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LHCb Detector

LHCb, Int. J. Mod. Phys. A30 (2015) 1530022

Forward spectrometer running in pp collider

® 2 < n < 5range: ~ 25% of bb

pairs inside LHCb acceptance

Excellent vertex and IP, decay time resolution: Hadron and Muon identification

* 0(IP) = 20 pm for high-p tracks * €x kg~ 95% for €,k = 5% up to 100 GeV
* o(1) =~ 45 fs for BY - J /¢ and B? - D nt decays * €5, ~97%fore,,, ~1—-3%

Very good momentum resolution: Data good for analyses

* 6p/p = 0.5% — 1% forp € (0,200) GeV * > 99%

* o(mg) = 24 MeV for two-body decays
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Integrated Recorded Luminosity (1/fb)

—
o N

.|..|..i..}..[.;..I..|..|..|..i..}..;.;..1..]..|..|..i..}..;.1..1..]..|..|..|..[..H.. TT T T F R T

1.6
1.4
1.2

0.8
0.6
0.4
0.2

LHCb Integrated Recorded Luminosity in pp, 2010-2018

° 2018 (6.5 TeV): 1.92 /fb

o omEsesi T izimeotom | S 2012 po
® 2016 (6.5 TeV): 1.67/fb
2015 (6.5 TeV): 0.33 /fb HBRRY < W
2012 (4.0 TeV): 2.08 /fb 2016 . 2017
o) 2011 (35 TeV): 1-11 }fb ....... ................................ . .................................
2010 (3.5 TeV): 0.04 /fb {2

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

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

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

Month of year

10/08/2018 Y. Gao, Heavy Quark Production at LHCb



Physics program at LHCb

* Not only precision measurements in b, ¢ sectors
- CKM and CP-violation parameters
- rare decays
- testing lepton universality
* But also a general purpose detector
- electroweak measurements: sinfy,,, W/Z, top quark, ..
[ - QCD studies: production] spectroscopy, exotic hadrons
- heavy ions
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Heavy flavor production at LHCb

* Unique rapidity coverage
—> access to small Bjorken x region
* Exceptional coverage at small pr
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Studies of H-F productions

at LHCb

Collision \'s/\/SNN Year published
Central exclusive production of J /%) and 1 (2S) mesons s]s) 13 TeV 2018
Measurement of Dg~ production asymmetry ] ) 7 + 8 TeV 2018
Measurement of T production pp 13 TeV 2018
Study of coherent J /1) production (CONF) PbPb 5 TeV 2018
Measurement of the B production cross-section pp 7+ 13 TeV 2017
Measurement of the T polarizations PP 7+ 8 TeV 2017
Study of bb correlations in high energy proton-proton collisions o] ) 7 + 8 TeV 2017
Study of prompt DO meson production pPb 5 TeV 2017
Prompt and nonprompt J /% production and nuclear modification pPb 8.16 TeV 2017
Measurement of BO, BO, Bt and A([)) production asymmetries o] ) 7 + 8 TeV 2017
Measurement of the Bi production asymmetry o] ) 7 + 8 TeV 2017
Study of J /1) production in jets pp 13 TeV 2017
Measurement of the J /) pair production cross-section o] ) 13 TeV 2017
Measurement of the b-quark production cross-section o] ) 7 + 13 TeV 2017
Measurement of forward tt, W + bb and wtce production o] ) 8 TeV 2017
Measurements of prompt charm production cross-sections o] ) 5 TeV 2017
Prompt /\_C’_ production (CONF) pPb 5.02 2017
Measurement of J /1) and DO production (CONF) pAr 110 GeV 2017
Study of 1 (2S) production and cold nuclear matter effects pPb 5 TeV 2016
Production of associated T and open charm hadrons o] ) 7 + 8 TeV 2015
Measurements of prompt charm production cross-sections o] ) 13 TeV 2015
Forward production T mesons o] ) 7+ 8 TeV 2015
Measurement of forward J /1) production cross-sections o] ) 13 TeV 2015
Study of the production of A([)) and B9 hadrons pp 7 + 8 TeV 2015
Measurement of the exclusive T production cross-section o] ) 7 + 8 TeV 2015
Identification of beauty and charm quark jets at LHCb pp 7 + 8 TeV 2015
Measurement of B;’_ production o] ) 8 TeV 2015



