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The Standard Model and QCD

Quantum Chromodynamics (QCD)

Sept. 2013
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Emergence and phases of QCD matter

Temperature T [MeV]
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Emergence and phases of QCD matter

QCD in early universe
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“Little Bangs” in the laboratory

Jet in-medium

bremsstrahlung  jet-plasma o
prompt photons J phg sl decay photons

re-equilibrium
E pP?o‘rons

thermal radiation

made by Chun Shen



“Little Bangs” in the laboratory

:  JetTarget
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Most violent collisions

Re-creating the Little Bangs!



Discovery of a “perfect” QGP liquid

Initial State Geometry: Final State Anisotropy:

Pressure-driven
expansion

“Elliptic flow”

8Li gas T=10""K




Discovery of a “perfect” QGP liquid

Initial State Geometry: Final State Anisotropy:
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Discovery of a “perfect” QGP liquid

Elliptic (v,) and high-order (v, flow Shear viscosity to entropy density
described by viscous hydro. : Nature Physics 15, 1113 (2019)
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QGP is strongly coupled, which flows with little momentum dissipation
(near theoretical limit), and it is opaque to energetic color probes.
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“Little Bangs”™
2000: RHIC =

2009: LHC Precision era

Run 7224
Event 5261

The Big Bang
1992

PLANCK
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QGP detectors at the LHC (present)

Excellent hadron PID
over wide p; coverage

Wide coverage tracking (Inl<2.4)
and full calorimetry (Inl<5)

Mid-rapidity Forward rapidity

Excellent complementarities but no one detector for all
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Seminal results from CMS

Tiniest QGP droplet

JHEP 09 (2010) 091

Quenching of full jets QGP thermometer
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Exploiting the strengthens of CMS detector!
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QGP tomography with hard probes
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Event Fraction

QGP tomography with hard probes

PRC 84 (2011) 024906
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QGP tomography with hard probes

Detailed energy profile around jets over
wide angle (from di-jets, y+jets, Z+jets)

——————

Excess of energy
at wide angles

— How?
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QGP thermometer with Quarkonia
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Discovery of “QGP” in small systems
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a new era of QCD studies in the high density limit

20



PID v,

v0.1

o
.
o

o
o
o

Multiparticle v,

IN SMAd

Dlscovery of “QG P” |

CMS
H T T T I T T T I T T mH | T T T | ™ H |
[ 105 < NO\"™ < 150 | p $
|+ h” minus 1 t 1 + i
0 offline ’ ¢+
- n K 10 < S 20 ° + : +
' S_ . e + *
L o A/A +3 = ™ L] = " +
+5 L]
- $ * T+ o T " -
# - ho+ - " e .
i b i
¢ ' - offline 1 offline '
*'l++ | | _1 . l1205Ntrkl <150 I # | 1205Ntrkl <150 |
O 2 4 0 2 4 0 2 4
p (GeV/c) P, (GeV/c) P, (GeV/c)
LIJIVID — T I ™ - I I LB I
| pp \s= 13Tev  ® Vo{4) 1 pPb \syy =5 TeV L Popb \SNN—276 TeV e
| w2, An2) V6 L
| e v3P2, [An|>2} O vo{8}
0 v,{LYZ]
B ([ J
. oY
[ ]
o
[ J
0.3<p_<3.0GeV/c 1 0.3<p, <3.0GeVic 1 0.3<p_<3.0GeVic 1
_1 L m 5 2.4 L --I i < 21'4 1 “I L i < 21'4 | -
0 50 100 150 0 100 200 300 0 100 200 300
Noffllne Noffline Noffline

trk

trk

trk

Il systems

A multi-year program
on small systems:

PLB 724
PLB 742
PRL 115
PLB 768
PLB 765
PRL 120

2013) 213
2015) 200
2015) 012301
2017) 103
2017) 193
2018) 092301

o~ o~ N~

Everything flows!?
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“Little Bangs”
2000: RHIC =

2009: LHC
—> What’s next ???

Precision era to reveal
new QGP properties

=

2nd discovery era of
smallest QGP in pp!?

Run 7224
Event 5261

The Big Bang
1992

PLANCK
22



Just the
beginning ...

N|Dj

Run 4

Last updated: January 2022

Run-6

Shutdown/Technical stop

Protons physics

Ions 2039 2040 2041
Commissioning with beam JFIMAMJ|J|A[S|ON|D) AMJ|JJA|SIONID{][FMAM J|]AIS|ION|D

Hardware commissioning/magnet training
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Just the :
beginning ... ' Run-3
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ALICE 2,

LHCb Phase-1 ' Run-3  CMS/ATLAS Phase-2 | HL-LHC
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CMS Phase-2 upgrades for HL-LHC

Wider coverage, better precision, higher rate, and ...

