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The LHCb experiment

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

• great vertex and decay time resolution, PID
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The LHCb detector in Run I+II

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

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

LHCb is a multi-purpose experiment!

This talk:

• selected physics results from past year

• a short intro to the LHCb upgrade

See these talks for more details:

• P. Gandini, Spectroscopy at LHCb, 19/08 16:00

• J. Cerasoli, Rare decays at LHCb, 22/08 18:15

• S. Ek-In, Charm physics at LHCb, 25/08 09:50

• Oscillations, CPV and charm
– B0

s mass difference ∆ms
– charm mixing and D0 mass difference
– CKM angle γ
– Ω0

c lifetime

• Spectroscopy and exotic hadrons
– evidence for c̄cuud pentaquark
– first observation of doubly charmed T+

cc tetraquark

• W mass measurement

• Rare electroweak penguin decays
– B0

(s) → µ+µ−(γ)

– B0
s → φµ+µ− branching fraction

– b→ s`` angular observables
– LFU test with B+ → K+`+`−

• LHCb upgrades
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Oscillations, CPV and charm
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B0
s oscillations [hep-ex:2104.04421] [JHEP 03 (2021) 137]

• Unique to LHCb; tag B0
s / B̄0

s at production

• measure oscillation frequency with B0
s → D∓s π

±

decays collected in LHC Run 2
∆ms = 17.7683± 0.0051± 0.0032 ps−1

• combine with previous measurements such as
B0

s → D∓s h±π±π∓ (full dataset)
∆ms = 17.7656± 0.0057 ps−1
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Charm mixing [hep-ex:2106.03744]

• first observation of 6= 0 mass difference in D0 system
– x ≡ (m1 −m2)/Γ, y ≡ (Γ1 − Γ2)/2Γ

• 30.6M D0 → K0
Sπ

+π− decays, very small BG

• bin-flip method: in each bin of m2(K0
Sπ
−) vs

m2(K0
Sπ

+) Dalitz plot [Phys. Rev. D 99, 012007]

– approx. constant strong phase difference
– measure difference between D0 and D̄0
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Charm mixing and CKM angle γ [LHCb-CONF-2021-001]

• combination of measurements
– sensitive to γ and charm mixing parameters
– charm and beauty observables simultaneously
– 151 observables, 52 free parameters

• most precise measurement by a single experiment

γ =
(

65.4+3.8
−4.2

)◦
• excellent agreement with global CKM fit
γ = (65.8± 2.2)◦

• charm mixing parameters
– x =

(
0.0400+0.052

−0.053

)
%

– y =
(
0.630+0.033

−0.030

)
%

– precision on y improved by ∼ 2
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Ω0
c lifetime [LHCb-PAPER-2021-021] [PRL 121 (2018) 092003]

• charmed baryons: Λ+
c (udc), Ξ+

c (usc), Ξ0
c (dsc), Ω0

c (ssc)
• expected lifetime hierarchy:
τΩ0

c
< τΞ0

c
< τΛ+

c
< τΞ+

c

• LHCb measured a longer Ω0
c lifetime in semileptonic

b-baryon decays [PRL 121 (2018) 092003]

• new measurement using promptly-produced
c-baryons decaying to pK−K−π+:

τΩ0
c

= 276.5± 13.4± 4.4± 0.7 fs

τΞ0
c

= 148.0± 2.3± 2.2± 0.2 fs

• previous results and new hierarchy confirmed:
τΞ0

c
< τΛ+

c
< τΩ0

c
< τΞ+

c
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Figure 3: The decay-time distributions for (left) Ω0
c and (right) Ξ0

c modes with the χ2 fit
superimposed. The χ2/ndf of the fit is 22/23 for Ω0

c mode and 30/20 for Ξ0
c mode. The

uncertainty on the data distribution is statistical only.

