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Introduction tdt

* Heavy flavor productions are tools to understand QCD
» Heavy quark (pair) production can be calculated perturbatively within QCD

» Many ways to deal with non perturbative effects, ideas tested with data
v" Quarkonia production: CEM, CSM, NRQCD

o(pp = Q+ X) =) |6(pp — QQ[n] + X) |x (O%(n))
n
» Better understanding of QCD i1s fundamental and essential for new physics
searches
» Important inputs for precision measurements of SM EW physics
» Anomalies observed in beauty/charm decays: new physics or QCD effects?

* Heavy flavor productions also probe nuclear matter effects
» Produced in early stage of collisions, then interact with medium

» Production in pA collisions is reference for AA collisions for cold nuclear effects
v Shadowing, anti-shadowing, energy loss, CGC...
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Productions in pp collisions in LHC run I
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Heavy flavor production at LHC Runl
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Heavy flavor production at LHC Runl
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Productions in pp collisions (LHC run II data)

> J/Y @ 13 TeV (LHCb) JHEP 10 (2015) 172
JHEP 03 (2016) 159
» Prompt charm @ 5, 13 TeV (LHCD) arXiv:1610.02230

arXiv:1609.00873
>B* @ 13 TeV (CMS)
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] /Y : pr distributions
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* Prompt: in good agreement with NLO NRQCD predictions
* From b: consistent with FONLL calculations
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Ratio of o(J /) at 13, 8 TeV

R,35(do/dp.)

Uncertainties largely cancel
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LHCb: JHEP 10 (2015) 172

3 L ~ [ I )

[ LHCb ] = [ LHCb ]

| \s=13TeV/\s =8 TeV cross-section ratio ] B 3 [ \s=13TeV/\s =8 TeV cross-section ratio N

_ _ g 3 -+

2F = © +’*"_{" + I

[ ] 2 5[ 1 i

I i : ]

1= Prompt ] i Fromb i
- T LHG NLO NRQCD pHep 05 (2015) 103] | —+— LHCb FONLL: [epPy c75]2015)610]

- —— NRQCD [ B FONLL |

P B [ [ T |

OO 5 10 O0 5 10
p. (J/y) [GeV/c] p.(J/ ¥) [GeVic]
e
LHCb ]

* Cross-section ratio between 13 and 8 TeV
increases with pr

 Ratio for prompt J/vy is consistent with
NLO NRQCD predictions

* Agreement with FONLL also not bad
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o(J /) as a function of /s Zaac
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LHCb: JHEP 10 (2015) 172

Theorie LHC France - GDRQCD 2016 (Yanxi ZHANG)

o(J/y,from b) well described by
FONLL prediction [JHEP 05 (1998) 007]




Open charm: p, distributions M‘
LHCb: JHEP 03 (2016) 159, arXiv:1610.02230

FONLL: [EP) C75 (2015) 610]
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pr distributions in good agreement with theoretical predictions,
ratio cross-sections described surprisingly well.
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B differential cross-sections

CMS: arXiv:1609.00873, PRL 106 (2011) 112001
PYTHIA: 8.1
FONLL: [JHEP 05 (1998) 007] [JHEP 03 (2001) 006]
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Distributions in good agreement with predictions from PYTHIA and FONLL

in terms of shape and normalization
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Associated production
> Double /3 @ LHCb, CMS, ATLAS PLB707 (2012) 52
JHEP 06 (2012) 141
»] /4 + open charm JHEP 09 (2014) 094
JHEP 07 (2016) 052
»Y + open charm ATLAS-CONF-2016-047
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Double ] / l/) by ATL AS ATLAS-CONF-2016-047M4M4£

ATLAS: p;(J/¥) > 8.5 GeV, |y(J/Y)| < 2.1, fpps determiend assuming DPS dominates for
|Ay| = 1.8 and |Ag| < g, fors = (7 £ 1)%, dominted by SPS in full phase space
5 =Yim=Yiw Ap = b1y — by Theory: [PLB 10 (2015) 083]
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*DPS templates in data obtained using mixed events
* DPS distributions well described by data

*Peaking in |Ay| = 0, |A¢| = 0,7 and |pr| = 20 GeV suggests SPS dominated
 Tensions between data and NLO SPS in large m(J /Y J /) and large |Ay]|

