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What’s special about heavy quarks

® Heavy-ion (HI) collisions at LHC energies
QGP phase expected (lifetime ~ O(10 fm/c))
® Heavy quarks

Large mass (mq » Aacp) — produced in the early stages of the HI collision
with short formation time( tcharm ~ 1/m¢ ~ 0.1 fm/c << Taep ~ O(10 fm/c) ),
traverse the medium interacting with its constituents

Interactions with QGP don’t change flavour identity
Cannot be destroyed/created in the medium

= transported through the full system evolution — natural probe of the
hot medium created in HI interactions

Relativistic Heavy-Ion Collisions

"4 Hadron
R as
W) phose

Hard processes:
- Charm, Beauty, W, Z, photons, Jets

* Probe the whole evolution of the
CO”ISlon ?i -;i viscous hydrodynamics

. 7‘__frgs#reaming )

collision evolution
t~0fm/c t~1fm/c T~ 10 fm/c T ~ 1015 fm/c
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Heavy quarks as medium probes

g: colour triplet —-—-)Jﬁ&7

u,d,s: m~0, Cr=4/3
(difficult to tag at LHC)
g: colour octet m‘b‘m\tﬁb

g: m=0, Cr=3
> E loss, dominant at LHC
Q: colour triplet _/

c: m~1.5 GeV, Cx=4/3
small m, tagged by D’s
b: m~5GeV, Cg=4/3
large mass - dead cone

- < E loss

‘Quark Matter’

NI TR

b i f ' Te

__ Pre-Equilibrium
.3"' Phase (< 1)
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Parton Energy Loss by
— medium-induced gluon radiation
— collisions with medium constituents

AEw(gmea’ium;(jR ’m’L)
Prediction: AE, >AE__ > AE,

Might translate into a hierarchy of

nuclear modification factors
Raa™ < RaaP < RaaB?

Collectivity in the QGP
- Initial spatial asymmetry —
azimuthal asymmetry of particle
emission in momentum space
= heavy quarks participate in
collective expansion of the medium
via sufficient re-scattering?
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Heavy flavour measurements in ALICE

Central barrel

Muon spectrometer Heavy-flavour decay
4<n<-2.5 channels currently

addressed in ALICE:

— Central barrel:
D% - Kt
D" - KT’
DS+ - K'K'1t"
D™ - D’
A" - pK'TT" (pp,pPb only)
A" =p K. (pp,pPb only)
B-J/P+X
D/B-e+X
B-e+X

— Muon spectrometer:
D/B - p+X
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Where we are: heavy flavour measurement in ALICE

What we understood! Selective, representative results

o Open heavy flavor: excellent pI‘ObeS of PRC 90034904 (2014) PRL111 102301 (2013)

] A LA L N DA DAL LA B ELRLELE B

the hot and dense medium > 0.4 * ALCE D°D', D" average _ 30-50% POPD

“*L ) Syst. from data Sy =276 TeV

_[]Syst. from B feed-down Z

: : 0.3 -

“* Heavy quarks take part in collective § @ §

expansion 02 %ﬁ% E

< Still challenging to see expected -/ '~_~,"j-~.-;;_;£~ﬂ7 B ]

hierarchy in energy losses N Tt || E
S . [ ST R ST T 1

* Distinguish between b/c energy losses o’ A g ~

is limited to high p+ . WHDG rad+coll :

04 WetE ™ e -

- o N einie S EN ol od @ X T 7

beauty) baryons — baryon/meson oé . I‘i‘??s‘.‘g. e s s ¢ :*,'1?6;-

ratio for light flavor only p. (GeV/c)
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Where we are: heavy flavour measurement in ALICE

e Open heavy flavor: excellent probes of JHEP03(2016)081  JHEP03(2016)082
i S/ SARRNRARE RRAEE AALE LERAE RARAN RARRE RRRRE
the hot and dense medium o 4 g ALICE 0-10% Pb-Pb, Sy = 2.76 TeV -
1,6:— e Average D°, D', D**, |y|<0.5 —
“* Heavy quarks take part in collective 1 ab . “[‘)"“ Plyl"’:gag°'a‘e"°°'°'°'°“°° 3
expansion 1 2_ ° gnargeg [':IOJIS, rn|<rr(])|.80 . %
. . T m arged hadrons, m|<O0. ]
< Still challenging to see expected B E
hierarchy in energy losses i .
- : 0.8} .
* Distinguish between b/c energy losses . T .
is limited to high e E
N Pi Ppr h (and -
»» No access in Pb-Pb to charm (an F!*!Hi- »
| | | N

beauty) baryons @ baryon/meson

N N N T S NS N S
ratio for light flavor only %510 15 20 25 30 35 40
p. (GeV/c)
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Where we are: heavy flavour measurement in ALICE

Meson pt~ 10 GeV/c JHEP 11 (2015) 205

e Open heavy flavor: excellent probes of I

. < - —~

the hot and dense medium @ - Pb-Pb,|sy=276TeV 1

1o = D mesons (ALICE) 8<pT<16 GeV/c, ly|<0.5 |

L e g%n-progwoptdj/\u; (les rrzeliminary) 4

- S<p < eV/c, |yl<1.2CMS-PAS-HIN-12-014 -

. . B (emth,y) filled boxes: (un)correlated syst. uncert. .

* Heavy quarks take part in collective ‘*g,?ng,seogeta.mm—

.x‘ Se)|(|pa:s|l|on d 0.8 - mgﬁigﬁgmgi j% with ¢ quark energy Ioss;

till challenging to see expecte )

hierarchy in energy losses 0.6 - ﬁ‘ .

