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Timeline of future HI running at the LHC Inen

2015 2016 2017 2018 2019 2020 2021 2022 2023
NUCE ) AN DTASS J IR AR DA BN FFAR T D IARINS ¥ A D AR FF AR [ AN TF I AR FIM AR DA
Ls2 S-i
. rPb-Pb = -1 . rPb-Pb — -1
Runz - Ltntegrated 1-0 nb Run3. Liﬂtegrated — 6-0 nb
2024 2025 2026 2029 Shutdown/Technical stop
Ilﬂ:ﬂ[;l]lhﬂEDEBDEBIBBQEEBEQBE I IAISIOWNIDL) IF ) DIASION Proton physics
s | [ H‘ ‘ ‘ ’ HH ‘ Commissioning
NI et etnereey| lons
¢ Run 2: Rung : LP-Pb = =70nb?

integrated

> Pb-Pb: few/nb (0.7/nb in 2015), at Vs, =5 TeV
» p-Pb at 5 and 8 TeV (increased luminosity)
» pp reference at Pb-Pb energy (5 TeV)
¢ LS2:
» LHC injector upgrades; bunch spacing (likely) reduced to 25 ns; Pb-Pb
interaction rate may exceed 50 kHz (now <10 kHz)
» Experiments upgrades (LS2 and LS3)
¢ Runs 3+4:

» Experiments request for Pb-Pb: >10/nb (ALICE: 10/nb at 0.5T + 3/nb at 0.27T)
» In line with latest projections by the machine group
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ALICE Upgrade: INFN
(selected) physics questions & observables ™

1. Characterise mechanisms of quark-medium interaction
- Heavy flavour dynamics and hadronisation at low p;

2. Charmonia regeneration as tool to study deconfinement

- Charmonia down to zero p;
3. Chiral symmetry and QGP temperature at LHC

- Vector mesons and virtual thermal photons via di-
leptons

ALICE =9

Upgrade of the
ALICE Experiment
etter of ntent




ALICE Upgrade: Heavy: Flavour requirements

Currently, in Pb-Pb:

,T\ DO — KTE
IroF (p/Klz id) D* — K
* _, Mo
D D"r General features:
D, = KK (limited)
Kl = HF — e/u +X Decay at few 100 um

B — e/ Jhp +X (limited)
PQ (tracking, p/K/x id) Goals for upgrade:
Precision! p—~>0!

from interaction point

ITS (tracking Large combinatorial

& vertexing) B — Do+X background = low
B — Jp+X signal/background >
B R R B — e/u+X no dedicated trigger
% 1ooo_—2<pl<3 GeV/c y AC - pKTE
Dikm Ap = Agt )
oF ol I Requirements:
S ez T e Vertexing resolution
o i entrality: 0-20% 1 ] . e .
S o | * - Preserve particle identification
o - 6 =0.017+ 0.003 GeV/c? 1 u = = =
= ... cseemen  fioce | arge statistics (no dedicated trigger)
L 1.75 1.8 1.85 1.9 1.95 2
I invariant Mass (Krn) (GeV/c?)




ALICE Upgrade Strategy C

¢ Main observables:
» Low-p; heavy flavour
» Low-p; charmonia
» (Very) low-p; and low-mass di-leptons

¢ Mostly “untriggerable” because of extremely low S/B

-> Trigger approach: write all interactions at 50 kHz in Pb-Pb
(currently 1 kHz)

O? facility at ALICE site:
integrated online-offline
~1 TB/s system for calibration, ~90 GB/s
reconstruction and data
compression

> Run3-4: increase of MB sample x100 wrt Run 2,
10/nb ~ 100 billion MB events



H f" _—— ) TRACKING
¢ New Inner Tracking System (ITS) : /4

» Improved resolution, less material,
faster readout

\

| TRIGGER
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H ‘ ?i‘h’"i‘“u e TRACKING
¢ New Inner Tracking System (ITS)
. . L~ " /
» Improved resolution, less material, o
faster readout &

¢ New Forward Muon Tracker (MFT) | sl Lo
> HF vertices also at forward rapidity = -

D/B..(u
............. X O: X
B A< H o e X




EMCAD =
{ -

¢ New Inner Tracking System (ITS)

» Improved resolution, less material,
faster readout

¢ New Forward Muon Tracker (MFT) S - B
> HF vertices also at forward rapidity 1 A \Qf N ey

& Upgraded read-out for TPC, TOF, A
TRD, MUON, ZDC, EMCal, PHOS,

new trigger detector (FIT), integrated
Online-Offline system (O?)

» Record Pb-Pb data at 50 kHz

Electron microscope photograph of a GEM foil

GEM-based
TPC readout
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)
New ALICE all-pixel trackers: ITS and MFT o

¢ Both trackers fully based on

Monolithic Active Pixel Sensors - Pres. ITS | New ITS

(MAPS)
Acceptance In[<0.9 In|<1.5 -3.6<n<-2.3
Absorber N Layers 6 7 )
EIT Inner radius 3.9cm 2.3cm /
Pipe radius 2.94 cm 1.86 cm /
MFT Layer

! thickness ~1.1% X, 0.3-0.8% X, 0.6% X,

e LT T

. 12x100 ym? ~ _ .| )
S S HGwn 5Gum
20x830 um?
Max. Pb-Pb 1) 100 kHz 100 kHz

readout rate

ITS Outer Barrel | +q. cERN.LHCC-2013-024
ITS Inner Barrel MFT: CERN-LHCC-2015-001
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ALICE Upgrade tracking precision

ITS: pointing resolution x3 MFT: pointing resolution better
better in transverse plane (x6 than 100 um for p; > 1 GeV/c

along beam)

~ 4007 T
E F Rz ~ ALICE

Current ITS (data) :

140 -

oy [um]
b
3

120 _: ____________________________ ____________________________ ...... e XIXy = 0:8%

100 |

o 2 4 6 8 10

10" 1 10
o (GeV/c) p. [GeV/c]