quantity149

Fi(τ) =

∫
i
exp(−t/τ)dt∫

i
exp(−t/τsim)dt

×
∫
i
exp(−t/τ consim )dt∫
i
exp(−t/τ con)dt

(2)

is introduced, where τsim = 250 fs is the signal mode lifetime in simulation and τ con = τ consim150

is the known D0 lifetime [33]. The resulting lifetime is τΩ0
c

= 276.5 ± 13.4 fs with151

χ2/ndf = 22/23 and τΞ0
c

= 148.0± 2.3 fs with χ2/ndf = 30/20, where the uncertainty is152

only due to the limited size of the data and simulation samples. The result of the χ2 fit to153

data is illustrated in Fig. 3, which shows the signal yield N sig for selected candidates as a154

function of decay time, divided by the width of the corresponding decay-time interval,155

where the fit results are superimposed.156

Several cross-checks are performed to ensure the robustness of the results. The χ2 fit is157

performed to data of the D0 → K+K−π+π− control mode for each data-taking period to158

validate the analysis procedure. The obtained lifetimes are consistent between data-taking159

periods and with the known D0 lifetime [33]. The data samples are split into sub-samples160

according to data-taking periods and magnetic polarities of the LHCb dipole magnet,161

and the lifetimes are measured for each sub-sample. The resulting lifetimes are in good162

agreement with each other and with the default results. The measurement is repeated163

with two alternative boundaries of decay-time intervals and the obtained lifetimes are164

consistent with the default results within their statistical uncertainties. To ensure that165

the result is independent of the input lifetime used in simulation, the simulated signal166

decays are weighted to have alternative effective lifetimes within seven times the statistical167

uncertainty around the default lifetime. The χ2 fit is then repeated. The difference of the168

obtained lifetimes with regard to the default fit is negligible.169

Systematic uncertainty sources are investigated and summarised in Table 1, including170

those due to the fit model, the limited size of the calibration samples, differences between171

data and simulation, and the uncertainty due to the choice of the D0 control mode. The172

systematic uncertainty due to the modelling of log10 χ
2
IP is studied with the D0 control173

mode. The following alternative models were tried and their impact on the signal yields174

studied. Firstly, the effect due to fixed parameters in the Bukin function is studied by175

removing these constraints one at a time in the fit to the (m, log10 χ
2
IP) distributions.176

Secondly, the uncertainty due to the choice of a single offset parameter for the peak177
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Figure 3: The decay-time distributions for (left) Ω0
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c modes with the χ2 fit
superimposed. The χ2/ndf of the fit is 22/23 for Ω0

c mode and 30/20 for Ξ0
c mode. The

uncertainty on the data distribution is statistical only.
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Supplementary material361

In the Supplementary material, an illustration of the LHCb measurements of Ω0
c and Ξ0

c362

lifetimes and the previous world average is shown in Fig. 5, and the fit projections to the363

invariant mass and log10 χ
2
IP distributions in different decay-time intervals and data-taking364

periods are shown in Fig. 6–29.365

0 100 200 300 400 500

Lifetime [fs]

 

            (2021)
LHCb Prompt

(2018/19)
LHCb SL

(2018)
  PDG

 

LHCb Comb.

0
cΩ 0

cΞ +
cΛ +

cΞ

0
cΩ0

cΞ +
cΛ +

cΞ

0
cΩ0

cΞ +
cΛ +
cΞ

Figure 5: An illustration of the LHCb measurements of Ω0
c and Ξ0

c lifetimes (2018/19) obtained
from semileptonic beauty-hadron decays [1,2] and (2021) prompt signals, and (2018) the previous
world average [3]. The combined LHCb results are shown in coloured bands.
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2
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c data sample

collected in 2016, along with the fit results. The contributions of the signal, the secondary
decays, and the combinatorial background are shown in red (solid), green (dashed), and gray
(dash-dotted), respectively.
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Spectroscopy & exotic hadrons

10500

11000

55 new hadrons at LHCb
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62 new hadrons observed at the LHC since 2012... 55 at LHCb!
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New structure in J/ψp [hep-ex/2108.04720]

• amplitude analysis of ∼800
B0

s → J/ψpp̄ decays

• new structure found in J/ψp and
J/ψp̄ spectra

• consistent with P+
c ≡ (cc̄uud) pentaquark

mP+
c

= 4337+7
−4(stat)+2

−2(syst) MeV

ΓP+
c

= 29+26
−12(stat)+14

−14(syst) MeV

• significance 3.1 to 3.7σ depending on
JP assignment
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Observation of doubly-charmed tetraquark [LHCb-PAPER-2021-031]

• while the b quark is heavy enough to sustain the
existence of a bbūd̄ tetraquark decaying to two
mesons, conclusions less clear for bcūd̄ and ccūd̄

• mass of Ξ++
cc (ccu) implies that ccūd̄ should be close

to D0D∗+ mass

• observed narrow state in D0D0π+ spectrum near
D0D∗+ threshold, compatible with T+

cc ≡ ccūd̄
– very narrow width of ΓBW = 410± 165± 43+18

−38 keV
– two heavy quarks of the same flavour
−→ manifestly exotic

– clear resonant nature

• signal significance > 20σ
– δmBW < 0 significance of 4.3σ
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Figure 1: The D0D0π+ mass distribution where the contribution of the non-D0 background has
been statistically subtracted. The result of the fit described in the text is overlaid.