** Distinguish between b/c energy losses : \ ................. “:E::::\ -

" " . . \-..* ............... —

is limited to high pt 041 e L.l

: I 40-50% ~— R ]

< No access in Pb-Pb to charm (and 0.2 3040% a0 B s

~ (*)50- % for non-prompt J/ 10-20% —

beauty) baryons @ baryon/meson - nso;oo« f e TJW oo
ratio for light flavor only % 50 100 150 200 250 300 350 4)00

part
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Where we are: heavy flavour measurement in ALICE

e Open heavy flavor: excellent probes of
the hot and dense medium

“* Heavy quarks take part in collective
expansion

< Still challenging to see expected
hierarchy in energy losses

** Distinguish between b/c energy losses
Is limited to high pt
<~ No access in Pb-Pb to charm (and

beauty) baryons @ baryon/meson
ratio for light flavor only

0
A/K?

N

nN

PRL 111, 222301(2013)

& 0-5%
& 20-40 %
¥— 40-60 %
ah +— 60-80 %
A %, —*8090%
A +- ppat\s=7TeV, |y|<0.5
A o— ppat\s=0.9TeV, |y|<0.75
‘:'"'w e systematic uncertainty
W_um A
e
N“ v i
@ & v i
Pos
R
¢+ " * ’
PR - | PR T B | PO - A
2 4 6 8 10 12

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 9



Heavy-ion program at LHC extended to Run2, Run3 and Run4

2013 2015 ‘U’2018 ‘U'ZOZO ‘U'2022 2026 ‘U’
Runl LS1 Run2 Run3 LS3 Run4

>10 nb-' Pb-Pb
(2.85 nb~! low magnetic field)
6 pb! pp, 50 nb-! p-Pb

~0.1 nb-!' Pb-Pb ~1 nb-! Pb-Pb
pp, p-Pb pp, p-Pb

e Run2: ~1 nb' Pb-Pb at \/snn ~ 5.1 TeV, 1 p-Pb run

e LS2 (2018-2019)
» Major ALICE and LHCb upgrades, important upgrades for ATLAS and CMS

< LHC collimator upgrades: target luminosity 6 x 10% cm=2s' = 50 kHz interaction rate

e Run3 + Run4 (“HL-LHC”, 2020-2028):
 Experiments request: >10 nb™' Pb-Pb (ALICE: 10 nb! at 0.5T + 3 nb! at 0.2T)
* p-Pb high lumi, pp reference at 5.5 TeV, possibly light ions (e.g. Ar-Ar)
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ALICE upgrade strategy: heavy flavour sector

® High precision measurements of rare probes at low pr

D mesons: high-precision measurement down to zero pr
Exclusive reconstruction of the charm baryon A¢(cT, only 60 pm)

Exclusive reconstruction of beauty mesons (B) and baryons (As)

= secondary vertices — improve inner tracker (improve spacial precision
on track and vertex position)

= mostly “untirggerable” because of extremely low S/B

Trigger approach: write all events at up to 50 kHz in Pb-Pb
(currently 0.5 kHz)
~1 TB/s HLT/DAQ ~10 GB/s

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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Upgrade of Inner Tracking System (ITS)

* The new ITS design goals:

* Improve vertex resolution

* High efficiency and pr resolution

¢ Fast readout: 50 kHz (Pb-Pb), 400 kHz (pp)
* Fast insertion/removal

* The new ITS features:

Current ITS New ITS

Layers §) 14
Inner radius 3.9cm 2.3 cm
Pipe radius 2.9cm 1.9cm & .
k2 Outer barrel
Innermost
1.14% Xo 0.3% Xo
. : geseiesy ner barrel

layer thickness

Innermost o 495 um2  28x29 pm?
layer pixel cize

- Beam pipe
e 1 100 kHz o
readout

= 12.5 Gigapixels
~ 10 m? of silicon
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Improvement

* Pointing resolution x3 better in transverse plane (x6 along beam direction)

* Tracking efficiency x10 better at low pT (~90% at pr=0.1-0.2 GeV/c)

TTTTT] T Ty T T T T TTTT]

\ Current ITS (data)

3001 }1 ................ Upgraded---l-T-S- ................ _ Current ITS

/ Upgraded ITS _

(@)
o
I ——

NN

o
|

-
|

N
O
|
-

|

o
o

Standalone tracking efficiency (%)

107"
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ITS pixel chip - Monolithic Active Pixel Sensors (MAPS)

* MAPS attractive technology for ALICE due to:
- Reduction of material budget (sensor&readout integrated) 350 um—50-100 um/layer
- Radiation tolerance and moderate read-out time fitting ALICE needs

e ALICE baseline: MAPS using CMOS 0.18 um technology (TowerJazz)

* Pixel pitch ~ 30 um x 30 um

NWELL

DIODE

within active area

Small n-well diode (2-3 pm diameter), ~100 times
smaller than pixel = low capacitance

Application of (moderate) reverse bias voltage to
substrate can be used to increase
depletion zone around NWELL collection diode Lo

Quadruple well process: deep PWELL shields NWELL
of PMOS transistors, allowing for full CMOS circuitry

NMOS PMOS
TRANSISTOR / TRANSISTOR

High-resistivity (1-8kQ2 cm) p-type epitaxial layer (18um L o L
- 40pm thick) on p-type substrate N

Epitaxial Layer P-

MindJung Kweon, Inha University
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)
PWELL NWELL
h DEEP PWELL

fiDimensions: 30mm x 15 mm »

' Pixel Matrix: 1024 cols x 512 rows

| pads over matrix
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ITS pixel chip - Monolithic Active Pixel Sensors (MAPS)

* MAPS attractive technology for ALICE due to:
- Reduction of material budget (sensor&readout integrated) 350 um—50-100 um/layer
- Radiation tolerance and moderate read-out time fitting ALICE needs

e ALICE baseline: MAPS using CMOS 0.18 um technology (TowerJazz)
* Pixel pitch ~ 30 um x 30 um

NWELL NMOS PMOS

- __r- ’ I.

