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QGP Transport Properties with RHIC and LHC Run 2 Data
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QGP Transport Properties with RHIC and LHC Run 2 Data
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Charm diffusion coefficient D

Bayesian analysis from D meson R,, and v,

pPQCD calculations at LO are ruled out by the data

Non-perturbative calculations with a potential close to
the HO free energy from LOCD are not viable

Increasing trend of 2mTD, vs. T in various models
Remaining Issues:

« Hadronization of charm quarks

« Charm diffusion mechanism

» Different QGP media used in various calculations

* Precision of the experimental data

CMS and ATLAS physics at Run 3+4 and beyond 3
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Medium Properties from Soft and Hard Probes
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Specific viscosity has been extracted from soft probes

« Viaidentified hadron dN/dn, <p;>, v,, vz and v,

« Main uncertainties from initial state and early time dynamics

To get the big picture of the QGP properties with Run 2 + RHIC data,
one could compare the inputs from soft and hard probes:

« HQ D. could be related to specific viscosity by

n _ Dy(2nT)
-—=s—— R. Rapp, H. van Hees, 0903.1096
S 41tk X. Dong, YJL, R. Rapp, 1903.07709

Where the scale factor k ranges between 1 (strong-coupling limit) and 2.5 (weak coupled)

could be related to specific viscosity in the limit
of multiple soft scattering by

n T3
—=C—
S q
Where the scale factor C is varied between 1.25 and 2.5 A. Majumder, B. Muller, Xin-Nian Wang PRL 99 (207) 192301

B. Muller PRD 104 (2021) 7, L071501

Medium properties extracted from and
Open Heavy Flavor are consistent with the results from
Soft Probes, but within rather large uncertainties
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LHC Timeline and CMS/ATLAS Upgrade

LHC

HL-LHC

PbPb 2 nb-1

>

PbPb 7 nb* pPb

AA, small systems?

Run 4 Run'

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038

Phase 2 Upgrade

CMS Performance in Run2/3

« 2016: Major upgrade of L1 trigger
« 2017: 4-Layer Pixel Detector

« 2018 Performance:
 pp L1 100kHz

. PbPb L1 35kHz (3x of 2015)

- DAQ: 6 GB/s

« Up to 8.8 kHz MinBias events
to tape (27x of 2015)

 Run3: DAQ 17 GB/s

« 25 kHz MinBias rate (3x of 2018)
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CMS/ATLAS Phase 2 for Run 4

Tracker [n|<4
Muon ID up to |n|<2.8
High Granularity Calorimeter
MIP timing detector

« 4D vertexing

« p/K/ PID (CMS MTD)
L1 trigger update: 750 kHz for CMS
DAQ: 51 GB/s for CMS
L1 track triggers
ZDC

CMS and ATLAS physics at Run 3+4 and beyond

CMS/ATLAS Run 5
« Record smaller ion collisions at
the highest rate delivered by LHC
« Possible further upgrade to be
defined, e.g.:
« Additional timing layers
« Forward calorimeters
« Extend muon coverage
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CMS MIP Timing Detector (MTD)
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« Unique hermetic particle identification coverage by CMS MTD
* Crucial Upgrade for CMS Heavy Flavor Program with heavy ion collision
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Open Questions

What are the initial conditions

of the collision? What is the longitudinal

structure of the QGP? What's the hadronization

mechanism with QGP?

nPDF and initial EM field X

N

What are the transport properties of the QGP?
How does QGP respond to hard probes?
What are the inner workings of QGP at various length scales?

How does the system move
toward hydrodynamization?

What is the in-medium color force?

Visualization taken from Jonah E. Bernhard
arXiv:1804.06469
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NPDF Constraint from pPb and UPC

T [ Sy = 816 TeV pPb 2000 nb" PP T T T T T TP ——T—T—T
S ] S T L B R ! _ _
A HL-LHC e -_;-_ EDF ZO 12 CMS Projection MCFM nio E 1__ ALICE Simulation, Pb + Pb - Pb + Pb +V {r*'
§ 0 " e - % CT14nlo : ! VSan =5.5TeV, L=13 nb" ?J( i
3 T = o o i S\ EPPS16nl0 i ‘}J‘J[ i
25__ _—2—_ i »—-E 1.1:— HL-LHC —e— Data PD B 0.8 ++{|’1 B
- nPDF o Al g | , A -
N - - L M 2 y SIS B : ok
20— e - S N\ H X 06F s lealals & o 5 sap s oot -
E ATLAS Preliminary fg — \\%\\&\ ¢ v S
15:_ - prb, @=8.8 Tey, 2.pb'1 = >0 N\ N\ R\\\ - 04l © ALICE -
B Simulation and Projections from Run 2 data NPDF : }  CMSY(1S)pseudodata -
g " o8 e E i EPS09LO, Q =m, /2 {  ALICE Y(1S) pseudodata .
10:_ - Powheg+Pythia8 (CT10 PDF) i = | . 02— EPSO9LO, Q=m, /2 t  ALICE y(2S) pseudodata |
E = & MCFM (EPPS16 nPDF) 07 o e e EPSO9LO, Q=m, /2 t  ALICE J/y pseudodata
2= . oMS et T T T ST
C h"cml Projection PP (200pb”) 10° 10 1073 102 )
0%_.13_%4512116421?1’;&@_ i . 250 eV, > 20 Gev
] i o gl P ST e | o Ultra-Peripheral PbPb Collisions
; S ——1—  (UPC): y+Pb collisions!
: o 1 S .
+ Strong constraints on nPDF &8 .= = Complementary to EIC efforts
from electroweak boson, 0.8:—5@ D__ ¢ « HL-LHC data: Precise measurements
Drell-Yan and dijet cross-section [ € of Y(1S), J/y and w(2S) over a very
measurements in pPb collisions R T T wide x range, test Q dependence of
et nuclear modifications
N - _ CMS
I I I I I Yen-Jie Lee (MIT) CMS and ATLAS physics at Run 3+4 and beyond 9 h- 9