Effective cross sections: DPS (SPS): double (Single) parton scattering

oo _ 1o
eff 2 O_IJ)/ll)ﬁS,J/l// 2 fpps X Oyy3/y

slightly lower than other measurements (15-20 mb)

~ 8.7 + 1.1(stat) + 1.4(syst) mb
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Double ]/lp by LHCb CMS JHEP 09 (2014) 094 /%

\s 7TeVL 47fb‘

do/dM,,,,,, (Nb/(GeV/c?))
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' :_ + Jhp phase space: _:

Unpolarized JAp
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P, >65—>45GeV/cfor12<IyI<143
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Jhp phase space:
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p,>4.5GeVicfor 1.43<lyl <22

CMS

o
Oor—T T

8/11/2016

| Ay | between JAp

— 3 S

LHCb

° 25

2

15

0.

llJllllllllllL}lllJllllllli]l

N ._.
l[]l][‘ IIITN|||]I|[]T|[T||

++++—+—

M jfals Jfas [Ge\ /C ]

mo
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— = =(51+1.0+0.671}2)x107*

o
=> O = > IV 10 mb large DPS?
20 1y /1y

|Ay| and m(J /Y J /) distributions at CMS
agree with ATLAS

LHCDb result suggests a hint of large DPS
contribution (at low pr)
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open charm
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Correlation between J /¢ and D is small
J/Y pr distribution is harder than inclusive
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open charm

LHCb: JHEP 07 (2016) 052
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Assume Y and D produced

SPS:[S. P. Barano:
3 and collinear approximation]|

independently (as DPS)

Data suggest Y and D are not strongly correlated, favoring DPS production
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Effective cross-section: g.¢s

* Assume associated production 1s purely from Double Parton Scattering:

LHCb: JHEP 06 (2012) 141 DPS Oc, X0,
0] = a
JHEP 07 (2016) 052 eff g DPS=asso.
C1C;
JAp DO
JA D+
+
JAb Dy ol
JWAL
H—e—H
I IIIIIII| I IIIIIII|
1 10 102
RC102 [mb]

Ooff | r(15) D0+ \s=7Tev = 18.0 = 2.1 (stat) &= 1.2 (syst) = 18.0 == 2.4 mb
Oett|r(18)p0.+ /sy = 17-9 % 1.8 (stat) = 1.2 (syst) = 17.9 £ 2.1mb

Consistent with other measurements, dominated by DPS?
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Polarization of rkoniain pp collisions
oldrization ot quatkonia in pp EPJC73 (2013) 2631

> ] /Y and Y (2S) polarisation at LHCb EPIC74 (2014) 2872
PRL 108 (2012) 082001
> ] /Y polarisation at ALICE PLB 727 (2013) 381
o PRL 110 (2013) 081802
> /Y ,(2S) and Y(1S) polarisation at CMS PLB 761(2016) 31

8/11/2016 Theorie LHC France - GDRQCD 2016 (Yanxi ZHANG) 20



]/ polarisation

NLO NRQCD

PRL 108 (2012) 172002
e e Prm.npt.] / III) . PRL 110 (2013) 042002
<, gF.LHCb (s=7TeV ' ' PRL 108 (2012) 242004
’ E §NLO NRQCD(1) \\\ NLO CSM
0.6 E-ONLO NRQCD(2) \\\ PRL 108 (2012) 172002
04F ===
0.2 E—BNLOCS s\\ﬁmmnlunuuluulHIIIIIIIIIIIIIIIE
0F ERRTILY =
02f AT t t =
04F T =
06 25<y<40 T E
08 TS
_1 C | | L -
0 5 10 15
pT(J/lp) [GeV/c]
- CMS HX frame
o5F . Prompt J /4y '
:'::#::::g:::::::__L ..... % = | .
ASFOT I T
i ~ly| <06
05l =06<ll<12 - °
! PRL 110 (2013) 042002 +1.2<|y[<1.5
[ — NLO NRQCD [26], |y| < 2.4
20 30 40 50 60 70
8/11/2! pT [GEV]

EPJC73 (2013) 2631

PRL 108 (2012) 082001 /" &X&™

PLB 727 (2013) 381
0.8 ————1——————
06F 7 (co ~LHCb

- pp \s=7TeV
04 = ALICE
0.2;— l ALICE:
0F Inclusive J /4y

02f S t —
L 25<y<40 3
0.6 =
08— !