Detector) due August 2016 (after 3 prototype runs)
— start production end of the year

DIODE TRANSISTOR/ TRANSISTOR
A )
L PWELL J L- J L PWELL / J\ NWELL
Final version of MAPS chip (ALPIDE = ALICE Pixel ““‘::::\ L/ DEEP PWELL

Power consumption: <100 mW/cm?
Efficiency > 99%

Noise probability: < 10-°

* ] Di.mensio.ns: 30mr"n'_x 15 mm .
Non-lonizing Energy Loss: 1.7 x 10" 1 MeV neq /cm?2 (")

Total lonizing Dose: 2.7 Mrad for IB, 100 krad for OB (")

'Pixel Matrix: 1024 cols x 512 rows

PEL ITERIUIARTINIARERIIARYRNIAL )
s pads over matrix
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In-pixel front-end circuitry of ALPIDE

Cy~2.5 fF @ -61V,,
|

Input stage  VPULSE_*

Pixel analog Front end

3x
STROBE

| ' |

o |

Reset lzs%m:aF i i i
T T i PIX_IN ! OUT A i

I ; :

=2 Collection : i :
‘ diode : |nq|ul-6 ﬂ: :
i | THR |

@ suB i | :

PIX IN OuUT A

Vi~ us peaking time

threshold

t

I
OUT_D :

Multi event
buffer

STATE

Hit Storage

Latch
5-10 pus
+—>
OUT D
—
STROBE

15 mm

30 mm

Digital Periphery \
o o o o o N o o o

o o °
1024 x 29.24 um =29941.76 um *©

Analog DACs

° e o
512 x 26.88 um = 13.76 mm

e Analog front-end and discriminator continuously active
- Non-linear and operating in weak inversion. Low C:Ultra-low power: 40 nW/pixel
- The front-end acts as analogue delay line
- Test pulse charge injection circuitry
- Global threshold for discrimination — binary pulse OUT_D
e Digital pixel circuitry with three hit storage registers (multi event buffer)
- Global shutter (STROBE) latches the discriminated hits in next available register

Regular Pads + Custom Blocks

Read out: The Priority Encoder sequentially provides the addresses of all hit pixels in a
double column

Mindung Kweon, Inha University
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Detector modules

Layer 1

Rmax 34,60

Rmid 31,50 ‘*/AL\
A e\ N

Rmin 30,10 A Ié{_ﬁ\:

Layer 0 €K€ ‘

[ ARG
Rmax 26,70 é )
Rmid 40 ‘ ‘ ‘

Rmin 22,40

Layer 2

Rmax 42,10

Rmid 39,30

Rmin 37,80

Material budget: ~ 0.3 % X, per layer

o

X/X, (%) at n=0
(=]

Illl ]IIIIIIIIIIIIII]Illllll’]lll]l
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s Flex Printed Circuit (22%)
Glue (5%)
s Carbon Structure (33%)

s \Vater(13%)

mmmmmm  Cooling pipes wall (2%)

Pixel Chip (26%)

Mean X/X0 = 0.282%

Cooling Ducts

"

Soldering Balls

Inner Barrel Stave

Transversal section:

Upper structure (M60J fibre)

Carbon fleece (~ 20 pm)

/\(/

Graphite foil (~ 30 um)

5 .5 5
—i—5
& &

/ Cooling pipe (ID = 1.024 mm)

15 mm

Plate: K13 D2U fibre (~ 70 um)

Carbon fleece (~ 20 pm)

Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"

Mechanical
Connector

9 Pixel Chips

Flex Printed Circuit

Total weight
1.5 gram
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From plots & drawings to pictures

High lumi
. Pb-Pb with
Integration,
. upgraded
commissioning
. ALICE
Completion of R &D at surface : Module assembly machines
‘ ‘ 2016 2017 2019 N T
——— ? > '
2014 2015 2018 2020
Produc‘ugn, Installation
construction, in ALICE
tests
Stave
2 Middle Layers
2 Outer Layers
ITS IB staves
ouo::lrf%;?:tlor Production: :

-n. 31 units produced
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Expected performance

All results with Lint=10 nb-1




D9 as reference candle for charm

m T ] T T T l T T T I T T T l T T T I T T T I T T T ] T T T m 103 E T T I T T T l T T T I T T T I T T T I T T T I T T T l T T E
- 0 - - R -
S o1 DKo’ Pb-Pb,\s\y=55TeV | - D’ Kt Pb-Pb,\/s\ =5.5 TeV -
s F Centrality 0-10% - 102 Centrality 0-10% =
s ] . 1 For Lint=10 nb™! number of events
£ 10 -
2 i +++_._—I— - 7 E " . ; 8 x 109
-Z 2 o - — i T ] . g
3 107 4 e —— - 1E - . = — Significance 50 for pr < 1GeV/c
C ] - - —— =
§ i ] i L . *~— 7 (and 1000 at high pT)
=S B . 10" .~ =
a | = Upgraded ITS 1 TS « Upgraded ITS ]
103 * Current ITS = 102 %—’- e CurrentITS =
b v b b e b b by Ly : 10'3 L | P IR R . | 1 | |
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
P; (GeVlc) P, (GeVlc)

e Background down by factor 5

e Systematics improvement due to easier signal extraction &
“direct” feed-down correction

bO.SE_"Yltff'Y‘ll[fY"lTYITY".TYffl"Y1
£ [ D-»Kn
5 C Total
O C Yield extraction
g 0.2~ Tracking efficiency r
o E Cut variation
= MC p_shape
“’ PID
. . . OE, 0.1 ————— Feed down: impact par. cgt:eth;)d
e Dominant charm uncertainties at low pr: 3 Feed down: FONLL + R, hypothesis
. . . 7] C
< Statistical = via larger readout rate 2 -
< pp reference — via larger readout rate & a “short” pprun 3 : e =
at Pb-Pb energy ER :
“* Feed-down from B meson decays (now based on pQCD) 0.1° o %
— via measuring the prompt and non-prompt fractions 0 2 4 6 8 10 12 14 16

p, (GeVic)
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Low-pTt beauty

non-prompt J/y

AA

R

2-5_"“l'"'I""I""l""'l""l""l""_
Z Pb-Pb, | 2.76 TeV, 0-20% centrality ]
2= —4—b(>c)—elyl<08
i | [ syst. uncertainty 7
sk + nomalization uncertainty
" T : i )| ]
0.5 ~ T * t -
[ ALICE Preliminary ]
-llllllllllIllllllllllllllllllllllllllll-
0 1 2 3 4 5 6 7 8
p. (GeV/c)
2 Pb-Pb 2.76 TeV *0:20%
70, VSnn = eV 7%20-100% CMS (ly|<2.4)
—@- 0-50% ALICE (ly|<0.8)
\ Alberico W.M. etal. Vitev . etal Aichelin J. et al.
1.5\ HTL <% wio Coll. Diss. Coll
. - - LatQCD mm with Coll. Diss. Coll.+LPM Rad.
:"\\ \ 27/ WHDG He M. et al. W Djordjevic M. et al.
1 ! AdS/CFT - = Uphoff J. et al. 1_
0.5
' A A A l ' 1 A ' A l ' A A l | ' A I A A l '
0 5 10 15 20 25 30
(GeV/ce)

