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Great Success So Far
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Not only higher luminosities
But also upgraded detectors!
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llil- CMS Phase-2 upgrades for HL-LHC

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

Subdetector CMS present CMS Phase-2
Inner Tracker In| < 2.4, n| < 4,
100x 150 m? pixel size 50x50 um? pixel size
Calorimeter Low-granularity High-granularity end-
cap with silicon sensors
Muon detector n| < 24 In| < 2.8

- Significantly improve the resolution
= Better heavy flavor vertex reconstruction

» Uniquely cover large acceptance studying longitudinal dynamics
= Study full 3+1D heavy quark dynamics in QGP medium
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llil- CMS Phase-2 upgrades for HL-LHC

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

Subdetector CMS present CMS Phase-2
Inner Tracker In| < 2.4, n| < 4,
100x 150 m? pixel size 50x50 pm? pixel size
Calorimeter Low-granularity High-granularity end-
cap with silicon sensors
Muon detector n| < 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

 High trigger and DAQ rate will allow more sophisticated triggers and
collect large number of minimum-bias events (if not all of them)
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llil- CMS Phase-2 upgrades for HL-LHC

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

Subdetector CMS present CMS Phase-2
Inner Tracker In] < 2.4, In| < 4,
100x 150 m? pixel size 50x50 pm? pixel size
Calorimeter Low-granularity High-granularity end-
cap with silicon sensors
Muon detector n| < 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
Time-of-flight N/A MTD for charged hadron
for Particle ID PID over || < 3.0
* New MIP Tlmlng Detector (MTD) for TOF- P|D' ! Precision determination of
* Unique PIDuptoinl=3  =-=mmes 1 the arrival time of the signal
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CMS

CMS MIP Timing Detector (MTD)

» Large acceptance

= Barrel Timing Layer (BTL): Inl <1.5

= End-cap Timing Layer (ETL): 1.6 <Inl <3
« Serve as TOF detector for hadron particle identification
» Time resolution 30-40 ps

%

Experiment | r or | r/op (x100)
(m) | (ps) | (m x psY)
STAR-TOF | 2.2 | 80 2.75
ALICE-TOF | 3.7 | 56 6.6
CMS-MTD | 1.16 | 30 3.87
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https://cds.cern.ch/record/2667167?ln=en

CMS MIP Timing Detector (MTD)

Separation Power vs. kinematic phase space
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» CMS MTD brings complementarity and unigueness in PID

ALICE: mid-rapidity (Inl < 0.9)
SMTD (Inl < 3) @ LHCDb: forward (2 <n < 5)
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H
Ill" MTD Impact on HF hadron reconstruction
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- Significant improvement of signal to background ratio with PID information from MTD
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H
Ill" MTD Impact on HF hadron reconstruction
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» More significant improvement for Ac (3 daughters) with PID information from MTD

- Enable new probes e.g. B+ = Dt = K
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H
" Present CMS Open HF Raa Family
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H
" Precise Raa over wide kinematics

HL-LHC
ISyn = 5.02 TeV pp 650 pb™ + PbPb
- ® Charged hadrons
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CMS Phase-2 Simulation PbPb 7nb™ (5.5TeV)
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» High-precision measurements of DO va down to O pt with MTD
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H
l l Ac: Azimuthal Anisotropy v-
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» High-precision measurements of D9 vo down to O pt with MTD
- MTD allows measurements of A¢c v2 down to 1 GeV
- Test of the nq scaling universalness in the charm sector
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H
I lI l | Theoretical calculation of Raa and v

D Raa D v
5 5 (5.02 TeV PbPb, Centrality 0-10%) 0.4 (5.02 TeV PbPb, Centrality 30-50%)
T D+ D°, Iyl <1 T F D° + D°, Iyl <1
2 2] Djordjevic et al. I CUJET 3.0 035 — LBT — PHSD == SUBATECH
- Vitev et al. (g=1.9-2.0) —— LBT F HH CUJET 3.0 o TAMU
1.8 = PHSD w/ shadowing AdS/CFT HH D = const 03— Average D° D*, D* Iyl < 0.8
[ e PHSD w/o shadowing AdS/CFT HH D(p) ' - BAMPS el.+rad. POWLANG HLT
1 -6:_ Average D°, D*, D*, lyl < 0.5 0.05F " BAMPS el. Ny MC@sHQ+EPOS2
1 40 BAMPS el.+rad. POWLANG HLT C &,
TR " BAMPS €. e TAMU oof §
< 1 o= % ...  mee MC@sHQ+EPOS2 L
< B ,0“::‘ ’\‘ N B
0 [ oy = 0.15F
L] it N bbb bbbt bbb bbbl B F
0.8 .. * 0.1}
0.6 . 0.05f;
0.4 TN\, S 0 5
0.2 S ISSEmmmemein -
- T ~0.05H
O_ | II||Illlmlmlmmmml‘\\\,"I'“ |||||||| _IIII|IIII|IIII|IIII|IIII|IIII|IIII
1 10 102 0 5 10 15 20 25 30 35
p_ (GeV/c) P_ (GeV/c)