Table 1: Main features of CMS detector at present and Phase 2 upgrades.

Subdetector

CMS present

CMS Phase-2

Inner Tracker

In|] < 24,
100x 150 pzm? pixel size

nl < 4,
50%50 pm* pixel size

Calorimeter Low-granularity High-granularity end-
cap with silicon sensors
Muon detector I < 24 In| < 2.8
L1 trigger bandwidth 30 kHz for PbPb, 750 kHz (pass through
100 kHz for pp and pPb all PbPb events)
DAQ throughput 6 GB/s 60 GB/s
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CMS Phase-2 upgrades for HL-LHC

Wider coverage, better precision, higher rate, and ...

1< p:ssu <3 GeVic

Table 1: Main features of CMS detector at present and Phase 2 upgrades.

Subdetector

CMS present

CMS Phase-2

Inner Tracker

In| < 24,
100x 150 pzm? pixel size

nl < 4,
50x50 pm? pixel size

Low-granularity

High-granularity end-

Calorimeter
cap with silicon sensors
Muon detector I} < 24 In| < 2.8
L1 trigger bandwidth 30 kHz for PbPb, 750 kHz (pass through
100 kHz for pp and pPb all PbPb events)
DAQ throughput 6 GB/s 60 GB/s
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CMS Phase-2 upgrades for HL-LHC

Wider coverage, better precision, higher rate, and ...

Table 1: Main features of CMS detector at present and Phase 2 upgrades.

Subdetector

CMS present

CMS Phase-2 L

Inner Tracker

In| < 24,
100x 150 pzm? pixel size

In| < 4,
50x50 pum? pixel size

Low-granularity

High-granularity end-

CMS Phase-2 Simulation
1< p'T"'g <3 GeVic
1< p:ssu <3 GeVic

Calorimeter
cap with silicon sensors
Muon detector Il < 24 In| < 2.8
L1 trigger bandwidth 30 kHz for PbPb, 750 kHz (pass through
100 kHz for pp and pPb all PbPb events)
DAQ throughput 6 GB/s 60 GB/s

POS-LHC pPb 8.8 TeV
N,,>100

all PbPb evts
read out
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CMS Phase-2 upgrades for HL-LHC

Wider coverage, better precision, higher rate, and ...

Table 1: Main features of CMS detector at present and Phase 2 upgrades.

Subdetector

CMS present

CMS Phase-2

Inner Tracker

In| < 24,
100x 150 pzm? pixel size

nl < 4,
50x50 pm? pixel size

Low-granularity

High-granularity end-

CMS Phase-2 Simulation
1< p'T"Ig <3 GeVic
1< p:ss‘” <3 GeVic

POS-LHC pPb 8.8 TeV
N,,>100

Calorimeter
cap with silicon sensors
Muon detector I} < 24 In| < 2.8
L1 trigger bandwidth 30 kHz for PbPb, 750 kHz (pass through
100 kHz for pp and pPb all PbPb events) all prb evts
read out
| DAQthroughput | __ __ _6GBs | __ _60GBs |
Time-of-flight N/A MTD for charged hadron I
for Particle ID PID over || < 3.0
e e e e e e e e e e e e e e

Approaching particle-by-particle true-level event info.
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Toward a comprehensive QGP detector

CMS Mip Timing Detector (MTD)

BTL: LYSO bars + SiPM readout:
« TK/ECAL interface: |n| < 1.45
* Inner radius: 1148 mm (40 mm thick)
+ Length: 2.6 m along z
+ Surface ~38 m2; 332k channels
* Fluence at 4 ab™': 2x10" n /cm?

ETL Si with internal gain (LGAD):
On the CE nose: 1.6 < |n| < 3.0
+ Radius: 315 <R <1200 mm
+ Position in z: £3.0 m (45 mm thick)
+ Surface ~14 m?; ~8.5M channels
* Fluence at 4 ab™": up to 2x10° n, fcm?