Studies of H-F productions at LHCb

Collision \'S/\VSNN Year published
Study of xp, meson production pp 7 + 8 TeV 2014
Observation of charmonium pairs produced exclusively pp 7 + 8 TeV 2014
First measurement of the charge asymmetry in beauty-quark pair production pp 7 TeV 2014
Study of T production and cold nuclear matter effects pPb 5 TeV 2014
Measurement of 1/(2S) polarisation pPp 7 TeV 2014
Measurement of the 1 (1S) production cross-section pp 7 + 8 TeV 2014
Measurement of T production pp 2.76 2014
Updated measurements of exclusive J /1) and 1 (2S) production pPp 7 TeV 2014
Study of J /%) production and cold nuclear matter effects pPb 5 TeV 2014
Reference cross-sections for T(1S) studies (CONF) pp 5.02 TeV 2014
Measurement of J /1) polarization pp 7 TeV 2013
Measurement of the relative rate of prompt Xx g, X1 and X o production pp 7 TeV 2013
Measurement of B meson production cross-sections pp 7 TeV 2013
Production of J /) and T mesons pp 8 TeV 2013
Measurements of the /\g polarisation pp 7 TeV 2013
Prompt charm production pp 7 TeV 2013
Exclusive J /) and 1) (2S) production pPp 7 TeV 2013
Measurement of J /1) production pp 2.76 2013
Measurement of the D production asymmetry pp 7 TeV 2013
Measurements of the B;’_ production pp 7 TeV 2013
Reference cross-sections for J /) studies (CONF) pp 5.02 2013
Measurement of o (bb) with inclusive final states (CONF) pp 7 TeV 2013
Measurement of prompt hadron production ratios pp 0.9 + 7 TeV 2012
Measurement of the ratio of prompt x ¢ to J/2 production pp 7 TeV 2012
Measurement of 1/ (2S) production pPp 7 TeV 2012
Measurement of T production pp 7 TeV 2012
Measurement of the B:t cross-section pp 7 TeV 2012
Measurement of the cross-section ratio o (x2)/ (X 1) for prompt Xx ¢ pp 7 TeV 2012
Measurement of b hadron production fractions pp 7 TeV 2012
Measurement of J /1) production pp 7 TeV 2011
Measurement of o(pp — bbX) in forward region pPp 7 TeV 2010




Outline

* In pp collisions
v/ quarkonium production
v/ open heavy flavor production
v/ Bc production

* Beyond pp collisions

e Summary and prospects
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Experiment strategies

» Advantage: high production rates
* Challenge: reconstruct an unstable particle from O(10?) tracks

vV tracking
— excellent mass resolution

| v particle identification
Primary Vertex (PV)

— no. of combinations reduced
é Vv Vertexing

Secondary Vertex (SV)

— weakly decayed particles
— particles from b/c decays
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Charmonia studies at LHCb

* At LHCb charmonia [cc] may be accessed by

| - [cel =)/ ptp)+X ]
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Charmonia studies at LHCb

* At LHCb charmonia [cc] may be accessed by
- [eC] > J/ (= pTuT) +X
- [cc]>pp |

rimary Vertex (PV)

LHCb, EPJC 75 (2015) 311
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Charmonia studies at LHCb

* At LHCb charmonia [cc] may be accessed by
- [l =]/ pTeT) + X

- |cc] - pp

[ - |cc] - PP ] LHCb, EPIC 77 (2017) 609
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Quarkonium production

« Two scales of production: hard process of QQ formation
+ hadronization of QQ at softer scales

dolpp > @ +X] = ) dxedx; f(xi, 1) f (5, 1)
Ljn

X d0'i+j_>(Qa)n+X(ﬂR; HF, ”A)(06>

* CSM: intermediate QQ colorless and has same JF¢ as the final state quarkonium

* NRQCD: all viable colors and J¥¢ allowed for the intermediate QQ , Long
Distance Matrix Elements, (05) from experimental data, same for prompt

production and in b decays; color octet mechanism (COM)

e Quarkonium production is test of both perturbative and non-
perturbative QCD
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Candidates per 5 MeV/¢?

J /W production

LHCb, JHEP 10 (2015) 172
JHEP 05 (2017) 063

* Lifetime to separate prompt production from b decays

Prompt = direct + feed down from ¥ (25), x,, ...
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J /W production

* Double differential cross-sections in bins of pr and y
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J /Y and Y (2S) polarization

LHCb, EPIC 73 (2013) 2631

e Angular distribution of J /1, Y(2s) » u*u~ EPIC 74 (2014) 2872
1 do 1 . :
40 X33 Iy (1 + Ag cos? 6 + Agg sin 20 cos ¢ + Ay sin® 6 cos 2¢)

* Parameters are reference frame dependent

Helicity (HX): z axis is direction of y momentum
in CM frame of colliding protons

Collins-Soper (CS): z axis bisects angle
between p; and p, in i rest frame

pL = ?”T'Tj‘;w/\\ —Zos
. .. o \\pz
Gottfried-Jackson (GJ): z axis is QO rest frame
Direction of p; in ¥ rest frame PhysRevD. 62012001

y axes normal to Y production plane
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J /Y and Y (2S) polarization

LHCb, EPJC 73 (2013) 2631

The polarization parameters are generally small

e Disagree with CSM

EPIC 74 (2014) 2872
J/ ¢(25)
l_ T T T T T T T T T T T T - D> 1 T T
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p (J/y) [GeV/c] p,. [GeV/c]

Agreements with NRQCD predictions at low p5, the prediction
of increasing polarization with p; is not supported

Butenschoen, Kniehl, PRL 108 (2012) 172002; Gong, Wan, Wang, Zhang, PRL 110 (2013) 042002
Chao, Ma, Shao, Wang, Zhang, PRL 108 (2012) 242004; Shao, Chao, PRD 90 (2014) 014002

10/08/2018

Y. Gao, Heavy Quark Production at LHCb

19



- LHCb, EPJC 74 (2014) 2835
Y production E 11 (2019) 103

JHEP 07 (2018) 134

* Perturbative QCD expected to work better; All prompt, but
complicated by feed down

e NRQCD can describe cross-section trends with uncertainties
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Y production