10 s
pT(J ) [GeV/c]

Data consistent with no/small polarization
No strong pr dependence

Rule out NLO CSM predictions

NLO NRQCD calculations also not

satisfactory
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Y (2S5) polarisation

0.5

-0.5

EPJC74 (2014) 2872 AL

PLB 727 (2013) 381 RS

Prompt P(25)
4 Data \ \ .
L INRQCD(1) _
~ [[I]NRQCD(2) -
[ EZNRQCD(3) *_i
- Z1CSM ’:
—_ ] «, ! { ) E
2.5<y<4.0 +
:_ _: Prompty(25)
i . | ; PRL 110 (2013) 042002
0 5 10 15 _
b, [GeVic] , NLO NHRQCD 126), | yl < 2. 4
NLO NRQCD 20 30 40 50
PRL 108 (2012) 172002
PRL 110 (2013) 042002 . _ o
PRL 108 (2012) 242004 * Data consistent with no/small polarization
NLO CSM
PRL 108 (2012) 172002 * No strong pr dependence
* Rule out NLO CSM predictions
Feed down is negligible NL.O NRQCD calculations also not
satisfactory
Theorie LHC France - GDRQCD 2016 (Yanxi ZHANG) 22

8/11/2016



PRL 110 (2013) 081802
PLB 761(2016) 31

Y(nS ) polansatlon

1t y(s) § Y(2S) Y(3S)
0.5F - * { * Tl
i i i i
}\,ﬁo-.*__*__i___.{.________j _____________________ S } ____________________________
-0.5
-1+ CMS pp Vs=7TeV L=4.91b" T _ _ HX frame, IyI<06 T _ » _ _ _ _ -
10 15 20 25 30 35 40 45 1I0 115 2I0 25 30 35 40 45 10 1I5 210 2I5 3I0 3I5 4I0 4I5
p, [GeV] p, [GeV] p. [GeV]
T CMS  49m'(7Tev) | 3 %
0.5 — + -
Ay | % *
(N T o TR = +}# ______ % ______________ P ___________ 0 *# ______ b + __________________
0. it T # - -
05| - - 0 10<pT<15 GeV
i *15< p < 35 GeV
Ll I I I S R PR R A E A N E N S H O S S S S NN
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Nch Nch Nch
* Data consistent with no/small polarization
: Note strong feed-down
* No sign of py dependence
: .. even for Y(35)
* No sign of event activity dependence
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Heavy flavor productionin pPb data JHEP 02 (2014) 072

> ]/, (2S) at LHCb, ALICE JHEP 02 (2014) 073
JHEP 12 (2014) 073

» Prompt DY at LHCb PRL 113 (2014) 232301
JHEP 06 (2015) 55

» Prompt charm at ALICE JHEP 03 (2016) 133

LHCb-CONF-2016-003
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J/¢ in pPb

JHEP 02 (2014) 072

LABORATOIRE
JHEP 02 (2014) 073 %/ R&XEs
g1 T T 7T T T T T T T T T T ] m§.1 4F p-Pb |syy=5.02 TeV, inclusive Jiy—y*y’, 0<p <15 GeV/c
o L ] '
o 1.4 :_ (a) |p.||:'|bc\2NN =5TeV ——4— LHCb, Prompt J/y ] \ L, (-4.46<y__ <-2.96)=5.8 nb™, L (203<y  <3.53)=5.0 nb™
e p, <14 GeV/c ] 1.2
1.20% .
: LHCb prompt ]
1 .
08f e E
T - _
L EPS09 LO : i
0.4 EPS09 NLO ‘ 0.4 - £psos NLO (vog)
- nDSg LO . [ [ CGC (Fuiii et al.)
0.2 —— E.loss — 0.2 [~ - - ELoss, q,=0.075 GeV*/im (Arleo et al.)
o E. loss + EPS09 NLO | | ] L EPS09 NLO + ELoss, q,=0.055 GeV*/im (Arleo et al.)
ot —— : N P I N T B B B N
) 2 0 2 4 S I R R S B
* %
y y
R _ 1 y dapr /dy
pPb — 4
A do,,/dy
* Forward rapidity: strongly suppressed in forward region, significant signs of cold
nuclear matter effects
— Data well described by energy loss models w/ and w/o shadowing
* Backward rapidity: compatible with no suppression
Refer to papers for various models
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L A Il R E