1/8

IIII|IIII|II¥I|IIII|IIII|IXII|IIII

CMS Phase-2 Simulation PbPb (5.5 TeV

1.7

Time-of-flight PID
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10°
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| IIIIIII|
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(@)

1 2 3 4 5

p [GeV]

CERN-LHCC-2017-027


https://cds.cern.ch/record/2296612?ln=en

Toward a comprehensive QGP detector
CMS Mip Timing Detector (MTD) ___ Endcap timing layer

Two hits per track: o;/7/2

BTL: LYSO bars + SiPM readout:
« TK/ECAL interface: |n| < 1.45
* Inner radius: 1148 mm (40 mm thick)
+ Length: 2.6 m along z
+ Surface ~38 m2; 332k channels
* Fluence at 4 ab™': 2x10" n /cm?

ETL Si with internal gain (LGAD):
On the CE nose: 1.6 < |n| < 3.0
+ Radius: 315 <R <1200 mm
+ Position in z: £3.0 m (45 mm thick)
+ Surface ~14 m?; ~8.5M channels
* Fluence at 4 ab™": up to 2x10° n, fcm?

Major contributions by
heavy ion groups in ETL

7, CERN-LHCC-2017-027


https://cds.cern.ch/record/2296612?ln=en

Low Gain Avalanche Diodes (LGADS)

High E field — larger, faster signal — better timing resolution

o ~150 ps LaADs or~30 ps
. n++ I , Internal gain ~ 10

300kV/cm
F ?
VS. & p+ gain layer \
p bulk Es JTE
p++ O | |p bulk pH++
. I v A
E field Traditional Silicon detector Ultra Fast Silicon Detector E field

Precision timing and position — technology of the future tracker!
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Low Gain Avalanche Diodes (LGADS)

High E field — larger, faster signal — better timing resolution

50 um thick active area LGADs o ~30 ps
60 ? J?tterOC
o Jitter -20C n++ . -

o % HPK  em \ , Internal gain ~10
40 3 ® Res(20) -20C A SOOkV/Cm
E O RE % )
T e e e + 30ps E p+ gain layer
g 20 + l O T g- JTE

o ! © | |p bulk .
10 - o ;
A e Ultra Fast Silicon Detector E field

Prototype LGADs+ASICs: 42-46 ps in beam tests

Precision timing and position — technology of the future tracker!
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LGADSs for electron-ion collider (EIC): 2030+

Central detector proposals this year:

\ —

- e Wy

= [r2ey fHCAL

B ' % B

- // s ) FEMC
T d’,/;

TOF, hpDIRC,
PRWELL

LGADs in all 3 detector proposals!

 TOF-PID for central regions
» Far forward/backward trackers

Proposal selection by ~ March — April
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TOF partlcle 1D Wlth CI\/IS MTD
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Unique hermeticity in PID with CMS-MTD (Inl<3)
Complementarity to ALICE (Inl<0.9) and LHCb (2<n<b)
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1

proton rapidity
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Physics of QGP with CMS-MTD

“IT'racing the flavors”

Flavor composition in and outside a jet
» medium response to energy loss

/@D @< Diffusion of multi-scale probes:

» Charm, bottom: “Brownian motion”
@ > Light flavor: evolution of net-B, S, Q
~N




Medium response to jet quenching

Detailed energy profile around jets over
wide angle (from di-jets, y+jets, Z+jets)

Excess of energy
at wide angles

— How?

p(r)

2Tach|bana et. al. PRC 95, 044909 (2017)
104 T
(@) Leading Jet 2.76 Tev j

® PDbPb(CMS, 0-30 %)
— PbPb (w/ Hydro)

101_—

------ pp (PYTHIA)

- resem

100+

1071+

102 ply>120 GeV/e al

- plH>50 GeVie Beezssorisscs ’ VS

i Apq > 57/6 1 -
1073 i I

! !
0 0.2 0.4 0.6 0.8 1
r

(2) Medium induced splitting?

- resembllng the Jet

R e (1) QGP wake?

.......

20 SNN =5.10 TeV
| R=0.5,0.3<| <2

photon+jet
inclusive jet

| pr>100GeV
0 (r)Pbe L5 centrality 0—-10%

p (PP
10 ol = = =

05+

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

Chien, Vitev, JHEP 05 (2016) 023

bling the medium
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Medium response to jet guenching

Baryon-to-Meson ratio in-jet vs in-medium

Detailed energy profile around jets over

0
S
N

& E l [ ; (s, ]76 o I0—10°/
wide angle (from di-jets, y+jets, Z+jets) & rs-Faimnay p_bi"',,‘,f;‘,’;f,f;ﬁ,f,'cewc"%
- - — "2 |n-medium
1.4 A
12 O yIL0n
1;— I < 0.7 “:
Excess of energy o8f- 3@ w5 ol
' 0.6 e .
at wide angles " == In-jet
Y == s
- HOW? 0.2:— + __L$ 3
)| ST NS SN BRI AU R B S
0 2 4 6 8 10 12
p. (GeV/c)
Medium Need baryon-to-meson ratios

differential in Ar to Ar> 1!
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Medium response to jet guenching