« CMS precise Raa and v2 measurements have strong discrimination power of theoretical calculations
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|||| | HF Correlation with Hard Probes
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HL-LHC

&0
3l

W

jet
pT
jet

M

(PbPb / pp)
N
N (@) |

1 9Ny
Ny dr
. o

O
$)

%

VSyy = 5.02 TeV

CMS

Projection

D° +

HF Correlation with Hard Probes

DO-jet correlation

pp 650 pb™' + PbPb 10 nb™

« Correlation as a more sensitive observable than Raa and v2
* Higher-precision Jet-D° correlation is expected
- Enable photon-D?, D9-D0 correlation measurements
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Heavy Quark Hadronization

Raa (Hadron) / Raa (Quark)
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- Still significant disagreement on hadronization
mechanisms between models
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]I Wide Rapidity Coverage of Ac/D® (PbPb)
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» Unique capability of CMS due to the large inner tracker and MTD acceptance

-+ Capability to access low pt (down to 0) = Total charm cross-section

- Except for Langevin+CLVisc, other models shown assume boost invariant in the longitudinal direction
= Provide the strongest constraint on the heavy quark hadronization mechanism
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Wide Rapidity Coverage of A/D° (pPb)

0.8¢ e Prompt Ac/ D° ALICE pPb 5.02 TeV, 2 < pr < 12 GeV
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Unique capability of CMS due to the large inner tracker and MTD acceptance
= Fill the gap not accessible by ALICE and LHCDb
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B./B* yield ratio

Present Data

CMS PbPb 5.02 TeV (1.7 nb™)
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Strangeness HF hadrons
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- Strange quark content is enhanced in QGP « the high temperature
» Strangeness HF mesons (Ds, Bs) could be enhanced via coalescence
- Wider muon detector acceptance improves lower pt access
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Y(nS) Production in PbPb

Present (2015 Run)
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« High precision measurements of Y(nS) production
= Sensitive to the medium shear viscosity and the initial temperature

- Capability of Y(3S) observation
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in Y(nS) Production in PbPb

HL-LHC
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« High precision measurements of Y(nS) production
= Differential: Raa as a function of centrality, pr and rapidity
- Capability of Y(3S) observation
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Present Y(1S) v2 HL-LHC
PbPb 10 nb™' (5.02 TeV
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Light h* CMS PbPb 5.02 TeV, 30-50% . L
Prompt D° CMS PbPb 5.02 TeV, 30-50% - Projection

Inclusive J/p ALICE PbPb 5.02 TeV, 30-50% 0.1
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lyl<2.4, 5%-60%
~_1Y(1S) reg
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- Higher precision and more differential Y(1S) elliptic flow
» Full picture of collective behavior in all flavor sectors
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in Collectivity in Small Systems

Present CMS 1-year with MTD

CMS Phase-2 Projection pPb 0.6 pb™ (8.16TeV)

025 . - I | I | | I I | I I I | | I | | I O
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» Unprecedented precision could be achieved over a wider kinematic range with MTD

» Detailed characterization of the heavy flavor hadron collective behavior in small systems
= Deconfined medium or initial condition effects?

- Enable more differential study scanning multiplicity classes
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in CNM Effects in pPb Collisions

HL-LHC
2.2r
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- - Iylabl<2.4

1.8~ POWLANG 0-20%
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H
Ill" NPDF from Ultra-Peripheral PbPb Collisions

HL-LHC

ALICE Simulation, Pb + Pb —> Pb + Pb + V
T [Suu=5.5TeV, L=13nb

 Ultra-Peripheral Collisions(UPC): y+Pb collisions

» Precise measurements of Y(1S) over a wide x range
= Test Q dependence of nuclear modifications with

- f : different quarkonion masses

R CMS Y(1S) ] = Strong constraint on the gluon nuclear PDF

t  CMS Y(1S) pseudodata
— EPS09LO,Q=m, /2 {  ALICE Y(1S) pseudodata _
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Search for Strong Magnetic Field