CMS-PAS-HIN-12-014
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primary vertex

significance

BT flight line

[
o
N

10

secondary vertex

||IIIIIIII\\}IIIIlIIIIIII\\}Illllllll

ALICE Simulation

i - Upgrade - 1
Pb-Pb, F 5.5 TeV

o L, =10nb™, centrallty 0-10 %

r Dt D—>K+ )
; ++. I
ol .

Illlllll

+

T T T T
—73—
Lol

T
1

1O 5 10 15 20 25 30 35 40

P, (GeV/c)

s 2 PRARRA
T 8-_Non prompt J/\u (—->e e) |y[<0.9 E
160 Pb-Pb,\[s\ = 2.76 TeV
- L, = 10 nb™, centrality 0-10%:
1.4 -
ST E

1-2: 4 —#—+

| e —
0.8 " 3
C —h— ]
0.6 —h— -
o —— ]
0.4 —
0.2 -
0_ I 1 I 1 | I | 1 1
0 2 4 6 8 10 12
p. (GeV/c)

tertiary vertex

Rate limited probes!

*# Combined branching
ratio: (1.87 = 0.06) - 10

5
|

< 2 -
m‘ ) % Non-prompt D° — K'x* (lyl<0.9)
l - Non-prompt Jhp — un (3.6<y<4.5)
1.5 . ALICE Upgrade
\\ L, =10 nb"
: i {5 = 5.5 TeV
{1 R 0-10% Pb-Pb
1 e e e
. N
&
o \ MFT+ITS
- \\(\\\N\Q@;»%W\\‘Q\\\\\W\\\\\\m\\\\\\\
0 'I‘IITII11IITITl]]'l’TlIIITIITIl]]I
0 5 10 15 20 25 30
P, [GeV/c]

* New channel opened (B) +

e The

Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"

much larger precision on
Raa (both via displaced J/y

and non prompt D)

study of non prompt J/y in

gy~ channel key tool to
measure B down to zero pr
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Beauty and charm energy loss

Upgrade: Charm and beauty Raa down to

Present data at pr ~ 10 GeV pt~ 0 using D° and B-decay J/y

JHEP 11 (2015) 205
é1.4]lll[llTIIIIIIIIIIIIIIIIIII]IT][I]TII < 2_][[]'IIIIIIIIIIIIIIIIIIIIIIIIII

i - < N ]

ac - Pb-Pb, |\ Syn = 2.76 Te N o - _

{2 ® Dmesons (ALIC|y|<0.5 N 1.8-ALICE Upgrade Pb-Pb,\/sNN =55TeV —

R N O e MS P - : e -1 1 - o, :

i P |<1.r:§ é:ﬂns-pg;)mmz_m : 1.6 L, = 10 nb", centrality 0-10% =

B pryTfitted boxes: (un)correlated syst. uncert. 1 - .

1__ gjordjevic et al. Phys.Lett.B 737 (2014) 208 a 1 .4:‘ DO—) Knrt .

L -— . m n - - - -

2 Non-prompt J/v _ 3 1 ok * Non-prompt J/y— e’e ALICE -

0.8 — o [l Non-prompt J/w with ¢ quark energy loss — -er ""'.+_ (stat. only) PR ]

RaaB (CMS) > RaaP (ALICE) S N -

] . : d s + .

0.6 - _ Limited to high pr . .

o Wi TT ‘E:::E:~~ ; 0.8 nfass effect =

K {..\. ................ — \: _—— 0 6 [ ﬂ_ * ' u

0.4+ N, e, E\ -] o + o=

i } S ] - B + -

I 40-50% S e . 04 =& — g H .

0.2— 30-40% 5y a09, i\\:'.“""‘M— - b a—a— .

~ (") 50-100% for non-prompt J/y 10-20% 0-10% 02 [ ]

00‘1“5[0ll i(l)(‘)“ié(‘)“é(l)éllééé léééiléééllaOO 0_ b v v by vy by vy by by by T
oy A 0 5 10 15 20 25 30

part p, (GeV/c)

ALICE, CERN-LHCC-2013-024

Move from “first clear indication of AE.>AE,” to test quantitative description
as a function of pr

MindJung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 22



Heavy favour flow v-

Upgrade: Charm and beauty v2 down to

Present data: Charm vz pt~ 0 using prompt and B-decay D°

N PvrvIrvvlvvvltvvlrtt[1v1]r11[11t1111]. >NO.4_TTT "T["']TTTIIITIIII[TTI]III___
- 0 — N ]
0.6 ALICE Prompt D°, D°- 0.351- HE Pb-Pb, \s,=5.5 TeV -
, lyl<0.8 1 F Erenens Centrality 30-50% -
0.4 - 0.3 -
i - N DO_> K_7t+ Lint =10 nb! <
0.25F 3
0 2’_ N - ) —=s— prompt 3
- 0'2:_ 5 e —e— from B E'
O e ] 0.15F © 9 =
[ Pb-Pb, |s=2.76TeV j 0.1 mass effect . _ ) e
02 Centrality 30-50% ’ oo T LI
W I PR P P T T PR P ii P : i_
2 4 6 8 10 12 14 16 18 001 | lél 1 141.1 1 1é1 1 lél ] 11101 1 11121 | 1114.1 1 fs
GeV/c
Pr ( ) P, (GeV/c)
02 : .
018 | gl_)lll’ll;:g;tss=2.76 TeV min bias
e Larger uncertainties for charm and no 0.16 |~ Dmesons
014 |
measurement for beauty P S L
: S0}
* Models predict 0.08 |
006
< Large vz for charm and significant mass effect 0041
002 7 /7 5
in charm vs. beauty O T T e s 10 1

p; [GeV]
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In-medium heavy flavour hadronization?

e From LHC Run 1 data, hints that charm could recombine in the QGP
D%and D RAA

J/P Raa at low pr
Ds Raa larger than D Raa?

