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LHC Timeline and CMS Upgrades
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CMS Performance in Run2/3 CMS Phase 2 for Run 4 CMS Run 5

« 2016: Major upgrade of L1 trigger « Tracker |n|<4 « Record smaller ion collisions at the
« 2017: 4-Layer Pixel Detector « Muon ID up to |n|<2.8 highest rate delivered by LHC

« 2018 Performance: « High Granularity Calorimeter « Possible further upgrade to be

. pp L1 100kHz

* MIP timing detector defined, e.g.:
 PbPb L1 35kHz (3x of 2015) * 4D vertexing « Additional timing layers
 DAQ: 6 GB/s « p/K/m PID (CMS MTD Forward calorimeters

L1 trigger update: 750 kHz for CMS « Extend muon coverage

 Up to 8.8 kHz MinBias events =
to tape (27x of 2015) - DAQ: 60 GB/s for CMS
« Run3: DAQ 30 GB/s (in 2024) e L1 track triggers
» 50 kHz MinBias rate (6x of 2018) « 7DC
« 30 kHz UPC
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Phase 2 upgrade: Tracking System

« Charged particle reconstruction up to |n|<4 o e e e y
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“4D” Tracking In
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HL-LHC: Increase luminosity to 5 X 10°*/cm-2 - s-1
— average pileup of 140 (up to 200)

— Line density of pileup vertices comparable to
optimal track-vertex association window - O(mm)



“4D” Tracking in pp at the HL LHC
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HL-LHC: Increase luminosity to 5 X 10°*/cm-2 - s-1
— average pileup of 140 (up to 200)

— total number of particles per bunch crossing
similar to PbPb at 5.36 TeV



Phase 2 upgrade: MIP Timing Detector (MTD)

BTL: LYSO bars + SiPM readout: ETL: Si with internal gain (LGAD):
« TK/ECAL interface: |n| < 1.45 * Onthe CE nose: 1.6 <|n| < 3.0
—— ] * Inner radius: 1148 mm (40 mm thick) * Radius: 315 <R <1200 mm
CMS gz:;;:ic::mooa * Length: £2.6 malong z * Position in z: 3.0 m (45 mm thick)
29 March 2019 » Surface ~38 m?; 332k channels + Surface ~14 m2; ~8.5M channels
Revised 26 September 2019 * Fluence at4 ab™': 2x10™n, /cm? * Fluence at 4 ab: up to 2x10%n, Jom?

A MIP Timing Detector
for the CMS Phase-2 Upgrade

:
: Technical Design Report
2
5
%5 CMS Collaboration
i
i{ Experiment r/or (x100)
,, (m) | (ps) | (m x ps™!) /
CMS STAR-TOF | 2.2 | 80 2.75 .
Z
ALICE-TOF | 3.7 | 56 6.6 e
CMS-MTD | 1.16 | 30 3.87 "
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MTD: Barrel Timing Layer (BTL)
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MTD: Endcap Timing Layer (ETL)

ReE o~ 1: ETL Thermal Screen CMS Phase-z Pbe (55 TeV)
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MTD Physics Impact - pp
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Expected significance
Di-Higgs decay | No MTD MTD
bbbb 0.88 0.94
bbtT 1.3 1.48
bbyy 1.7 1.83
bbWW 0.53 0.58
bbZZ 0.38 0.42
Combined 24 2.63
Illil- h?]?:?;::cggigrce Gunther Roland CMS MIP Timing Detector Upgrade 9 M




MTD Physics Impact - heavy ions

Initial conditions QGP longitudinal

Hadronization mechanism
structure

nPDF and initial EM field

N

QGP Transport properties
QGP response to hard probes
Microscopic structure of QGP

Hydrodynamization

In-medium color force

Visualization taken from Jonah E. Bernhard
arXiv:1804.06469
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Initial EM Fields