Adapted from CERN-LHCC-2015-001
CERN-LHCC-2013-024
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Focus on ATLAS and CMS o

¢ Main observables:
» Differential studies of jets at very high p-
» D and B mesons, HF-jets
» Differential studies of quarkonium states
¢ Exploit detector specificities (strengthened with the upgrades):

» muon ID
» precise trackers
» calorimetry

¢ Mostly based on muon, jet, displaced track triggers
-> Trigger/DAQ approach: strong event rate reduction
50 kHz L1 ~few kHz HLT = ~ 100 Hz

> Run 3-4: 10/nb - increase of sample x10 wrt Run 2




ATLAS and CMS: INFN
upgrades most relevant to H

¢ ATLAS
» Additional pixel layer (LS1), then new tracker (LS3): tracking and b-tag

» Fast tracking trigger (LS2): high-multiplicity tracking
» Calorimeter and muon upgrades (LS2): electron, y, muon triggers

¢ CMS

» Upgrade of trigger and DAQ, L1 calorimeter trigger (LS1): enables L1
rejection at 95%, e.g. (after LS2) from 50 kHz to <3 kHz (HLT input)

» New pixel tracker (YETS16-17), then new tracker (LS3): tracking and b-
tagging

» Extension of forward muon system (LS3): muon acceptance

» Upgrade forward calorimeter (LS3): forward jets in HI




. INFN
New CMS pixel tracker C
¢ To be installed during 2016-17 year-end tech. stop
= Reduced material budget
li Current Pixel Detector e Upgrade Pixel Detector o

= |mproved IP resolution

() Pl b bl 00<n<l0

radlen

-2 -1
eta

¢ Will have strong impact, also in Pb-Pb, on:
» Extension of ) acceptance
» Non-prompt JAhp
» b-tagged jets
» Full reconstruction of D and B meson decays

Current
3 barrel layers




Focus on LHCDb o

¢ Joined recent p-Pb and Pb-Pb runs
¢ Strong impact of LHCb unique B
features: forward and low-p+ . oPD (5, =5 ToV
acceptance, vertexing, PID ) \\\$ > \\J\QES\O\Y\Q&K

» Cold nuclear matter effects on D mesons,
prompt and non-prompt J/ip, Y(1S)

0.6

0.4 EPS09 at NLO in Ref.[4] —® LHCb, Y(1S)

» First observation of Z production in p-Pb oof = vis zt:z:::w/: ]

PR (ST S W N S S T | L WOW :

¢ Pb-Pb: large potential, performance in "= o
central collisions not yet assessed 7 e mme v

LHCb preliminary 50%<Event Activity<70%
\ Sun =3 TeV

¢ Interest in future HI runs, also after LS2 = g o

¢ Upgrades (LS2) most relevant to Hl: ‘;°°
» New trackers (pixel, strip, scintillating fiber) = 20

» Readout upgrade: up 40 MHz (pp) 3 o} . ]

- exploit full delivered HI rate e MK [MeV/e')

3

| AR I II[IIIIII!!!IIIIIIIIII

didates per 8
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Heavy flavour R, , at LHC: present status

¢ D R,, consistent with pions and charged hadrons within
uncertainties at 2.76 (ALICE and CMS) and 5.02 TeV (CMS)

25.8 pb™' (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)

< 2prTTTrTTT l""l'"'l"AI'_IC'I'E"I""I""L
@ 180 -10% Pb-P =276 TeV - - CMS
i 0-10% PO-FD, | Sy oTe 141 prejiminary | ® | Ry D°
1.6 e Average p°, D', D** , lv[<0.5 L i
C o with pp pT-extrapoIated reference 1.2} —*— Ry, charged hadrons
1.4 s Charged particles, n|<0.8 - L. Tha and lumi,
- e Charged pions, n|<0.8 : CUNGERAINIY. ...

—
T T

Centrality 0-10%

] p:
S Y C 0.8 Iyl < 1 ++
g : ol | Kt
' u ? 0'6:__ ﬂﬂ +
) . 0.4 4 |

= = s “ [ |
.#L,#adﬂg H E 0.2" w

10 15 20 25 30 35 40 ' S B
Pr (GeVie) 1 p"()GeV/c) 1o
X
ALICE, JHEP1603 (2016) 081 CMS-PAS-HIN-16-001, CMS-PAS-HIN-15-015

Need to improve precision and accuracy to conclude on D vs &
and assess colour-charge dependence of energy loss
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Heavy flavour R, , at LHC: present status

¢ First indication of mass dependence of energy loss:
RxnB (CMS) > R,\P (ALICE, CMS)

<1.4IIIIlllIIIIIIIIIIIIIIIII[IIIIIIIIIIIIII CMS Preliminary Pbe\SNN=2'76TeV
< B 7 §1, llllllllllllIIIllllllllllllll]lllllllll
x -~ Pb-Pb, | sy =2.76 TeV ] o [ —e— Prompt D°R?, —m— Charged particle R,
1o A 7 (ALICE)8<p <16 GeV/c, |y|<0.8 _ - [ 80<p, <160 oV, 4] < 10 72<p, <9.6 GoVic, nf < 1.0
"k m D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 - - 1.2— CMS, EPJC 72 (2012) 1945
-~ @ Non-prompt J/y (CMS Preliminary) . 0 [ Syst. PbPb data+ I Total Syst.
- 6.5<pT<30 GeV/e, |y|<1.2 cus-pasHiN-12014 L TAA+N +BR
| — (empty) filled boxes: (un)correlated syst. uncert. i [JEmpe reforence
i (*) 50-100% for non-prompt J/y : N Non-prompt J/\V RM
0.8 H ALICE, JHEP 1511 (2015) 205 osf s o
L O | Total Syst.
I CMS, PAS-HIN-12+014

o 4 E 0.6

A "te, ' '@ Q-

O

lllllllllll[llllllllll

3 +
______ T
0,2_— 30-40% 20 30% S = B Djordjevicetal. \I‘\!:\ ~
10-20% ] Phys.Lett. B737 (2014298 teeal TS
 n* shifted by +10 in (N W) 0-10% | - — D mesons Non rompt J/ --------- .
llllllllllllllllllllll!llllllllllllll ____,n ?Rg Pkener Ioss 7
00 50 100 150 200 250 300 350 400 o_lllllil]llllllllwllllqlu?lll lglyllllllllllll—
(N ot 0 50 100 150 200 250 300 350 400
Noart