In QGP higher s abundance —
Ds enhanced if charm

hadronizes in the medium by
recombination (Rafelski et al.,
Rapp et al.)

2r
5 3 ly|<0.5 STAR: Au-Au at |s,,=0.2 TeV
. -5 NK; 0-5% -o- KKK 0-5%
1.8 3 Lt N 5 K. 60-80% -0~ KK 60-80%
1.6 ” 175 ? 'y ALICE: Pb-Pb at | 5,,=2.76 TeV
1.4F &T( 'Ef‘» . 4 MK 05%
= ‘ P AK? 60-80%
1 .2 : J)] Y 1];:11 \'|‘ + A s
1 :— ] (JT) &T * ‘}‘,\ systematic uncertainty
C ol PR Theory 0-5%
0.8 - $¢ b ‘ b —— Hydro VISH2+1
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10

N/K described by
hadronization via
parton-recobination and
radial flow.

Is baryon/meson
enhanced at
intermediate pr also in 1

° the heavy flavor sector?
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N\v also can be measured down to 4-7 GeV/c
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Summary of physics reach on heavy flavour sectors

Current, 0.1nb!

Upgrade, 10nb~!

min

Observable P statistical p%in statistical
(GeV/c)  uncertainty  (GeV/c) uncertainty
Heavy Flavour

D meson Raa 1 10% C 0 0.3% )

Dy meson Raa 4 15% <2 3%

D meson from B Raa 3 30 % 2 1%

J/1¢ from B Raa 1.5 15% (pr-int.) 1 5%

BT yield not accessible /3 10 %)

Ac Raa not accessible 2 15 %

A /DO ratio not accessible 2 15 %

Ay, yield not accessible 7 20 %

D meson vy (v = 0.2) 1 10 % 0 0.2 %

Dg meson vy (vg = 0.2) not accessible < 2 8 %

D from B vy (v3 = 0.05) not accessible 2 8 %

J/¢ from B ve (v = 0.05) not accessible 1 60 %

Ac vg (v2 = 0.15) not accessible \.3 20 %/

Mindung Kweon, Inha University

Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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Summary

* New ITS detectors will be installed during the Long Shutdown 2 and will be
ready for the Run3 of LHC foreseen from 2020

* The installation of the new silicon pixel detector, ITS, will significantly extend
the ALICE physics reach in the HF sector:

Improved precision for existing measurements down to pr=0

New and unique measurements in both charm and beauty sectors

We are approaching to precision era
In the “heavy flavor sector”
as we’ve done for the “light sector”
and also for the “strange sector”

Find much more in

Upgrade of the : Upgrade of the

Upgrade of the Upgrade of the Muon Forward Tracker
3 Te De nF rt

i Inner Tracking System - Inner Tracking System

ALICE Experiment

The Muon Forward Tracker

5

v i
i 30
-

©  ALICE Experiment

il o
(o

g

CERN-LHCC-2012-012 CERN-LHCC-2012-005 CERN-LHCC-2013-024 CERN-LHCC-2013-014 CERN-LHCC-2015-001
LHCC-1-022, 2012. LHCC-G-159,2012. ALICE-TDR-017 LHCC-1-022-ADD-1 ALICE-TDR-018
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Thank you for your attention!
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Heavy-flavour Observables: measure decay products

Full reconstruction of D meson hadronic
decays

Semi-leptonic decays (c,b)

Displaced
cks

Secondary
Vertex

/

ny/‘,"
2

/.

'
Primary IR
Vertex

i

DO - K-+ O rec. track e,

Dt - K-m*m* '

D — D7 Primary B,

D" = KK"7* / vertex &/
Zyxx: >

HF jets heavy quark /)

Correlations with HF | production ’//

Displaced ]/ (from B decays)

JAp W

|

MindJung Kweon, Inha University

m = 3.10 GeV/c? /

Jiy
~ K*
o092 e {ﬁ?

{:/:? e, B%J/P + K+ TU
_ » Bs: J/P + Kt + K-
Primary Collision

Vertex
Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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Summary of

available measurements: AA

PHENIX STAR ALICE ATLAS CMS

HF electrons
HF muons
DY, D+, D™

Ds*
B—-J/Y
B jets

B electrons

Mindung Kweon, Inha University

Originally compiled by Z. Conesa dV and Andrea Dainese

Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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Summary of available measurements: p(d)A

PHENIX STAR ALICE ATLAS CMS LHCDb

HF electrons
HF muons
DO, D+, D™

Ds*
B—-J/Y
B jets
B electrons
B

VY A AN A
Y v Voo
_________________________________________ Vo oY
______________________________________________________________________ A NN N
______________________________________________________________________________________________________________________________________________________________ v
A
______________________________________________________________________ A NN N
v

Originally compiled by Z. Conesa dV and Andrea Dainese

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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Heavy lons at the LHC for Run1 (up to 2013)

year system Jsnn (TeV) Lint

2010 Pb-Pb 2.76 ~ 10 pb-
2011 B 276 - 250 b7
011 | Pb-Pb 276 150 pbt
018 | p-Pb 502 ~30nb"
2013 T 276 ~5pbT

Table by Andrea Dainese

e 2011 Pb-PDb run: 5x10%¢ cms-1! already above nominal luminosity
® First, very successful, p-Pb run (with all four large experiments)