JHEP 12 (2014) 073

lp(ZS) n pr JHEP 03 (2016) 13 todt

2 1 z— T + LI—IICb!prc;mp; w(lzs>I _ n:i'; 1.8  ALICE, p-Pb |sy,=5.02 TeV, inclusive JAp, y(2S)—4"y
= 13F LHCb —H— LHCb, prompt J/ . 16k * ‘”“’s
1.6F pPb \syy =5 TeV EPS09 1O = OF o wes)
o4 2,4/, EPS09 NLO 3 1.4F
L4E - LHCb prompt nDSg LO : : . _
1.2P —— E.loss = 12p ALICE inclusive
- - E. loss + EPS09 NLO : ] N B :
1| - [ R e e
0sf  Reeedg 222 08 —
06 ;_ '''''''''' B . — 0.6 :_ "@4
04F — iy 0.4L i
C 3 N EPS09 NLO (Vogt)
02 C p.< 14 GeV/c = 0.2 C ELoss with g =0.075 GeV?fm (Arleo et al.)
0 E 1 TI N N N 1 N 1 ) ] f N f ] f f f | f 3 L EPS09 NLO + ELoss with q0=0.055 GeV¥#fm (Arleo et al.)
- _IIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIII|IIIIIII|IIII
-4 -2 0 2 Zy* O 3 T e T T s s,
nyT‘lS

* Y(2S) suppressed than | /1, intriguing suppression in backward rapidity
— Energy loss+shadowing don’t explain ¥ (2S) suppression in backward rapidity
 LHCb and ALICE results are consistent

Refer to papers for various models
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Open charm at ALICE  pru113(2014) 232301 £ £

o) T | T | T T 1 I T T | I T T I 1T T T | T T
u:% ALICE p-Pb, |/5,,=5.02 TeV
1.6 . Average D°, D*, D™
-O.96<ycms<0.04
1.4

1.2

Ill[llllllllll

1

-

lIIIIIlIIIIlIIlIIII

CGC: [Nucl.Phys. A920 (2013) 78-93]
MNR: [Nucl. Phys. B 373 (1992) 295]
Vitev: [Phys. Rev. C 80 (2009)054902]

0.8

0.6

0.4
---- CGC (Fujii-Watanabe)
0.2 —— pQCD NLO (MNR) with CTEQ6M+EPS09 PDF
----- Vitev: power corr. + kT broad + CNM Eloss
0 | | L1 | | 11| | 1| 11 | | 11 | | | 11| | | |
0 5 10 15 20 25

P, (GeV/c)

Consistent with no suppression at mid rapidity within large uncertainties
Results well described by various theoretical models
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Prompt D° at LHCb

O
A
(o8

a2

25— T T T
- LHCb preliminary i

- - —— LHCb ]
L |$ny=5 TeV %) CTEQ6M+EPSO9NLO ]
. Backward .
(MNR)

- 00262020 Ko20 202 XRRIES 582%

i E
0.5 Backward -
: 25 < |y*| <4 §

0 IR RS R SR RS ST S S ST
0 2 4 6 8
P, [GeV/c]

LHCb-CONF-2016-003  5eficéaianis

2T T T 7T
: LHCESprrrel{]mmary e LHCH ]
T s Te %) CTEQ6M+EPSO9NLO
15F Forward _
i (MNR) Z
1 __ aTaPa® a9a9:8
05 .
I Forward ]
i 25 < |yl <4 i

O L L L | ! L L | ! ! ! | L ! !
0 2 4 6 8
P, [GeV/c]

Reference D° cross-section in pp collisionat 4/s = 5 TeV extrapolated using LHCb

measurements at 7 and 13 TeV, dominating uncertainties

Nucl. Phys. B87 (2013), JHEP 03 (2016) 159

»Being updated with direct measurement in pp at /s = 5 TeV, R,py, decreases by ~20%
arXiv:1610.02230

R,py for D° meson has no strong dependence on py

Measurements consistent with NLO MNR prediction using CTEQ6M+NLO EPS09 nPDF
MNR with CTEQ6M+EPS0INLO: Nucl. Phys. B373 (1992) 295, JHEP 10 (2003) 046, JHEP 04 (2009) 065
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Prompt D° forward-backward ratio = #8%
LHCb-CONF-2016-003

oppb (H|Y* 0T, s7777) . :
P “NN- cystematic uncertainty largely cancels

opbp (—|Y*.pT/SNN)’

e Calculated as Rgg(|y*|,pr) =

a 1 .5 T 1 1 I 1 1 1 I T T T I 1 1 1 a 1 .5 I 1 1 1 I T 1 1 T I 1 1 1 T I 1 1 1 T I 1 1 T T
- LHCb preliminary § - LHCb preliminary §
L oPb ysgeeS TeV 25 <ly*l <4 1 b b ysgees Tev p <8 GeV/e ]

05- E ft?; uncertt. ] 05- E ftztit.l uncertt. ]
_ otal uncert. . _ otal uncert. .