Limited to high p; (~10 GeV) and large uncertainties in centrality
dependence
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Heavy flavour R, CMS Run-2 projection ¢

1. 4;_ Centrality 0-100%
1 of NOT DATA | =1.5/mb
s Sy = 5.02 TeV _
- Taa and lumi. unh(l:ertainty Lin=1.5/nb
1.:.. ............................................................................ (Pb_Pb 201 8)
- E]RAAC arged Particles, m|<1 ++_|_
b 0.8 (=] Ras B' mesons, |y|<2.4 -t
o - R D’ mesons, |y|<2.0 _*
0'6;_ " "E gt D: p>2 GeV, stat ~15%
0.45+" N I B: p>5 GeV, stat ~10%
: H +
0.2 b L
- 0-100%
0—.11 Lol Lol
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Beauty with ALICE Upgrade: recent studies

¢ New studies on B reconstruction using exclusive decays:
B*>D(>Kr)n*

Significance = 1/(relative stat. error)

primary vertex

])‘ ........................ q) LI I LI l rrTT | LI I L | LI I rrTT l LI
A Bl T ) § ] ALICE Simulation
dg’ ......... poin mﬁ&l@e lllllll o 9 - Upgrade-
D" T Ll Pb-PD, Sy =55TeV
seconda.l:'y vertex tertiar}; vertex %1 0 E Lmt - 10 nt—)-O Ceﬂ%ra“ty 0 10 OA’ E
{ *>D 7t (D =K'
+ »—}——4 . I 7]
ff I _
101 ']' E
:f pr > 2 GeVic .
111111111111111111111111111111111

b5 10 15 20 25 30 35 40
T(GeV/c)
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Beauty with ALICE Upgrade: recent studies

¢ New studies on B reconstruction using exclusive decays:
B*>Jh(2>ee)K*

3lgg(ample eeK invariant mass, low p; Significance = 1/(relative stat. error)
> _l I 1 I I 1 1 I | I | I 1 I I 1 | 1 T I T 1 I 1 I 1 I—

ALICE Upgrade Pb-Pb, sy, = 5.5 TeV “ALICE Upgrade, Pb-Pb, | s, = 5.5 TeV
Ly =10nb™, 0-10% "L, =10nb", 0-10% ;

Rax SE I

10;j pr > 0-1 GeVic

ce
o
™

no
(o))
O

Entries/20Me
e
Significan

no
o
o
T

s

150F

100: B* — Jy(— ee)+K* ly /<08

[ B" - Jy(— ee)+K* v, <08
- +
50: 0< pT(B ) <2GeVe 1k ALICE Simulation ~
- ALICE Simulation C §
Ot liiy I RN PR FEETE NN SRR FREE (oo v by v b v by b b
4.8 49 5 51 52 53 54 55 56 57 0 5 10 15 20 25

M(eeK)(GeV/c? pT(GeV/ C)




Beauty with ALICE Upgrade:

s 2.5_""[""I"v"I""l-""'l""l""'l""_
m _ o . a q) TT | TTTT | TTTT | TTTT | TTTT | TTTT
Pin, \Syy = 2.76 TeV, 0-20% centrality ] % ALICE Simulation
2r b (=) ~e,lyl <08 8 - Upgrade -
[ syst. uncertainty ] =l Pb-Pb, ﬁ 5.5 TeV
15k I nomalization uncertainty | -%1 0 L,=10 nb centrallty 0-10 % f
C N * D + D K'r
: BYe+X e O=Km
e E {_{, + —
o 4 Iy d ] {' {
05 T T T - 10 - ]
[ ALICE Prelimina - 0 1
'|||ry|||| :f BeDn ]
0 1 2 3 4 5 6 7 8 i ]
p, (GeVic) I p-,-(B)>2 GeVl/c ]
| y p. (GeV/c)
>
5 Pb-Pb, sy = 2.76 TeV 5302%0 o CMS (ly|<2.4) s 2f T
B \ —®- 0-50% ALICE (ly|<0.8) T 48c - Non- pfompt J/\V (—> e'e) IyI<0 3
g 1,51\ Alberico W. M. et al. Vi:\:v Letal  AchelnJ. etal 1.6_— Pb-Pb ﬁ 276 TeV
< Ey - aaco . with Coll. Diss. Coll +LPM Rad. F L, = 10 nb™, centrality 0-10%
gmé \“\ 24/, WHDG HeM.etal N Djordjevic M. et al. 1.4 .
Ay [ AdSICFT - — Uphoff J. et al. E —4— ]
A * 1.2 — ++ =
. B>JRp(Vee)? iSRS .
0.5+ \\}\.ig‘&“\_ ::\‘ \ -:: _\;:. IAANNNSNNNNNNN 0.8p ++ _;
o 0s- B2>Jhp(>ee)+X -
0 5 10 15 20 25 30 0.2F S =
p,(Gev/c) " Pr(Jp)>1 GeVic
0 2 4 6 8 10 12
ALICE, arXiv:1504.07151 P, (GeVic)
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summary -

dN/dp_ (GeV/c)™

RAA

T

—_
(=)
=3

-
2,

ALICE upgrade, Pb-Pb |5, = 5.5 TeV
centrality 0-10%, 2.5¢y<3.6, L =10 nb”!
Error estimation for y « beauty

