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LHC Timeline and CMS Upgrade
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CMS Phase 2 Upgrade

« 2016: Major upgrade of L1 trigger 2024-26

« 2017: 4-Layer Pixel Detector
« 2018 Performance:
 pp L1 100kHz

« DAQ: 6 GB/s

« Tracker |n|<4
e Muon ID up to |n|<3

« High Granularity Calo 1.6<|n|<3.0
 PbPb L1 30kHz (3x of 2015) < MIP timing detector

« 4D vertexing

« Upto 6.5 kHz MinBias events  Possible p/K/mT PID

to tape (20x of 2015)

Yen-Jie Lee

 ppL1l: 750 kHz
 DAQ: 60 GB/s

Future Plan from CMS 2



Phase 2
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At <Pile-Up>=200 (heavy-ion like):

« Efficiency > 90%, fake rate < 3%
Significantly better p; and d, resolution
Improvement on heavy flavor meson
and b/c-jet tagging
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Time of Flight with MIP Timing Detector

MTD design overview IRR=L7-000

CMS
Z

£\
r=1.16m A ENDCAPS “ETL”
Onthe CEnose ~42 mm thick

o5y

Surface ~12m?
o Radiation level ~ 2x10"® nN/cm2
T Sensors: Si with internal gain (LGAD)

Radius (r) | Time Resolution (o) | Separation Power }
(cm) (ps) (r/ o) R
STAR 220 30 2.75 % o D 4D Vertexing
ALICE | 370 80 4.63 200 pile-up
CMS-MTD| 116 30 3.87 :

- 4D vertexing (X,y,z, 1) in high PU pp collisions :
 Possible p/K/tr separation with 0.7<p;<3 GeV =y
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HL-LHC | 10/nb of triggered PbPb sample and 0.2 /nb of MB PbPb data
2/pb of pPb data

Present Data | CMS data taken up to 2017 (e.g. 0.5/nb of PbPb sample)

I H
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QCD Phase Diagram

CMS

Temperature

A Expansion of

the early Universe
/

[\

Heavy ion collisions

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid

Quark-Gluon

o @ plasma few % electron Fermi gas
@ inner core 0-3 km
V \ quark gluon plasma?
i
hadronic *\
y Pphase | Color superconductor :
Density
)\ - —— N . *
Nuclei Neutron stars
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Relativistic Heavy lon Collisions

Time (fm/c) -5

Yen-Jie Lee Future Plan from CMS



Modification of PDF In Pb

Dijet average nin pPb

pPb (35nb™), pp (27.4pb™

Sy = 5:02 TeV

115<p$"e<150caev CMS
1.2 Supplementary
- anti-k, R =0.3 jets _ :
L p > 30 GeV, p,,> 20 GeV Anti-shadowing
Acp ,> 21/3 1
1 T,
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0-8__ o Syst. uncert.
/4 pp NLO pQCD: CT14
0.6 EPS09
- | | | nCTlEQ15 |
-2 -1 0 1 2
n+n
Present Data ndijet SRR L

Evidence of gluon anti-shadowing and
modification in the EMC region x > 0.3

Present W and dijet data are consistent with EPS09 and EPPS16

Yen-Jie Lee
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Ratioto cT14  do(W'—p* v,) / dn

+ ] :
W* production in pPb
pPb 173.4 nb™ B Sy =8.16 TeV
180 W* — u*+ CMS -
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PRL 121 (2018) 062002

CMS-PAS-HIN-17-007

Present Data

« Constrain quark PDF in Pb

Not compatible with DSSZ, nCTEQ15 and CT14 (nucleon)
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Modification of PDF In Pb

Gluon nPDF from pPb dijet W+ production in pPb

Present Data HL-LHC

1 5 rTTTTT AL i T m=8.1lsTev | lpr2000|nb’1
. 2 2 . . L L T T ™
Q" = 1.69 GeV~| AntigliglRKing 12 CMS Projection MCFM nlo _
B % CT14nlo 1

i S\ EPPS16nlo

1 1.1
........................................... ~ - . Data .
o) i E L , A7
O&m Shadowing > 1%\% o )
0.5 EMC | 5 N |
3 09 S\ \\\\“\\§§ _
= EPPS16 < |
0 B reweighted 0.8~ -
10=* 1072 1072 107! 1 S L N TR
& n, |

