes of Af, Z2 and =7 baryons last measured almost

-
/

= decay time oy 20 years ago
e —===7 @ Recent LHCb measurement of 22 lifetime 4 x larger than
o previous average PRL 121 (2018) 092003
roeniom ——F @ Reconstruct baryons produced in semimuonic decays of
0 Fueners b-baryons and decaying to hadronic final states

= (PDGL 2008 = (14ico, 2019)

@ A} and =, consistent with previous averages
e =0 shows 3.3¢ discrepancy

o (P0G, 2018) = —— @ (LHCb, 2018)

0 200 0 60!
lifetime [fs]
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https://doi.org/10.1103/PhysRevD.100.032001

Bé_ prOdUCtion LHCb-PAPER-2019-033

3 LTV | B oo (5)LHC 13Tev 3

£ +, determined from Bf — J/y u~ v decays | B e

@ Analysis performed at /s = 7 TeV and ; i3 ]
13 TeV Sl - ’

9 10 8 9 10
My [GeV] Mgy [GeV]

@ Normalised to inclusive B® and B*

S g ooy 3§
semimuonic rates R . £ i
@ Production asymmetry consistent with zero ¢l 1|
,u+, —(36340.08=0.1240.86) x 107 3@t 7TV it i
i = (3784 0.04£0.15+0.89) x 10 % at 13TeV ¢ ; o] T ansagan
S e IS u
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@ Run | & Il datasets continue to provide new results
e Both in flavour physics and beyond

@ Work to upgrade the detector for Run Ill+ continues in parallel
@ Many more exciting results to come...
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