B>u+X
p:(un)>3 GeV/c
L

l Statistical error

! ) I
I Total systematic uncertainty

25<y<36p GeV/c

1.5

0.5 —

l - Non-prompt J/y — pp (3.6<y<4.5)

U BIR(D ) +X|

== Non-prompt D’ - K'* (|y|<0.9)

ALICE Upgrade
Ly =10nb"
\Syy = 5.5 TeV
0-10% Pb-Pb

PT(JhP)>0

TTTT

P, [GeV/c]

ALICE, CERN-LHCC-2013-024, CERN-LHCC-2015-001
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Heavy flavour R, .. ALICE Upgrade (-

Present data: Charm and Upgrade: Charm and beauty R,, down
~ 0
beauty R,, at p;~10 GeV to pT 20 using DY and B-decay J/
< | LI L I T 1T I LI L L I LI L L I LI I LI I T :
A ] 18 ALICE Upgrade  Pb-Pb,\[s = 5.5 TeV -
1o A n’,(ALIgE) 8<p;<16GeV/c, ly|<0.8 2 1 65‘ L.,=10 nb”, centrality 0-10% _E
~ ® D mesons (ALICE) 8<pp<1§GeV/c, ly|<0.5 * r .
[t MrmAOETLL 14F 0 K -
i 3 S0r00% o oty Yo et ] 4t Non-prompt J/y— e*e” ALICE -
ool - 120y SaLony)  mmes
I H L e e =
o8t b g - ogf * -
50 80%* E : B ‘H‘ ¥ ]
0.4 r F B 0.6 8 ++ .
0.2:— A 0% 20 w00 P . — 0'45— .B..B..B.—B— - _B_E
" n* shifted by +10in (N >I 1?‘20% | o-Iw% i 0.2~ B
001I”501”‘IIO(l)”iS(I)]IéO(l)HéS(l)HéO(I)”éS(I)IIAOO 0_ o v by v by v by v by T
- 0 5 10 15 20 25 _ 30

P, (GeV/c)

ALICE, CERN-LHCC-2013-024
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b-tagged jets: CMS performance

¢ First measurement of b-jet R,, in heavy ion collisions (0.15/nb)

¢ CMS projections for 10/nb (Run3+Run4)
» 140k b-jets with p; > 120 GeV/c
» High-precision measurement of bb Di-jet momentum imbalance

b-jet RAA Run-1: b-Di-jet
1.2 |CMSI T T T T I T I\{ﬁ =| 2:7|6 Telv 0.3 TTT | TTTT I TTTT | TTTT I TTT1 1T | IQMI[SI IIPIrlquglclt!erl‘l ]
[ 0-100% m<2 - i * Projected {5=5.5 TeV, L = 10 nb’
A 025 stat. uncert. for 160 pb™’ ]
- . . T p..>100 GeV 1
- PbPb, 150 ub' : :: r T ]
0.8 _—_ pp, 5.3 pb‘ 0.2 [ pT,g >30 GeV Ru n 1 b

centrality :0-10% Run3+—

Provides a tag for quark jets

Event Fraction
o
o
|

pQCD: PLB 726 (2013) 251-256 - 01—' .
: iy : : - Compare A, for quark and
0.2 B =20 ’ o luon jet
: — i : 0.05; g J
0 I1(I)OI - ‘15|0I - '2(I)Ol 250 0_....|....l....|..,.|‘{’.“.:»|Té‘.“.~.f+u.u.1,k.ul....|..,.
b-jet p_ (GeVic) 0 01020304 0506 07 08 09 1
Ay= (P PP +P,)
CMS, PRL 113 (2014) 13, 132301 CMS, PAS-FTR-13-025
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Heavy Flavour Flow C

¢ Do HQs take part in the “collectivity”? - look for radial and elliptic flow
¢ Information on QGP transport coefficient, role of E loss mechanisms, and
hadronization mechanisms

» Due to their large mass, HQs need frequent interactions with large coupling to
build flow (a clear expectation: v,P < v,°)

» Collisional energy loss gives larger v, than radiative <>
» Coalescence increases radial and elliptic flow at intermediate p; <>

Coll+Rad Coll only Coll (via resonance)
02 T T 0.3 T T ; T T , ' . . ‘
PbPb sqrts = 2.76 TeV min bias electrons, lyl <0.8 —— thick: D-Mesons Coalescence ——
0.18 | —— B-mesons ] 025 | muons, 2.5 < lyl <4.0 = | thin: B-Mesons Fragmentation -----
0.16 | — D-mesons ] ' non-prompt J/psi, Iyl < 2.4 - 015 1 Au+Au - 200 GeV Resonance 150 MeV |
14 b-quarks 1 02 b D mesons, Iyl <0.5 ] Centrality 20%-40%
: - c-quarks n=3+2, running coupling,
0.12 ¢ 1 0.15 | k=0.2, K=3.5 | 0.1
S04 < S S

008 ¢ 0.05 |
0.06
004 0l
002 |; 1os 572787V b=07im | . | |
00 e e et e
0 2 4 6 8 10 12 14 o 2 4 pT[geV] 8 10 C 2PT[GeV]3 o
p; [GeV]
J. Aichelin et al., arXiv:1201.4192 J. Uphoff et al., arXiv:1205.4945 T. Lang et al., arXiv:1211.6912
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Heavy flavour v,: current status C
¢ Charm hadrons have v,>0, comparable to light hadrons
¢ HF-decay leptons (inclusive) also have v,>0
¢ Heavy quark collective flow? Role of hadronlzatlon’?
>05§l lolll]'- >04__'ALI]CE‘ . Pb—PbV_N I276T¢IeVL_
oa b 20-40% Pb-Pb, |5 =276 TeV Contalty 30-50%
E +e* « HF, v,{EP, |an| > 0.9}, [y| < 0.7 o 4$,
03 F =p e wF, V2, a0 > 1.7, 25 < y <4 3 0.2 g @ﬂ% ﬁ7
02 = f , _
: - ’ 4
01' - - = - mm I -
T il == I O | I
= ST B O o et
-01¢ r " [_] Syst. from data
-0.2/—[ ] Syst. from B feed-down —
! - P P T I P P - T T R S B
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14 16 18
ALICE, arXiv:1606.00321 & PLB753 5 (GeV/c) ALICE, PRL111(2013)102301 P, (GeVie)
T