Initial Magnetic Field with D Directed Flow v,
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Extraction of QGP Properties with Soft Probes

» Unprecedented high precision and differential measurements of flow harmonics and their event-by-
event fluctuations: New constraints on the QGP initial density profile, formation time, properties
and hadronization
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« Pseudorapidity dependence of the flow measurements over a wide n window
enabled by ATLAS and CMS tracker upgrade
S aie New insights into the longitudinal structure of QGP (event-plane decorrelation)
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Quarkonia Production in PbPb Collisions

PbPb 10 nb' (5.02 TeV) PbPb (5.02 TeV)
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« Significant improvement on the Y(nS) R,, * High p; reach of prompt J/y up to ~ 80 GeV
« Sensitive to the medium properties such as n/s * Hadronic decays of Quarkonia enabled by
and temperature CMS MTD such as J/y, y(2S) and n, = pp
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High Precision Measurement of HQ Diffusion

mpl i
Charm Quark Jet-D° Correlation DY and A, v, D.vs. T
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Charm quark ~ D°  Large improvement on the A, and D° v, measurements with CMS MTD
 Direct observation of charm diffusion with D°-Jet correlation
 Strong constraint on the HQ diffusion coefficient D,
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[Sun = 5.02 TeV

pp 650 pb™'+ PbPb 10 nb™

Heavy Quark Hadronization
N./DO ratio

C ) CMS Phase-2 Simulation Preliminary PbPb 7nb™ (5.5TeV)
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0 .1|0 L HHI102 oba by,
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g )
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b ....... b' s
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B  High precision A_*/D°ratio over a wide

rapidity range down to p+~0:
toward total charm cross-section

« Unique capability of CMS due to the large
tracker and MTD acceptance

*Except for the Langevin+CLVisc model, all other models shown assume
boost invariant in the longitudinal direction, and thus have no rapidity dependence.

* Precise measurement of A, B, B,
D, and D for HQ hadronization
* First observation of A, in PbPb
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New Frontier of Hadronization Study: Exotic Hadron

oTPPP = 1.08 4- 0.49 (stat) & 0.52 (syst)
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#

* Observation of X(3872) in PbPb is expected (>5 o) in Run3
* Run3+4: Differential studies

» Centrality dependence: Probe the structure of X(3872) with QGP
« Search for other exotic hadrons such as T_. and doubly charmed

baryons such as =
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CMS and ATLAS physics at Run 3+4 and beyond
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QGP Transport Properties and Structure with Jets

<
-
—————————

|  Jet broadening effects from multiple soft
Jet/ scattering (§) ——»——s
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QGP Transport Properties and Structure with Jets

<
-
—————————

|  Jet broadening effects from multiple soft
Jet/ scattering (§) ——»——s

» Contribution from medium response

. 2 wx « Reveal medium recoil (the propagation of
N ,’/ ' TR ;—) ;‘. v,
P .
(1 H ole” x
ZIy
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QGP Transport Properties and Structure with Jets
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-
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 Jet broadening effects from multiple soft
Jet/,/ scattering (§) »>—»>—s—
/P | . . "
\ » Contribution from medium response
ST DN « Reveal medium recoll (the propagation of
W oY o FINTRITEY T T e o
@1 5‘ , " \
“Hole” v/ A » With the precise understanding of the
v | phenomena above, one could reveal the
QGP structure with Moliere scattering %
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QGP Transport Properties and Structure with Jets
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Jet Quenching up to 1 TeV in PbPb

ISnn = 5.02 TeV pp 650 pb™' + PbPb
- @ Charged hadrons
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« Precise measurement of light and heavy flavor hadron °
RaauUpto 0.4to 1 TeV
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ATLAS Preliminary

0.8 Projection from Run-2 data
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High p; reach of charged hadrons and jet R,,up to ~ 1 TeV
The excitement is that the quenched energy / medium
response will be significant compared to UE energy density!
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Photon-Tagged Jet Structure in PbPDb