¢ Two short pp reference runs at |/s of Pb-Pb

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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From LHC to HL-LHC

LHC

LS1 EYETS
13-14 TeV -

LsS2 14 TeV

splice consolidation
7 TeV 8 TeV button collimators SPS
e R2E project cc

2013 2014 016 0

5% ) . )
nominal noming illT]Ill!_lbIty

luminosity I experiment beam pipes

injector upgrade
cryogenics Point 4
dispersion
suppression
collimation

radiation
damage

2 x nominal luminosity

experiment upgrade
phrase 1

energ

HL-LHC installation

experiment upgrade phase 2

|/ m L~1*10**cm™s m - L~2*1034cm'28'1m <p>~140 .umim;

25 ns bunch 25 ns bunch
spacing, pile spacing, pile
[ up <u>~40 up <p>~60
8 Phase 0 ———
= Detect(_)r _ Detector
= Consolidation Phase “1" I —
D CMS Pixel ATLAS and
5 Upgrade CMS
B .
9 Major Upgrade
D in ALICE and
0 LHCDb

Phase 2
Major Upgrade
in ATLAS and

CMS

8! Annual Meeting of the Helmholtz,
Feb. 2014, Susanne Kuehn

MindJung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 33



ALICE Upgrade for Run3 & Run4

New Inner Tracking System Muon Forward Tracker (MFT)
e New pixel technology e New Silicon Tracker
o Less material — thigpnest tracker at LHC ~ * Improved Muon pointing resolution

Muon Arm
5 e Continuous Readout

“_‘

Time Projection Chamber

e New GEM technology for
readout chambers

e Continuous readout

¢ Faster readout electronics

Data Acquisition,
High Level Trigger

e New architecture _ _ NewTriggerDetectors (FIT)
e On-line tracking & Time-Of-Flight Detector,
data compression Transition Radiation Detector

Calorimeters, HMPID

e Readout
MindJung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 34

e 50 kHz Pb-Pb event rate ¢ Faster Readout




ALICE Upgrade: Muon Forward Tracker

* 5 planes of silicon telescope
* Pixel chip: same as ITS upgrade project ~
e Track density

e Optimized for low-material thickness
“ 0.6% Xo per detection plane

Doz -

Hadron Absorber

Collision
region

---‘.h-. ”

Muon Spectrometer
Hadron Absorber —_—
Collision - o ; E |
region
_-'—'-'_'_'_'_'_'_'_F
l s N . Absorber
T . e T e -

_ -
e

Muon Forward Tracker

2.5<n<3.6
MindJung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 35



ALICE Upgrade: Muon Forward Tracker

dN/dM [events per 20 MeV/c?)

Separate prompt J/P and J/P from B decays

Improve (2s) detection (S/B : systematics *1/3)

Expected improvements also in Y mass region

c/b separation down to pt ~1 GeV/c (c,b without separation down

to pt > 2 GeV/c with current system)

o Low mass vector mesons accessible for pt > 1-2 GeV/c

—
=,
|

"y

(=]
1)
l

MUON only : 0.0 < p." < 10.0 GeV/c

Mi

I2-|BI T I2-|8I T

'3 32 34 36 38 4
Mass [GeV/c?]

nJung Kweon, Inha University

dN/dM [events per 20 MeV/c?]

—
<
I

-
S
|

MUON + MFT : 0.0 < pf‘ < 10.0 GeV/c

26 28 3 32 34 36 38 4
Mass [GeV/c?]

Dimuon Mass (All p_)

0.1

W — L

w MFET
w/o MFT

D —
0.5 0.6 . . 09 1

1.1

Mass [GeV/c?]
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Heavy-flavour Program at LHC

e Complementary capabilities:
 High p+, high rate, jets: CMS & ATLAS

 Low p; coverage, low material budget, excellent PID: ALICE

» LHCb providing excellent results in pp & p-Pb

e Heavy Flavour: a central topic for upgrades of all Heavy-lon experiments.
Characterization of mass dependence of energy loss, HQ in-medium
thermalization and hadronization, as a probe of the medium transport
properties

- Low-p; production and elliptic flow of several HF hadron species (focus of
ALICE)

= More statistics and precision at LHC energy — constrain energy loss
(collisional vs. radiative) and hadronization (coalescence vs fragmentation)
mechanisms

< B and b-jets (focus of ATLAS and CMS)
= Mass dependence of high pr parton energy loss

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 37



Run2 Goal at LHC
ALICE

e Measure heavy-flavour production cross sections, Raa, V2, Iaa at higher energy
with improved precision and extended pt reach (both at low & high pr)
Many observables limited by statistics in Run-I

Some uncertainties can be reduced with larger statistics

e New observables:

v2 of beauty-decay electrons, and HF v3?
Other heavy-flavour hadrons (baryons?)
Beauty via 3-muon events

Heavy-flavour jets (b-tagged, with an electron, with a D meson) extended HF
correlations (HFe_jet, HF-HF) 20112.76 TeV PbPb data (0.15/nb) : (#rtiot'e impresoion)

2013 5.02 TeV pPb dataé(35/nb)
CMS :

B meson

* Extended pr reach :
Extended pr reach for b-jet & B mesons 20151751 7ev poeb data (1.5/nt)

* New observables: ormesen '
b-jet pr asymmetry e
D meson and charm jet cross section

1 Il | I N Il Il Il Il \\I\*
1 10 10°

ECT, Mar. 2015, Y.J. Lee |HL-LHC (10/nb): (b)-jet quenching at O(TeV)

ttbar production

p, (GeV)’

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 38



Run3 & Run4 Focus on ALICE

e Main observables:
<> Low-pT1 heavy flavour

<> Low-pt charmonia

% (Very) low-prt and low-mass di-leptons

e Exploit detector specificities (strengthened with the upgrades):
* Hadron and lepton ID
e Light-weight and precise tracker

< Low magnetic field

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

= Trigger approach: write all events at up to 50 kHz in Pb-Pb
(currently 0.5 kHz)
~1 TB/s HLT/DAQ ~10 GB/s