(2016) 41

Still quite qualitative, sizeable uncertainties for charm
and no separate measurement for beauty
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Heavy flavour v,: ALICE Upgrade  C

Upgrade: Charm and beauty v, down

Present data on charm v, to p;~0 using prompt and B-decay D°

NO.4_I LI IIIIIIIIIIIIIIIIIII[IIIIIII_

(LB AL L I BLEL EMALELS I EUL IR I B - - 1
06 ALICE Prompt D° , B 035~ o7 Pb-Pb, \s,=5.5 TeV -
o 43_ lyl<08 1 035_ o on e Centrality 30-50% -
| ' > C D0 Kot L. =10 nb-" ]
0.2f w— 5 0.251 =
I *- ] - —=— prompt 1
0:. .................................................. .5 0.2;_ DD DD —o— from B _;

[ Pb-Pb, Ysy,=2.76TeV ] 0150 o a_ E
020 Contrality 30-50% B - S0 .
I I A PP BPEP PP P PP PP 01'_¢ masseﬂeg\;u _

2 4 6 8 10 12 14 16 18 ' o .
pT(GeV/C) - .0""ooo....‘jDDDDDDDDDDB-_

005 . e

ALICE, PRL 111 (2013) 102301 i B i
_l llllllllllllllllllllll[lllllll—

00 2 4 6 8 10 12 14 16

P, (GeV/c)

ALICE, CERN-LHCC-2013-024

Input values from BAMPS model:
C. Greiner et al. arXiv:1205.4945




Assessing energy loss mechanisms INFN

with HF correlations —

Drag coefficient Average perpendicular broadening @ Drag coeff (~ Energy loss):
: ol K = 15,7 = 400 MeV —— ! ol K =15, T= 400 MeV —— » Drives momentum loss (QR )
B coliad K=08 T =000V — 1 8P oolitrad, K =08 T=400MeV — AA
TTF olmdKoORTSmMV-—- 4 Ff aliiK-IST-BNN--- > Sensitive to radiative at p;>15 GeV
NI Nl .
§ 5l 3l ¢ Broadening:
St 3 4r | > Drives elliptic flow
S 3t e . . .
%2_ __________ 5 dam | > Mostly given by collisional
1F e Il  _--====zzzzzZzZZzZZzZ:Z:Z3 . .
e N « HQ correlations predicted to be
0 9 10 15 20 % 0 5 10 15 20 2% i
o 6oV g e sensitive, but only at low p+
102 r T T T T initiall ] 107- 3 T I T T ’initia[' —__ T
coll. K= 1.5 ———— T [ pr € [10 —20] GeV coll, K = 1.5 ——— ]
pr € [1—-4] GeV coll+rad, K = 0.8 —— - coll+rad, K = 0.8 ——

’\

1079

dNbb /dAf:}
\
4 =
>
dJN hh /(’Af:)

\\\ ’4, \\\ ’,/ 10_4 .E_
» . . . . 10-5 1 1 ] 1 1 I
10- 0 1 ; ; 4 5 6 0 1 2 3 4 5 6
Nahrgang et al. Ad Ao
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In-medium heavy flavour hadronization!?

¢ From LHC Run-1 data, some indications that charm quarks
could recombine in the QGP:
» Jhp Rya (and v,) at low py
» D meson v, better described by models with recombination
» Dg Rpa (central value) larger than D Ry,?

O R I LA I I I I I B N
Inclusive Jiy — p'y, Pb-Pb S, = 2.76 TeV and Au-Au {5, = 0.2 TeV 0.4: = ALICED’D", D" average Pb-Pb, \Syn = 2.76 TeV_— SRS | S b 1
ALICE (PLB 734 (2014) 314), 2.5<y<d, 0<p_<8 GeVic global syst.= + 15% ::] Syst. from data Centrality 30-50%
HENIX (PR 84(2011) 054912), 1.2<[y|<2.2, p >0 GeV/c  global syst.=  9.2% D Syst. from B feed-down ] e Average D° D', D**, lv|<0.5 +
’ 0.3 -] > with p -extrapolated pp reference
‘ 02- $. $ E + D;.ll<05 ,E
i.'.rﬁi ' J@ v,, 30-50% - ;
] ] -
i Hi » 0'1 ’ L AN B = TAMU, PLB 735 (2014) 445 1
r ﬁ@a L L b,,p/’ . "”«..,uﬁ o ‘ ‘: — Non-strange D
0.4 @ 0;“" WHDG radcoll o E ef % ]
: R L ~-.- Cao, Qin, Bass i ] ; ‘ N =
a8 g f -0.15."." MC@sHQ+EPOS, Coll+Rad(LPM) B Y i AR b~ 3
0.2 = & il [amie gm;g el. g - lTJ;:(gAhl;ijDe|astic ] E L’ff‘_; - ]
0:....1....1..‘.|....|....|....| llllll AT T T TR e SR T 0.2: EE-Q»_;_—E— ﬂ 3
0 50 100 150 200 250 300 @0 400 O 2 4 6 8 10 12 24 Gevio) ¢ !
T 5 10 15 20 25 30 35 40
WNoard P, (GeV/c)
ALICE, PLB734 (2014) 314 ALICE, PRC90 (2014) 034904

ALICE, JHEP1603 (2016) 082
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In-medium heavy flavour hadronization? -

¢ From LHC Run-1 data, some indications that charm quarks
could recombine in the QGP:

-> Precise measurements of HF mesons (non-strange and
strange) and baryons

- Precise measurements of their v, (+ that of J/y)