Modification of Jet

Fragmentation Function
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Modification of Jet Shape
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CMS and ATLAS physics at Run 3+4 and beyond
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p/1r ratios in and
out of jet cone

CMS Phase-2
- anti-k; R=0.4 jets,
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PbPb 7 nb™' (5.5TeV)

Simulation Preliminary
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* Reveal jet broadening effect from multiple soft scattering and medium response
* Photon-tag reduced “survival bias” which narrows the inclusive jet shape
« Particle composition in the QGP wake
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Jet Substructure and D°-Jet Correlations

S, = 5.02 TeV
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arXiv:2208.13593 0 0.1 0.2 0.3 0.4 C i
Hulcher, Pablos, Rajagopal Zg A
Jet
. . L L .
With Run 3+4 data, jet substructure = === - -+ DO%Jetangular correlation
observables such as Z;, and subjet ¥ « D0 as a proxy of heavy quark
multiplicity could be measured with e A® < search for large angle scattering
high precision Charm quark D°
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ALEPH e*e” — hadrons, Vs = 91GeV
N‘I(._)rflf(line > 35, o
Pl > 0.2 GeV

Thrust coordinates

Small System

pp Vs =7 TeV, N2 > 110

A
] 3
)
L
>3 70%6%
3 § - AL

s y

PRL 123 (2019) 21, 212002 JHEP 09 (2010) 091

Flow-like phenomena in high multiplicity pp and pPb
collisions, not yet observed in e*e- and ep

Strangeness enhancement from ALICE

e+e-:
ALEPH LEP1: YJL+ PRL 123 (2019) 21, 212002
Belle: Y.-C. Chen+ PRL 128 (2022) 14, 142005
ep:

ZEUS |. Abt+ JHEP 04 (2020) 070

OO: provide unique opportunity
to smoothly connect pPb and PbPb
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PPb \fsy = 5.02 TeV, 220 < N < 260

PLB 718 (2013) 795

100

<Ncoll>

PbPb /sy =2.76 TeV, 220 < N2 < 260

~ =

1 <p;<3GeV/c

A. Huss et al, PRL 126 (2021) 19,192301

10 |

proposed [1812.06772]

~ @2@ ArAr Ox

i 00 & PbPb 70-90%
: pPb &  XeXe 70-80%
i el

XeXePbP?S “PbPb 30-50%
X XeXe 30-50%

- —

_ & PbPb 50-70%
XeXe 50-70%
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Collectivity In Small System

CMS 1-year with MTD

CMs pPb 186 nb-"! (8.16 TeV) CmS Phase-2 pr 8. 16Tev 0.6 pb1
l T ] | | T T -
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02—~ ab! < g i - Prompt J/y
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I 1 00T £ SEEEEEEEEEES —
""""""""""" o nfﬂme N
185 < NOI'™ < 250 ] L | Simulation Preliminary 185 = Nm( 250 1
| | | | ! | | N 1 1 | | 1 1 | | 1 1 | 1 1 | | 1 1
5 6 7 8 0 2 4 5 8
p. (GeV) p_ (GeV)

« With MTD: Unprecedented precision could be achieved with fast CMS tracking and DAQ system

« Detailed characterization of the heavy flavor hadron collective behavior in high multiplicity
proton-proton and proton-lead collisions
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Search for Jet Quenching in Small Systems

Vs = 14 TeV pp

1.4[I1|’III|III| IIIII1|’III|I|I| II'IrI1|'II|_ -Eb! : ATLASPI'E"minal"}F
- CMS Projection 1 %5 pePb, (5,=8.8 TeV, 2 pb HL-LHC
1.2- HL-LHC . 57 <Ny> 7 } - Simulation and Projections from Run 2 data
* 7-10<N,> - = 3
wu 200 pb™? ] E Powheg+Pythia8
— 2000 pb”" 25— ATLAS -l#» 0-100% centrality
!> 60 GeV/e - # pz:*ED Ga"u' p*'>30 GeV
s | +
T 7 22— Iﬁ"pl
¥ e L
. let IR"‘- 1;: __ u # & p!>20 Ga"u' if|<2.5
15
pJ“‘ > 30 GeV/c 1 - ﬁ
mjetl*i‘]E_ 1:_ & :# El_q.ﬁ-:nlc
Ao > %n . - %ﬁ |¢1
= - E| 2 < T[EM <45
i IS +
Uu:._l_'ﬁ_llllllllllll | H_’_t E £E {}-I:l-
02 04 06 03 1 12 14 16 18 2 O™ r-I-I-I-r-l-I-I-T-I-I-I-T-I-I-I-T-I-I:.Ié:_l:r-l A o o |
— et Y 0 02 04 06 08 1 12 14 186 18 2
Xy = |:)IT JJrIﬂT Xsz=P 1P’

« High statistics pp and pPb data could provide a large sample of electroweak boson-
tagged jets for the study of jet quenching in small systems.