CMS Phase-2 Simulation PbPb 3 nb” (5.5 TeV)
- 0-100%, p >0 GeV - Strong initial electromagnetic field in heavy ion
004~ DO collisions inducing a vorticity in the reaction plane.
i = Heavy quarks produced early as best probes
0.02—
g : 0.1 ' ' ' | ' ' ' ! | ' ' ' ' |
= O : LHC: Pb+Pb@2.76 TeV
3 _ 9‘“’”‘% b=9.5fm ;o
0,08 . : ’
-0.02[— 10-40%, p_>0 GeV e - [b -(»m,\o‘ eE_
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Illi l- Search for Strong Magnetic Field

CMS 1-year with MTD

CMS Phase-2 Simulation PbPb 3 nb™ (5.5 TeV)
- 0-100%, p >0 GeV » Strong initial electromagnetic field in heavy ion
004 L | ® MTD, dv /dy = (-1.2240.10) x 10° collisions inducing a vorticity in the reaction plane.
i \‘I\L\\ no MTD, dv /dy = (-1.2240.13) x 10° = Heavy quarks produced early as best probes
0.02— =
Y e » The resultant effects entails a significant directed
> [ - flow (v41) and increase vs. rapidity

~0.02[— 10-40%, p.>0 GeV

— _ . U . R -
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0.0 ® MTD, dA v/dy = (0.000.14) x 10° - MTD and the large acceptance CMS tracker could
5 3 no MTD, dA v,/dy = (0.00+0.18) x 10 provide high precision measurement of D9 vq over
- F | O rapidit
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Ilil- Summary

HL-LHC: CMS will be the most comprehensive QGP detector

Wide-coverage | Precision Full High Rate | Lepton PID | Hadron PID
Tracking Vertexing | Calorimetry
CMS v Upgrade v Upgrade v v Upgrade v v New
ATLAS v v 4 v v
ALICE v v v
LHCb v v v v v

» High precision production and flow in large and small systems with'detector upgrade and HL-LHC
= Hot and cold nuclear matter effects, wider kinematics and more differential

* New MTD leads to unprecedented precision of D mesons and Ac down to O pr
= Also enable new observables (photon-D correlation, D-D correlation)

- ‘Wide rapidity coverage (Inl <4) provides new access to study of longitudinal dynamics
= Full 3+1D heavy quark dynamics in QGP medium
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Back up

Thanks for your attention!
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l I i l- Heavy-ion data in CMS

Collision Energy 5 CMS . Scale to pp

5 . System . Recorded
Run 1

2011 ¢ Pb-Pb ! 276TeV ! 1743 ub?! i  7.5pb-

2013 : pPb ! 502TeV : 355nb! i  7.4pb

Run?2
12015 i p-p i502TeV : 281pbt i 281pbt i
12015 i PbPb i 502TeV i 055nb’ i 238pbT i
2016 i p-Pb i 816TeV i 180.2nb' ! 37.5pbT i
12017 i XetXe i 544TeV ! 60ub’ : 99.8nbt i
12017 pp i 502TeV i 3163pb! i 3163pbt i
2018 Pb-Pb 5.02 TeV 1.71 nb- 74.0 pb-1
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Heavy-ion data in CMS

Year  Systems, ,/Syy Time L;
2021 Pb-Pb55TeV  3weeks 2.3nb '
pp 5.5 TeV 1week 3 pb * (ALICE), 300 pb~ ' (ATLAS, CMS), 25 pb~* (LHCb)
2022  Pb-Pb 5.5 TeV Sweeks 3.9nb |
0-0, p-O 1 week 500 ub " and 200 ub "
2023 p-Pb88TeV  3weeks 0.6pb - (ATLAS, CMS), 0.3 pb ' (ALICE, LHCb)
pp 8.8 TeV few days 1.5 pb~ ' (ALICE), 100 pb_ ' (ATLAS, CMS, LHCb)
2027  Pb-Pb 5.5 TeV 5Sweeks 3.8nb -
pp 5.5 TeV 1week  3pb ' (ALICE), 300 pb~ ' (ATLAS, CMS), 25 pb~ ' (LHCb)
2028 p-Pb88TeV  3weeks 0.6pb ' (ATLAS, CMS), 0.3 pb ' (ALICE, LHCb)
pp 8.8 TeV few days 1.5 pb * (ALICE), 100 pb™—* (ATLAS, CMS, LHCb)
2029  Pb-Pb 5.5 TeV 4 weeks 3nb !
Run-5 Intermediate AA 11 weeks e.g. Ar—Ar 3-9 pb_1 (optimal species to be defined)
pp reference 1 week
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CMS Phase-2 Simulatio

n
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|||i|- CMS 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 m?; 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 fo
Fluence at 4 ab™": up to 2x10™n, /cm? |