: : : _ 4. Ar
CMS simulation with PYTHIA8 ¢ Fr—
\ I T
CMS Phase-2 Simulation Jet Shapes for pions and protons in PYTHIA8 \ / Predlctlon by QGP Wake mOdel
anti-k; R = 0.4 jets, p, > 120 GeV, Inie‘l <3.0 PbPb 7 nb™ (5.5TeV) \ !
10 Protons | \ ‘/l 1
\\\{ 72 | — 0-10% arXiv:2109.14314 |
_ 1 % ——== 10 — 30%
g/ i — 08F —imm. 30 — 50% = 4
o'10—15_ ::'; R 50 —100% |TTTTTTTTTT
f - ¥
il o = oo}
B v b v v b v b v e B e e e e /_'\ i 8
0O 02 04 0.6 0.8 C = [ S D = S
A 6F BTL + ETL (INjed<3) o — =
r £ [IBTLonly (INel<1.5) = e - o
= °F — il =t
\:’ 0.7<ptTrk<1 GeV E 45_ i _I:,:'_ - ‘2'-
r = r @7 PrR—
N 02} e,
. 2<ptrk<3 GeV 2 . ! —r g
T o} 2—_ p. ° (] s ] el R - LLLELhL
Bl 5<0!"<4 Gev - _,cD-ﬂIFdIDjjII: B
3 O bezzzeas
T 0.2 0.4 0.6 0.8 1
% 02 04 06 08 1 12 Ar

Unigue measurement only possible by CMS with the MTD!
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(3+1)D heavy flavor dynamics in QGP

Constrain HF dynamics with a variety of hadrons (D/D¢ /A, B/BJ/Ap)
with high precision and wide acceptance coverage (3-D) by MTD

A benchmark - .
K At S pontKT DY stk _1
CMS Phase-2 Simulation PbPb 7nb™ (5.5TeV)

= Y BTL ETL Models Models 0-100%
3.5 lylt * 1<lyl<2 = SHM30-50% === Catania Coal. only 2<lyl<3 R un 4
E 0-100% 0O BTL only 0-100% [JRRM 0-100% =—— Catania Coal +Frag. F 0-100%
3 :_ gr No MTD == = Langevin + CLVisc
o :_ = ) = I =
D 2.5 . I : = N = Ng o I = INjg o
o °F NI i R NIc:
< 1.5 :— = N o S
- - S / —— ~ —_—
pPp/pPPbos T e e, Sl et S Uttt
O:I-I-II-I IIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIII II-II-I IIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIII II-II-I IIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
p. (GeV) P, (GeV) P, (GeV)
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(3+1)D heavy flavor dynamics in QGP

Elliptic flow of charm baryon vs meson

CMS Phase-2 Simulation PbPb 7nb™ (5.5TeV)

odEnr e T __FI{I4I """" " ous e it Naive NCQ scaling
35F e BTL+ETL A BTL+ETL 50% un Kg = .
Qe e R ] « 1 inthe charm sector?
0.255— H] _i_ +] HJT _E
Yo T 4THu 1 w(a) 3

C ¥ 3 2 C ?
0.155— Apo e AVO - —S_— avo A . AVO +[:)#l —f = Bl n
B =l V(D) T 2
0'052‘”% lyl<1 il 1<lyl<2 3

P, (GeV) P, (GeV)

MTD to test HF dynamics and hadronization with a variety of hadrons
(D/DJ/A,, B/Bs/A\,) with high precision and wide kinematics coverage



Quarkonia and Exotica with MTD

CMS-MTD simulation

x10° Phys. Lett. B 769 (2017) 305
1200 — ~ 10— ' ' 1 ; ' ' ' T ' ' ' ' 3
E t Jp—pp S [ LHOb J/ﬂ"’ pp 7(8) TeV
I | S 100 1.(18) =
soo:— + 0.15<p<1.3 GeV E £ A pas) ]
g E ]
ool ¢ lyl<1.5 T 0k | Zo ¥an@s)| X@872)?
E = f l : =
i S £
400_— ’ # 10 §_ I )
200 % o L) - :
—F....“.“.... o0%%o 9900 00 , I o
T R R T R YR YT S Yy 3000 3500 4000

m'nv

N. less affected by feeddowns M, [MeV]

(not accessible by puru)

Opportunities in quarkonia and exotica with hadronic decays in pp and AA!
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Multi-charm hadrons in QGP with MTD?

double-c
(~fb-1 region)

=00y Qcc
O.