LHCb, EPJC 74 (2014) 2835

JHEP 11 (2015) 103
JHEP 07 (2018) 134

* Cross-section ratios as function of p; consistently higher than
function of y

NRQCD predictions, cannot describ
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Y polarization

* Experimental results on Y(nS) polarization not consistent

- CDF  No polarization for Y(nS) in pp collisions

at /s =1.8 and 1.96 TeV PRL 108 (2012) 151802
- DO Significant p-dependent longitudinal polarizations for

Y(1S) in pp collisions at /s =1.96 TeV  PRL 101 (2008) 182004
-CMS No polarization for Y(nS) in pp collisions at /s =7 TeV

PRL 110 (2013) 081802

» NLO NRQCD calculations predict Y(1S) and Y(2S) have
small transverse polarization across p;



Y polarization at LHCb

* Y(nS) polarization measured in pp collisions at /s = 7,8 TeV

014_ T T T T T T T T T T T - T r T . .
£ onf a) ® T(18) x3 LHCb ]
S W Y(2S) x 1
T : ¢ Y(39) D background -
= 0.1 + B
=[S - " +44t .
=F B ¢* . - +. ]
©18 ().()8_— *¢+* + ¢+¢ + =
el B * t*¢¢? + 4 + 1
= : 4t wtis [T
© 006 t +44
004fh &t HT T
| $habe byt
0.02 prtatt s *
e — ' - e
cosf gy

10/08/2018

Candidates/(10 MeV/c?)

- n w
— %)) N u w m &
T[T I T[T T[T T [T T [T T[T T[Tt

o
3

Y. Gao, Heavy Quark Production at LHCb

LHCb, JHEP 12 (2017) 110

X
-
(=]
w

: LHCb /s = 7 TeV
6 < pr < 8GeV/c
Hoo22< y’ < 3.0

o
S—
i

23



Y polarization at LHCb

LHCb, JHEP 12 (2017) 110

* Y(nS) polarization measured in pp collisions at /s = 7,8 TeV

2 4 6 8 1012 14 16 18
T

||||||||||||||||||

1 Il Il Il 1 Il Il Il 1
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 46 810121416 18
[GeV/e] T [Gev/d] 23 [GeV/e] Pl [GeV/e]

Y(1S) Y (25) Y(3S)
No model as yet can describe both heavy quarkonium production
and polarisation
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Perspectives: 1¢, X¢;

* 1.(15),1.(2S) and x.; productions can give more

da/dP; [nb/GeV]

5NILO L0

oNILO; 1O

Lansberg, Shao, Zhang, arXiv:1711.00265

information/constraints

Theory prediction
n.(28) at/s = 13TeV

CS@LOo = 4
CS @ NLO —~
co@Lo ~ 1
CO @NLO =

2.0<y(n’)<4.5 .
IR(0)°=0.53 GeV*
(*s®h=0.0382 GeV*
sqrt(s)=13 TeV

CS

AR O e

10 20
Pr(nc) [GeV]

10/08/2018
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1.0fb1 7 Tev ||  — background ]
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g
)
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LHCb, PRL 119 (2017) 221801
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Double J /Y production at 13 TeV

* Double Parton Scattering : two independent hard scatters that
are assumed to factorize

Single Parton Scattering: gluon splitting dominate

opps (J/0 Jh) = =

* DPS can provide information on parton transverse momentum
and correlations inside proton



Double J /1 production at 13 TeV

* Require 4 u-tracks from same primary vertex, 2D fit

g - R I—#—D]a‘r;L' R g - L +'D|at;t' | I_
E 000 | ep 13Ty [ 2ol z 50005 LHCb 13 TeV = T;ml ﬁt/ ]
2 4000k BB i + Jfn 7 2 a000F Jfbr + Iy 3
£ 4000 A < 4000 e
= N A Jfpy +bkg = R A S J +bkg 7
- 30005 l)kp,lﬁ—l)k;’ ] 30005 bkg1+ bkg
2000 3 2000 - ‘
- N4t 4 ]
1000 £ b 4 1000 £
3000 30 3150 3200 3000 3150 3200
M(pfpy)  [MeV/e?] Mz py)  [Mev/€]
o(JAp JY) [nb]
no pr cut pr > 1GeV/e pr > 3GeV/e
LOCS 1.3+0.175% — —
LO CO 0.45 + 0.09+332+0-25
+3.843.8 +3.4+3.2 +1.6+1.6
LO kt 6.3 16 26 57715 21 2.7707 10
NLO* CS’ — 4.3+ 0.1159 1.6 +0.1753
NLO* CS” 15.4 + 2.2+31 14.8 + 1.7753 6.8 4 0.6722
NLOCS 119739 — —
+1.6 +1.5 +1.0
DPS 8.1+0.9773 7.5+ 08775 4.9+ 05755
Data 152+ 1.0+ 0.9 13.5+£0.9+0.9 8.3+0.6+0.5
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Double J /Y production at 13 TeV