Petja Paakkinen HP’18
« Strong constraint on gluon PDF | |
e Half the anti-shadowing region uncertainty * Constrain quark PDF in Pb
* Prefer a deep shadowing and a EMC slope
Significantly more precise boson and (b-)dijet data in pPb at 8 TeV

could provide stringent constraints on nuclear PDF PRL 121 (2018) 062002

CMS-PAS-FTR-17-002
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A |,

£ LEH

pPb (174 nb™, \s, = 8.16 TeV)

2]
*GEJ 35— CMS et/ut + >4j (>2b)
u>.| 30 ¢t Data
! B it correct
25 tt wrong
20 B background
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mtop [GeV]

Yen-Jie Lee

Top pair cross-section in pPb at 8.16 TeV

-Jeét  Compatible with pQCD calculations with nPDF

New constraint on gluon PDF at large x

Present Data

0

pp, 19.6 fb™, (Vs=8 TeV) CT10 CMS
O o (816 TeV) NNLO+NNLL Top++
Da.ta scaled by A & o (8 T€Y) CT14
|+jets EPJC 77 (2017) 15 —— NNLO+NNLL Top++
ey JHEP 1608 (2016) 029
pPb, 174 nb™, ({s,,=8.16 TeV) | CT10+EPS09Y (Top++)
NLO MCFM /  NNLO+NNLL QP
CT14+EPPS16
l+jets (NLO MCFM ) “Kncomn (TOP++)
u+jets
e+JetS Exp. unc.: stat stat ®@syst
—t-3—
Th. unc.: pdf pdf@scales
1 | | I | | | I | | 1 | | 1 | | 1 | | I | |
20 40 60 80 100

PRL 119 (2017) 242001
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Constraint from PbPb UPC and Top in pPb

J/g in PbPb Ultra-Peripheral Collisions

1.
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« 2 pb! pPb data provide
larger kinematics range

 Dijet and vector meson in UPC

Yen-Jie Lee
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Constraining Power from Top in pPb

1.2 T LN R R T T T T T T TV
[ Q@=m |HL-LHC |
B g |
R ~EMC
O:_ ................... _
Mo
—’ eI L .
S . original EPS09 uncert.
e 08 after reweighting with
p+PDb pseudo data
-1 = = ,
L= 2x1pb , /s = 8.8TeV
B x range predominantly probed at /s = 8 8TeV
0-6 roaoa il s+ 1ol M 11l
-4 -3 -2 -1
10 10 10 B 10 X

« Constraint on the gluon PDF
(especially the EMC region)

« Complementary to dijets in pPb



Relativistic Heavy lon Collisions

Time (fm/c) -5 0)
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Relativistic Heavy lon Collisions

.

Time (fm/c) -5 0) 5
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Relativistic Heavy lon Collisions
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Open Questions for Large System

* Why does the system hydrodynamize so fast? How does the strongly
Interacting medium emerge from an asymptotic free theory?

 What is the role of the pre-hydrodynamization phase? How big is the
Initial magnetic field? When is QGP formed?

 How does the QGP hadronize?

b

« What are the precise properties and inner workings of the QGP?

Yen-Jie Lee Future Plan from CMS



Open Questions for Large System

* Why does the system hydrodynamize so fast? How does the strongly
Interacting medium emerge from an asymptotic free theory?

Start from “un-thermalized” objects and see how they are
hydrodynamized / thermalized in the Quark Soup

 What is the role of the pre-hydrodynamization phase? How big is the
Initial magnetic field? When is QGP formed?

 How does the QGP hadronize?