Table 1: Signal yield, N , Breit–Wigner mass relative to D∗+D0 mass threshold δmBW and width
ΓBW parameters obtained from the fit to the D0D0π+ mass spectrum. The uncertainties are
statistical only. The last two rows show the statistical significance S of the observed signal and
the significance of the hypothesis δmBW < 0 in units of standard deviations.

Parameter Value

N 117± 16
δmBW −273± 61 keV/c2

ΓBW 410± 165 keV

S 22
SδmBW<0 4.3

Table 1. The statistical significance of the observed T+
cc→ D0D0π+ signal is estimated90

using Wilks’ theorem [92] and is overwhelming, see Table 1. The fit suggests that the mass91

parameter of the Breit–Wigner shape is slightly below the D∗+D0 mass threshold. The sta-92

tistical significance of the hypothesis δmBW < 0 is estimated to be 4.3 standard deviations.93

To validate the presence of the signal component, several additional cross-checks94
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←− i.e. not a D0D∗+ molecule
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W mass measurement [LHCb-PAPER-2021-024]

• fundamental parameter of the SM
– limits sensitivity of global EW fits to new physics
– measured at hadron colliders using mT, ET

miss and
pT(`±) in W± → `±ν decays

– average between ATLAS and LHCb measurements
profits from reduced PDF uncertainty

• mW at LHCb:
– determined from fit to q/pT and φ∗

– control pW
T by simultaneously fitting Z→ µ+µ−

• using 2016 data sample:
mW = 80364± 23stat ± 11exp ± 17theory ± 9PDF MeV

– 3× more data already available

Table 4: The postfit values of the mW fit with the NNPDF31 nlo as 0118 PDF set. The
uncertainties quoted are statistical.

Floating parameter Postfit value
Fraction of W+ → µ+ν 0.5293± 0.0006
Fraction of W− → µ−ν 0.3510± 0.0005
Fraction of hadron background 0.0151± 0.0007
αZs 0.1243± 0.0004
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Figure 11: The (left) q/pT and (right) φ∗ distribution compared to the postfit model.
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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 10−6 down to 10−10

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

b W− s

u, c, t

γ,Z0
ℓ+

ℓ−

b s

ℓ+

ℓ−

LQ

• 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→ sγ

NP example

LQ
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Updated B0
(s)→ µ+µ− [LHCb-PAPER-2021-007] [LHCb-PAPER-2021-008]

• in the SM, B0
(s) → µ+µ− decays are FCNC and

helicity-suppressed

• single Wilson coefficient (axial current) and single
hadronic constant known to ±0.5% [PRD 98 (2019) 074512]

• suppress combinatorial with BDT calibrated on
data-corrected simulation

• control uncertainties by normalising to
B+ → K+J/ψ (→ µ+µ−) and B0 → K+π−

B
(

B0
s → µ+µ−

)
= 3.09+0.46

−0.43(stat)+0.15
−0.11(syst)× 10−9

B
(

B0 → µ+µ−
)
< 2.6× 10−10 (95%CL)

B
(

B0
s → µ+µ−γ

)
< 2× 10−9 (95%CL)
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on arXiv tomorrow!
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b→ s`+`− branching fractions [hep-ex/2105.14007]

• differential branching fraction excluding cc̄ resonances

• deficit of decays to muons found in B0,+ → K0,+µ+µ−, B0,+ → K∗0,+µ+µ−,
Λ0

b → Λ0µ+µ−, B0
s → φµ+µ−

• RK result suggests decays to electrons are SM-like

• new analysis of B0
s → φµ+µ− in agreement with Run 1, and 3.6σ tension with the SM

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [

10
2 q

/d
Bd 0

1

2

3

4

5

LCSR Lattice Data

LHCb

−µ+µ+ K→+B

[JHEP 06 (2014) 133]

]4c/2 [GeV2q
0 5 10 15 20

]
-1 )4 c/2

(G
eV

-7
 [

10
2 q

) 
/ d

µ µ 
Λ 

→ b
Λ(

Bd

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

LHCb

SM prediction

Data

Λ0
b → Λ0µµ

[JHEP 06 (2015) 115]