0.1

CMS Phase-2 Simulation PbPb 3 nb™ (5.5 TeV)
[ LHC: Pb+Pb@27() TeV ) :\ I HL'LHC 0-100%, pT>0 GeV
Reaction 0.08}- it i Y _—\+\\ : ® MTD, dv /dy = (-1.2240.10) x 107
ane L X 1 B ~
p(\},R)\ z i —EL 1 = \+\\ no MTD, dv /dy = (-1.22+0.13) x 10
S 0.06f o €0, 1 ool s
o : :6\ = Ji
- | = -1 ] e '
E 0.04 - 4] 0.023 fm ] Q;_ 0_ ............. Pr B, _— MTD VS NO MTD
LL. I 7 —
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0.02 ] - —— D°, HTL, dv /dy =-0.80 x 10 \I+\
¥ B L& Torm Standard hydro T, 1 -0.04— —=D"1QCD, dv/dy =-1.22x 10? taw
ol— .. . Y ~ ----7,dv/dy =-0.08 x10? l S
CMS DP_2021_037 0.5 I 1.5 2 - T T Y I Y T
t (fm/c) -
0.041— ® MTD, dA v,/dy = (0.00+0.14) x 10
. : no MTD, dA v,/dy = (0.000.18) x 10
. : . g : 0.02f—
« |nitial EM fields result in significant DO directed flow o% = ] l 1 | ] , |
(v4) with characteristic rapidity dependence S °F] 1+ L A L '1+ """""""""" '|+ """"
-0.02— .o
g soiF Search for strong magnetic field
« MTD + CMS tracker provide precise measurement = S. Das et. al. PLB 768 (2017) 250
of DO v, over 8 units of DO rapidity. T
2t dN >
e =1+ Y] 2oufcos[n(¢ — ¥,)
4) n:l
CMS/|
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QGP: Longitudinal structure

CMS DP_2021_037

POS-LHC pPb 8.8 TeV CMS Phase-2 _HYDJET PbPb 5.5 TeV
Ny, >100 BTL + ETL " \30-50% centrality
Protons: 0.3 <p_<3GeV—

CMS Phase-2

1< p:‘g <3 GeVic

assoc
T<p. " <3GeVic Simulation Preliminary

Simulation Preliminary
I N 2 3.7
= |5 124 ©
i’-é 4 %g 3.6
I3 o8l \ |2 HL-LHC
,_lz;g 0.64 =z 35
4 4
8 qﬁ
8 HL-LHC
CMS DP2021 037
|An| up to 8 MTD: Proton correlations over |An| to ~5

« Pseudorapidity dependence of the flow measurements over a wide n window

enabled by CMS tracker upgrade
New insights into the longitudinal structure of QGP (event-plane decorrelation)

CMS,/|
12
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QGP: In-medium color force

D @ ., Jet-D0 Correlation Do and A, v, D.vs. T
Charm Quark

4 VS = 5:02 TeV pp 650 pb™ + PbPb 10 nb” CMS Phase-2 Simulation Preliminary »
_l LB I LN B B l LN B A I LA B A I LN ) n n
] - . seudo-truth
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§ p, (GeV) T,

e — — CMS PAS-FTR-18-025 CMS DP_2021_037
-
 Large improvement on the A_ and D° v, measurements with CMS MTD

* Direct observation of charm diffusion with D0-Jet correlation
« Strong constraint on the HQ diffusion coefficient D

Charm quark DO

CMS/ |
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QGP transport: Quarkonia

PbPb 10 nb” (5.02 TeV) PbPb (5.02 TeV)
| IIII | Illulll IIIII IIlIIIIIIIIIIIIIIIIIIIIII—_ ] P 130_ I — IIII| : I — IIII I I T
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- Significant improvement on the Y(nS) Ry, . 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; provide strong constraints in CMS MTD such as J/ 23) and _
the future Bayesian analyses. . Y, W(2S) e = PP

CMS/ |
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QGP: Transport properties and medium response

Modification of Jet Shape p/1T ratios in and .
. HL-LH
CMS PAS-FTR-19-025 Sy = 5.02 TeV 1 out of jet cone
Pbe 10 nb pp 650 pb . CMS Phase-2 PbPb 7 nb' (5.5TeV)
CMS Cent 0 - 100/0 ~ anti-k, R=0.4 ets,
3 4t p, >120 GeV, In_1<3.0
o J Projection e, a5 T o
o I Current Unc. = R
O -\ Projected Unc. _8_" 3F
~_ o p! > 60 GeV/c A\ Z 25"
£ < anti-k;jetR=03 ) o of
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L N\ > 150 CMS-DP-2021-037
¢. > g
~—" 8 i o 1
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1\\\\\'\\\\ 0.5 WBTL only In Cone (Ar<0.6)
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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

CMS/ |
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Hadronization: Heavy quarks
/\C+/ DO ratio CMS DP_2021_037

