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The LHCb experiment

e forward-arm detector dedicated to the study of heavy-flavoured hadrons at the LHC

e great vertex and decay time resolution, PID
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Today’s highlights

Oscillations, CPV and charm

- B? mass difference Am;

. . . - charm mixing and D° mass difference
LHCb is a multi-purpose experiment! | — CKM angle

- Q0 lifetime

Spectroscopy and exotic hadrons

This talk: - evidence for ccuud pentaquark
— first observation of doubly charmed T: tetraquark
e selected physics results from past year
W mass measurement

e a short intro to the LHCb upgrade

Rare electroweak penguin decays

- BYy = utum(9)
- BY — ¢utpu~ branching fraction

.. — b — st¢ angular observables
o P. Gandini, Spectroscopy at LHCb, 19/08 16:00 — LFU test with B+ —s K+¢+0—

e J. Cerasoli, Rare decays at LHCb, 22/08 18:15
e S. Ek-In, Charm physics at LHCb, 25/08 09:50

See these talks for more details:

LHCD upgrades
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Oscillations, CPV and charm

Elena Graverini (EPFL)
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B? OSCillationS [hep-ex:2104.04421] [JHEP 03 (2021) 137]

— B » D;nt — BY - D;n" — Untagged

B
S 2000
S
e Unique to LHCb; tag B? / BY at production % -
e measure oscillation frequency with BY — DFfn* s
decays collected in LHC Run 2 0

Am; = 17.7683 + 0.0051 + 0.0032 ps—!

e combine with previous measurements such as serosel nen” )
BY — DFhtrtxT (full dataset) - .
Amg = 17.7656 £ 0.0057 ps™—* pr N

|
okt som b

17.64 17.66 17.68 17.70 17.72 17.74 17.76 17.78
Am [ps
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Charm mixing [hep-ex:2106.03744]

Absolute bin index b

e first observation of # 0 mass difference in D° system
- x=(m; —my)/T, y= (1 —Ty)/2r
e 30.6M D° — K2n*n~ decays, very small BG
e bin-flip method: in each bin of m?(K27~) vs
m2 (K27T+) Dalitz plOt [Phys. Rev. D 99, 012007]

— approx. constant strong phase difference
- measure difference between D° and D°

m?2 [GeVc']

Signal per (4.5 MeV/cy?

g 1 \ ‘CPV-‘-'/’GWS" g 1@ CPV allowed|
> 1 cramm 2021 > ae
. P,
[ % y 1
° Tt B ° & / +0.56 -3
. Snplfls | . o x=(3.98733%) x 10
this paper * ‘
\ , B
* roe y=(45%15) x 1072
To i
N 20 0 29
Y ee 02 N lg/p| = 0.996 + 0.052
W50 W50
0.2 02 04 06 08 1 02 02 04 06 08 1 _ +0.047
x (%) X (%) b= 0'056—0051

Elena Graverini (EPFL) LHCb highlights



o o | 1: T
Charm mixing and CKM angle ~  wucs-conrzo21.00m % of B¢
T
0.6 Il A1 moses 3
e combination of measurements o E
- sensitive to v and charm mixing parameters o2
— charm and beauty observables simultaneously wow
— 151 observables, 52 free parameters %;“"0'2, ey
e most precise measurement by a single experiment o1sF .
[¢]
= (65. +3-8> ’ ]
gl ( 4742 o ]
e excellent agreement with global CKM fit I Preliminary |
008 ‘ ‘ npan |
v =(65.8+2.2)° H"]OO o
£ [ LHCb
e charm mixing parameters > o7sf
- x = (0.040075:023) % osof
— +0.033 o2sk Preliminary
—y= (0630—0.030) % o
- Prechion ony iIIlpI'OVGd by ~2 o,oo—r__i_._; éu:re::":’or]d Average
L0251 ITHCb Beauty aland Charm
0.0 0.5 1.0
X [%]
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Qg lifetime [LHCb-PAPER-2021-021] [PRL 121 (2018) 092003] ;ilz' ‘ ;:‘f:;
£
e charmed baryons: A} (udc), ZF (usc), Z2(dsc), Q2 (ssc) wf

e expected lifetime hierarchy: ZZEPrelimiPary ‘ ‘

06 08 1

TQE)<TE?<TAC+ <7'EgL tlos
x10°
e LHCb measured a longer Q0 lifetime in semileptonic i‘ = oo
b-baryon decays [PRL 121 (2018) 092003] g
> 15
e new measurement using promptly-produced B

c-baryons decaying to pK K 7" :

Preliminary

Tqo = 276.5+13.4+4.4+0.7 fs SRR 1
Te0 = 148.04+23+22+0.2fs &5 '