@ O
()

3

Enhancement in AA ‘

10

102

counts/(5 MeV/c?)

E'H'cc - E"'c + Tt (CT ~ 76 l..lm)
St~ =+ 2t (cT =132 um)

=2 A+K seen by LHCb in pp

200 ALICE 3 proposal :;:;

# ALICE 3 Study

1800~ Pb-Pb 0-10% PYTHIA ]
N 20< P, (GeV/c)<15.0 ]
1600 — 2.0 Tesla mag. field —
i t 35 nb™' Pb-Pb datataking i
B Particle + antiparticle 7
1400 ) —
1200 + -

1000 W:W# MM MW MM W M M*#meﬂﬁ

| B 1 e B ) N I [ O [ O B e B S ) S [ S A bt e N | Illlllllll
Y B Y B Y B S R

e mass (GeV/c?)

Also accessible by CMS-MTD?
— studies in progress
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Light-flavor diffusion: net-B, S, Q  ¢vsmo

_____________________________________

i Transyerse Inn‘_:al State i Diffusion in QGP
| Energy Baryon o 8] \/ I
S Q P | 0 .:g"
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i $ T | . r — : .
! \ ! -8 0 8 -8 0 8
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E " y 18‘((; oso8e | S. Pratt, C. Plumberg:

, ; ; arXiv: : : :

. Longitudinal 51110272 ! PHC 0% 01908 (2021
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o = e = e = e = e e mm e e e mm e mm e e mm m e e mm e e m e m mm e e m e e e e e e e e e e e =

CMS-MTD

Light-flavor diffusion: net-B, S, Q

_____________________________________

Transverse  Initial state
Energy Baryon
. s 52
Strange Charge
3 % .‘, y ":;f,‘_i«‘:;(ﬁ,.
: a's ¥ o
: : arXiv:1801.08986,
LongltUdlna/ arXiv:1911.10272
1/Qst — S-/-\ ?
== —>
random .‘J

N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

N e e e e e e e e e e e e e e e e e e = e = o o = o — =

simulation

Diffusion in QGP
1 S A
| B 2
P

8 0

y (fm)

8 -8 0 8
X (fm)

S. Pratt, C. Plumberg:
PRC 104, 014906 (2021)

4

Long-range correlations with both (anti)particle identified

» Search at Ay>2, 2
Vo(8S) - v,(0S) « aé"’“e“{z}=\/<(a§’“>—sé"‘)) )
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A (hyper)(anti)light nuclei factory by MTD

PR e I e I e e e e e e T T T e T T T

Pixel tracker dE/dx

MTD TOF

3CMS Phase-2 Simulation PbPb (5.5 TeV)

L
B

Pt Ml <1.5

Pythia8 Gun + Hydjet
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4= 10
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CMS Phase-2 Simulation PbPb (5.5 TeV)

10

‘ T T T
i Pythia8 Gun + Hydjet

‘ T T T |

ml<1.5
Preliminary

I102

4
p/|z| [GeV]

Light nuclei ID in pp/pA/AA

N e e e e e e e e e e e e e e e mm e Em e Em e e e e Em e e e mm e e e mm e mm e e e e e e e e e e e m e e e e e e e e e e e e e =

Entries

500
450
400
350
300
250
200
150
100

50

CMS Phase-2 SimulationPbPb (5.5 TeV)

- | ' ! ' ' | l l | | ]
= Pythia8 Gun + Hydjet -
- hl > 1.6 ]
; He “He Preliminary é
E 3<pllzl <6 GeV —
= # P‘ dE/dx > 3.5 MeV/cm1
3 (I
ST :
- vy E
C + t -
- ¢ 3
= oy ++ ++ .
= ) ++ ¢ ¢ —
S, R E

0 5 1

m?/1zP [GeV?]



A (hyper)(anti)light nuclei factory by MTD

SHe/4He flow in PbPb

CMS Phase-2 Simulation PbPb 3 nb™ (5.5 TeV)

05 T 1T | T T | T 1T | T 1T | IIIIIIII | T TTT ‘ T TTT | T 1T |
- 10-40%, |y|<2
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01— ° N
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0 l-‘l:”l I T I I | S Y R I 1111 I | Y N | l L1 I L1 11 l | R Y | I L1 I 1
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Strong constraints to light nuclei
production in pp, pA, AA

(SHM vs. coalescence)

~ 10 trillion/year MB pp recorded

pp 100 pb™' (14 TeV)_,
\\\H‘ T T \H‘ T .