AID A /D and A, /B
A /D c iy T —20
c I T I T T T T | ——  three-quark model T _ —— three-quark model 4
0.2 T g - - — - QGP+Hadronic (Minimum) - | — — diquark model (C) T - — — diquark model (C) i
0.185 Pb-Pb,\[s\ = 2.76 TeV, 0-10% ] 05— — QGP _| - &—® PYTHIA 1 —o—@ PYTHIA —10.0
0.16 E i - — .- QGP+Hadronic (Maximum) | i b 5 : o i
/ﬁ\’d E— 1 [ s=200Gev | LT

5 o et RN ! s

B ol 3 <M I ]

j, 0.08;— —; 02 y 1.0 /’\ 6.0
0.06[~ 3 < 3 ] ]
0.04F 3 0.1 i ; L ]
o02E E [ 1 | L 1 L ]

o 5 ;
p, (GeVic) pr(GeV) L Jd20
Rapp et al., based on Greco et al. PRD90 (2014) $e0000000000000000d
PRL110 (2013) 100 g tlo0
p, (GeV) p; (GeV)

Ko et al. PRC79 (2008)
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HF “hadrochemistry’” with ALICE Upgrade ("

¢ A~ pKr and D,.->KKn (ct=60 and 150 um) with good

precision for p>2 GeV/c

¢ A2 A (ct=450 um) accessible for p>7 GeV/c

T ” . g

D% and D_ Ry, A./D “enhancement A, significance
2:""""'Ill,ll“”l'llIII‘I'I‘: g 10...|...|...|...|...|.||||||||||||||||||||||_ 8 AN RRRE LR IULRE LR IR BULALE ILALRLE ILRLALE IUALILE ILLALE IULRLE LN
1.8-ALICE Upgrade ~ Pb-Pb,\s\y=55TeV | & - ALICE Upgrade  Pb-Pb,\/Syy = 5.5 TeV § 1 Ao AT Pb-Pb,\ s = 5.5 TeV]
r + _ -1 H -10°, ] g = L _ -1 . i
1.6 L = 10 nb”, centrality 0-10% §}, - L= 10 nb™, centrality 0- 20% | E12- L = 10 nb™, centrality 0-20% ]
145 D’ Kn* . 3 —— - ALICE A/K{ param (276 TeV) | @ (oF l 3
120 D= K'K*Tt* (stat. oy ALICE 3 a T F Ko et al. (200 GeV) F I .
et : wiozs ] P | —— TAMU, Rapp et al. (2.76 TeV) | b | ' 5
e =4 = ;‘ C | ‘ ]
L ﬂ' Pzﬂnrlt-)nl»gnEcz : ]
0.6¢ F - - —— E 26/09/2013 4 _+_ ]
04 &, T4 a8 [] 2 :
02f T —— E I o - ]
Covovoo b o b v v by v by v g g g gy lE _I o l S I S l S l — l — I — l L1 L l — l — I — I_ O—’ - l - | e ] - I - I - l - | — I - l - | - I - I I_
% é 1'0 1'5 2'0 2'5 3‘0 002 46 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 24
P; (GeV/c) P; (GeV/c) P, (GeV/c)

ALICE, CERN-LHCC-2013-024




)
HF “hadrochemistry’” with ALICE Upgrade ("

¢ A~ pKr and D,.->KKn (ct=60 and 150 um) with good
precision for p>2 GeV/c

¢ A2 A (ct=450 um) accessible for p>7 GeV/c
D% D, A, Vv,

>N _lll]IllllIIIIIIIIIIIIIIIIIIIIII_I
0'25; Pb-Pb,L_=10nb" -
02 = D% 30-50% centr.
' D 30-50% centr.

¢, 10-40% centr.

0.15 + + -
0.1+ ’ -
0.05 -
PR BT A UTEN ATETEN AUTET ATEET BT AT |

O 274 6 8 10 12 14 16

P, (GeV/c)

ALICE, CERN-LHCC-2013-024




o It decay channels: i
> 10% bb + (L +E, observation channel

> 44% bb +( +2 jets + K, ;}b

> 46% bb + 4 jets W

Pb

neutrino

F S
‘a electron o 1:: 2 (b)
¢ Estimate for observation channel in CMS (cums pas-FTR-2013-025)
> ~500 events for 10 nb-!1 Pb-Pb 5.5 TeV

> Most top quarks decay before the QGP formation (the b
quarks will cross the medium and broaden/shift the
reconstructed top mass)

- But boosted top quarks decay in the QGP, which brings me to
the FCC part of the talk
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Future Circular Collider Study - SCOPE

CDR and cost review for the next ESU (2018)
1 &

Forming an international
collaboration to study:

« pp-collider (FCC-hh)
—> defining infrastructure

requirements

~16 T= 100 TeV ppin 100 km
~20T = 100 TeV PP 1IN 80 km Schematic of an

[ |
- e*e collider (FCC-ee) as A o tunnol
potential intermediate step .

« p-e (FCC-he) option

« 80-100 km infrastructure
in Geneva area

Michael Benedikt
S FCC Kick-Off 2014

Cw Future Circular Collider Study

\



HI Organization and Report 2016 C

¢ lons at FCC-hh Working Group:
» Coord: A.D., S. Masciocchi, C. Salgado, U. Wiedemann
» Sub-group of “FCC-h Physics, Experiments, Detectors”
» Participation of CERN Beams dep. (J. Jowett, M. Schaumann)
» Contact with HI theory group of CEPC-SppC

> Twiki
¢ 6 workshops/meetings 2013-15
> and links therein

¢ “Report2016” is online: arXiv:1605.01389

» 40 pages, about 50 authors

» Section editors: N. Armesto, A. Dainese, D. d’Enterria, J. Jowett,
J.P.Lansberg, G. Milhano, C. Salgado, M. Schaumann, M. van
Leeuwen, U. Wiedemann




Energy and luminosity C

¢ Centre-of-mass energy per nucleon-nucleon collision:

Z7 \/S =39 TeV
Sww = 1_2\/Spp ‘ PoPb s =100TeV
A A
)4

1772

¢ Projected L, /month: 33/nb for Pb-Pb and 8/pb for p-Pb
» e.g. in three 1-month Pb-Pb runs: 100/nb ~ 10x full LHC programme

M.Schaumann, J.Jowett, in arXiv:1605.01389




QGP “fireball': global properties  C

¢ Extrapolation to 39 TeV: increase wrt LHC 5.5 TeV
dN_/dn x 1.8 Volume x1.8 dE./dn (& €) x2.2

N Phys. Lett. B 696 (2011) 328 (values scaled
t | @ PbPb(0-5%)ALICE  , pp NSD ALICE &~ 6000 T T T r '
810~ ™ PbPb(0-5%)NASO O pp NSD CMS £ A E89527,33,38 43 GeV 121, Fop), 0-19% AuAu E
< [ 4 AuAu(0-5%)BRAHMS * pp NSD CDF = 5000f & NA4987, 125 173 GeV S [ . E802,0-5% AuA . ]
W | * AuAu(0-5%)PHENIX o pp NSD UAS5 o 015 . W CERES17.3 GeV © 1o- 007 AuAd pi
°. 8/~ O AuAu(0-5%)STAR * pp NSD UA1 s ¥ STAR62.4, 200 GeV g i NA49, 0-7% PbPb S
= | V¥ AuAu(0-6%)PHOBOS x pp NSD STAR o’ 4000p O PHOBOS 62.4, 200 GeV =~ [ -o-wa98, 0-5% PbPb
= | S ®  ALICE 2760 GeV [ b
= - D:o - t —= PHENIX, 0-5% AuAu
E-: 6 o 3000 ZS 6: e CMS, 0-5% PbPb
L B -4 - [ — RHIC paramef trization y ]
E 4:_ < 2000} 5£ % % % . b 046 535, V5= 8.7 GeV ]
2:_ 1000} & %f zi . .
0_ ol L] L OO 560 10I00 15IOO 2000 ol el 2 3
1 10° dN / 1 10 10 10
0? 0 Sun (GeV) (dN_/dn ) 5y (GeV)
Quantity Pb-Pb2.76 TeV Pb-Pb5.5TeV  Pb-Pb 39 TeV
mm) dNe/dnatn=0 1600 2000 3600
Total N, 17000 23000 50000
mm) dEp/dnatn=0 1.8-2.0 TeV 2.3-2.6 TeV 5.2-5.8 TeV
mm)  Homogeneity volume 5000 fm? 6200 fm? 11000 fm?
Decoupling time 10 fm/c 11 fm/c 13 fm/c
‘ eatT = 1fm/c 12-13 GeV/fm3®  16-17 GeV/fm® 35-40 GeV/fm?
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Higher QGP temperature C

¢ Larger c.m.s. energy -2 larger fireball temperature
¢ From hydrodynamic simulation:

1.0 | ! | ' I ! | ' |

0.8 N
S ¢ 900 MeV att =0.2 fm/c
© . _
g 06 ¢ 650 MeV att=0.5fm/c
= 04 -

0.2 -1 Note that a QGP with

m | | | | temperature T~ 1 GeV has
0.0 =5 6 g  energy density e ~ 2 TeV/fm3!

4
t (fm/c)

C.M. Ko, Y. Liu, arXiv:1604.01207
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Large “thermal” charm production!

¢ Expect abundant secondary production of cc pairs In the
medium from gg —cCc, qq > cc + NLO .

T T T l T T I T
go —b_O fm =

80; 39 TeV w/Shad w/Themal Prod. 1 70 1 T T T T T
? 70 : == == == 39 TeV w/Shad wo/Thermal Prod. i Pb.Pb 39 A TeV :
> u - - |
;;‘ 60 L 5.5 TeV w/Shad w/Themal Prod. - 65 dof,;/dy=1 57 mb
\‘8 - = === 5.5 TeV w/Shad wo/Thermal Prod. ] > [ e e v e e e e e e —
Zz 50l 3 © 60| v
o 2» S PP bbb ]
40 LH C B o 55| ’ — 1,=0.2 five —:
30_ - - = 1,=0.4 fm/c
C: ____________ 50 — K == 1,=0.6 fm/c —
PR (NS T (VT S NSNS MR i !
2 TTd e T8 10 T Y S S——

T (fm/c)
¢ Up to 50-100% “enhancement” wrt primary charm

¢ Should be visible above (shadowing-corrected) binary scaling
¢ Sensitive to QGP properties: T vs T, and T,

K. Zhou et al., arXiv:1602.01667 C.M. Ko, Y. Liu, arXiv:1604.01207

cClVVO Op OGNV,
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Top production at FCC energy C

¢ The increased energy and luminosity at FCC would make of t-tbar
events a very abundant probe

S 10°E-NLO (MCFM): ——
T [ nPDF=EPS09,PDF=CT10

:Emm.

Pb-Pb—s tt+X, |s,,=39 TeV L,=33 nb™
MCFM NLO, CT10, EPS08, u=m,

=2

Analysis cuts:
p'; > 20,30 GeV, Y] <5, E';"‘ > 40 GeV

U counts/(20 GeV)
o

-
4 21
10f 1z
; — '01 0-1
101k 10°
-2 i —— top pair (tt + X)
107 — — single top (t-ch.,s-ch. t+W) 10° | | | | 1 | 1 | l
10-—31 f el L L 0 200 400 600 800 1000 1200 1400 1600 1800
1 2 3456 10 20 30 10 p" (GeV)
5. (TeV) !