LHCbSL
(2018/19)

e previous results and new hierarchy confirmed: LHos Promp

(2021)

Lifetime[fs]
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Spectroscopy & exotic hadron

11000 +
msool |55 new hadrons at LHCb |

a1 X
7000 (6900)
[ ]

Q,(6350)
B Nb(6152)° Q,(6340) 2 o 2,(6333)°
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courtesy P. Koppenburg (nikhef .nl/.pkoppenb)

T T T T T T T T T
2012 2013 2014 2016 2017 2018 2019 2020 2021
Date of arXiv submission

62 new hadrons observed at the LHC since 2012... 55 at LHCb!
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https://www.nikhef.nl/~pkoppenb/particles.html

LHCb " +-Daa

— Total fit
— Basdlinefit
I NR decay
=P

=P.

] Background

New structure in J/ip [hep-ex/2108.04720]

@

3
©
g

&
Candidates/0.07
—

nN

Candidates/(0.02 GeV)
o

e amplitude analysis of ~800
BY — Jhbpp decays

5

e new structure found in J/p and
Jhbp spectra

e consistent with P} = (ccuud) pentaquark
Mps = 433717 (stat) "5 (syst) MeV

Candidates/0.21
N w
o Q

Candidates/0.07

=
(@]

> >
Lpr = 29728 (stat) T 14 (syst) MeV ke Che
e . S40 S40
e significance 3.1 to 3.70 depending on 3 3
P . B0 B 20- 4
J© assignment 2 27H
§ ot 3 ot
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Observation of doubly-charmed tetraquark [LHC-PAPER.2021.051]

e while the b quark is heavy enough to sustain the
existence of a bbud tetraquark decaying to two
mesons, conclusions less clear for bcud and ccud

LHCh =3 Pre]

to D°D** mass

=

— -~

e mass of 211 (ccu) implies that ccud should be close g
=

£

it = 3
<4 Data 3874 3.876 9
s - mpopers [GV/e2]

8 5 & 3

e observed narrow state in D°D%7* spectrum near
D°D** threshold, compatible with T = ccud
— very narrow width of Ty = 410 + 165 + 43712 keV 10
— two heavy quarks of the same flavour
— manifestly exotic
— clear resonant nature

n
o

w o
Q [TTqrrrT
KX

e signal significance > 200
- ompw < O significance of 4.30 <+— i.e. not a D°D** molecule
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W maSS measurement [LHCb-PAPER-2021-024]

x10°

15 W fit region LHCb Preliminary W fit region
- | Daa
e fundamental parameter of the SM 5 -
'é 100 -
- limits sensitivity of global EW fits to new physics 2 T
9 . T o 50 I Light hadrons
- measur.ed at hadron colliders using mr, E_; . and T
pr(¢*) in W — (*v decays 0
4 Model uncertai
- average between ATLAS and LHCb measurements £ 2 gt
profits from reduced PDF uncertainty o
-0.04 -003 -0.02 ’;Iﬂl.gln U/pO []che\o}] 002 003 004
x10°
[ ] mW at LHCb: 2000 : LHCb Preliminary
— determined from fit to q/pr and ¢* - 1 ;5’? P
w 3 Rrng 4+, — 2 | Rare backgrounds
- control py by simultaneously fitting Z — pt . -
500 .."'.
e using 2016 data sample: , .
my = 80364 :I: 233tat :t 11exp :I: 17theory :l: 9PDF Mev £ i; Mode! uncertainty .
1 ~ gy SEES bty
— 3x more data already available 8 0
005 01 015 02 025 03 035 04 045 05
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Rare decays
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Electroweak penguins

Flavour Changing Neutral Current are powerful probes of NP
LHCb can probe branching fractions 10~ down to 10710

forbidden at tree level in SM == NP contribution can be sizeable
NP example

b u, ¢yt s b LQ s
wos o swr NS
ot
£ £

b — s¢™¢~ measurements present several anomalies
- pointing to a breaking of lepton flavour universality

8 papers on b — s¢* ¢~ in the past year + 2 on photon polarization in b — s~y
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on arXiv tomorrow!