]4c/2 [GeV2q
0 5 10 15

]2
/G

eV
4 c

 [2 q
/d

B
 d

0

0.05

0.1

0.15
6−10×

LHCb
B0 → K∗0µµ

[JHEP 04 (2017) 142]

0 5 10 15

]4/c2GeV[2q

0

2

4

6

8

10

12

14

)4
c

2
−

G
eV

8
−

1
0

(2 q
d/)

− µ
+ µ

φ
→0 s

B(
B

d

φ ψJ/ (2S)ψ

LHCb
1−LHCb 9 fb
1−LHCb 3 fb

SM (LCSR+Lattice)

SM (LCSR)

SM (Lattice)

B0
s → φµµ

Elena Graverini (EPFL) LHCb highlights 16/22
16/22



b→ s`+`− angular observables [PRL 125 (2020) 011802] [PRL 126 (2021) 161802] [hep-ex/2107.13428]

• angular observables profit from cancellation of most form
factors

• sensitive to Wilson coefficients, which can be modified by NP
• B0 → K∗0µ+µ− [PRL 125 (2020) 011802]

– local tension in P′5 confirmed by 2016 data
– global tension of 3.3σ with SM

• B+ → K∗+µ+µ−: global 3.1σ tension with SM [PRL 126 (2021) 161802]

• B0
s → φµ+µ− consistent with SM at 1.9σ [hep-ex/2107.13428]

• coherent trends pointing at Re(∆C9) ' −1
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Lepton flavour universality [hep-ex/2103.11769]

• compare amount of times µ+µ− pair is emitted w.r.t. e+e−

• very clean theoretical prediction:

RSM
K =

B(B+ → K+µ+µ−)

B(B+ → K+e+e−)

∣∣∣∣
[q2

min,q
2
max]

= 1±O(10−2)(QED) ±O(10−4)(QCD)

• double ratio normalized to J/ψ modes reduces systematics

• full LHCb dataset: 3.1σ evidence for LFU violation

RK = 0.846 +0.044
−0.041

• measurements using other channels coming soon
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The near and the far future
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LHCb upgrade 1 (LS2, 2019)
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LHCb upgrade 1 (LS2, 2019)
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LHCb upgrade 2 (LS4, 2030)
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LHCb upgrade 2 (LS4, 2030)

  

new VELO

finer UT segmentation

new T-stations

magnet side stations

SiPM readout
for RICH1

TORCH
(~15ps ToF)

SiPM readout
for RICH2

new W-ECAL with 
silicon timing

no L0  no HCAL→

M1  shield→

new
μ-RWELL

muon 
stations

heavily scalable 
trigger and data 

processing
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Physics potential of LHCb upgrades [CERN-LHCC-2018-027] [CERN-LHCC-2017-003]

• many systematic uncertainties scale with
√

n
– e.g. data-driven background templates

• reach ∼ 1-2% precision on R ratios

• access ∆S = S(µµ)− S(ee) angular observables
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Figure 4.5: Left: Comparison of different methods used to determine the angle γ, reproduced from
Ref. [25]. Right: Comparison between the current LHCb 3-body GGSZ and 2-body GLW/ADS mea-
surements alongside their future projections with 300 fb−1 in the plane of γ vs. rDK

B (note the curtailed
y-axis for rDK

B ). The scan is produced using a pseudo-experiment, centred at γ = 70◦, rDK
B = 0.1, with

B± → DK± decays only.

requires large simulation samples. More precise measurement of important external parameters,
particularly ci and si from BESIII, will be required to reduce the uncertainty associated with
the model independent GGSZ method. The uncertainties of inputs from charm threshold data
collected by CLEO-c will begin to limit the sensitivity by the end of Run 2, so it is essential
to work together with BESIII to provide updated measurements for the suite of charm decays
and D → K0

Sh
+h− in particular. Provided that the charm inputs are improved sub-degree level

precision on γ is attainable. Understanding the correlations between different B decay modes
that all use these external parameters will be vitally important as they are likely to contribute
one of the largest overall systematic uncertainties in the combination. A comparison between
the current LHCb GGSZ and GLW/ADS measurements [146,151] with their future projections
at 300 fb−1 is shown in Fig. 4.5 (right). The order of magnitude increase in precision is very
apparent and the importance of the combination clear, given the multiple ambiguous solutions
for GLW/ADS measurements is not resolved with increased luminosity.