OO collisions: opportunity to search for jet guenching in small AA system

- _ @ CMS
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OO Collisions and System Size Scan

Flow Jet Quenching Charm Diffusion
LUN . T T T T T TT1T] T T T T T TTT] T T ] A. Huss+ R 1[5{}_{] 6.5 TeV
> 1 — PRC 103 (2021) 5, 054903 — WAr-Ar 585 TeV
S i + PbPb * XeXe + ArAr . ( | ) | | —— oo Xe-Xe 5,44 TeV
= i ] — 129% e Xe 544 TeV
- - 4 4 g |y| <] spher.
§ 0.8 t 00 t He'He* 1.2 } 1 % } } 1 % ‘ J 1 — 205p}, P} 5,02 TeV
o i 2 i [} ? | b . -
w [ - ! pPb 1 1.0- = — S _ |
RIS _ ] C . .
06L i R e ~ Solid lines: Langevin
- © 3 EE 0.8 - 015k Dashed: Energy loss 4
i X6 —— PP &) ® CMS Pb-Pb
0.4 o — pPb 201 i
B % 04 —1 00 =
! g —— ArAr R )
0.2+ 0.2 —__ XeXe 0.05 -
B Y- 00 ‘ | | ‘ —Pbpp h-h.b:a-'ﬂ
I 1 1 1 1 11 ll 1 1 1 1 1 11 II 1 * 1 1 | 10 20 50 100 200 |:| ' l ' I S I l ; l ' l—l--.*
0 ; D, (GeV) 9 10 50
10 10 N R. Katz+ pr (GeV)
Part PRC 102 (2020) 4, 041901

New opportunity to sample QGP ° Significant jet quenching effect Different D° v, in various systems in
droplets on the eccentricity € predicted in OO and ArAr 30-50% centrality
2

and N, phase space

See also: Isobar white paper arXiv 2209.11042
Jiangyong Jia’s talk
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Probing the QGP Evolution

Formation Time (T;) Tagging PYTHIA8+PbPb 0-10% |5,,=5.02 TeV Jet p, >350 GeV Boosted Top CMS Preliminary 1.7 nb (5,,,=5.02 TeV)
Quenching Starts  Quenching Ends g GZHII|""|''"|""I""I"'.'I""I""I""IIIII Quenching Starts  Quenching Ends ..g eﬂ .tf
¢4 350GeVjets q ; mw
g > F . . L [IJNonprompt [[]Z/y*
T (T) %, 42 c iy USRS T .E"<‘< &8 Total unc.
T S = I: t 2 0b 1b 2b
e C C |
2 : ook 2018
Time 8 1: Time E .............
F | o BESS L p
—1: S 0:
e R 5, 2
Yi Chen, YJL, 25 il - © 1.5
EMMI Jet RRTF 05 1 18 2 2?}13}{ ?n(k :;,'5CA jeclutl?erinQS _C__L‘ 0 51 '
r a 0.
Hadron level (C-A dec|ustering) S O m73r 782780 231 04731 T2/ 2347 10,11
BDT
Modification of jet structure and correlations 2018 data: 3.80
through interactions with QGP constituents Observation of Top production in Run 3

 First proof-of-principle measurement with Run 3 and 4 data.

 To fully exploit the top and high p+ jet probes, much higher statistics needed
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Summary

+ ATLAS/CMS Run 3+4 data will provide e

* New constraints on the nPDF from high precision electroweak bosons, Y Helum
UPC Quarkonia in PbPb, forward HF hadrons and dijets in pPb N __

- Improve the understanding of initial energy density profile and the I R s -
underlying dynamics of hydrodynamization i

* Precise determination of medium properties such as temperature,

1 0_1 = QGP (Heavy Flavor D)

Viscosity and transport CoefﬁCientS through mUItlple prObeS _ ............................ e _
 Reveal microscopic structure of QGP I | acP (softprobe ]
- Probe the nature of X(3872) with QGP and high muiltiplicity pp and pPb 40 ipp2 s 4
L
¢ System Size Scan: Charmonium Tetraquark (4q) - D°
. ~ ; @
« Opportunity to sample QGP droplets ® @&

on the eccentricity €, and N, phase space 3 @
 Stress tests to the Heavy lon Standard Model |
 Further Constraints on QGP properties from soft and hard probes

7,
oSS ““0 s>
TS

B4
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Backup Slides
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CMS MIP Timing Detector (MTD)

1/

« Unique hermetic particle identification coverage by CMS MTD
* Crucial Upgrade for CMS Heavy Flavor Program with heavy ion collision

N -
I I I I I Yen-Jie Lee (MIT)

CMS Phase-2 PbPb (5.5 TeV)
1.7_ I I I I | I I I I ‘ I I I I ‘ I I I I ‘ I I I I ]

u '_ Simulation 7
oo | Hydjet |
1_5; { 0 m>1.6 é
1a- -+
E
1.2?— K —f ]
1.1; "