e Differential cross-sections

DPS

SPS: LO &y
------ SPS: LO CS
..... SPS: NLO* CS/
———-SPS: NLO* CS]}

+ E==5PS: LO COy)—0560v/
[T SPS: LO COyyy
x<x><xsps NLO CS

(k1)=0.5GeV/e |
P=2GeV/e

e — T T [ T T T ] — 77 7
2k DPS . NS
= [(5 6}" SPS: LO kr { = 5 10; LHCb 13 TeV
— Fii —mme SPS: NLO* CY/ 1 s S8
1= D SPS: NLO*CS/j e ] [\
== F:o: ] —|— 8 ]
SEN:E ———-SPS:NLO*CS} s hoare | an , \
D2 4 - S
<§4j : E===5PS: LO COyy—05cev/e ] 3 f \
SE B [ SPS: LO COppy—acevie 1 S= 6_1 " \ E
B|& 3 1K O oo SPS: NLO €S B CTEI o AN
2 %%\ LHCb 13TeV ] * ST AN E
% 8 10 12 14
pr(JapJnp)  [GeV/c] n(Jp Jh) [Gv\'/t")}

- Evidence for DPS at high |4y| region

- Fit of kinematical distribution to extract DPS fraction & o0 ef¢

O'eff~10 — 12 mb

using various SPS descriptions
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Double j/y product

o AFS, 4 jets, pp, /s = 63 GeV (no errors)
at /s=13 TeV > UAZ2, 4 jets, pp, /5 = 630 GV (lower limit)
: : ‘ hd ‘ CDF, 4 jets, pp, v/ = 1.8 TeV
0 Compilation of results on o, e o e I
HeH DO, JApY, pp, /5 = 1.96 TeV
==te== DO, JApJAD, pp, /5 = 1.96 TeV
—t— DO, v + b/c+2 jets,pp, /5 = 1.96 TeV
e DO, y+3 jets, pp, /5 = 1.96 TeV
i

DO, y+3 jets, pp, v/s = 1.96 TeV

» ATLAS, Z + JAb, pp, /s = 7TTeV (lower limit)
} —o—+ i ATLAS, 4 jets, pp, /s = 7TeV
—+ * + | ATLAS, W+2 jets, pp, v/s = 7TeV
———t—1 CMS+Lansberg,Shao, JAp JAb, pp, /s = 7TeV
} +o-+ | CMS, W+2 jets, pp, /s = 7TeV
O LHCb, JADO, pp, /s = 7TeV
—HHH LHCb, JApD*, pp, /s =7TeV
H—O—H LHCb, JApDY, pp, /5 = 7TeV
LHCb, J/pi/p, pp, s=13 TeV | T LI AL T
JHEP 1706 (2017) 047 et LHODT(S)D’, pp, VE =TTV
e LHCb, Y(1S)D* , pp, v/s = 7TeV
e LHCb, T(1S)D%+, pp, /s = 7TeV
H——H LHCb, T(1S)D° |, pp, /s = 8 TeV
H—*" LHCb, Y(1S)D* , pp, /5 = 8TeV
LHCb, T(1S)D%*, pp, /5 = 8 TeV
H——H
LHCb, Y(1S)D%+, pp, /5 = &8 TeV

0 10 20 30 40 50

Oeff [mb]
10/08/2018 Y. Gao, Heavy Quark Production at LHCb 29




B, production at 8 TeV

: LHCb, PRL 114 (2015) 132001
* Use B, = J/Ym, define (2015)

— T

T T 3
—+-Data E

T st
7, 40F LHCb — Total =
) : CED 3 SBlagcr;(Eground E
_I_ _I_ _I_ 2 30 Y Bt—J/ K—i
R — G(BC )XB(BC _>J/II/7C ) S 5(5): 2.0<pT<37)Gey(//c:§
o(Bt)xB(Bt—JwK*+) £ I
3 E
S -. I
05500 6300 6300 6500

M /y ) MeV/c?)

» Distributions well described by complete a5 calculations

g VP - o
.2%008:_ + +E?$EGPY _ 0.14F + +Data 3
B0 1 012fF + —BCVEGPY 3
'Té 0.06F n LHCb 0.1f LHCb
s | 0.08f E
Z 0.04 . u ]
: 1 0.06F E
0.02 4 0.04f E
i ] 0.02F =

0 1 1 1 1 L
2 25 3 3.5 4 45 T

y(BY)

n (RN (GeV/r

[C.-H. Chang et al., Comput. Phys. Commun. 174 (2006) 241]
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Open heavy flavor production

* In heavy flavor production, quark mass acts as long-distance
cut-off allowing calculation of cross-sections in perturbative
QCD down to low p;

do 9T Xs, pr, v, mo]

1 1
:Z/ dxi/ dx; fl-A(Xi,,lLF)f]B(xj,MF)
i 0 0
) J
Xd&ij_>Q+X[Xi,xj,Sa pTa yamQa HF, /'LR]a