= HL-LHC: increase of minimum-bias sample x100 wrt Run 2

Compiled by Andrea Dainese

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 39



Run3 & Run4 Focus on CMS & ATLAS

e Main observables:
“* Differential studies of jets at very high-pr
“ b-jets
** Multi-differential studies of Y states

e Exploit detector specificities (strengthened with the upgrades):
“* muon ID
“* Precise tracker
“» Calorimetry

e Mostly based on muon, jet, displaced track triggers

= Trigger/DAQ approach: strong data reduction
(currently 0.5 kHz)
50 kHz, L1: ~ few kHz, HLT: ~ 100 Hz

= HL-LHC: increase of sample x10 wrt Run 2

Compiled by Andrea Dainese

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 40



ATLAS, CMS, LHCb: Upgrades most relevant to HI

e 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 (YES15-16), then new tracker (LS3): tracking and b- tag
< Extension of forward muon system (LS2): muon acceptance
< Upgrade forward calorimeter (LS3): forward jets in HI

e LHCDb (LS2)
“» New trackers (pixel, strip, scintillating fiber)
<» Readout upgrade: up 40 MHz in pp — exploit full p-Pb luminosity

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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In-medium Heavy Flavour Hadronization?

e From LHC Run 1 data, hints that charm could recombine in the QGP

(D°+D")

o 0.08

Precise measurements of HF mesons (hon-strange and strange) and baryons

Precise measurements of their v-

A /D
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three-quark model
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Ko et al. PRC79 (2008)

If charm hadronizes in the medium by recombination,
an enhancement of Ds production wrt non strange D meson
would be expected at intermediate pr

Mindung Kweon, Inha University

Kuznetsova, Rafelski, EPJ C 51
(2007) 113

He, Fries, Rapp, PRL 110
(2013) 112301
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Heavy Favour Elliptic Flow vz

e Heavy quark flow sensitive to

At low pT: degree of thermalization of massive quarks in the medium

At high pT: path-length dependence of energy loss

e Models predict

Large vz for charm and significant mass effect in charm vs. beauty

o 0.25 — ——
g V(SP. b1} viep anszy | PEPP Sy =276 TeV 10-20%
ok [e]n N . A
[m]p [e]p+P .
0.2k +
i x n
I
0.151— ) .;::ﬁ: ++ .
..I. .** ° :
B - LA
e .
0.1— -I.. .- .
=
L S KS P
I. - "
0-05_ = .. ..
[ u ,f%
" ALICE
|+ L I | I | I | I | I PP.EII.lM[NHRY
P, (GeV/c)

Mindung Kweon, Inha University
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0.18
0.16
0.14

012 f
01}
008 |
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—— D-mesons
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CMS Upgrade: New CMS pixel tracker

* To be installed during 2015-16 year-end technical stop
“* Reduced material budget Upgrade

n=0 n=0.5

< Improved IP resolution

* Will have strong impact, also in Pb-Pb:

“* Non-prompt J/

“* b-tagged jets

* Full reconstruction of HF decays

160 mm

29 mm

New beampipe |

r=30 — 225mm
43 mm s

Current o
n=2.0
n=0 n=0.5 n=1.0 n=1.5
[ Pixels |
| =1 Current Pixel Detector e Upgrade Pixel Detector
§o07 A
E . . . g .
o i 11 00<n<1.0 FullSim R 0.6
>0 “" @ Current Detector - PUO** " 5" T asrerrmrmees '
2. .. A UpgradeDetector-PUd : :::ii 05" ]
Y : . & 1 :22i:: | L
'.---rul:o-;-:.-:.‘:l--l------ --------------------------------- 0.4. -
BRI L TLYY 03
o tmigt 0058 : T EEE
'ﬁ : I:- :\ -an\tE.:\-l---.n ------ E--n---:\--nE--J:-.E-?-E-J:.:\ ......... 0-2.
m IIIII ;l"':’i ......... :l’lll.?..il!l.!i’!‘:.'ll..'. -—
0.1 -
10 10° b [GeV] i
% 3
eta
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PHENIX VTX Upgrade (2011)

RUN2011: Au+Au at 200 GeV

\ *4— i ,u’ .--') ey

silicon stripixel detector

Beam view

. silicon pixel detector
PHENIX
Sensor tech. Hybrid

Pitch size (um?) 50x425

Radius of first 25

ayer (em) e From 2011 have VTX at midrapidity

Thickness of first o . 4
layer 1%Xo * From 2013 have FVTX at forward/backward rapidity

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 45



STRA: Heavy Flavour Tracker (2014+)

e HFT = SSD (strip) + IST (pad) +
PiXeL(MAPS)

** Monotholic Active Pixel Sensor (MAPS)
technology

_ < Ultimate hit resolution (20.7x20.7 pm?)

** Thin material design (0.4%2Xo) and air
cooled - critical to reach low pr

L

* Taking data since 2014:

* Significant Au+Au, p+p and p+Au
datasets have been collected with HFT

Detector Radius Hit Resolution Radiation
(cm) Rig - Z (um) length
SSD 22 20 /740 1% X,
IST 14 170/ 1800 <1.5 %X,
38 12 /12 ~0.6 %X,
PXL
2.9 12/12 ~0.4% X,

Zhenyu Ye, ECT 2015 March, 2015

Mindung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 46



Color charge dependence?: D-meson Raa vs. T1*

2
o

1

1E

Pions D mesons CalCU|atiOn by M. DjOrdjeViC
0.6+ 0.8+
Excellent lagreement! (rad+coll energy loss) can
_ 067 08 % describe both Raa
© ©
0.4+ 0.4+ '
021 02+ M I
Djogqllje c,larXiv:l1307.f1098 | 04 ! ! !
0 10 20 30 40 0 20 40 60
E(GeV) E(GeV)
1F 1 1
08+ 0.8 0.8
Shows strong colour
061 061 0.6 _
< charge effect in
0.41 B e 0.4 i R
021l o amss G 0.2 pal’tonIC AA (g VS.
ol . light and c)
0 10 20 30 40 50 0
E(GeV) E(GeV) E(GeV)

Rya (D) =Ry, (charm)

> 4

R, (light quarks) =R, , (charm)

! ¢

Ry, () =R,, (D)

MinJung Kweon, Inha University

Distortion by fragmentation!