: CMS Phase-2 Simulation
[ T T T T 1T 17T \‘ T T T T 1T

 ALICE published

[ % p+p@09TeV
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CMS projection
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A rich program by CMS and MTD at HL-LHC

QGP medium response to parton energy loss Jet-hadron correlations to Ar>1 with PID

(3+1)D heavy flavor dynamics and « HF baryon/meson yields and collective flow (v,) vs y, pt
hadronization in QGP

* Long-range PID two-particle correlations in Ay and Ad
Charge balance function to |1Ayl>2
» High-order cumulants (C4) VS Ymax

Fluctuations and transport of conserved
guantum charges in QGP

Origin of collectivity in small system » LF and HF collective flow (v,,)

Mechanism of light nuclei production over  Light nuclei yields and collective flow (v,) vs y and pr
wide phase space

and be prepared for surprises!



ALICE 2, :
LHCb Phase-1 ' Run-3  CMS/ATLAS Phase-2 | HL-LHC

2021 2022 2023 2024 2025 2026 2027 2028 2029
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AL 0 D[ N | {1 [ [ (1]

Run-4 Run-5
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J/FIMAM 1[3]A[s|ON[Dy I [FIMAIM I [J]AlS|OINID{ I [FIMAM |3 ]A[S|ONID 3 [FIMAM 3 |3 |AlSOIN[D{ 2 [FIMAIM 3 [ |AIS|OINID AM|)[J[A[S|OIN[D}J[FIMIAIM 3| |A[S|OINID} 3 [FIMAIM 3 |3 A[S|OINID)

PbPb 7nb-1, pPb 0.6nb"" Ls4 PbPb, ArAr, KrKr ... (TBD)?
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Last updated: January 2022

1 1

1 1
Shutdown/Technical stop 1 | R u n -6
Protons physics ! !
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>
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Q
2
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| |
Ions I I 2039 2040 2041
Commissioning with beam : : J[FIMAM J[3|Als|ON[D{I [FIMAM 3|3 ]AS|OINID{ I [FIMAM 3|3 |AIS|OIND
Hardware commissioning/magnet training

\ TeDy?

» Potential “phase-3” opportunities?
* PID for p1<0.7 at Inl<1.5: iBTL with LGADs? (or lower B to 2T).
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“Little Bangs”
2000: RHIC

wrr— Precision era to reveal | B N A
new QGP properties 7

7

2009: LHC 2030+:; HL-LHC

—

2nd discovery era of
smallest QGP in pp!?

> cﬁ%@

P

PLANCK
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Backups
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an iBTL at r=0.2 m using (AC-)LGADs?



Low Gain Avalanche Diodes (LGADS)

£7 > 50 um thick active area
Readout scheme  °| /i =101C “1 i
Jitter -20C
H 50 - 3); H P K ® Res(20) +20C
Il —7TATTT TV Res(20) OC
|| | 1 2 ® Res(20) -20C
[ N = 40 - J
| > ' TN 5 w0l @ do R S 30
SONE - § w0 g1é ¢ PS
= Vin ? Comparator £ 201 e I
= 10 - oo
Sensor Pre-Amplifier Time measuring circuit
N. Cartlgll a ° 0 1]0 2'0 3'0 G‘i(iJn SIO 6lO 710 8|0
2 2 2 2 2

Ot = jitter + O-iong'zation + O-Shape +0Tpc

Jitter:M \ subdominant

V)} gt Non-homogeneous energy deposition
- “Landau noise”

Need large dV/dt
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Emergence of collectivity in small systems

CMS Phase-2 Projection pPb 0.6 pb™ (8.16TeV)
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Heavy flavor collectivity at Run 2
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Medium response to jet guenching

anti-k; R = 0.4 jets, p.> 120 GeV, hqjetl <3.0

CMS Phase-2 Simulation PbPb 3 nb™ (5.5 TeV) OUt'Of'Cone
" In Cone (Ar < 0.4) o7
. . - n Cone (Ar<O. SRpmEs \ I
Ratios of PID Jet yields e o
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< 2 S50
=2 e
~ - S VS.
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Unigue measurement only possible by CMS with the MTD!