\Snn = 5.02 TeV pp 650 pb™' + PbPb 10 nb™

CMS Phase-2 Simulation Preliminary PbPb 7nb ™’ (5.5TeV)
16 CMS e e UMM RS I IS IS IR RS LR R RS MRS RN ALY ML LAY RARAE AR Rl R L R REE REEEE L
N ’ . - els Models 0-100%
14:_ Projection *  Non-prompt J/y 35 lyl<i @ EILEIL 1<lyl<2 - ;T,):' ;0_50% _Ca;,:iaocl(:;my 2<lyl<3
F VB, F 0-100% 0O BTL only 0-100% [[JRRM 0-100% s Catania Coal.+Frag. + 0-100% HL-LHC
12F HL-LHC SE g€ No MTD = = Langevin + CLVisc
S 2.5F
s | [=JA3
14 0.8 —— 2k
0.6:— 'ﬁq a+— 1.5:—
i %f_,,_ !+J—+ E ;- A MTD vs no MTD  _ - _
[ CMS-PAS-FTR-18-024 P - e N T P W
0.2+ 0.5 - -_,‘ -/ L L'_"--- e
- Centrality 0-100% e =T Tl
O e, TR T T s e 7
p, (GeV) p, (GeV) p, (GeV)
< <|y|<
. ly|<1 T<ly|<2
b . . b g . . . . .
e  High precision A_+/D0 ratio over a wide
RS 0 . . n
B, rapidity range down to p; ~0:

« Precise measurementof A, B, B, i
) e Te s toward total charm cross-section
D.s and DO for HQ hadro.nlzatlon » Unique capability of CMS thanks to the T #FT
- First observation of /A, in PbPb large tracker and MTD acceptance R

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

I I I i == | aboratory for CMS

l Nuclear Science
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Hadronization: Light nuclel

* PID with Time of Flight with MTD and dE/dx from pixel detector
« High accuracy measurement of d, t, 3He and 4He v,

CMS DP_2021_037

CMS Phase-2 PbPb 3 nb™ (5.5 TeV, 1 year)
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QGP (?): Collectivity in Small System
Run 2: PLB 813 (2021) 136036

CMS pPb 186 nb(8.16 TeV) CMS Phase-2 Projection pPb 0.6 pb™' (8.16TeV)
T I T I T I T | T I T I T I T I ] - I I T | T T T l I I I I I I I | T L]
0.3 v | <1 CGC (Zhang et al.) ] - @ Prompt D°, MTD + Prompt J/y ]
| 0 Ke @ PromptD° - - - Prompt D° i 0.0 ~ O Prompt D°, no MTD Kg N
- & A M D°from b hadrons -~ Prompt J/y . “l m B=D’MTD CGC (Zhang et al.) |

i i 0
02 12< |y|ab| <24 —D° from B mesons | . 1B — DO, no MTD - - Eromp:?/ i
i Prompt J/ i i 1 i T rrompt iy i
— - F PV e o . - — D’ from B mesons
o~ _ . L PP TN _
<L - - : e e o -
0.1_— ~.\f\ - i // 4. "'OO\*.~~ i
S i A PRETS B _

- re — - MTD vs no MTD i
- | - 0.0 ———— - —
I R e o B offline 7
i 185 < N2MMine < 250 ] 185 < Np, ' < 250 .
B 1 l 1 l 1 I | | 1 l 1 l 1 l 1 I | | | | | | | | I | | | | | | | | | |

0 1 2 3 4 5 6 7 8 0 2 4 6 8

p. (GeV) P, (GeV)  cuspp 2021 0a7

« With MTD: Unprecedented precision exploiting fast CMS tracking and DAQ system

» Detailed characterization of the heavy flavor hadron collective behavior in high multiplicity
proton-proton and proton-lead collisions

CMS/ |
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MTD: towards construction (ETL)

Testbeam camp

Irradiation studies
Mechanical design

LGAD sensors request for bids going out ~today
Assembly starting in 2027

aign with LGAD/ETROC telescope

DRAFT LHCC/P2UG Recommendations

Recommendations for CMS

Gunther Roland (MIT)

The LHCC and the P2UG congratulate CMS on the technical progress in all
areas of the challenging Phase Il upgrade projects, in particular on the
successful transition to preproduction for the BTL, the completion of the
BTL Tracker Support Tube and the excellent results of the ETL module test
obtaining 45ps timing resolution.