The GGSZ modes are considered the golden modes at Belle II and drive the overall uncertainty
on γ which is expected to reach 1.5◦ with a data sample of 50 ab−1. This is comparable to
the sensitivity that the LHCb γ combination will achieve with a data sample corresponding
to approximately 23 fb−1. Subsequently input from Belle II will still contribute towards the
world average by the end of LHCb’s Upgrade I but LHCb will dominate γ measurements with
Upgrade II (300 fb−1) contributing entirely towards a world average precision of ∼ 0.35◦. The
impact of this measurement on the unitarity triangle fit is shown in Fig. 10.2. It should be
emphasised that this projection includes only the currently used strategies, and does not include
improvements from other approaches. A comparison between the projected uncertainties for
LHCb and the world average as a function of integrated luminosity is shown in Fig. 4.6.

4.3 Amplitude analysis of B+ → h+h+h− decays

The decays of charged B mesons to three-body final states containing charged pions and kaons
have elicited much recent interest due to the observation [168] of extremely large CP -violating
asymmetries. While the phase-space integrated asymmetries are of order a few percent, the
asymmetries as a function of the position in phase space are considerably larger, even approaching
±1 in some areas, as illustrated in Fig. 4.7. The pattern in which the CP asymmetries vary is

39

Angular analyses prospects

• Systematic uncertainties will likely be ≤ 0.01
(many will scale as

√
N)

◦ e.g. control angular distribution of the
background with data, etc.

• Understanding the angular acceptance will
need of large MC samples

• Rescaling the existing measurement
with the same binning to 300 fb−1

with a syst. of 0.01

• We could also reduce binning size to
learn more about the shape of the
distribution (input on dΓ/dq2 to
subdivide dataset within the existing
bins)

P. Álvarez Cartelle (ICL) Rare decays and LFU @ LHCb 11/23

11/20

[LHCb, EOI for phase II upgrade

CERN-LHCC-2017-003]

LFU prospects

• For ratios of B’s (e.g. RK , RK∗0) we could
reach 1-2% precision

◦ For comparison Belle 2 expects to reach a
precision of 4-5% with a 50 ab−1 dataset
[S. Sandilya at CKM 2016]

• Angular analyses with electrons have
orthogonal systematics with respect
to RX ’s and these can also be kept
under control

• Expect good sensitivity to differences
in the angular distributions for
electron/muon final states

P. Álvarez Cartelle (ICL) Rare decays and LFU @ LHCb 16/23

16/20

[LHCb, EOI for phase II upgrade

CERN-LHCC-2017-003]
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Conclusions

• LHCb 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 [LHCb-PAPER-2021-029]

• fraction of Z+jet events with charm jet

• measured for the first time in forward region

• sensitive to intrinsic charm component |uudcc̄〉
• method:

– c-tagging looks for displaced vertex with ≤ 4
tracks in jet cone

– mcor ≡
√

m2 + (p sin θ)
2

+ p sin θ to separate from
b vertices

• result:
– sizeable enhancement of c-jets at high ηZ
– consistent with 1% intrinsic charm in proton
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Figure 3: Example (left) mcor(DV) and (right) Ntrk(DV) distributions for all DV-tagged can-
didates in the Zj data sample reconstructed in the fiducial region with the DV fit results
superimposed.

The tracks used as inputs to the DV-tagger algorithm are required to have pT > 0.5 GeV98

and to be inconsistent with originating directly from a pp collision. A DV is associated99

to a jet when ∆R < 0.5 between the jet axis and the DV direction of flight, defined by100

the vector from the pp interaction point to the DV position. Requirements that reject101

s-hadron decays and particles formed in interactions with material [56] are placed on102

the mass, m(DV), and momentum, p(DV), of the particles that form the DV, along103

with the DV position. In addition, only DVs with at most four tracks are used, since104

higher-multiplicity DVs are almost exclusively due to b-hadron decays. More details about105

the c-tagging algorithm are provided in Ref. [38].106

Two DV properties are used to separate c jets from b and light-parton jets:107

the number of tracks in the DV, Ntrk(DV); and the corrected mass, mcor(DV) ≡108 √
m(DV)2 + [p(DV) sin θ]2 + p(DV) sin θ, where θ is the angle between the momentum109

and direction of flight of the DV. The corrected mass, which is the minimum mass that110

the long-lived hadron can have that is consistent with the direction of flight, peaks near111

the c-hadron mass for c jets, and consequently, provides excellent discrimination against112

other jet types. The DV track multiplicity provides additional discrimination against b113

jets, since b-hadron decays often produce many displaced tracks. These two distributions114

are fitted simultaneously to obtain the DV-tagged c-jet yields. The templates for c, b, and115

light-parton jets are obtained from calibration data samples that are each highly enriched116

in a given jet flavor [38]. Figure 3 shows the results of an example DV fit; such fits are117

performed in each [y(Z), pT(j)] interval to obtain the reconstructed Zc yields.118