- Cross-section measurements provide test of pQCD - FONLL
calculations

- Cross-sections are sensitive to PDFs

10/08/2018 Y. Gao, Heavy Quark Production at LHCb 31



B* production at 7/13 TeV

LHCb, JHEP 12 (2017) 026

+ +
* Use B+ - J/Y K= decays e MTev
SO0E T HCb V5= 7Tev 3.5 < pr < 4.0 GeV/c 3
2800 2 ndf = 1,23 2.5<y<3.0 -
700 E + Data =
= = — Fit =
%600 3 - - - - Signal E
+ 5500 3 --=-=-= Combinational E
" _ 5400 F- B* = Jym* 3
N Q = =
300 Bt abs it o i E
200 ' L
e 100 F- N
s 7 LA X 1Y R — WSS, W
. 5200 5300 5400
7 Hb o )
e M(J/y K*) [GeV/c?]
/R e - _ 13 TeV
o F F—y r r r r [ & & & & ] ¥ ]
PV = F LHCb /s = 13TeV 3.5 < pr < 4.0 GeV/c 7
500 3
S7UF 2 /ndf = 1.03 2.5<y<30 ]
n C + Data ]
400 |- — Fit =
g F - - - - Signal ]
=300F 0 ga} e Combinational
g - B* =yt
Copp T FIPTRICE LT L5 ) -
100 -
0 - et Y 1 .
5200 5300 5400

M(J/yK*) [GeV/c?
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2o/dprdy [ub/(GeV/c))

B* production at 7/13 TeV

LHCb, JHEP 12 (2017) 026

e Results in agreement with FONLL calculations

Compare results to FONLL calculations my, = 4.75GeV, ugr = pr = po = /m% + p%
using CTEQ6.6 PDFs. Eur. Phys. J. C 75 (2015) 610

10° F—————T7—— I e e = 10° F—————T7——— 1 7
LHCb \/E =T7TeV ~+ Data = — LHCb \/E = 13TeV + Data
10 FONLL ] 10 ;._0""\"* FONLL
20<y<25 & = —— 20<y<25

2.5<y<3.0(x107%)

Po/dprdy [b/(GeV/c)]

2.5<y<3.0(x107%) _

i

3.0 <y <3.5(x107

,/(w

3.0<y<3.5(x10%) o

| I Y Y Y Y A Y Y Y T Y

& 107 — o
3.5<y<4.0(x10°) 0 ,,E’\s.““_ 3.5 <y <4.0(x10°)
B 1077 — —
— —_—————— -8
40<y<4.5(x10"% J 0! - 40<y<45(x10 )f
A 10—13—_....|. o L —
30 40 0 10 20 30 40
priGev/el pr[GeV/c]
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R(13 TeV/7 TeV)

B* production at 7/13 TeV

LHCb, JHEP 12 (2017) 026

* |n ratio of 13 TeV / 7 TeV, FONLL uncertainties largely cancel

45¢ : , ,
E ~ 45 -
4 :_ E E E 1 I I E
p o LHCh S *F LHOb + Data E
I { 2 2 35F 0<pr<40GeV/e #H FONLL =
C o o ]
43 — 1 = 3F E
3 +1LH}+,|.H+ E 25F E
2 #ﬂﬂm#ﬂlL + Daw E 2k
1 sEY B8 FONLL E :
E ] 1.5F 3
1 - PR TR TR S RN TN TN SN SR SN SN RN S SR S S S S E
0 10 20 30 40 B
PT [GCV/C] 2 3 4
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D;—r production asymmetry at 7/13 TeV

LHCb, JHEP 08 (2018) 008

e Assumed for most charm production asymmetries
_|_

Arise from ability of charm P

quarks to form charm baryons ‘
with proton valence quarks

C

pt
D—i—
...but not charm mesons ¢
0
C

* Results in a different kinematic distribution between D& Dy
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D;—r production asymmetry at 7/13 TeV

LHCb, JHEP 08 (2018) 008
o(DJ) —o(Dy)

o(DT) + a(D:‘)

_ N(DJ) = NDy)
+ + + =
DY = $(KHK - )r+, and Aray NOF TN

Production asymmetry: Ap(DJ) =

1

Ap(D]) = ﬁ(Araw — Ap —{ foxg e (B))

Fraction of non-prompt / Production asymmetry

D7 decays (from b-hadrons) . . of b-hadrons
Detection asymmetries

_ Determined from Simulation, known
cross sections and branching fractions
_ T KK software hardware H H
AD - Atrack + Atrack + APID + Atrigger + Atrigger Data d r|Ven CO rre CtIOnS

From published LHCb
production asymmetries

10/08/2018 Y. Gao, Heavy Quark Production at LHCb 36



D;.—r production asymmetry at 7/13 TeV

LHCb, JHEP 08 (2018) 008

* A essential input to LHCb CP violation measurements

'?2-5"1""1""1""1"' '?'2-5"|""l""|""|"'
=) = 2
- s=7 & 8 TeV 20<y<303 = 7
S q
o o |
h = 05
0
-0.5
-1
15
-2
255

(Averaged over 7 and 8 TeV)
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b hadron production asymmetry at 7/8 TeV

Ap(BT) fsmrtev = —0.0023 £ 0.0024 (stat) = 0.0037 (syst).
Ap(BT) fs=stev = —0.0074 £ 0.0015 (stat) & 0.0032 (syst).
Ap(B®) sty = 0.0044 £ 0.0088 (stat) £ 0.0011 (syst),
Ap(BY) sestev = —0.0140 £ 0.0055 (stat) £ 0.0010 (syst).
Ap(BY) fimrmev = —0.0065 £ 0.0288 (stat) £ 0.0059 (syst),
Ap(BY)) s—stev =  0.0198 4 0.0190 (stat) £ 0.0059 (syst),
Ap(AY) smrtev = —0.0011 £ 0.0253 (stat) £ 0.0108 (syst),
Ap(A) smstev =  0.0344 £ 0.0161 (stat) £ 0.0076 (syst).