CMS MIP Timing Detector Upgrade

19

CMS/ |



MTD: towards construction (ETL)

3.485e-01
. 3.137e:01
- 2788601

| 2440e-01
2.091e-01
1743601
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1.0462-01
00e-3
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Plate vacuum-bagged in

: Half dee machining
soldering oven

With all spacers and
standoffs: Horizontal
gravity sag: 0.35 mm

Picture frame and spider frame
mechanical design

Recent work on ETL mechanical design (CMS HI groups)

CMS/ |
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In lieu of a summary: Open HF with CMS Phase 2

2018 PbPb 1.7 nb-1(Run 2) Run 3 (3nb-1) Run 4 MTD (3nb-1)
Observables p; min (GeV) covleyrlage pr min (GeV)  |y| coverage p; min (GeV) ly| coverage MTD Gain
DOR,, 2 1 1 1 0 3 Up to 2.4
D Raa 6 1 5 1 2 3 >3
N Rya 6 1 5 1 <2 3 Up to 6
B->DR,, 2 2 2 2 0 3 Up to 2.4
B+ (Drt) Ry, Not accessible ~15 1 Close to 0 3 >3
Total charm cross-section Not accessible Not accessiH@ o 8-8 First measurement
D
Dov, 0.5 1 0.5 1 0 3 Up to 2.4
D, v, 6 5 2 3 >3
B->D0v, ~2 ~2 Close to 0 3 Up to 2.4
A v, ~6 ~6 2-3 3 Upto 6
Photon-Do Not accessible Proof of principle 1.2 First measurement 3 Up to 2.4
Jet-D0 DO p; >4 GeV 2 DO p; >4 GeV 2 DO p; >0 GeV 3 Up to 2.4
DoDO%ar p> 5 GeV  Pproof of principle First measurement Precise measurement 3 Up to 1.4
DOD%ar p> 2 GeV  Not accessible Not accessible First measurement 3 Up to 2
I I I i I- Gunther Roland (MIT) CMS MIP Timing Detector Upgrade 21 <




CMS Phase |l Upgrade T
* Large acceptance and high performance tracker |n|<4 - o ﬁ
* Particle and light nucleon identification with CMS MTD + Pixel i __
* Improvement on the secondary vertex resolution Y ;FermiG;:"""""""" ------------------------------- E

* L1 track trigger capability

10_1 = QGP (Heavy Flavor D )

Run 3+4 data will provide Lo soneeom
» New constraints on the nPDF from high precision electroweak bosons - ©° 1.2 3 4
UPC Quarkonia in PbPb, forward HF hadrons and dijets in pPb T

* Improve the understanding of initial energy density profile and the underlying (@) pp V5 =7 TeV, Ny™ =110
dynamics of hydrodynamization S

* Precise determination of medium properties such as temperature,

viscosity and transport coefficients through multinle nrohes g
» Reveal microscopic structure of QGP | "°‘5*:"°'e°”'e >
* Probe the nature of X(3872) with QGP and _ @@” @) .
tudi f exotic hadron in high multiplicit C ’
ZF?S B PBFD PGy o MUPICRy PP, &

CMS/ |
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BACKUP

CMS/ |
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Hadronization (+transport): QCD exotica

CMS PbPb + -
PR T2 21,0520 p"PPP = 1.08 & 0.49 (stat) & 0.52 (syst) S
1.7 nb™ (PbPb 5.02 TeV)
Cl~ *ME "LHCh | &y T o o b T T TS &\200:_ CMS inclusive X(3872) 3
i l: . L pp s=8TeV <+ Prompt 4 b decays E §‘ Y(2S) 5
s §~ u pT> > ::§§§§: Comover Interaction Model, Esposito et al. E % 150 1
~ 0.1F &7 w Molecule Compact Molecule —] 1}
é {/}L » :_ H— %(coalescence) tetraquark lggg?(geometric)_: Coa|eSCenCe7 ; 100 °
S S . 2 F
NE SR = £ 50 15<p_ <50 GeVic Oxaer = 4-7 MeVIc’ -2
o? % F = ? w - f IyI<$.T6 Cent. 0-90% o _3
L E — E 365 57 375 38 385 88 395 4
218 nE 4  Breakup due to comoving particles | o m, W'(Gev'/cg) o
o [ - ;
Nias & . : :
A % The first evidence of X(3872) in HI
p p pA’ OO D°® — D** molecule
* Observation of X(3872) in PbPb is expected (>5 o) in Run3 Charmonium Tetraquark (4a) '
- Run3+4: Differential studies © @ W
» Centrality dependence: Probe the structure of X(3872) with QGP D
« Search for other exotic hadrons such as T_. o

Exotic hadron production in UPC events
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BTL Integration

TRACKER

THERMAL SCREEN

Gunther Roland (MIT)