Y
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Hard Probes

/Y/Z Electroweak Bosons

Heavy Quarks

I H
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Flavor Dependence of Jet Quenching

Present Data HL-LHC
5.02 TeV pp (27.4 pb™") + PbPb (530/404/368 ub™) ISy = 5.02 TeV pp + PbPb
- B o ® Charged hadrons
1.6 CMS Supplementary %yBi vl <2.4 1.6 CMS , (p; < 50 GeV), 0.2 nb™’
B . y . B PijEthon > 50 GeV). 10 nb™
1.4F s ()0’ 140 (m ] (E')D”T( 20 G),V) 0.2 nb”
A . ht L p; < eV), 0.2nb
" Charm (b =)y - D’ (p, > 20 GeV), 10 nb™
1.2 & ] D°+D° + 18<|y|<24 1.2 e B', 10 nb
ST * |IY| <24 1: *  Non-prompt J/y, 10 nb”
e en U ey ] T
s Foiope HE s T e
o 0.8 | ﬁ (b—)J/y o o8 $++ (b—)J/yp fars
06:_ 0 | R [ 0 0'6:— + E 0]
HR S * 4|+» l D #—t D
0.4 =8 0.4 18 o™
- | ly| <1 o ¢ +
0.2 B* Cent0-100% | 2 Centrality 0-100%
O_Ill | | IIIII| | | | \IIIIl | 1 Ol_lllll | Il llIIIlI | Il llllllI 1 | L1
10 107 1 10 102
GeV
p_(GeVic) Py (GeV)

CMS-PAS-FTR-17-002

* HL-LHC data allow unprecedented accuracy of meson Ry,
measurements down to very low p-.

I H
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“Hydrodynamization Process” of Charm Quark

Hadron v, measurement in PbPb

04 VS = 5.02 TeV PbPb 0.2 nb™
0 355 CMS ® Charged hadrons
't Projection (= ]D°
0.3 2 CUJET 3.0
0 255_ —— LBT
F oo —— PHSD
0.2Fe ® o TAMU
(o] ——————
0 15 SUBATECH
0.1 HL-LHC
TR 4.
)
C : _ENO
_0.050 Centrality 30-50%

0 5 10 15 20 25 30 35 40
p. (GeV)

CMS-PAS-FTR-17-002

« Unprecedented accuracy of meson v,
measurements from very low p; to

high p;

Yen-Jie Lee
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D? angular distribution in Jets

0 27.4 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
E [ g
- CMS 4<p®<20GeVic 1
- Preliminary o ]
" 0, . ly"l<2 7
- D+ jet jet -
9, Ip_ 1> 60 GeV/c
© :::‘: .
o [ : i
1z L ]
3 $ =
- m PbPb 3
C & pp ]
i Present Data | |
10_1 =, . 1 [ e e e e e e e e e e e} ]
0 0.1 0.2 03 04 0.5

DY in Jet CMS-PAS-HIN-18-012

Hint of larger distance between D° and

the jet axis in PbPb than pp

Connection to charm diffusion in QGP?
HL-LHC: allow jet p; differential measurements



Photon-tagged Jet Substructure

VS = 5.02 TeV

PbPb 10 nb™", pp 650 pb™

'I""I“"I""I"_ I [rrrrprrr T T T T T T
: Cent. 0 - 10% | s CMS Projection -
45 ngLBT-hdeO - - J#1 PbPb Cent. 0-10 %
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..:Z q_;lj‘ 3 L + _ _:Z ﬂ_-;_‘w - antik;jetR=0.3
© I ) 3 pf'>30Gevic ° .
-OH : ,?---- . -DH-O : mjet|<1_6 [ ]
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« “Thermalization of jets” from photon-tagged away-side partons

 Phase 2 upgrade: “Particle flow” jets and isolated photons up to |n|<3

« The role of medium response to hard probes: Jet Chemistry

» Possible data-driven extraction of gluon and quark jet substructure by
comparing Photon-Jet and Z-Jet (and dijet): Jet Topic

jet
arXiv 1801.04895 & CMS-PAS-FTR-17-002

PRL 120 (2018) no.24, 241602
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Groomed Jet Mass