- ] CTEQ6M+EPS09NLO . - ] CTEQ6M+EPS09NLO .

I R RS TR S R S SRS ST ] I TR RS S AN SRR RSN S ST S ]

OO 2 4 6 8 00 1 2 3 4 5
P; [GeV/c] ly*

* R for D° meson indicates significant production asymmetry in forward-
backward rapidities (more important at large rapidity)
* Data consistent with NLO MNR prediction

MNR with CTEQ6M+EPS09NLO: Nucl. Phys. B373 (1992) 295, JHEP 10 (2003) 046, JHEP 04 (2009) 065
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Summary g

* Heavy flavor productions are important tools to understand QCD
 LHC made a lot of studies in heavy flavor productions in Runl and many
new results in Runll coming out

 What we know:
» Heavy quarkonia production by NRQCD
» Open heavy flavor production by FONLL and other models
» Cold nuclear effects exist in pPb, and described by models
That need more efforts
» Quarkonia polarisation
» Double parton scattering?
» All cold nuclear effects participate or only some of them, how to distinguish
» Cold nuclear effects for Y (2S5)

The good news is that LHC continues questing

Tﬁanﬁ yOUfOT yOUT attention
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Backups
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Ratio cross sections for charm at LHCb IR
i .a.r.).(.iv.:..l.610'02230
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J/Y + open charm (LHCb)

* Invariant mass and charm pr

NS 1_ 3 a:) - —Q| li b) .
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Charm ps distributions similar to inclusive ones
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J /(1) in pPb cac

* Rpgp as a function of pr
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Nuclear modification factor ‘Hepo2(2014)072 £ac

JHEP 03 (2016) 133 &/ R4

] L L L L
= 8:_ —@— LHCb, y(2S) from b
1.8 L}I){be S Tev ~H— LHCb,J/y fromb 3
- pPb \s,,, =5Te =
1’6: VS EPS09 LO ]
14F nDSg LO -
12F -
1| -
0.8F -
0o E JHEP 03 (2016) 133
04F Y from b E
02 < 14GeVie E
O- L TI L L L l L L L I L L L I L L L I L
4 2 0 2 4

* J /Y from b: modest suppression in forward region, signs of 5-hadron production
* P (2S8) from b: nuclear modification factor consistent with that of J /¢
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J/¥ and Y (2S5) in pPb

* Rypp as a function of pr

JHEP 12 (2014) 073

a - ALICE, p-Pb |5 =5.02TeV,2.03< y <353 c - ALICE, p-Pb | =5.02TeV,-4.46 < y _ <-2.96
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m : EPS09 NLO + ELoss with qo=0.055 GeV?fm (Arleo et al.) m N EPS09 NLO + ELoss with q0=0.055 GeV?fm (Arleo et al.)
1.6 — ELoss with g =0.075 GeVfm (Arleo et al.) 1.6 — ELoss with g =0.075 GeV?/fm (Arleo et al.)
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Y (2S) is more suppressed than J /1 consistently in p bins
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Y(1S) in pPb

* Rypp as a function of rapidity

JHEP 07 (2014) 094 PLB 740(2015) 105-117
S LHCD e ey sy wsorw
L [ — - = int AT cms ’ ' > Tint A= cms ’ '
X pPb\s,,=5TeV 1 C .-
1.2 - 1.2F= s,
= :i: 1
0.8 R ‘~\\\ — 0.8
T e N, ] -
0.6F N\ 0.6
: oY i .
0.4 E.loss+EPS09 NLO : 2 0.4 [ ] CEM+EPS09 NLO (Vogt, arXiv:1301.3395 and priv.comm.)
[ . [ Eloss (Arleo et al., JHEP 1303 (2013) 122):
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Y (2S) is more suppressed than J /1 consistently in p bins
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