0 _
Updated B(s) % /“L+I'L [LHCb-PAPER-2021-007] [LHCb-PAPER-2021-008]
: o . .
W
e in the SM, B?s) — ptu~ decays are FCNC and " -
helicity-suppressed ’ -
e single Wilson coefficient (axial current) and single 3
hadronic constant known to £0.5% [PRD 98 (2019) 074512] g
8 2F.
B
e suppress combinatorial with BDT calibrated on B
data-corrected simulation oF
6000
e control uncertainties by normalising to My (MVIE]
+ + +,,— 0 +. - ool
Bt* - K"Ji)(— ptp~)and B — Kt § oo e ]
2 05:— . o —
B (BS — ,u*;f) = 3.09f8:1§(stat)f8:ﬁ (syst) x 1077 04r
0.3
B (BO N ;mr) < 2.6 x 10719 (95%CL) 0}
01F L
B (BS = ,ﬁ,fq,) <2 x 1072 (95%CL) ol
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b — s¢T¢~ branching fractions [hep-ex/2105.14007]

e differential branching fraction excluding cc resonances
e deficit of decays to muons found in B+ — KO*+u—, BO+ — KO+~
A — AOutp=, B = optp~
e Ry result suggests decays to electrons are SM-like
e new analysis of B — ¢ut i~ in agreement with Run 1, and 3.6¢ tension with the SM

m=LCSR  Lattice -+-Data 015907 . . < g EETTYT
% 5 B 3 o LH%b o ME BLOHCh ® LHCb 3 1"
o * > 12 Ed SM (LCSR+Lattice)
Q 3 BY = K™ pu S g s HH ﬁsnrws‘;»w '
E 0. 1 ’; 10 EEEEE SM (Lattice)
“:: ? Sy 3 T e M wes
+ 3 oF
8 - oo Mg, + _+ ~ o . n
%' 1) S\ e
- T o E
a, | L L S , L L Jd s -
° % 5 10 15 20 5 10 15 20 0 5 10 15 ¥ % 5 10 is
P [Gevci] ¢ [Gevic] @lGevic] 3 ¢ [GeV/c')
[JHEP 06 (2014) 133] [JHEP 06 (2015) 115] [JHEP 04 (2017) 142]
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b— 8£+£_ anglﬂar observables [PRL 125 (2020) 011802] [PRL 126 (2021) 161802] [hep-ex/2107.13428]

e angular observables profit from cancellation of most form
factors

e sensitive to Wilson coefficients, which can be modified by NP
e B — K*O/J,+u7 [PRL 125 (2020) 011802]

— local tension in P§ confirmed by 2016 data
— global tension of 3.30 with SM

e Bt — K*+u+,u7: global 3.1¢ tension with SM  (pri. 126 2021) 161802
° B? — ¢t~ consistent with SM at 1.9¢0 [hep-ex/2107.13428]
e coherent trends pointing at Re(ACq) ~ —1

T T |
LHCb Run 1+ 2016
[ M from DHMV 'F

3" 5 10

_ Gy
Bt » Kttt
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LHCb 9 b~ | favio
o B+ — K*+ ”+ #—

2AlogL

LHCb
favio
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. . LHCb .
Lepton ﬂavour unlversallty [hep-ex/2103.11769] i?;;gﬂ'[‘b )
""" s
e compare amount of times p "~ pair is emitted w.r.t. eTe”
e very clean theoretical prediction: R
)
+ +,,+ JHEP 12 (2007) 040 ta i
— 3 ata 9 fb*
RSM = B(B —+K e ) [[EPJC 76 EZOIG; 4401 Eﬁ i%‘dgﬂ:
K — B(B+ N K+e+67) ) ) §}§3 ;:‘:JK/&:‘@K‘
5 [qmin’qmaxl g % -:r‘ﬁ:r?;;ria
— —_ 60
=1+ 0(10%)(qep) + O(10™")(qcp) 59

5500 6000
m(K*e'e) [Mev/c?]

e double ratio normalized to J/) modes reduces systematics
e full LHCb dataset: 3.1¢ evidence for LFU violation

—_— .

BaBar
01<q?<812Gevic!

i, Bele

10<q?<60Gevi/ct

LHO3t
Ry = 0.846 +0.044
-~ LHObOM
e measurements using other channels coming soon 0s ! i3 Re
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The near and the far future
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LHCb upgrade 1 (LS2, 2019)

Software-only

trigger Upgraded muon
New tracking Upgraded calo FE electronics,
stations FE electronics, remove M1
/ remove SPD/PS NSV
/ SciFi AL HCAL M3 i
/ Magnet  tracker ECAL M2

New RICH PMTs +
= upgraded
electronics
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LHCb upgrade 1 (LS2, 2019)

Software-only
trigger Upgraded muon

FE electronics,
VY.Ll

| New tracking I | Upgraded calo I

|Upgraded LHCb Detect(ll
To be UPGRADED

| Detector Channels I

R/O Electronics

il

New pixe|

New RICH PMTs +
upgraded
electronics
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LHCb upgrade 2 (LS4, 2030)

