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Heavy Quarks

Heavy quarks carry information about early stage of
collisions:

4 Charm(c) and bottom(b) quarks are massive
4 Formation takes place only early in the collision.

4 Sensitivity to initial gluon density and gluon

distribution -
\/5 12 . C

X, QI

Vs 2 §° X

Selected results on HF in next slides

Correlations: jets/flow and Quarkonia (in brief)

R.Rapp,D.Blaschke,P.Crochet, Prog. in Nuclear and Particle Physics 65, 209, 2010 )
L.Kisslinger, D.Das, Int.J.Mod.Phys.A Vel31(2016) 1630010



Why they are good probes?

Heavy Quarks : Why good probes? * Knowing system properties in a simple way

- calibrated probe

Large Mass: m _>> A
c,b QCD

- calibrated interaction

Are hard probes, even at low p_ - suppression pattern tells about
density profile of the medium

Do not change flavor while interacting

with the QCD medium, although the . Heavy—ion (AA) collisions

phase-space distribution does change - hard processes : calibrated probe

- transported through the whole
T ~12m~0.1fm<<t__~5-10 fm

prod QGP - evolution of the system
. ) - suppression provides density
Nuclear modification factor: measurements
Yield (A + A)
Rpa(pPr) =

Yield (p + p) ><<]Vcoll>



Heavy quarks in pp and pA collisions

PA collisions : Useful as

pp : test understanding of heavy-quark production there is N QG Capeae

e parton level production processes

_ 1.0 contributions: while there are some
gluon fusion, quark-antiquark annihilation high density effects

— NLO contributions:
gluon splitting, flavor excitation ® Nuclear modification of

— also complex mechanisms, like, Parton Density Functions

Multi Parton Interactions (MPI)

e understand perturbative QCD calculations where ® Saturation and shadowing
theoretical uncertainties are due to effects

— renormalization and factorization scales

— quark masses ® Energy loss in Cold Nuclear

e production mechanisms using differential Matter (CNM)
measurements

— multiplicity dependence of heavy-flavor production ® Multiple binary collisions
Cross sections and k_broadening

— angular correlation measurements
e pp collisions act as a reference for pA and AA collisionsj o Help to compare AA collisions

EIC Physics Connections!



Measuring heavy-flavor particles

Displaced )/ (from B decays) N
'

Jhp W
B
Lyy

Heavy-Flavor(HF) hadrons
decay via weak interaction:
- decay length ct ~ few 100 pm :
- measure decay products heavy quark /=
- signal on invariant mass distribution
- difficulty is in understanding the background
- need good event mixing and vertex information

Measurements of electrons and J— /*
muons from heavy flavor decays /"’2 » \

D --> e/p+X, BR ~ 10% R %
B --> e/p+X, BR ~ 11% -

ALICE : 5



Spectra

Single electron spectra (RHIC)

Phys. Rev. Lett. 98 (2007) 192301
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* Single electron spectra (from HF decays) shown till 10 GeV/c

(2 ;. A0D qu) dp/i5io p3

* Integrated yield scale with binary collisions

e Yield strongly suppressed at high p.. in central Au+Au collisions



Spectra

Electron and Muon spectra at LHC

Pb+Pb physics Letters B771(2017) 467-481 ALICE PRL 109, 112301 (2012)
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* Left plot : the electrons from semi-leptonic decays of HF hadrons
at mid-rapidity in Pb-Pb collisions

* Right plot shows the pQCD calculations in agreement with data at

forward rapidity in pp collisions 7



Spectra

Electron and Muon spectra at LHC

102

ATLAS Phys.Lett. B707 (2012) 438-458
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* pQCD calculations agree with e+ & p+ (from HF)at high p.



Spectra
Separate Measurement of B - e and D — e Spectra at RHIC

STAR PHENIX

Phys. Rev. D 83, 052006 (2011) Phys. Rev. Lett. 103, 082002 (2009)
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* The results for p+p at 200 GeV

* Such results for Au+Au will be much harder



Correlations

Electrons from beauty decays : RHIC & LHC

STAR, PRL 105, 202301 (2010) ALICE, PhysicsLetters B738 (2014) 97-108
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* near-side peak for electron-hadron angular correlation
-- wider for electrons from beauty decays than
-- for those from charm decays 10



Spectra

Next challenge : D° reconstruction at RHIC
STAR

d+Au 200 GeV Au+Au 200 GeV Cu+Cu 200 GeV
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* Open charmed mesons (first measured) in heavy-ion collisions
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STAR