-

1- m—

: | | | | | | | ‘ | | | | ‘ | | | | ‘ | | | | :
%% 1 2 3 4 5

p [GeV]

10

%MS Phase-2

- 0
45 f:
4 =
R 3
35F e limg
3=
25 2%
kahfr
2
5 Tty
15
1 BTL

e
™ ™ o)
n n TE/K n
= = =
S 2
<t
o Pk ﬁ-&"‘?‘?
%f%;;?f}
ETL
1 5 2 |:2ll5 1 1 1 |

7 rapidity

CMS and ATLAS physics at Run 3+4 and beyond

p_[GeV]

%MS Phase-2 MTD TDR
- bt il Bt
- =] - - o«
7= I I I K/p I
- = =|| = =
6 B
- L
= Ol
S
4 D ti,

3

0 0.5

30

2 2.5 3

proton rapidity

EEEEEEEEEE



Light nuclel factory at CMS

* Time of flight + dE/dx

3CMS Phase-2 PbPb (5.5 TeV)
1 Pythia8 Gun + Hydjet
2.5 He) H Simulation Preliminary
| \‘ i CMS-DP-2021-037

N -
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CMS and ATLAS physics at Run 3+4 and beyond

CMS Phase-2 PbPb (5.5 TeV)
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ATLAS Upgrade

[CERN-LHCC-2015-020]

Upgraded Trigger and Data
Acquisition System

« Single Level Trigger with 1 MHz output
* Improved 10 kHZ Event Farm

Electronics Upgrades

* On-detector/off-detector electronics upgrades of
LAr Calorimeter, Tile Calorimeter & Muon Detectors

» 40 MHz continuous readout with finer
segmentation to trigger

High Granularity Timing Detector
(HGTD)
« Precision time reconstruction (30 ps) with

Low-Gain Avalanche Detectors (LGAD)
* Improved pile-up separation and bunch-by-bunch

luminosity
New Muon Chambers New Inner Tracking Detector (ITk) Additional small upgrades
+ Inner barrel region with new RPCs, sMDTs, and TGCs « Al silicon with at least 9 layers up to |n| = 4 * Luminosity detectors (1% precision)
* Improved trigger efficiency/momentum resolution, « Less material, finer segmentation + HL-ZDC (Heavy lon physics)
reduced fake rate

8

I I I i I- Yen-Jie Lee (MIT) CMS and ATLAS physics at Run 3+4 and beyond 32 @



Description of the Y(nS) data

1.2 \ | \ | | \
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* Reasonable description of the Y(1S) and Y(2S) data with very different ingredients
« Simple vs. full hydro simulation
« With and without a thermalization (Elena)

* Poorer (and possibly improvable) description of the new 3S data
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Probing the QGP Evolution

Formation Time (T,;) Tagging Boosted Top

Quenching Starts  Quenching Ends Quenching Starts  Quenching Ends

Time Time

N -
I I I I I Yen-Jie Lee (MIT) CMS and ATLAS physics at Run 3+4 and beyond 34




Probing the QGP Evolution

Formation Time (T,;) Tagging Boosted Top

Quenching Starts  Quenching Ends Quenching Starts  Quenching Ends

T

g

Time Time

Short formation time Low p- top

N -
I I I I I Yen-Jie Lee (MIT) CMS and ATLAS physics at Run 3+4 and beyond 35




Probing the QGP Evolution

Formation Time (T,;) Tagging Boosted Top

Quenching Starts  Quenching Ends Quenching Starts  Quenching Ends

Time Time

Long formation time High p; top
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Physics With Run 3+4 and Beyond with CMS and ATLAS

« Strong constraints on the medium properties in the long-wave length limit with soft and hard probes
» Understand the medium wake with high energy jets and search for the direct evidence of medium recoils
* Resolve the intermediate length scale structure in the QGP with Moliere scattering

» Search for evidence of QGP droplets and jet quenching phenomena and comprehensive validation of HI standard model with
system size scans

- _ @ CMS
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Groomed Jet Mass

VS = 5.02 TeV HAL-LHC PbPb 10 nb’
;_I ) 1 1 I 1 I L] L] l ) 1 1 1 I Ll I L] ) I 1 1 1 1 | L] ) ) 1 1 1 I L] L] l ) 1 1 1 | I L] L] ) I 1 1 1 I | L]
s CMS Projection 1 0-10%, anti-kt R =0.4,f) | <13 |
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4 .- T 7
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Q E
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O © E
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« High statistics jet sample delivered in HL-LHC:
* Opening a new era of jet quenching studies with jet substructure
« Use of grooming techniques enable us to study
“Parton Shower Shape Dependence of Jet Quenching”
« Stress test on the jet quenching models

N -
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Modification of W mass In Top event

Ttop=0.15 fm/C
\S
®  aw=0.10 fm/c

W% unquenched @& T,,=10fm/c = @ TL,=5fm/c
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(Tyor (Unquenched) [fm/c]
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- HE-LHC Vs, = 11 TeV
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- FCC Vs =39 TeV.
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“A Yoctosecond Chronometer.” (Gavin Salam)
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MIP timing detector

« MIP timing detector (MTD)

 Entirely new proposal
* Resolution ~35ps
* Large coverage, |n|<3

« Enable new opportunities with PID, benefits to the entire CMS collaborations, Long-lived Particle,
PU mitigations, heavy ion physics ...