The effects of [y(Z), pT(j)] interval migration are corrected for using an unfolding119

technique [54, 55]. The detector response is studied using the pT-balance distribution120

of pT(j)/pT(Z) in nearly back-to-back Zj events using the same data-driven technique121

as in Refs. [49, 57]. Small adjustments are applied to the pT(j) scale and resolution in122

simulation to obtain the best agreement with data. In addition, for the Zc and Zj samples123

the pT(j) and pT(DV) distributions in simulation are adjusted to match those observed in124

data. The unfolding matrix for jets that contain a reconstructed DV is shown in Fig. 4,125

while the corresponding matrix for inclusive Zj production is provided in Ref. [36].126

The dominant systematic uncertainty is due to limited knowledge of the c-tagging127

efficiency, which is measured in pT(j) intervals from data in Ref. [38] and briefly summarized128
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Figure 3: Example (left) mcor(DV) and (right) Ntrk(DV) distributions for all DV-tagged can-
didates in the Zj data sample reconstructed in the fiducial region with the DV fit results
superimposed.

The tracks used as inputs to the DV-tagger algorithm are required to have pT > 0.5 GeV98

and to be inconsistent with originating directly from a pp collision. A DV is associated99

to a jet when ∆R < 0.5 between the jet axis and the DV direction of flight, defined by100

the vector from the pp interaction point to the DV position. Requirements that reject101

s-hadron decays and particles formed in interactions with material [56] are placed on102

the mass, m(DV), and momentum, p(DV), of the particles that form the DV, along103

with the DV position. In addition, only DVs with at most four tracks are used, since104

higher-multiplicity DVs are almost exclusively due to b-hadron decays. More details about105

the c-tagging algorithm are provided in Ref. [38].106

Two DV properties are used to separate c jets from b and light-parton jets:107

the number of tracks in the DV, Ntrk(DV); and the corrected mass, mcor(DV) ≡108 √
m(DV)2 + [p(DV) sin θ]2 + p(DV) sin θ, where θ is the angle between the momentum109

and direction of flight of the DV. The corrected mass, which is the minimum mass that110

the long-lived hadron can have that is consistent with the direction of flight, peaks near111

the c-hadron mass for c jets, and consequently, provides excellent discrimination against112

other jet types. The DV track multiplicity provides additional discrimination against b113

jets, since b-hadron decays often produce many displaced tracks. These two distributions114

are fitted simultaneously to obtain the DV-tagged c-jet yields. The templates for c, b, and115

light-parton jets are obtained from calibration data samples that are each highly enriched116

in a given jet flavor [38]. Figure 3 shows the results of an example DV fit; such fits are117

performed in each [y(Z), pT(j)] interval to obtain the reconstructed Zc yields.118

The effects of [y(Z), pT(j)] interval migration are corrected for using an unfolding119

technique [54, 55]. The detector response is studied using the pT-balance distribution120

of pT(j)/pT(Z) in nearly back-to-back Zj events using the same data-driven technique121

as in Refs. [49, 57]. Small adjustments are applied to the pT(j) scale and resolution in122

simulation to obtain the best agreement with data. In addition, for the Zc and Zj samples123

the pT(j) and pT(DV) distributions in simulation are adjusted to match those observed in124

data. The unfolding matrix for jets that contain a reconstructed DV is shown in Fig. 4,125

while the corresponding matrix for inclusive Zj production is provided in Ref. [36].126

The dominant systematic uncertainty is due to limited knowledge of the c-tagging127

efficiency, which is measured in pT(j) intervals from data in Ref. [38] and briefly summarized128
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Table 2: Relative systematic uncertainties on Zcj, where ranges indicate that the value is y(Z)
interval dependent.