STARPhys.Rev.Lett. 113 (2014) no.14, 142301 (STAR Collaboration)

Spectra

Higher Luminosity : D° in Au+Au at RHIC
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* Open charmed mesons (first) detail studies in heavy-ion collisions

 Also the p,spectra at different centrality classes are fitted

12



LHCDb

Forward rapidity
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e« Spectra

Open charm at LHC : TeV regime

JHEP 1603 (2016) 159
Erratum: JHEP 1705 (2017) 074
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* Open charmed mesons detail studies in pp collisions at 13 TeV
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e« Spectra

Open charm at LHC : TeV regime

Pb+Pb 2.76 TeV
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* Open charmed mesons detail studies in pp and also in Pb-Pb L5



p.. spectra in pp collisions : LHC

ALICE, Eur. Phys. J. C77 (2017) 550
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Spectra

« ALICE and LHCb D° p_ spectra
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« Both data within FONLL uncertainty band (for p, < 3 GeV/c)

« Both data on FONLL band upper edge (for p_ > 3 GeV/c)
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Spectra

D" and D’ spectra at high p_in pp : LHC

ATLAS NPB 907 (2016) 717 CMS-PAS-HIN-16-001 CMS
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* ATLAS data in agreement with GM-VFNS
« Both data (ATLAS & CMS) at p_ > 20 GeV/c higher than FONLL



Jets

= Heavy Flavor : D* in Jets  atpas

Phys.Rev.D 79, 112006, 2009 Phys.Rev. D 85, 052005 ,2012
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D* mesons with fractional momenta 0.2 <z < 0.5 in
jets with a mean transverse energy of 11.5 GeV. EIC Ph)’SiCS Connections! 17



Spectra

Open bottom at LHC : TeV regime

LHCb, Forward rapidity ppat7Tev

JHEP08(2013)117
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* Open bottom mesons detail studies in pp collisions at 7 TeV 12



Spectra

B p_spectra at LHC

Phys. Rev. Lett. 119, 152301 (2017)
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me—ivx - |* FONLL describes the pp data well for CMS
* FONLL agrees with LHCb (forward rapidity)
:* FONLL explains ATLAS & CMS data at 7 TeV

The last two bullets from previous slide 7 TeV pp data-sets 19
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Nuclear modification factor
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Medium studies

Single electron R, , : RHIC

QM 2015, Nuclear Physics A 956 (2016) 513-516 STAR
I 0-10% (<N_p=041) DOLY Bad. djdy=iien | 10-20% (N 5935 TAR Preliminary
I § DALY TRBEL _ % Au+Au@s,,=200 GeV
ﬁ? % ? pp 8¥3. UNCET.
TRE AtAu N uncer.
------------------------------------ == === ----------------------------m

i g 40-60% (<N_>-91)

| PO TP rﬂé """ E“;“g';'*"j """"""" Tlﬂl

o gty i

~ 2 3 4 5 6 7 8 9
P, (GeVic)

« Strong suppression for p_> 4 GeV/c in central collisions but less towards

ra
L
I
nf
m_
.y
o0
w0

more peripheral collisions

« Likely enhancement at low p_ in both central and peripheral collisions 21



Medium studies

HF decay lepton R, : LHC

PRL 109, 112301 (2012) Pb+Pb 2.76 TeV ALICE

ALICEPRPD (oo r6 TV e ey § Contraity 40-60%
Centrality 0-10% 1

HAA

o o
oy o =
— |
—
——— |

o .
I
T ————

Hﬁﬂﬂﬂ‘—l—

0o 2 4 6 8 10 2 4 6 8 10
pt(Gew{:}

« yields of leptons from heavy-flavor decays show suppression at high p_

in central Pb-Pb collisions, compared with binary scaled pp collisions

e less suppression in more peripheral collisions
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Medium studies

D’ mesons in pA collisions : LHC

LHCb , JHEP 1710 (2017) 090

ALICE, PHYSICAL REVIEW C 94, 054908 (2016)

Hp Pb

[ T T T T | T T T T I T T T T I T T T T | T T T T | T T ]
] E:_MLICE p-Pb, {s,,=5.02 TeV _:
E Prompt D mesons, -0.96<y___<0.04 E
1.4 —=— Average D°. D", D —
1.2 -
i ==k
0.8 —
0.6 —
0.4[ ---- CGC (Fuji-Watanabe) ]
[ == pQCD NLO (MNR) with CTEQ6M+EPS09 PDF ]
02 ==~ Vitev et al.: power corr. + k_broad + CNM Eloss ]
| mme Kang et al.: incoherent multiple scattering _
B 11 1 1| | | I | I | 11 | I 11 1 | | 11 1 1| | 11 T

ql) 5 10 15 20 25
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T T
== LHCb