CMS

|
|

N -
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MTD -- Barrel timing layer

* BTL general

* Resolution ~35ps
LYSO bars + SiPM readout
In|<1.45
Inner radius: 1148 mm (40mm thicl
Length: +/- 2.6 m along z
Surface ~38 m?; 332k channels

CMS-TDR-020

— y
CMS T
L -
; -

16x1 array of crystal bar
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MTD Endcap timing layer

 ETL General
 Si with internal gain (LGAD)
«16<|n|<3.0
e Radius: 315 <R <1200 mm

* Positionin z: +/-3.0 m (45 mm
thick)

e Surface ~14 m?; ~8.5M channels

e CMS HI contribute half of ETL -
efforts from entire CMS
collaharatiant:

CMS-TDR-020

LGAD sensors on PCB

N -
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MTD Simulations

 \WWide coverage up to 6 units of rapidity
 T1/K separation up to 3 GeV
« K/p separation up to 5 GeV

CMS Phase-2 PbPb (5.5 TeV) CMS Phase-2 PbPb (5.5 TeV)
1.7_ T ' T ] I T | T T I T 1 T 1 T ] 1.7_! | T | l T T T 1 ] T sl LI T | 1'_
°F o w||e - Simulation E Simulation I8 43
p o - - ™ 1.6 i = 1.6— : i o
F{ ] n n Klp n Hydjet E i Hydjet :
L e o — g r : B
6:_ > 15— m<1.5 < v '_; D ml>1.6 =
: D CMS-TDR-020 1 45 CMS-TDR-020 1 . 1 45 1  CMS-TDR-020 :
. sk 4— & o -
§ : 2 H Q‘ 1 3} . E Q‘ 1.3F
(3 4j~ Kip ’i’"ft ~— C E E — ' E
o~ 12 1 12—
| P C
1.1:— 1.1—
1 1- ~
4 25 9% T E— 4 5, | 0:% 1 2 3 & 5 |
proton rapidity o) [GeV] P [GeV
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« Thinner and finer segmented absorber for

neutron/proton

« Separations of number of neutron for UPC

* Potential MB trigger

* vV, measurements enabled by good
resolutlon of 15! of reaction plane — potential
DO v, splitting from magnetic field?

A TS p** =10 MeV o pF=22MeV
2 0.9 = pI™=35Mev A PP =50 MeV
f o § : .
? 0.8 a | CERN-LHCC:2021-025
‘é D'?E A A A i
C o - 1 3
> U'BE ) . ]
I~ [ ]
§ 0'55
V_04f : . :
— - s . ° ]
0.3F E
0.2; . . ]
0.1 E
L l | i |

Yen-Jie Lee (MIT)

%O 22 24 25 28 30 32| 34 36 38 40
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First HiMWgoskalrap AS physics at Run 3+4 and beyond
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Light nuclel factory at CMS

* Time of flight + dE/dx

3CMS Phase-2 PbPb (5.5 TeV)
1 Pythia8 Gun + Hydjet
2.5 He) H Simulation Preliminary
| \‘ i CMS-DP-2021-037

N -
I I I I I Yen-Jie Lee (MIT)

CMS and ATLAS physics at Run 3+4 and beyond

CMS Phase-2 PbPb (5.5 TeV)

14 T T T I ' ! T [ T T T | T L J | 102
-g F Pythia8 Gun + Hydjet
O 12+ i -- m<1.5
S~ - - i
> kS Simulation Preliminary -
g 10:' i_{‘f"
¢ |
T 8y,
& I —

6f = 10

4

2

p/|z| [GeV]
9/22/2022
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Projections for light nuclel

* First CMS measurements of elliptic flow and expected yields

- CMS IPhasel-Z ] | Pble 3 ?b“ (5|-5 TeV, 1 yelar) ., CMS Phase-2 PbPb 3 nb™" (5.5 TeV, 1 year)
5 _.l T TT | RN S0 O T T 12T T TTT T T | B B T TT L R ) | T TTT lﬁ 10 % I T T l T T T l T I T l T T T l 1 1 ] I T 1
- 10-40%, |y|<2 ’ 10" = 0-20%, p/|z|<6 GeV Simulation Prehmmary

04— 3 TP —®— 1 S
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~ W ‘He+“He ] 2 5 ;e
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o . “—o—90—90—90 0o
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Thoughts beyond upgrade — methodologies