Source Relative Uncertainty

c tagging 6–7%
DV-fit templates 3–4%
Jet reconstruction 1%
Jet pT scale & resolution 1%

Total 8%
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Figure 5: Measured Zcj distribution (gray bands) for three intervals of forward Z rapidity,
compared to NLO SM predictions [24] without IC [35], with the c PDF shape allowed to vary
(hence, permitting IC) [33,68], and with IC as predicted by LFQCD with a mean momentum
fraction of 1% [32].

predictions [63, 64, 66, 67] and updated here to use more recent PDFs [32, 33, 35, 68, 69].155

The NNPDF analysis provides results where the charm PDF is allowed to vary, both156

in size and in shape [33]. The drastic increase in the uncertainty at forward y(Z) when157

allowing for IC in the analysis demonstrates that previous experiments have minimal158

sensitivity to the large-x charm PDF. Reference [32] updated the CT14 analysis [70] to159

include the IC content predicted by LFQCD [2,3], which results in the enhancement at160

forward y(Z) shown previously in Fig. 2. More details on the theory calculations are161

provided in Ref. [36].162

The observed Zc
j values are consistent to ≈ 20% with both the no-IC and IC hypotheses163

in the first two y(Z) intervals; however, this is not the case in the forward-most interval164

where the ratio of the observed to no-IC-expected values is 1.82 ± 0.25. As illustrated165

in Fig. 2, this is precisely the y(Z) region where valence-like IC would cause a large166

enhancement. Indeed, Fig. 5 shows that after including the IC PDF shape predicted by167

LFQCD with a mean momentum fraction of 1% the theory predictions are consistent with168
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Physics with heavy ion collisions

• QGP −→ suppression of QQ̄ production in heavy ion
collisions

– excess can be due to photoproduction
– 2018 data at

√
sNN = 5.02 TeV significantly improves

previous measurements [hep-ex/2108.02681]

• coherent J/ψ production studied in ultra-peripheral PbPb
collisions from 2015

– σ = 4.45± 0.24± 0.18± 0.58 mb [hep-ex/2107.03223]

• charged particle production at
√

s = 5 TeV
– compare pPb and pp collisions as a function of

pseudorapidity and pT [LHCb-PAPER-2021-015]

– nuclear modification factor measurement constrains PDFs
in previously unexplored regions
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Figure 3: Evolution of the nuclear modification factor with xexp from this study, ALICE [21], and
CMS [22], for different Q2

exp bins. Each plot includes all the RpPb (η, pT) bins with a pT center
within the Q2

exp range specified in the plot. Horizontal error bars account for the minimum
and maximum xexp value for a given (η, pT) bin. Vertical error bars correspond to statistical,
systematic and luminosity (normalisation) uncertainties for LHCb (ALICE, CMS), added in
quadrature.

region, the measurements in the central region from ALICE and CMS and the result in205

the backward region is observed for the four Q2
exp bins. The evolution of RpPb with xexp206

is Q2
exp-dependent. For low Q2

exp (0.75 < Q2
exp < 0.85 GeV2/c2) a suppression is observed207

in every bin. For intermediate Q2
exp (3 < Q2

exp < 4 GeV2/c2 and 7 < Q2
exp < 10 GeV2/c2)208

the value of RpPb increases strongly from a suppression at low xexp to an enhancement at209

higher xexp. For high Q2
exp (45 < Q2

exp < 50 GeV2/c2) the variation of RpPb becomes less210

xexp-dependent. The start of a decreasing trend of RpPb is hinted at xexp > 10−1.211

In summary, the differential production cross-sections have been measured in pT and212

η intervals for prompt charged particles produced in pp and pPb collisions at
√
sNN =213

5.02 TeV. The measurement corresponds to p > 2 GeV/c and 0.2 < pT < 8.0 GeV/c prompt214

charged particles with 2.0 < η < 4.8 in pp and −5.3 < η < −2.5 and 1.5 < η < 4.3 in pPb215

collisions. This is the first determination of such cross-sections in pPb collisions in the216

forward and backward regions at the LHC, and the first measurement in pp collisions at217 √
sNN = 5.02 TeV. The total uncertainty is around 3% for most kinematic bins both in pp218

and pPb collisions. As a result, the data places stringent constraints on non-perturbative219

QCD models in high-energy nuclear collisions.220

The nuclear modification factor RpPb is also determined and is one of the most precise to221

date. The total uncertainty, including the normalisation contribution, is below 5% for most222
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