F=]EPS09LO
— EPS0ONLO
---nCTEQI5

6 8 10

r Backward
0 i I L1 R R R
0 2 4 |
p, [GeVic]

& 21 — T T T T T T T ]
o F =~ LHCb LHCD i
C EPS09LO VSnw = 3 TeV ]
1.5 — EPS09NLO —
i --=-nCTEQI15 ]
B B CGC ]

Forward
L | L L L

« ALICE RpAdata are consistent with 1 within uncertainities

(N
i~

- We see no major modification in pPb and also similar with LHCb
* We need more precise data to be able to separate between the models

6

8 10

P [GeV/c]
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Medium studies

D mesons in AA collisions : LHC

ALICE, Pb+Pb 2.76 TeV CMS, Pb+Pb 5.02 TeV, CMS-PAS-HIN-16-001,
arXiv:1708.04962

27.4 pb" (5.02 TeV pp) + 530 ub ™' (5.02 TeV PbPb)

q: '] 4—!- TTT I TTTT | T TTT I TTTT I TTTT | TTTT T TTT TT T4+
< - : C CE R
N ALICE ] " CM A
| of 010% PoPb, s =276 TeV i L Co S_O S iehe
“E o Average D". D*. D* lyl<0 5 . 1_4:_ D°+ D i) \ézive?ta?l. (9=1.9-2.0)
L O with pp pT—e:-:trap. reference . C —— PHSD w/ shadowing
1 I_ 1.2 e R R L LLLLD PHSD w/o shadowing
i Djordjevic 7] i ',IT;‘\A and lumi. AdS/CFT HH D = const
- WHDG rad-+coll . feuncertainty == ook~ L S
D-E"__ — Vitev, Rad+dissoc :E i
—.+ —— Vitev, Rad . C ogC
0. 6HI, mremeem CUJET3.0 ] - : 4
S In((1S g : “
_ x\ ] 0.6/ g
0.4FUUgY E— i
- \\‘ == JL - L 2 s
o ﬂﬁﬂ» Jﬂt _f_*_- : R gl yl <1
< _g_+ H - s = Cent. 0-10%
: : B 1 | | | L 11 II | | 1 | L1 1 I|
1 111 I 1111 | 1111 I 1111 I 1111 | 1 111 I 1111 | 1111 O 2
G505 20 25 30 35 40 1 10 10

P, (GeV/e) o (GeV/c)

* Similar suppression in Pb+Pb at 2.76 TeV and 5.02 TeV



Medium studies

Beauty Suppression : LHC

Pb+Pb 5.02 TeV, Phys. Rev. Lett. 119, 152301 (2017)

28.0 pb™! (pp 5.02 TeV) + 351 ub™! (PbPb 5.02 TeV)

_ CMS e TAMU
1.4  m Raa uumin Djordjevic
B D Comelated syst. uncert. CUJET3.0
1.2 - Uncorrelated syst. uncert. AdS/CFT HH D(p)
: Global uncert. AdS/CFT HH D=const

| REN TRRT YROT

Illllllllllkfllllll

P, (GeV/c)

* Consistent with various models
* But we need more precise data to extract detailed underlying mechanism
from the various models 25



Onia

Forward Rapidity : with Onia and Models

EPJC 74 (2014) 2974

p-p @ 7 TeV
: Lj T T | Lj T T | Lj T T | Lj T T |
: L | T T T ‘ T T T I T T T I T T T | T T T | _3 ' I ! f T l ‘ .‘ ! ¥ ' I ! ! ! ' 4 8 pp \S - 7 TeV :
§ pp \s=7TeV 75 [ Scaled direct Y(1S) CS@LO { % 2.5<y<4, L. =135 pb1 + 5%
3 25<y<h, L, =135pb"+5% (5100 —— ALICE, inclusive Y(1S) ] € 10} " 4
. 10 7 28 [] Systematic uncertainty 1 g F —— ]
= 1 80k BR syst. unc. not shown = L i '*
) — I pp \1s=7TeV ] -g.l— I i
o : Ly=135pb"45% | © 4L |
T 1f 4 6or 1% f
> | Scaled CSM direct Y(1S - } o 0
[ B LO 40 i
L CINLO f | [ Inclusive Y(1S) CS+CO@NLO
| I NNLO* I $ ] 10" - —e— ALICE, inclusive Y(1S E
10" F—e— ALICE, inclusive Y(1S) o0k ] g - (15) ]
F ) . i t [_] Systematic uncertainty
r [ Systematic uncertainty 1 i BR syst. unc. not shown
I BR syst. unc. not shown ] I ‘ | | | | R T
TEAE R e SARL 1L 0 FORE 40Ty | St e o] PR B i | L1 L1 TR R L1 Lo
0 2 4 6 8 10 12 05 25 3 35 4 45 0 2 4 6 8 10 12

o (GeV/c) y P, (GeV/c)