Side View

Tungsten

ECAL
Magnet & Neutron

Magnet Stations  S¢iFj TORCH  shieiding
&Silicon , - RICH2

Locator /f| ©*

>

Phase-Il Upgrade
20 /
P o 22
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LHCb upgrade 2 (LS4, 2030)

heavily scalable
trigger and data
processing

-stations

SiPM readout

mag ide stations for RICH2

new
finer UT séafrentation TORCH new W-ECAL with. \ H-RWELL
(~15ps ToF) silicon timing ’
o ations
Side View Tungsten M4 MS

for R 1 Magnet & Neullsr!E;AL M3
SciFi TORCH Shielding M2
&Silicon , RICH2

Locator

Phase-II Upgrade
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PhYSiCS Potential Of LHCb upgrades [CERN-LHCC-2018-027] [CERN-LHCC-2017-003]

e many systematic uncertainties scale with \/n
- e.g. data-driven background templates

e reach ~ 1-2% precision on R ratios
e access AS = S(uu) — S(ee) angular observables

v 0.16
Om

[ T T T T ] w T T T =
[ GGSZ 5fb™* GLW/ADS 5fb™ 1 A 1 —
= t & 1 L " LHCb; « 3fbdata 1 & 10 s
0.14 -] GGSz 300fb™* [77] GLW/ADS 300fb 4 « 300fb 1 ;2‘
[ B*.DK*only 1 0-5;}_ WIsM fromDHMV |« s:im ol
012~ - r SM from ASZB s Wi
: -t ] R c——
01f . : E"’ 1 1 I
r 9 [ 2 ]
008" 1o + : 12 3 " .
0.061 . ehosg e, ot ] -l L L L 10" 1
S S T T I S S RIS | 0 5 10 15 10 102
0 20 40 60 80 100 . LV R
v I° q* [GeV*/c*] integrated luminosity [fb ]

21/22
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Conclusions

LHCD originally designed for CPV and rare decays

- achieved much more! Multi-purpose experiment

Recent results include: mass difference in charm, confirmed anomalies in b — s¢/¢
— more studies underway on other decay modes

LHCb undergoing major upgrade right now
- schedule suffered from pandemic, but proceeding steadily
— detector installation & commissioning ongoing
- real time software-based trigger will give much more flexibility

Upgrade 2 (2030) framework TDR in drafting phase
— potential to discover cracks in the SM and/or pave the way for NP searches!
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Spare slides
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Intrinsic charm in proton [LHC-PAPER 2021.020]

'E’Z“ T ;_%:: LHCD
e fraction of Z+jet events with charm jet £ U B
irst time i . 3° e
e measured for the first time in forward region P i
N ‘ e (D\?) [Gev] ? : Nex(DV)

e sensitive to intrinsic charm component |uudcc)
e method: 0l

o r L L A B
. q . " [ m stat ]
- c-tagging looks for displaced vertex with < 4 . %ﬁgfv B statdsyst |
tracks in jet cone S Fra—sn-t ]
R o NG . 0.06] .
= Meor = /M2 + (psin®)” + psind to separate from i ¢ f :
b vertices 004
[ NLOSM 1
e result: L e PDFALHC15 No IC . ]
. . . 0-02f u NNPDF 3.0-IC allowed ]
— sizeable enhancement of c-jets at high 7, F L CoriarLeqen (e = 1% 1
— consistent with 1% intrinsic charm in proton G TTes T3 35 4 4s
y(Z)
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2
Physics with heavy ion collisions i
1205: %’j;aat
100~ -~ 3y hadro-produced

e QGP — suppression of QQ production in heavy ion
collisions

5 10

15 20
In(p2/[Mev?/c?)

— excess can be due to photoproduction Es S i
o o/ . > -, 1 -
- 2018 data at \/syy = 5.02 TeV significantly improves g4 o e

+ data

previous measurements [hep-ex/2108.02681] &
e coherent J/i) production studied in ultra-peripheral PbPb i e
collisions from 2015 i e
oL rofiu 46LC
- 0=4454+0.24+0.18 £0.58 mb [hep-ex/2107.03223] ° 2 Ly
e charged particle production at /s = 5 TeV TR
— compare pPb and pp collisions as a function of Y R
pseudorapidity and pr [LHCh-PAPER-2021-015] o8 ™ a7y cosscaric s<qp<a v
— nuclear modification factor measurement constrains PDFs 5 L . m
. . . 12)
in previously unexplored regions ol et R
0.6]
o3 76Q2, <10 Gevlc? 45<Q2, <50 GVl
10° 10° 10 10° 107 10;(‘ 16‘ 1;‘ 1;’3 7
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