* All consistent with zero with 2.5 sigma
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H-F productions in pPb collisions

Rapidity coverage
pp: 2<y<5

Forward production

y=0.47inlab

— p-Pb: 1.5<y*<45
|.|l|i= PR —— Data taken in 2016: ~13.6/nb

7 Nl

Backward production
y=-0.47in lab
Pb-p: -55<y*<-2.5
Data taken in 2016: ~20.8/nb
« Common range for measurements: 2.5 < ly*| < 4.5
* Centre of mass energy in 2016 : 8.16 TeV, L=34 pb-!, about 20x 2013 !




Candidates / (20 MeV/c?)

Y (nS)production in pPb

LHCb-PAPER-2018-035

* Higher statistics at RUNIl  Yields 7(1S)  7(2S)  T(35) L

pPb 2705+ 87 584+49 262+44 125 nb "
Pbp 3072+82 679+54 159+39 19.3 nb!

I ] T T T I T T T T I

600F T HCh $§  50=8.16 TeV, pPb -

I T T T T I

5\ =8.16 TeV, Pbp

N N X©
oS O
o O

: B Y(nS) 00 B 1nS)
400 f Background 7 Tso0F 0 Y| o Background
- — Total — Total

S
O

Candidates / (20 MeV/c?)
= S

— N W B
o
(]

-
O

9 10 - 11 — 9 10 11
M(u' 1) [GeV/c2] M(u' i) [GeV/e?]

S
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Y (nS)production in pPb

LHCb-PAPER-2018-035

* Y(1S) Nuclear modification factor

1 d*oppp(pr,y*)/dprdy”

Rypv(pr,y7) =
g 208 d2op,(pr, y*)/dprdy*’
Qa 2:'"'I""|"""p'P'b""": @ﬁ 2:""!'"'l"""P'bI"""": Qﬁ Z:IIH'I—;—Ip!PIblPIbb llllll
S SELHCD EPPSI6 ] acof LHCD EPPSI6 | ‘ot LHCD EPPS16 E
L6E 15<y*<4.0 puacteQls 7 1OF 5.0<y*<-25 muctEQls L6p B nCTEQIS E
= 14F 3 14E _ EPSOQLONomovers—

) nCI'EQlS-Icomovers:

10/08/2018

150
P [GeV/c]
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do/dp, [nb/(GeV/c)]

Y (nS)production in pPb

* Y(2S) Nuclear modification factor

LHCb-PAPER-2018-035

1 d*oppp(pr,y*)/dprdy”

208 d20y,(pr,y*)/dprdy*

10/08/2018

Ryon(pr,y") =
pPb\PT, Y
E 1 A B B AL = 10—
" LHCb +4pPb S [LHCb +Pbp :
| = 5] L ]
:._+"“"-+ -+—pp scaled 51035- -n -+—pp scaled ;
L AR E N e ]
i —— = | ]
3 E !5.102; * 3
: —t+— 3 | §
L r(zS) ] L Y’(zS) :*:
0 5 10 15 20 25 0 5 10 15 20 25
P [GeVic] P, [GeVic]

2 I 1 LI I LI I I I I I I I I I
Qo oF —+— pPb, Pb ]
SE18FLHCb ' EPPSIC 3
K 16E mm nCTEQI1S E
: | EPSO9LO+comovers]
14 o 1 nCTEQI15+comovers]
12 ¢ 3
1§ pEE
08F i o i

0.6F

04F .
02F pT<25 GeV/c E
0:.|...|...|...|...|.:

Y. Gao, Heavy Quark Production at LHCb

4



R(Y(25))

* Ratios

Y (nS)production in pPb

R(T(nS))

- LHCb
1 5<y¥<4.0

~+pPb
EPPSI6 7
BInCTEQIS =

15

20

25

. [GeV/e]

_ [d*a/dprdy*] (Y (nS))

& 09F LHCb
08F —5.0<y*<-2.5

& 07F
06F

—+Pbp

EPPS16 3
WInCTEQIS -

5

10

15

20

2.

P, [GeVie]

i

— — - 1 — - — — -
20<y < 2.5 3 P 4 o 20<y<25 3
0 25< : 301 Sof LHCb 0 25< 3 < 3.0 3
30<y <357 08 /s =8TeV 3.0 <y <353
35 <y <40 3 0.7 A 35<y<40 3
4.0 40 <y <45 3

Pr

LU/UB/2U LS

] o
30 0

30

(GeV/c]
Y. WAo, Heavy wuark rroauction at LHCb

R(Y(2S))

[d*a/dprdy*] (Y(15))

LHCb-PAPER-2018-035

= LHCD

5
A
d
3
S

[

~+-LHCb
EPPS16

B nCTEQI5

pPb/Pbp ;

yah

.

o
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LHCb in fixed target mode

e Can also operate in fixed-target mode: unique at LHC

— Injecting gas in the LHCb VErtex LOcator (VELO) tank,
originally done to perform luminosity measurement.