VS = 5.02 TeV AL-LHC PbPb 10 nb”
;_I I 1 1 I 1 1 | | l I 1 1 1 I 1 | I 1 I 1 1 1 1 | | | I 1 1 1 1 1 1 l I 1 1 1 | | | | I I 1 1 1 1 | |
sE-CMS Projection 1 0-10%, anti-kt R = 0.4, 1) | <1.3 _
= —+— Softdropz_=0.1,8=0.0,AR >0.1 |
4 . T 7
= PbPb / pp
Q 3
o F
S
Of © =
o|o 3
EF
2 = - | | i
1 3 -e- —4-
3 140 < p <160 GeV T 250 < p' < 300 GeV |
E_I L 1 1 1 1 1 1 I L 1 1 1 I 1 1 L 1 I 1 1 1 1 I 1 [ L 1 1 1 1 1 1 I L 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1
% 01 02 0 01 02
M,/ P; M, / pJT CMS-PAS-FTR-17-002

« 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

I H
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Open Questions for Large System

* Why does the system hydrodynamize so fast? How does the strongly
Interacting medium emerge from an asymptotic free theory?

Start from “un-thermalized” objects and see how they are
hydrodynamized / thermalized in the Quark Soup

 What is the role of the pre-hydrodynamization phase? How big is the
Initial magnetic field? When is QGP formed?

Study hard probes with different formation time
Find a way to “turn off” temporarily the interaction with QGP

 How does the QGP hadronize?

Y

« What are the precise properties and inner workings of the QGP?

Yen-Jie Lee Future Plan from CMS



Early Phase of Collisions with Heavy Flavor and Top

0.1—

0.08

0.06

eField (GeV/fm)

0.02

0

Ttop=0.15 fm/C
tw=0.10 fm/c

0.04F

LHC: Pb+Pb@2.76 TeV
b=9.5 fm, n=1.0

|

m—— cE‘

— CB"

|

arXiv:1608.02231

charm _ _
l Tiorm T, : quenching end time
s T 15 > “AYoctosecond Chronometer.” (Gavin Salam)

t (fm/c)

* Heavy Quarks:

* More sensitive (than light flavor) to early magnetic fields and vorticity
« EX: High precision v, could be performed by CMS with HL-LHC data

* Negligible interaction between top / W and QGP: “Tune off” quenching at early time

| ]
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Modification of W mass in Top event

®mow unquenched & T,=10fm/c =~ @  T,=5fm/c
s quenched  wemsm 1, =205 fm/c mwes 1,=10fm/c

Ttop=0.15 fm/C

(Tior» (Unquenched) [fm/c] tW:O' 1 O fm/ C
06 0.7 0.9 1.1 1.4 06 09 11 14 1.9 2.3
85 1 - 1 - 1 . 1 . 1 1 : 1 1 . 1 - 1 . 1
- HE-LHC Vs, = 11 TeV - FCC sy, =39 TeV:
. L 2" pp, 30 nb™! PbPb

miec [GeV/c?]
~l
(8)]

~
o
—T

65 F : i....‘.,....i.‘..._..“1.;5%.q_uen?hlng.

0O 100 200 300 400 O 200 400 600 800
Piiop (bin average) [GeV/c]

- T, :quenching end time
“A Yoctosecond Chronometer.” (Gavin Salam)

* Longer total delay time of the W (T,;) leads to smaller modification of

(hadronic decay) W mass in heavy ion collisions
* Probe the “start” and “end” time of the QGP!!
« CMS will allow the first measurement of this probe at HL-LHC
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Open Questions for Large System

* Why does the system hydrodynamize so fast? How does the strongly
Interacting medium emerge from an asymptotic free theory?

Start from “un-thermalized” objects and see how they are
hydrodynamized / thermalized in the Quark Soup

 What is the role of the pre-hydrodynamization phase? How big is the
Initial magnetic field? When is QGP formed?

Study hard probes with different formation time
Find a way to “turn off” temporarily the interaction with QGP

» How does the QGP hadronize? ' _—

Study the hadronization of hard scattered partons
and heavy quarks production

« What are the precise properties and inner workings of the QGP?