4

Module | RU | Tray | Total
Channels (SiPMs) 32 768 | 4608 | 331776
Crystals 16 384 | 2304 | 165888
ASICs 1 24 | 144 | 10368
Modules - 24 | 144 | 10368
Readout units (RU) - - 6 432
Trays - - - 72

CMS clock distribution: 15 ps;
Digitization: 7 ps;

Electronics: 8 ps;
Photo-statistics: 25-30 ps;
Noise (SiPM dark counts): negligible at startup, 50 ps after 3000 fb~*;

OTST
! BTL
| TB2S + TBPS + TEDD SERVICES
‘ \ ECAL TR?2S + TRPS SFRVICFES
| \ ‘ ]
32585 TB2S f
; 'g TB2S SERVI CES ( TEDD
g ]/ TEDD
TBPS | |
TBPX TFPX TEPX
l-P—-—,—-—-7L ------------------------- —F—- | BEAM PIPE | |
ITST ]
|7| region 0-0.7 0.7-1.1 1.1-1.48 °
Readout unit ID within tray 1-2 3-4 5-6 o
Crystal thickness, t [mm] 3.75 3.0 24 .
(ts1ant) [mm] 4.0 4.3 4.6
SiPM active area [mm?] 11.2 9.0 7.2 ¢
(@il (3000 fb~1)) [em~2] | 1.65 x 10'* | 1.75 x 10'* | 1.85 x 10™ J

CMS MIP Timing Detector Upgrade
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BTL readout unit

Concentrator Card 768 ch A
FE Board 192 ch e 0V
f 12V N Bias V1 Bias V1,V2
18V 10V TOFHIR1 TOFHIR2
Config e-link —— 1 | Number of channels 16 32
Sync e-link |1 "y |1 8V|2 5y |1 vl 8V| 25V Technology UMC 110 nm | TSMC 130 nm
(1...6 ASIC) Trigger e-link (x2) ' ' ' ' ' ' Voltage 1.2V,25V 1.2V
e-clock (x6) Radiation Tolerance No Yes
12V | awowo |18V e etk o e2d) Data out Compeatibility with IpGBT Yes Yes
= | Dalagink ) -, > [1/Olinks LVDS CLPS
Analog mon (x18) e-h‘_nk x16) IpGBT/VTRx+ 1 Datain n _
L (1...6 ASIC) — e-link (x24) p L1, LO Trigger Yes, No Yes, Yes
(1 ... 2 FE Board) —> vy 10'blt SAR ADC (MHZ) 10 40
CE Board 192 oh Bandwidth (MHz) 350 350
- — N BiasV2 e-clock (x24) Data out g‘g}f impe‘fil‘;‘nce () 1\? Y6
: — ) > noise filter o es
1.8V e-link (x16) | | GBTATRX+ 2 .
«— —— J Datain Number of TACs and QACs 4 6
| Configedink — edink (x24) ) TDC bin (ps) 20 20
= ymeeHink I Reference voltages External Internal
(1...6ASIC) Trigger e-link (x2) ! ! Maximum MIP rate/ch (MHz) 1 2.5
2y . e-clock (x6) Max low E rate/ch (MHz) 3 5
' A"igltno ' Data e-link (x12) || 15V ALI;;:-:DO 25V Clock frequency (MHz) 160 160
Analog mon (x18)
(1...6 ASIC) ——>
. J
(1 ...2 FE Board)
\ _/
I N . CMS
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BTL SIPM candidates

SiPM parameter Specification | FBK-NUV-HD | HPK-S12572 | HPK-HDR2
Active area —~ ~ 9 mm? ~ 9 mm? ~ 9 mm?*
Cell pitch < 20 ym 15 ym 15 ym 15 ym
Cell recovery time < 10ns 7 ns 8.5 ns < 10ns
Capacitance < 600 pF 530 pF 295 pF 585 pF
Number of cells > 20k ~ 40k ~ 40k ~ 40k
Vi, (—30°C) - 342V 63.0V 35.8V
dV,,/dT — 41 mV/°C 59mV/°C | 37mV/°C
6V /107 11/ cm® <02V <01V 02V <01V
DCR-T coefficient - 1.76 1.90 1.79
ENF <11 < 1.05 1.07 < 1.05
Parameters after 3000 fb !