— Can be used as an internal gas target

— Allows measurement of p-gas and ion-gas interactions

A
¥
SPD/PS M5

5m
magnet HCAL m2 M4 Distribution of vertices overlaid on detector display. z-axis is scaled by
& RICH2 ECAL 1:100 compared to transverse dimensions to see the beam angle.
i T ,Beam | - Gas, Beam 2 - Gas.
vertex i
locator

Noble gas only :

beam, -
>

| =11 . (very low chemical reactivity)
...... ' 4 , A, . He, Ne, Ar, ...
: LN | A=4, 20,40
Gas : > : Hlimm
injection  -5m |- e | | - ' Gas pressure:
oo 1 s L1 TTT71 | 7 to 106
I 107 to 106 mbar
l 1 | >
l 5m 0 : T — 2om i
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LHCb in fixed target mode

« The LHCDb fixed-target program fills the gap between SPS and RHIC energies

SPS

SNy = 69 to 110 GeV Sy = 69 GeV ﬁl\l%c;_ng GeV
% S ~ 70 GeV
e — & — & 7
p po Ar Vsyy =200 GeV
Pb V5= 5 Tev

» Gives access to the large Bjorken-x region in the target

LHCDb rapidity coverage

in the centre-of-mass system 4
—10° RARS MY nand Mo aaat nans b= @ @—b 1—@
E o &= Colliding beam mode ? " o o

)

65Tev 1 13Tev M 110Gev Il 82Tev I | 69Gev 1 5.02 Tevl
70TeV | 14Tev W115Gev Il 88Tev 1 | 72Gev 11 55Tev |

%

e
o F0° e B e = s [ Rt =Tl et
> ﬁ | i - Bbeam(P) | PP N P-SMOG |1p-Pb/Pb-p IPb-SMOGI| Pb-Pb |
o - 450GeV 10.90 TeV I T 11 1 I
2 1.38TeV 12.76 TeV Il 1 11 | I
(TR .| ok — 25TeV | 5TeV N 69GeV II 11 1 |
< 35TeV || 7Tev NI | 11 1 |
-g — — —— 40Tev I 8Tev Nl 87GeV Il 5Tev 1 | 54Gev 1l |
o
&)
A

o ) Pk-smob =+In(Vs/m,)

wjv: &&= Fixed-target mode © — = ﬁ_’ﬁfe
L == ln -:l— JL = i " Pb o

10 8 6 4 2 0 2 46 8 10 At \/syy = 110 GeV y* =y, -4.77
v

Mid-rapidity
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LHCb in fixed target mode

e Data sample

LHCb SMOG recorded data

ﬁ; 102 EE Beam Energy

= 0 - 2500 GeV

E

S E I 4000 GeV

*E 1 B 6500 GeV

S =

5 b

Py E

5 102

g_ e pHe Ar PbAr pHe pHe pNe pNe

2015 | 2016 | 2017
VSyny = 110 GeV proton-Ar interactions 2015 JSyn = 86.6 GeV proton-He interactions 2016
~ 4x10?2 Protons On Target (17h) ~ 4x1022 POTs (87h)

Lyge =7.610.5nb7!
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LHCb in fixed target mode

LHCb-PAPER-2018-023

* J/Y - up, D° — K in pHe at 86.6 GeV

& 600F
& 1201 S F LHCb preliminary
S LHCb preliminary 2 5001 \'Syn = 87 GeV pHe
% 100 \Syy = 87 GeV pHe J/\'j v F
° [ < 4o Ny = 2052 +49
g L @ [0) E
P soF N, =408 +22 5 so0F
T eo 2 F
2T DO & 200F
20F P s
Ll ST | (A St snrmns s
L e $7 3 i o 0 1800 1820 1840 1860 1880 1900 1920 1940
9950 3000 3050 3100 3150 3200 m(K* 1t) [MeV/c2]
i e 156.0 + 4.6 (stat) + 12.3 (syst) pb/nucl
op® = 0T 4. stat) . syst nucieon
0;/p = 1225.6 + 62.0 (stat) + 81.6 (syst) nb/nucleon b ysto W
with fraction (c>D9) = 0.542+0.024
. - : _ o.: = 287.8 £ 8.5 (stat) + 25.7 (syst) pb/nucleon
o E
S C
% F LHCb preliminary * = T T 7 ¥ T TELO T T Ty
2 i ) o LHCb preliminary
S 10k ' - g 10°F
=Tk 1} : ER: _
o F ] s I . ]
S i“ g ] I T
S e B 107k ' E
T 1008 E T g ;
%_ i ] C 4 ]
) r I NLONRQCD ] i & / ]
10? 10 E * . NLOPQCD =3
1s[GeV] FL - — o
10 10° ‘ 10°
LHCb result in good agreement with 's (GeV)
NRQCD fit and other measurements LHCDb result in reasonable agreement with

NLO pQCD (MNR) predictions and other measurements
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1

LHCb in fixed target mode

J/ vy differential yields (pAr@110 GeV) and cross sections (pHe@86.6 GeV)

Plain and dashed red lines, phenomenological parametrization: JHEP 05 (2013) 155
HELAC-ONIA predictions for pp (blue lines) and pA (yellow boxes) EPJC(2017) 77:1