Color Singlet Model [NPA470 (2013) 910]

Non-Relativistic QCD (NRQCD)
[PRD84 (2011) 114001, PRD85 (2012) 114003]
-- Theory overestimates the data

rapidity dependence -- Smaller disagreement at high p_
* Underestimates the data at high p_

— Also the leading-p_ NNLO contributions
* Better agreement at high p_, but with

— Calculations for LO and NLO
* Qualitative features like data for low p_and

Y'(2S) -to-Y'(1S) ratio in good
agreement with CSM & NRQCD &

large uncertainties Hybrid [Mod. Phys. Lett. A 28, 1350120 (2013) ]
(L.S.Kisslinger and DD)
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Onia

More on Forward rapldlty JHEP 1511, 103, (2015

ﬂ | i LHCD,
3 s LHCh{ TV | St LHCh[ STV PP
- : =
| 1.6- o . T(]S) EN 16— M“‘x . T{IS) 7
&4 "“~~;1H 028 7 £ 4 —_ O7T(28) 7
Folam TE3S) 4 7 12- N T39S
i v YT 3 N
B l_ \\ 1 b l_ \ ]
o3 08, ”‘\3\\' o2 08 ™ :
0.6 = 0.6 B
04 R - 04?—H | - lll'_—
£ = l\"\:bj%‘\_ = = E‘R\\' ]
025, e, e 3 020 Ve e, T
() IR T [ 1 |\| N e () IR T [T |.I'
2 2.5 3 35 4 4.5 2 2.5 3 3.5 4 4.5
Y Y

Figure 4. Differential cross-sections diygT—*uJ”u‘ in the range pr < 30 GeV/c for (red solid circles)

Y(1S), (blue open squares) T(2S) and (green solid diamonds) T(3S) mesons for (left) /s = 7TeV
and (right) \/s =8TeV data. Thick lines show fit results with the CO model predictions from
refs. [63, 64] in the region 2.5 < y < 4.0, and dashed lines show the extrapolation to the full re-
gion 2.0 < y < 4.5. The data points are positioned in the bins according to eq. (6) in ref. [62].

(L.S.Kisslinger and DD)

Mod.Phys.Lett. A28 (2013) 1350067 (forward rapidity)

Mod.Phys.Lett. A28 (2013) 1350120. (7.0 TeV)

Mod.Phys.Lett. A29 (2014) 1450082. (8.0 TeV) 27



Bottomonia flow?

DD and N.Dutta, Int.J.Mod.Phys. A33 (June 2018) no.16, 1850092

Studies of J/¢ vo at RHIC and LHC energies have provided important elements toward
the understanding on the production mechanisms and thermalization of charm quarks.
Bottomonia has an advantage since it is a cleaner probe. A brief discussion has been
provided for T(15) vo, which can become the new probe for QQGP, including the necessity
of studies for small systems.

ALICE and CMS ArXiv: 1812.06772 (December 2018 )

PbPb 10 b’ (502 T _ PbPb 10 nb' {5.02 Te
:'."\- '_E-| T T I T T T I T T T I T T T I ! T T I T 1 T I T ] :}n.,ﬂ,15_| LI I LI L I rrri I LI LI Irlll Il:l I T IE:I‘I]l b""!l]_1'.\:'-l LI I LI I LI I LI III-II I'l'ljl T IEI"?
| ALICE Upgrame Projections, 10 nb i LTS i L CMS i
I Pb-Pb Y5, - 502 TeW, 2.5 <y < 4.0 B P 1 B - - ]
DS - . L Projoction ] L Projection -
[ T cam ] o.1f - 0.F .
. w B F & v TEZE) -J'L.hm_: L B i
F S, t ] C ]
[ 2 m i ] 0.05+ = 0.05- =
0.05 [ | E . 4] ] L [ e
I [LLJ; - — 0= o2 i
1 | I 1] ] - ] ; ]
[ Transpost Model (TAMLY  Hydeodymamical Model K51 ] - |yl=2.4, 5%-60% 4 B [yl=2.4. 5%-60% i
—0.05F - 5w -— TS 3 r EEg Yi13) reg 7 - BHE Yi25) reg 7
[ — s 1 005 FEEE Y{15) prim 4 005 ¥ (25) prim -
—-— TiZ5] ] L o ¥'(15) tot . L [— R .
e e e C - YoS)cMStony’ ] S | ——vEsicus ong” ]
P, (Gevic) ObF % "0 15 @ 25 30 b % 10 15 20 25 30
P, (GeV) P, (GaV)
(CERN) on Future physics opportunities for high-density QCD at the LHC with heavy-ion and proton beams