 Better understanding of the detectors (supplied with machine learning?)
« An example of CMS measurements for rare B, -> uu

* ML deployed in muon identification and signal search (2-3 better rejection of fake than the
standard) together with high luminosity — from observation to precisely test Standard Model

CMS Proliminary 140 fb (13 TeV)
CMS and LHCb (LHC run ) 140 ¢ Daa — Full PDF
[ T | T T T T T T T T T T | - ~ Bs_’!-l!-vl B_’!J.!,l
= — e Combinatorial bkg =~ =+=--- Semileptonic bkg
60— —4— Data -] 100 - Peaking bkg
B —— Signal and background _ i
L s0f 18> wu = =, F
E ~ —— | B o ptur ] o 100~
Q _ = - = Combinatorial background ] O
7] ot M Semi-leptonic background ] g 80
g L o 4 g 80 BPH-PAS-21{006
b — — — Peaking background . — B
5 30— — 0 o
g 0 / . L 60f-
@ [ *. ] = -
o B ) - [ L
B 20— - W b
5 F - PN ] 40
10— . _ ) - S
; ———————————— ‘-‘u— = = = = s\ = = = = = : 20 — --'ﬁ'::-‘-
= > et i- -
0_ . L 1 e — = el 2 SR g, S| | ] ! ] | ] ] B .
5,000 5,200 5,400 5,600 5,800 ol | I s d g biaa iy
m, .~ (MeV/c?) 49 5 51 52 53 54 L5565 b6 L7 L8 b
m,..- [GeV
N il [ ] B
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Time of Flight with MIP Timing Detector

MTD design overview HDReL7-006

—( “MS
| /,_///
WV

e '6mL / ] ENDCAPS “ETL”
On the CE nose ~ 42 mm thick

Surface ~12 m?

Radiation level - 2x10™ n_/cm?
Sensors: Si with internal gain

(LGAD)

Radius (r) | Time Resolution (o) | Separation Power . it
(cm) (ps) (r/ o) R I—
STAR 220 30 2.75 05| —o— v ézlgoverltexmg
04_%— 4D Tracks | e_u
ALICE | 370 80 4.63 : e P

i b
CMS-MTD| 116 30 3.87 ;-

- 4D vertexing (X,Y,Z, ) In high PU pp collisions : .
» Possible p/K/tr separation with 0.7<p;<3 GeV g

Yen-Jie Lee (MIT) CMS aoWaTdra3nnsiesysicRenRdd swcabayeiydnd
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WG5S Report

Year  Systems, /syy Time L
2021 Pb-Pb5.5TeV  3weeks 2.3nb °

pp 5.5 TeV I week 3 pb ' (ALICE), 300 pb~ ' (ATLAS, CMS), 25 ph™~ " (LHCDb)
2022 Pb-Pb55TeV  Sweeks 3.9nb °

0-0, p-O l week 500 b~ " and 200 b ™!
2023  p-Pb 8.8 TeV 3weeks 0.6 pb ' (ATLAS, CMS). 0.3 pb™~ ' (ALICE, LHCb)

pp 8.8 TeV few days 1.5 ph ™" (ALICE), 100 pb~ ' (ATLAS, CMS, LHCb)
2027 Pb-Pb5.5TeV  5weeks 3.8nb -

pp 5.5 TeV I week 3 pb ' (ALICE), 300 pb~ ' (ATLAS, CMS), 25 ph™~ " (LHCDb)
2028  p-Pb 8.8 TeV 3weeks 0.6 pb™ " (ATLAS, CMS). 0.3 pb~ ' (ALICE, LHCb)

pp 8.8 TeV few days 1.5 ph ™" (ALICE), 100 pb~ ' (ATLAS, CMS, LHCb)

2029 Pb-Pb55TeV  4weeks 3nb '

Run-5 Intermediate AA 11 weeks e.g. Ar—Ar 3-9 ph_1 (optimal species to be defined)
pp reference 1 week

== i @ CMS
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Jet Chemstery

* |n- and out-cone hadronizations, fragmentation vs. QGP-related effects
« Enable measurements of jet — identified hadrons correlations with CMS
 Precision access to large jet radius — benefits from large MTD coverage

-1
CMS Phase-2 PbPb 7 nb™ (5.5TeV) CMS Phase-2 PbPb 7nb (5.5 TeV)

g ot R=0djers 3
- p,>120GeV, Iy 1<3.0 6:— BTL + ETL Injetl<3
_ 35- £ [IBTLony  Injl<1.5
F?_ 3_ .-—'-F -
] = =
%‘ 2 5C % 4 Simulation Preliminary
o of —= sF  CMSDP-2021-037
“F Simulation Preliminary - -
S - hﬂ — ®
> 15 CMS-DP-2021-037 3 Lk ol ®
R - oo ®
o WBTL+ETL In Cone (Ar<0.6) o
0 5 BTL only In Cone (Ar<0.6) 1'__
TR WIBTL+ETL Out of Cone (Ar>0.6) — o
0 C MBTL only Out of Cone (Ar>0.6) O | | | |
.—I I | . | | I | . . | | | | \ | i 'l 'l L L i 'l I [l i i i
1 2 3 4 0 0.2 04 06 0.8 1 1.2
p* (GeV) Ar
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Sensitivity to the Medium End Time