5 09 é LHCb prellmlrllary I\s I-11(;.4 GIeV pllkr | | —g LHCb PAPER-2018 021
< "k ““ E in preparation
*;\ 0.8F =3 par criaNLOmCTEQLS —
E 07 E— ------------- pp CTI4NLO -~_E
> 06F _{_.-
Z o5 - pAr @ 110 GeV
0.4F E yields
03F 3 < >
02F =
. A —— 3
(), | [prmmmm————— =
0 E | | =
-2 |
y*
& 700F LHCb preliminary s, = 86.6 GeV pHe =
* F -
5 600 o o E
C Jhy linear interpolation ]
;} R, JAy loganthmie interpolation -~
o_\. 500 : I']?(ll;duml pol e pHe @ 866 Gev
= 400 i - H
g L Cross sections
300 = < >
200 - B
E L L L B
0 2 1 0
y*

1

— HELAC-ONIA underestimate the J/y cross section (pHe) by a factor 1.78
Good shape agreement with phenomenological predictions

1. OduU, redvy Wudi K FrouuctLuull du Lrnvv

1U/Uo0/ ZUl0

A T — T T 0
E LHCb preliminary |s,,=110.4 GeV pAr ]
[Bresenmnene —*" |:| pAr CTI4NLO+nCTEQIS T
L -~ B CTIANLO .
Il Il Il Il Il
0 2 4 6 8
. [GeV/c]
T _— :
F LHCb preliminary |s,, =86.6 GeV pHe ]
3 ; [ pHe x 178 CTIANLO-nCTEQIS 1
B et s pp X 178 CTIANLO .
; s Iy linear interpolation
* e J/y logarithmic interpolation T
— —4— LHCb data
L isssssisnssisssssnssssssssen
L
Il 1 L 1 L
0 2 4 8
p.[GeV/c]
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Summary

* HF productions have been studied at LHCb
- in pp, pA/Ap, AA collisions

- with unique forward phase space

* With RUNII and the upgraded detector, more to come
- excited hadrons
- doubly charmed baryons
- XY Z and pentaquarks

Stay tuned |
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Charmonia from B™ —» ppK™

 Exclusive reconstruction: clean sample, better control
of background and resolution effects

LHCb-PAPER-2016-016
PLB 769 (2017) 305

|||||||||||||||||||||

Illll IIHIIIlIllllII|IIHIIIII|IIIIIIIII|I

o= PR R
5100 5200 5300

my,y — My (15)
=110.2+ 0.5+ 0.9 MeV

My 25) — My (25)
=52.2+1.7+ 0.6 MeV

[,.15) =34.0+ 1.9+ 1.3 MeV
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Candidates/(6.0 MeV)

10*

10

B(B" - [cc]K")xB([cc] - pp)

Ricel = B(B* = J/YKt)XB(J /Y — pp)

R, 2s) = (1.58 £ 0.33 + 0.09)x10~2

Ry3770) < 10x10~2 1st Observation
:RX(3872) < 0.25 %1072

T T T T T T T T T T T

o v
LHCb 1.0fb!l 7 TeV
n (15) ” 2.0fb1l 8 TeV
‘ w(2S)

llIllIl IIIIIllll L1l




Charmoniafromb - ¢ + X

* Allow to measure production ratios

LHCb-PAPER-2017-007 C1 _

EPJC 77 (2017) 609

Bb— CiX)xB(Cy— ¢op)

Q7 B — CrX) x B(Cy — ¢ o)

1st Observation of 17.(2S) — ¢¢

R}(s) = 0.147 £0.023 £ 0.011
Xcl _

R)\s) = 0.073 £ 0.016 =+ 0.006
Xc2 _

R}Cs) = 0.081 +0.013 £ 0.005

RX! = 0.50 £ 0.11 £ 0.01,
RX2 = 0.56 £ 0.10 £ 0.01,

R = 0.040 £ 0.011 £ 0.004

* Competitive measurements of masses of widths

| | | | L |

Measured value World average [14] ;: 40 :_ LHCh A B-n,+K -
My, 1s) 2982.8 4+ 1.0 £0.5 2983.4 4 0.5 z - Aot Ne > PP ]
My 3413.0+£1.9+0.6 3414.75 £ 0.31 =30 : g
My, 3508.4 +£1.9+0.7 3510.66 =+ 0.07 - -
My, 3557.3+1.7+0.7 3556.20 £ 0.09 30 ~
MnC(ZS) 3636.4+4.1 £0.7 3639.2 1.2 E This measurement E
T).(15) 314435420 31.8+0.8 ] —f— World average [14] ]
T8 _ 113 lL %S Epp ->n.+ X —4— Inclusive pp [15] E
20+ n, - pp —— Exclusive [60] -

129I801 l 1291821 l 1291841 l 1291861 l 129I881
M, s) [MeV]
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£-, £g: relative efficiencies of reconstructing Bg*) (28)* wrt B/

* ATLAS did not publish &7, £g
* More studies needed to resolve the large tension

between ATLAS and LHCh.
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Spectroscopy with the upgraded LHCb
e LHCb will be upgraded in 2019, software trigger with 40MHz

40 MHz readout " Muonchambers

& nel s, readou e
software trigger i : more shielding, upgraded
: readout electronics

Calorimeters

reduced PMT gain, new

SciFi Tracker
new pixel detector Upstream Tracker scintillating fibres

silicon strips

* Allow PID at the trigger level — great increase (~2x) of trigger
efficiency on full hadronic final states

* A new computing approach to data-analysis is nheeded
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