Jing Wang (MIT), Future Opportunities with CMS, HF Workshop (ECT*, Trento)



/n.d.f
AN

Ds diffusion coefficient

A
/
/

l
]
|
\ II ; o -6 Gexp current
\ | / A -AC, /2
/
\ || [ . cexp/S
\ [ /
\0 \ \ / /
\ \ \ / %
\ \ / .7
\ \ / P
\ o 4 7
@\ \ \ |/ AI /@
\ \ \ l / 7
7
N A \I / 7”7
N\ \ y, 7
e NE &
©--¢-—"
2.5 3 3.5 4 4.5 5 55 6 6.5
27tTDS

2D,

prior
20 - current Oexp, 70%C.R
future geyp, 20%C.R
15 -
pt=0GeV/c
10 7 =
=
=
5 - —
01— . .
1 2 3

T/T.

Jing Wang (MIT), Future Opportunities with CMS, HF Workshop (ECT*, Trento)




CMS vs. ALICE: A.

CMS Run 4 ALICE Run 3+4

CMS Phase-2 Simulation PbPb 7nb™ (5.5TeV)
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H
|||" CMS vs. ALICE: Charm v

Elliptic flow of charm hadrons CMS Run 4 ALICE Run 3+4

CMS Phase-2 Simulation PbPb 7nb™ (5.5TeV) ~ 03
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H
l I l l CMS vs. ALICE: Charm v-
Quarkonia with MTD

Offline J/Y — p*u acc*eff J/Y — pp with MTD
(BR=0.0593) (BR=0.0022)
lyl<1.5, 0.15<p1<1.3 GeV
_ ol t
8 wof b o
o : } Signal sample
"t with PYTHIA 8
4oo— : ¢
sk . o
TF .“.... o% D 0. .“Q.O“..O‘...

m,

Missing low-pr at midrapidity ;0 1 ificance of ~ 20 for MB PbPb with L, =7/nb

12
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H
|||" Multi-HF hadrons

Multi-HF hadron: other channels ®

ALICE
B.R. B.R.
ST A+ K +xt+n 5% I SOME P A 5%
A s p+K +xt T 6.35% Ef=>p+K +n* 22+08% O
""" 0.32% U 011%
=.. decays: BR from 1703.09086 (authors claim ~1% < BR < ~10%)
B.R. B.R.
Qlt - B+ KO 5% x05 Qi = B+ KT 5% X05
B AT +K +atn T 5% g =&+~ 5%
At p+K +nt 6.35% Ef—->p+K +nt 22+0.8%
K°:50%K° > n*t+2~ 70% K°:50%K° > n*+2~ 0%
© 0.0055% © 0.0019%
B.R. B.R.
Q= E+D? 5% Qice = Qo +n* 5%
B > p+K +x 22x08% O Q. > Qo+t 5%
D*-> K +at+n2~ 9% Q-Q +2* 5%
0.0099% Q" ->A+K~ 678% .....
A-p+n . 63.9% ...
"Belle, B.R. = 0.45 + 0.22%, PRD 100 (2019) 031101 0.0054%
G.M. Innocenti, Prospects for heavy-flavour measurements with ALICE3 44
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B: meson

Present Data

5.02 TeV PbPb (0.37-1.6 nb™") + pp (27-302 pb™)

0 Ilyl<23

3 CMS 2015, centrality 0-100%
- . e h mh<i
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H
lI" NPDF from Ultra-Peripheral PbPb Collisions

ALICE Simulation, Pb + Pb - Pb + Pb + V
VSyn = 5-5 TeV, L=13 nb™
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H
1 Quarkonion Azimuthal Anisotropy v:

Y(1S) v HL-LHC Y(2S) v-
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Collectivity in Small Systems

Present data

CMS 1-year with MTD

CMS pPb 186 nb*(8.16 TeV) CMS Phase-2 Projection pPb 0.6 pb™ (8.16TeV)
| | | I | I | I | I | I | | | I | [ | | | | | | | | | | | | | | | | | L]
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» Unprecedented precision could be achieved over a wider kinematic range with MTD
» Detailed characterization of the heavy flavor hadron collective behavior in small systems
- Enable more differential study scanning multiplicity classes
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V2 Ng Scaling

CMS pPb 8.16TeV
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