¢ Top cross section increases by x80 from 5.5 TeV to 39 TeV
¢ Kinematic simulation study: 3x10° ¢ —s pp ¢ v per run (33/nb)
¢ Top p; distribution up to ~1.2 TeV/c

D. d’Enterria, et al. Phys. Lett. B746 (2015) 64—72, arXiv:1501.05879 [hep-ph]

cClVVO Op OGNV, C ANAIrcSd DdITTICSSC




An interesting physics case for top:  wrw

. . C
boosted color singlets in the QGP
¢ Boosted (i.e. high p;) top events: f —bb +qq +(+V

This gq is produced as a color singlet
S qq and it “sees” the QGP with a time delay
/v given by the boost of the t and of the W

The rest of the final state

2b-jets+{+Ey
Is used to tag the event topology
¢ Boosted-top events can therefore be used to address two
novel studies in the sector of parton energy loss:
1.  Time-evolution of QGP opacity, because of the boost

2. Role of color coherence in parton energy loss, because the pair is
initially a color singlet

Will be discussed tomorrow by L.Apolinario

™




An interesting physics case for top:  iwrw

boosted color singlets in the QGP ~

¢ Energy loss of the gg pair results
in a shift of the W mass
reconstructed from the gq jet(s)
¢ Observables:
1. The shift of the W mass

Kinematic simulation study
with Pb-Pb 39 TeV (100/nb)

Reconstructed W Mass

discriminates scenarios on the 3 sof] ) eaing quans

role of color coherence (small i ) invonches N

shift in case coherence plays a g oot T

role) § JS—

2. The shift vs top p; probes the o —

time-evolution of the QGP .

density N T TUOTTUUITUUIT VU PRI IO |
Top pt (GeV)

More on this and updated results tomorrow by L.Apolinario
Apolinario, Milhano, Salam, Salgado, in arXiv:1605.01389
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Summary C

LHC 2020s: FCC 2040s (?):
precision in HF sector! novel opportunities with HF!

& 04 L e
L .% ] [T T T T T T "
0.355— ALTCE Pb-Pb, VS.NN=5.5 -|;eV—E 70 - =
0.3F SR Centrallfz 30-50% E Pb+Pb 30 A TeV
. 25; D%os Kt 1.6x10' events | 65 - ActS/dy=157 mb E
25 o from very low py 5ot / ———"—— i
0-2;_ DD “s —e— from B . E) E ---------------------------- 1
0.150 o g 3 o 55 — =02 1mic -
E Boo o E ) — - 1,=0.4 fm/c
0.1 oo E 50 |- 7,=0.6 fm/c -
005; W T el LEX Y = 1 1 1 | | |
o e 0o 2 4 6 8 10
I P N T I
0 2 4 6 8 10 12 14 16 T (fm/c)

Pr M ... to very high p+

CMS Prolectlon

0.3 rrrrprrm e AL L L
r * Projected s= _55TeV L 10 nb1
05— stat. uncert. for 160 ub™’ ]
T p.,>100 GeV ]
c L p;,>30GeV
] 0.21 centrallty :0-10% -
5 C
o
W 015+ n
-
c
g
TRAls N
0.05- -
TS TET P Ll bl L L]

00 01 0203040506070809 1
A= (pT1pT2)/(pT1+pT2)
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Avallable Documents

¢ ALICE Upgrade LOI: CERN-LHCC-2012-012
» Addendum (Muon Forward Tracker): CERN-LHCC-2013-014

¢ ALICE inner tracker upgrade TDR: CERN-LHCC-2013-024
¢ CMS HI HL-LHC projections: CMS-PAS-FTR-13-025

¢ Presentations at the Heavy lon Town Meeting (June 2012):
>

¢ Inputs by ALICE, ATLAS, CMS to the ESPG meeting
Cracow (Sep 2012)
>

» HI community presentation (H. Appelshaeueser)




An Interesting physics case for top:  inew
boosted color singlets in the QGP

)

1) Testing the time evolution of the
QGP density

Distance (fm)

o of the Average Total Decay Distance

A
§
A
(oW I
) | :
o
[
| ||
¢ > € 1€
Glte) | B(W) | tin .
to t1 Time

Estimate of the “start time” of
energy loss: reaches 2-3 fm/c
for top p~0.5-1 TeV/c




An interesting physics case for top:  irw

boosted color singlets in the QGP ~

2) Testing the role of color coherence

V r) OL
1
Amed ™ L
g-gbar with small opening angle; Medium induces decoherence,
seen as color-singlet by the medium, opening angle increases - energy
no interaction expected loss of color-octet’s in the medium

Armesto, Casalderrey, lancu, Ma, Mehtar-Tani, Salgado, Tywoniuk 2010-2014




Heavy flavour: requirements
Currently, in Pb-Pb: \

,T\ D0 — Kn
'T‘TOF (p/K/m id) D* — Knn
* _o NO
B EKTC General features:
— JT
S
K 0] goalss‘gi;pgrade: Decay at few 100 um
P (tracking, p/K/s id) B - Jip+X from interaction point
ITS (tracking g ! D/0“+X Large combinatorial
& vertexing) — G background = low
Ac = pKn signal/background >
e Ap = A J no dedicated trigger
1000-2<p,<3 GeV/c 5
: D> K n*
"1 Requirements:

600

* Vertexing resolution

[ Pb-Pb, |s,, = 2.76 TeV

@k Convalty: 020% 1 * Preserve particle identification
-issasoosceve { e | arge statistics (no dedicated trigger)
[ S (30) = 538 + 84 ]

invariant Mass (Krn) (GeV/c?)

JHEP1209(2012)112, i< / 12 Mev/c2
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entries per 40 MeV/c?

Charmonium: requirements
A

Currently, in Pb-Pb:

Incl. Jhp —
ITS, TPC (tracking) Incl. J/:pl) R :g General features:

TPC, TRD, TOF (id) W — uw
—y Goals for upgrade: - degay few.100 um
2 o B from interaction point
MUON (trackin '
20000 — same oo ( : I glfCtJ‘/J{pin Large combinatorial
L S background in ee
o channel = low
i ) signal/background >
ooy | T no dedicated trigger
=0 e Requirements:
w—w oo e Vertexing resolution
i * Preserve particle identification
» Large statistics (no dedicated trigger)