» Sensitivity to medium end time (t_):
 HL-LHC PbPb Program (10 nb1): 1.4 fm/c
* 1 month KrKr (30 nb): 1.8 fm/c

—_
o

I...--!..l--.l.- .l.! ..-.l-....!. ..--l--..-.I.--..!..-l.--l..-l..l.

max distinguishable T,,, (20)
S -~ N W o O OO NN 00 ©

PbPb equivalent lumi [nb™'] 7

Full exploitation of this probe only at FCC energies
I I I i I- Yen-Jie Lee (MIT) Reviewoi ® bysicsLwigphite RuRarageh 4nd beyond » ) s
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Expected Performance with Lighter lons in Run 5

NNLOJET
I ! | | | | | | T T T [ r T T [ rrr[rorr LIS B L B B L L B L LA
| —— 100 events above P, 5 5 TeV i — == —
350 [~— 1000 events above P, ﬁ =5.5 TeV ] 14— ~"7'PP ' P> 10 GeV, n | <25 7
| ---- 100 events abcvep \[_ 6.3 TeV - - ! > 60 GeV. 70 <m. < 110 GeV _
~ ---- 1000 events above p \{_ =6.3 TeV 7 1o PbPb [0-10]% . _: E Prz TR ]
3001~ ' o T — A% b O P T GEUR IS
E ___________________ E -ﬁu‘ 1:_ B -: E lj_ ¢EJ!I| - TE!'-B _.:
250 —] = C ! —_— N
; 1 Zosb e e I =
S 1 3 F : :
© 200~ o/ e 7 = 06 - : ]
nT 1 - ’ ]
B ﬁ N : ; ]
& el p_ 260GeV | 0.41— - : u
- y <25 ] u 17 i
B ‘ - 0.2 : . ]
~ ; anti-k; R=0.3 ] - -t =L |
100 ; “sagcey | PP e S P B B B o == X P OV BT
B 1 Month ArAr Pr = ] GU 02 04 06 08 1 12 14 16 18 2
50 > y* <18 _ Xz
N s | RN I S IO U N U BN B ArAr: a smaller collision system with still sizable
0 20 40 60 80 100 120 140 160

jet quenching based on JEWEL
PbPb equivalent Luminosity [nb™]

N I ) . .
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Photon-Jet pT Ratio

ﬁ 5.02 TeV PbPb 10 nb™”
16 1 | 1 I I | I T ¥ ¥ i
CMS Pro,'ecnon —
141 e PbPb0-30% I Hybrid
I Current Unc. —— JEWEL + PYTHIA i
1.2 _ 777 Projected Unc. LBT (2017) B
1L crvls/E ]
=l = F = pl >100 GeVic ]
S |5 o8k '] <1.44
1—|z" - &cp :ag—“ .
0.6 anti-k ]elR 0.3 ]
i pJ*"‘ > 30 GeV/c :
04 <16
0.2Ff
OBl oo 8
0 0.5 1 1.5 2
x — DIEI p
Transverse momentum conservation
* Quenching reduces boson-jets p; ratio Y
« High precision “absolute energy loss” ‘W"fﬁ% =7 Jet

measurement at HL-LHC

N -
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Subjet Momentum Sharing in PbPb

A P

S
\ y\: 1‘ r

\\\ /

Time
DT 2
Zgy =
Pri1+ Pr2

PbPb
Smeared pp

\/_ 5. 02 TeV PbPb 10 nb’
2 lllllllllllllllllllllllllll Illllllllllllll--llllllllllllllIllllIllll'|lllllllllllllllllllllll-
18 CMS Pr01ectlon — 0-10%, anti-kt R =04, | <13 ]
. i Softdropz_=0.1,=0.0,AR_>0.1 ]
' . @ PbPb/pp = =
1.4 . .
1.2 -.’-s jet
" 250<pJ <300 GeV |
1 T
0.8 +++FFPFFFFFFFFH
"'—0—-0-...-0-
0.6 HL-LHC 7
04 HT BDMPS SCET,
== Coherent — G = 1 GeV/fnf g=1.8
0.2F— — Incoherent .= §=2GeVMint T e g=22
OllIlIllllIlIlllllllllllllllllllllllllllllllll llllllll lllllllIlllllllllllllllIlIllllIllllllllllllll
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0.5
Zq Z

* New era of jet substructure fluctuation studies: constraints on the QGP scattering
power with a completely orthogonal observable (vs. jet or hadron spectra)

« Grooming techniques enable us to classify jets and to study

“Parton Shower Shape Dependence of Jet Quenching”

Yen-Jie Lee (MIT)
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