Yen-Jie Lee Future Plan from CMS



Hadronization of Beauty Quarks in QGP

351 ub™ (PbPb 5.02 TeV) 28 pb' (pp) + 351 ub™ (PbPb) 5.02 TeV
- CMS B -eData 2'5_ CMS 7 B
o5l Supplementary — Fit ly| < 2.4 Bi
< - 7 <p_<50GeV/c Signal 2— 0
> 20:—'&" <t2641oo<y ---- Background I — TAMU
= TR Y2INDOF: 47/45 = 1.1 15— CUJET
@ 15F Yield = 20+5 D:S( : Present Data
E T Ly e ———
S 10p Present Data I  {
it -

Cent. 0-100%

5k 4 + 0.5
OMIAI'I.“:.L.l'J ........ 4 o SRR | | | | | | | | ‘ | | | | | | | | | | | | | | | | |

5 52 54 56 58 6 04020 30 20 50
m I )o(KK) (GeV/c?) B0 arXiv:1810.03022 pT (GeV/c)

B= PRL 119 (2017) 152301

Bg = J/Wé — utu KTK™  Indication of B, enhancement in PbPb
Consistent with expectation from
beauty+strange coalescence model

* HL-LHC: Precision measurement of D, , B, , A, and A\,

« Crucial for using heavy flavor meson spectra for QGP Ds and g extraction

« Evidence of B, production in PbPb

I H
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Open Questions for Large System

* Why does the system hydrodynamize so fast? How does the strongly
Interacting medium emerge from an asymptotic free theory?

Start from “un-thermalized” objects and see how they are
hydrodynamized / thermalized in the Quark Soup

 What is the role of the pre-hydrodynamization phase? How big is the
Initial magnetic field? When is QGP formed?

Study hard probes with different formation time
Find a way to “turn off” temporarily the interaction with QGP

» How does the QGP hadronize? ' _—

Study the hadronization of hard scattered partons
and heavy quarks production

« What are the precise properties and inner workings of the QGP?

Go beyond perfect fluid: search for the microscopic
length scale for QGP. Extract medium properties with
soft and hard probes

Yen-Jie Lee Future Plan from CMS



Jet Quenching Observables

Present Data |&| HL-LHC

V-jet Z-jet

VS = 5.02 TeV PbPb 10 nb’ VSyy = 5.02 TeV PbPb 10 nb™
1.6 - T T T T I - - - T l T T T T I T T T T _] T l L I LI B ] rry I LI L ] L I | 5 S | I LI I LI I LI l-
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i ‘ gs 0.8 —_— a
=| = . p’ > 100 GeVic A NI B F -
Z - - — 1 - g=20 .
o 0 081 In'| <1.44 .10 L il
-z Ap >LE ~2' % R g=22 ]
- 8 - - -
0.6 anti-k jeté 03 7 - pZ =60 Gelio:
E pj:' >30 GeV/c ] os- g ant- 'fr jetR=03 7
0.4 - e p’e >30 GeV/c
i ' < 1 6 |

0.2} 0.2
O T e SR Et Skt . -
0 05 1 45 2 0 02 04 06 08 1 12 14 16 18 2

jet, .Y
v = Pr /Py ij—FfT /pT
CMS-PAS-FTR-17-002

- HL-LHC data allow significant higher statistical accuracy of the
boson-tagged jets measurements
« Boson-Jet angular correlation: Probe the inner structure of the QGP

I H
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Medium Property from Jet Substructure

\Syy = 5.02 TeV PbPb 10 nb’”

2 LI I LI LI I LI I rrra I rrnea I rrri I LI I rrri I
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2 ]
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IIIIIIIIIIIIlIIII|IIII|IIII|IIIIIIIIIIIIIIlIIII IIIIIIIII|IIII|IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII
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ZQ ZQ

CMS-PAS-FTR-17-002

« Constraints on the QGP scattering power with a completely
orthogonal observable
« To be compared with the extraction from jet and hadron spectra