Colour charge effect plays!
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ALICE O? project: Upgrade of the ALICE Online & Offline Computing

e 50k collisions per second, each ~20 MByte — ~1.1 TByte/s data input
e Detectors in continuous & triggered read-out mode

e Data reduction by on-line reconstruction and compression

e Storage of only reconstruction results, discard raw data
e Combined DAQ/HLT/off-line farm (O2)

e Subsequent reconstruction passes for physics on farm

Input to On-line  Peak Output to Avg. Output to
Detectors System Computing Center Computing Center
(GBytes/s) (GByte/s) (GByte/s)
TPC 1000 50 8
TRD 81.5 10 1.6
TS 40 10 1.6
Others 25 12.5 2
Total 1146.5 82.5 13.2

MindJung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC" 48



ALICE Run2 goal in detail

® D mesons and Lc in hadronic decays

e extension of cross section / yield measurements to higher and lower pT (down
to pT = 0 for the DO meson) with improved precision in all systems

® constrain energy-loss models at high pT
e address radial flow / recombination effects in Pb-Pb at low pT
e measurement of total charm production cross section
e extension of v2 measurements with improved precision
e path-length dependence of energy loss at high pT
e collectivity/thermalization at low pT
e improved precision on rare hadrons (Ds+, Lc)
e first look at heavy-flavor v3
® D mesons in very high multiplicity pp collisions -> MPI at hard scale
® heavy-flavor decay electrons
e extended RAA and v2 measurements for HF decay electrons
® beauty-decay electrons (via impact parameter measurement)
® RAA and v2 to address beauty quark energy loss and collectivity
® beauty decays using (incomplete) displaced vertices including an electron

MindJung Kweon, Inha University Reimei WorkShop "Physics of Heavy-lon Collisions at J-PARC"
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Specifications

Pixel Silicon Detector at LHC/RHIC experiments

ATLAS CMS ALICE | PHENIX | STAR
Sensor tech. Hybrid Hybrid Hybrid Hybrid MAPS
Pitch size (um?) | 50x400 | 100x150 | 50x425 | 50x425 | 20x20
E?‘;L“(i r‘;f)ﬁrSt 5.1 4.4 3.9 2.5 2.8

Thickness of first | _1o/% ~1%X, 19X, 1%X, | 0.4%X,

layer

* physics results from PHENIX/STAR discussed here don'’t include data from silicon pixel detectors

Hard Probes 2015, Montreal X. Dong




RHIC: BNL proposed schedule

I
] ]

2015 2016 2017 2018 2019 2020 2021 2022 2023

I I IC JFMAMJJASOHDJFMAMJJASONDJFMAMJJASONDJFMAMﬂJASONDJFMAMJJASONDJFMAMJJASOHDJFMAMJJASOHDJFMAMJJASONHJFMAMJJASOND

YETS [ LS3

Tt 1 111

Pb+Pb Pb+Pb/p+Pb Pb+Pb/p+Pb/Ar+Ar

RHIC| wnr | o | & |

Proposed sPHENIX run plan M " aof s s o
‘ | oot % ;

p+p 10 weeks | 0.4 .
AutAu 22 weeks N 02| 10wesks pip E
p+tAu 10 weeks P H><EN X I Rl

b-jet p_ (GeV)

- After the 2016 run, the BNL plan has PHENIX being removed.

In 2021 it will have been replaced by sPHENIX, a compact solenoidal detector that is
optimized for jet and Upsilon measurements.

- sPHENIX will provide (unbiased) jet and Upsilon data that will complement the very precise
data available from LHC by the end of Run 3 (~2023).
Anthony D Frawley, ECT 2015 March, 2015



Pixel detector technologies

Several technologies have been considered

Hybrid pixel detectors

* Edgeless sensors (100pum) + front-end chip (50um) in 130 nm CMOS

Monolithic pixel detectors

e MIMOSA like in 180 nm CMOS
e INMAPSIin 180 nm CMOS
e LePixin 90nm CMOS —> |IBM

Tower/Jazz

MISTRAL prototype circuit (IPHC)

e L e e L

Matrix1 Diode Breakdown test Transistor test

HYBRID (CERN)

FEE chip

sensor

Mag= 200X
Maud SCHEUBEL @
Date :23 Apr 2012

INMAPS (RAL)

------------

AR

IhdhhhAT iR o
i SRR MR -

A

T i ——

TPAC prototype
50 um pixel - over 150 CMOS transistors
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CMOS Pixel Sensor using TowerJazz 0.18um CMOS Imaging Process

NWELL
DIODE

NMOS

TRANSISTOR TRANSISTOR
PWELL NWELL

PMOS

)
PWELL

Epitaxial Layer P-

DEEP PWELL  featuresize
' * metal layers

"I
>
7’
s

.
. LI
S

Tower Jazz 0.18 um CMOS
180 nm

=» Suited for high-density, low-power

e (Gate oxide

=>» Circuit rad-tolerant

High-resistivity (> 1k€2 cm) p-type epitaxial layer (20um - 40um thick) on p-type substrate

Small n-well diode (2-3 um diameter), ~100 times smaller than pixel => low capacitance

Application of (moderate) reverse bias voltage to substrate can be used to increase

depletion zone around NWELL collection diode

CMOS circuitry within active area
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Quadruple well process: deep PWELL shields NWELL of PMOS transistors, allowing for full
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Matrix Readout
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The Priority Encoder sequentially provides the addresses of all hit pixels in a double
column

Combinatorial digital circuit steered by peripheral sequential circuits during readout of a frame
No free running clock over matrix. No activity if there are no hits

Energy per hit: E, ~= 100 pJ -> ~3 mW for nominal occupancy and readout rate

Buffering and distribution of global signals (STROBE, MEMSEL, PIXEL RESET)
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