What’s new (2019) : ALICE : arXiv:1907.03169 & CMS : http://cds.cern.ch/record/2698580 comparable at 5.02 TeV Pb+Pb28
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Medium studies and correlations

Where lies the challenge?

ALICE, PLB 753 (2016) 41

CTT T T[T I T T[T I I T[T T T [TT T[T I [T I [TT T T [TTTT[TTT 0] W
- Pb-Pb, 'ﬁ'ﬁﬂzg'?ﬁ TeV ALICE S E
E u«HF in 2.5<y<4 3 =
- —HF . -
- —— R,. in0-10% ]
:_ mEnEnE MC@SHD+EPDS 0—1{)“.-"'0 _:
-T HIEIEININIEN BAM F‘S D'1 Dn.l"rﬂ _:
52", mmmamas TAMU elastic 0-10% ]
Rt e
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0 1 2 3 4 5 5] 7 a8 g9 10
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Pb-Pb, |[s,,=2.76 TeV
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=4 v;"""{2} in 20-40%

=ueem MC@sHQ+EPOS 20-40%
m=ime BAMPS 30-50%

===== TAMU elastic 20-40%

1 2 3 4 b5 6 7

3

. {GeV/c)

simultaneous description of HF decay R  and v is a challenge

-- can constrain energy loss models
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Medium studies

Heavy-flavor energy loss at LHC : ADS/CFT

Armesto,Dainese,Salgado,Wiedemann Horowitz, Gyulassy
Physics Letters B 666 (2008) 320-323

Colour charge dependence Mass hierarchy
D h __pefromB e from D
Row(P) =RA(P)/RuL(P)  Ryplp)=Ray (P IRy ()
c I
g:; 55 FPb-Pb 0-1 D%,"-.|5N = 5.5 TeV]
I ep s =R
- g =25 Ge : ity
°F — § =100 GeVZ/fm TesecrD Rad. g = 100

——AdS Drag O'= 3, PHOBOS

........... - 1 = AdS Drag 0= 3, KLN
e b T ] = = AdS Drag 0 = 1. PHOBOS
- T, i mrm i mem - - == AdS Drag D'» 1, KLN
1E J -— AdS Drag A = 5.5, PHOBOS
B ] «== AdS Drag & = 5.5, KLN
0.5F -
: mc = D : A A L L A 'l L L L ' L L
G_l W T T W [N NN TR NN T N NN N AN A N NN BN NN A O N GU 50 G 100 150
5 10 15 20 25 Py GeV)
P, [GeV]

* More intricacies on heavy-flavor quenching mechanisms
* R°,,IR",, ratio differ as we see for pQCD and AdSICFT
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Unanswered Questions and next steps

® Hea uarks are particularly good probes to study the properties of hot QCD matter
vy q P ys P y prop

* pp data are important baseline measurements

- examine interplay of soft and hard processes
* pA which is more than just a control

- needed to study the CNM effects in various x ranges
* AA collisions : for understanding dense/hot QCD matter

- strong interaction of heavy quarks with the QCD medium

« But do we understand fully the suppression at high p_at RHIC ?

* In this perspective what is the role of collisional energy loss?
* Difference between Pb+Pb at 2.76 TeV and 5.02 TeV ?

* The role of shadowing effect ? EIC Physics Connections!

* Next steps :

- Need more statistics, better precision and extended coverage (in terms of p_)

- Need new differential measurements to constrain models and address open questions

Liliana Apolinario, José Guilherme Milhano, Gavin P. Salam, Carles A. Salgado, PRL. 120, 232301(2018)
= New probes like top quarks ? L.Kisslinger, D.Das, Mod.Phys.Lett.A Vol. 34 (2019) 1950353; http://cds.cern.ch/record/2699428 (CMS)


http://cds.cern.ch/record/2699428

MORE
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Phenix, d-Au ;. 112, 252301 (2014)

Medium studies

Different particle species ayicg, pb-pb

Phys. Lett. B 738 (2014) 361
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correlations

Comparisons at LHC
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