I H
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Inclusive Upsilon Sequential Suppression

present Data| PDPb at 5 TeV HL-LHC
PbPb 368/464 ub™' pp 28.0 pb' (5.02 TeV) PbPb 10 nb™ (5.02 TeV)
L | LI | LI l LI | LI l L | LI I LI l I T TT | T TT | LI | LI | LI | TTTT I TTTT I TTTT I I__ ]
192 p, <30 GeV CMS - ] 1.2 pi" <30 GeVic CMS ]
. 1 Cont i Iy””l <24 Projection 1 Cont i
ent. - o
il ;S Il 750 W Krouppa, Strickiand o y(18) E"o‘fddo,% ]
0.8\ T - 1\ o
< H 4 i
< H 2 4 i
T 06} T - i
0.2 + 1 ]
Y( B Y, L . Ml :: . N 0 coa b b b |”|”"|m“| "I'":"'I”'I"'I"I |”I|“I;I|“| "r 'l" :
% 50 100 150 200 250 300 350 400 050 100 150 200 250 300 350 400

(I) Noart @ (I) Nor @

 No sign of Y(3S) in the high statistics data ¢ Better mass resolution in Phase 2
« Consistent with models with Y(1S) melting * Measurement of Y(3S) suppression

and (with or without) Y regeneration * Relevance of Y regeneration
« Extracted initial medium temperature « Extraction of initial temperature and
550 - 800 MeV based on models pLs 770 (2017) 357 I’]/S from quarkonia CMS-PAS-FTR-17-002

| ]
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Heavy Flavor Mesons

DO, B*, non-prompt J/y Rap & V, Heavy Quark Diffusion Coefficient (Ds)
{5y = 5.02 TeV pp + PbPb o VS = 5.02 TeV PbPb 0.2 b
F ® Charged hadrons T
1.6: CMS . (P, < 50 GeV), 0.2 nb™ 0_35i CMS . L C:arged hadrons » . “pseudo—truth"
o[ Frojection (p, > 60 GeV), 10 nb” - Projection [w]D .
' i [(m ] 0° (p, < 20 GeV), 0.2 nb™’ 0.3 S CUJET 3.0 20 pI‘lOI‘
D° (p, > 20 GeV), 10 nb™ B o
12 & B, 10 nb” 0.25- o ';BHTSD = 771 1.0 X Oexp
: e o 1L 0.2x 00
1~ SRt A e B N B AU |g|)q 13 B0 0.2 X 0exp
3 B o~ - o S
o o8] =015 Y bt “ SUBATECH E
C ' ~ 10
0.6} Q
0.4F 5
02: CE‘“"E"“Y 0-100% _0.055_ Centrality 30-50% 0 7’.
_I 111 1 1 1 1 1 | 1 L1111l i L1 7I | | 1111 | | | 1111 ‘ | | 1111 ‘ | . ‘ 1111 |
0 |1 10 1:)2 0 5 10 15 20 25 30 35 40 1 2 3
GeV) T/T,
pT (GQV} pT ( c
HL-LHC

 HL-LHC data could provide strong constraint on the heavy quark diffusion coefficient
Ds, characterizing the fundamental QCD force

« Very high precision measurement of heavy flavor meson spectra (from high p to
p:~0): total charm cross-section which provide strong constraints on the models
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QCD Equation of State at ug=0

« Could we “measure” the QCD Equation of State from data?

16 [ e

-hon-Hn.Hnﬁt.

| Dark Lines:
Hadron Resonance Gas

High precision flow
and spectra

measurements
from HL-LHC data

... and many more _ _
observables enabled by Light bands: Quark Gluon Plasma

HL-LHC data T l[MeV]

0IIIlllllllIlIIIIIIIlIllll

130 170 210 250 290 330 370

Need to understand the early phase before hydrodynamization and the
hadronization of QGP better

Cms, |F
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“Ridge” signal in pp, pPb and PbPb collisions

pp Vs =7 TeV, N 5 110 pPb \fs = 5.02 TeV,220 < N2 < 260 PbPb /s,y =2.76 TeV,220 < N < 260

A
)1 g
2 2
- - o
S % 2 _‘.;“'5“\
m lléq‘;“‘\\\ \ “
..«;O:““‘}“ \
s : s
1 <p,<3GeVic 1 <pr<3GeVic 4

Initial State Correlation Escape Mechanism QGP Formation

CGC
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Open Questions for Small System

Emergence of hot QCD phenomena in small colliding systems
* “New Physics” in additional to the “Standard Model” of pp and AA Physics?
« Higher luminosity and energy needed for more detailed studies

Is there a common paradigm to describe the underlying physics in
all colliding systems?

« If yes: QGP production in small system? Smooth transition from pp to AA?

« If no: What are the different mechanisms that come into plays?

« What about an intermediate scenario?

Initial State Correlation Escape Mechanism QGP Formation
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Open Questions for Small System

Emergence of hot QCD phenomena in small colliding systems
« “New Physics” in additional to the “Standard Model” of pp and AA Physics?
« Higher luminosity and energy needed for more detailed studies

Is there a common paradigm to describe the underlying physics in
all colliding systems?

If yes: QGP production in small system? Smooth transition from pp to AA?

If no: What are the different mechanisms that come into plays?
« What about an intermediate scenario?

Study of QGP-like signature in small systems
Comparison between pp, pA and AA collisions at similar multiplicity

« 200 pbt high multiplicity pp program which will produce 25k events
with 14-16x <Nch> which is equivalent to 60-65% central PbPb events!

* Possibility to use higher pile-up data with 4D vertexing in CMS

“Qualitatively new aspect of the comparison of pp and PbPb"

| ]
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“Charm flow” and Jet quenching in small system

pPb 8.16TeV

CMS

T | T T T | T T T | T |
0 :
- Prompt J/\U [] KS 185 < Nlorilrllne < 250

— 0
0.2 ® Prompt D O A
O

| T T 1 |
I R | | I I | | 1

TDIIII
-
-
T
|
.
-
| o
| »
‘—l—
*x
|

Present Data
0 | | 2 | | | 4 | | | 6 | | | 8 1 1
b, (GeV)

« Large v, signal from prompt J/y: charm flow in high multiplicity pPb?
» Origin of the large v, at high p; (up to ~ 8 GeV):
Indication of jet quenching in pPb?
 HL-LHC data with large CMS tracker acceptance could allow new
measurements such as v, fluctuation of hadrons in pPb
« Search for jet quenching effect with boson-jet, dijet and h-jet events

Jy pPb arXiv:1810.01473 D° pPb PRL 121 (2018) 082301
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* CMS plan to fully exploit the HL-LHC data
 Fast trigger and data-acquisition

Large tracker acceptance up to |n|<4

Large muon acceptance up to |n|<3

High Granularity Calorimeter 1.6<|n|<3

4D vertex reconstruction and possibility of p/K/m PID with MIP
timing detector

e CMS HL-LHC data could contribute to

* Precision measurement of nuclear PDF

Understanding the creation and the hadronization of QGP
Extraction of QGP properties and QCD EoS from multiple channels
Onset of QGP formation in small system

Relevance of initial state correlation in small and large systems

... and exciting new discovery!
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« Backup slides
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Jet Response in Run 2016
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CMS Request of HL-LHC dataset

« CMS request
« Pb+Pb: 13/nb at 5.5 TeV + pp reference
* p+Pb: 2/pb at 8.8 TeV

* p+p: 200/pb at low pile-up py=1-2
* Possibility of smaller collision system
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Opportunity with Light lons

Gains in ULTIMATE integrated nucleon-nucleon luminosity
PER FILL wrt Pb-Pb

This would be on the assumption
that a fill would be kept forever

until one beam was exhausted 16 OS*, 40Ar18", 40 Ca:::", 78
(and other loss mechanisms are 100 — —

neglected). Real gain/fill will be
less.

co

:
EEENENBE_*~

s
=
(W8]
-)
]

_J.;... 179 :1-' - 2
Kr?°*, 129%e>" , Pb5%*

Co
=

In reality, one also gains from
longer luminosity lifetime and
less time spent refilling the
machine.

(9)]
o

B
o

We will try to quantify this
better in future.

N
o

-

(NiotA%1 Ot NAAY (Niot A%/ Tor ) Pb-Pb)

0.8 1.0 1.2 14 = 16 1.8 2.0

Intensity scaling parameter p
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Extraction of the Medium Scattering Power
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One could only gain confidence if we could see a consistent picture

from different observables III__
i
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TOP Production

Negligible interaction between
Top / W and the QGP

Ttop=0.15 fm/C
tw=0.10 fm/c

Total decay distributions

o) LA L L A I B B BN B BN B B ]

£ - .

5 0.05- LHC 5.5 TeV (inclusive) -

pd N ]

© - _

Z 004 ] | ------ FCC 39 TeV (400 <p, <600 (GeV)y

0.03F tf - W' Wb b,

’ ,  002f I =
Turn off the QGP effect i ]
for a period of time! i _ E
0 I. I. et I . J_'

0 1 2 3 4 5 6

Time (fm/c)

“A Yoctosecond Chronometer.” (Gavin Salam)
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CMS Tracker Upgrade for the HL-LHC

Expected performances

Full Monte-Carlo simulation

Significant improvement
expected in p;and d,

resolution

90% tracking efficiency for
tracks from tt events with < 2%
fake rate

Work in progress!
- Geometry is being optimized
- Efficiency at [n| ~ 1.2 is being
addressed

Yen-Jie Lee

Offline tracking
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Opportunity at HL-LHC for nPDF

Ultra-peripheral collisions in PbPb and inclusive pPb collisions
characterisation of initial wave-functions

» large kinematic range at the LHC for high-energy QCD

» HL-LHC: improve knowledge on nuclear PDFs and on QCD phenomena
beyond collinear factorisation ; onset of gluon saturation?

S 9,
> = 10%;
8 nuclear DIS - F} data 197
e 102 Pb+Pb — Z%X (5.5 TeV) 10° 203Au(1 00)+e(20)
o F Pb(2750)+e(60) |
= 7208
o 107 298p,4920)+e(60) P
o] N . s
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,/ : : : E
B /) 4+Pb = dijet +X . 10°
A <
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10 o S 10t
- / S
B 1+Pb — Y+X : 10°
B (UPC p+Pb 8.8 TeV)/ A
/oL
B T4Pb = 1 —F P 107
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10
1+Pb — Jiy +X F A
1= wecpospbssTey) /o F ]
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Tl vl vl -":"":. £ AR T A R 10_11_6"‘”
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Kinematic planes for UPC LHC kinematics from arXiv:0706.3356; currently used pPb
in arXiv:1612.05741 by N. Armesto.
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Parton Distribution Function (PDF)

Lead lon # Superposition of Neutrons and Protons

45 Pb collider data vs.1200 proton collider data

14 fm

Input Data for Nucleon PDF

» Fixed target DIS

Collider DIS
Input Data for lon PDF  Emsa
Colliider Indusive Jet Production
Collider Drell-Yan
Z transverse momentum

1054 =~ Top-guark pair production

NNPDF3.|
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Poor understanding of PDF due to | | |
the limited amount of ion data T e e
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HIl Baseline Plan From ALICE 2012 Lol

LHC will have done 12 ~one month

Pb-Pb p_Pb
heavy ion runs between 2010 and p-Pbl
2030 (LS4). 5/12 done already. 2010 2011 2012 L 2013 2014
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Sensitivity to the Medium End Time

» Sensitivity to medium end time (t,):
« HL-LHC PbPb Program (10 nbt): 1.4 fm/c
« 1 month KrKr (30 nbt): 1.8 fm/c

10= e ——— !..l..l. -Ii:‘ — || ™TT
: 8 :

max distinguishable T, (20)
O = N W & O OO N 0O O

PbPb equivalent lumi [nb™] 7

 CMS will allow the first measurement of this probe
* Full exploitation of this probe only at FCC energies
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Upsilon Sequential Suppression vs. Multiplicity

Y(2S)/Y(1S) ratio vs. multiplicity pp at 7 TeV
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 Origin of the sequential suppression in high multiplicity pp events?

JHEP 04 (2014) 103 CMS-PAS-BPH-14-009
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