Optimal OV > 1V 1.6V 1.5V 1.2V
PDE - 15% 13% 23%
Current/device - 1.32 mA 0.77 mA 1.30 mA
Static power consumption <50 mW 50 mW 50 mW 50 mW
Gain > 1.3 x 10° 2.1 x 10° 1.45 x 10° 1.55 x 10°
DCR /SiPM - 42 GHz 37 GHz 55 GHz
PDE/+/DCR > 2.0 2.3 2.1 3.1

CMS/ |
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ETL service channel

CE's thermal screen

;/

Feedthrough

ETL's thermal screen

N

ETL

to route services

/CE

\
Notch at 3 and 9 o'clock

PM

ETL integration
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ETL sensor cross-section (schematic)

I—I - I—I 100 - ——

i =
r “ \\ 80 -
JTE 18 v/ g 60
1 v : @300V
1 \! No gain area a0 S
N ' -
p+ gain layer 1! Vi : | |
(N | I p = ' \ \
80 100 120 140 160 180 200 220 240 280

distance [micron]

CMS: 1.3mm x 1.3mm pixels

CMS/ |
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ETROC block diagram

! |
« 16 columns, 20.8 mm >
vy
_{ Charge Inject
l_.,/.,_
TDC Clocks EMPTY
- ’
W R CDATA[31..0]
E Bump Pad Butfer Buffer e
o V4
& 7
@ 4 T
& Pixel Matrix 7 DAC Data f_"
© P BXclock Pixel Buffer
Reset Control Logic
4 BCID
L1Accept
4 BXoffset RE OE
2 TOTthreshold
4
V4
4
wBCID(8..0] OE[15..0] CDATA[31..0]
BCID[B.0] EMPTY[15.0]  HE(15-0]
'y
EMPTY
) 4 ) 4
RE
\ A 4 Column Column
y Control Logic Buffer
X I I I X I 1 X I X I X I K I 4 BXC;;:_J—> Sl BN
i i i i i i i i i i i i i i i 4 L1accept RDATA[35..0]
T T . 4
Column Module Array { getBCID(6..0] OE
L " L Go—
4 K A K K K [ [ Ly [y
3 3 3 3 3 3 4 3
E
E l l -
o
- Measurement Phase - Readout - Event
TDC Clocks € Control €< Shifter Control Logic Buffer
DAC Data A
TOT Theshold PLL (€ Fast Command Decoder -
BX offset Serializer
BX Clock 40MHz
12C BCO
Slave L1Accept
Reset
Charge Inject
A ge Inj
-Y
7 L 1
Clock Fast Data
12C Bus Command

CMS
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Phase 2 CMS L1 Track Trigger Performance

» Possibility to employ L1 track trigger

o QM$| {Dlhla'lsfl‘zl .S.imu.l?t.i?r.’. N —— '1|AT Tev CMS Phase-2 Simulation Preliminary 14 TeV, 200 PU
O | | &) B 1 I 1 1 I T ] 1 T I 1 Ll T ] I 1 1 I 1 |l I I
. e G — O L S L L L e L L TS PR
RO, 1_ 000 ggug0"TOSO0=00 -0 g- o o8- _ © 0.1 ¢e *
‘3% e~ e - i .,om“’.‘ Seetey e, ¢ ¢¢’_§
[0 = . QCJ ..“ =)
o 0.8_— — T 1 11| S————————— e o
g r S B g
S o al 1 F
= 0_6_— ] R | N1[5)] pe— R ————- £
- 1 = ) ° i
i = ©
D ST 0N E— e = = = &
~ Tracks in tt+PU=200 events 1 5 - .
k& 5 o 1
0.2F4Pr>28eV o DT ool & B ]
- =&-pr>80GeV = s K
_I 111 | 111 | | 111 | | | | | | | | | | - | 111 | | 111 1 | L1 1 I_ 15

—2.5

2 -15 -1 05 0

Gunther Roland (MIT)
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PID limits

51 8
. ) | |© - o 0
~ - ~- ™ ~ o ™
45t I I I I 7 I I I K/p I
af- = - =
- 6 &
= N L k/p .
3.5 . L )
i ]W(/,h”{ 5 it
o 3t S F
> e S n
L 25/ L a4 K
o 2 il o Rl R
W”ﬂﬂt K] II’”It
158 o %—
m N 4 2
1B BTL o, "k,
er/i,,,;;"?
- 1
05f- / g f ETL
0 : . T 15 1 | | 1 | | | o Y 15 1 1 | | | | 1 | | | | | | 1 | I | | 1 |
0 0.5 1 15 2 25 3 0 0.5 1 1.5 2 25 3
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Participating CMS institutions (at TDR time

Tag Institution name

BY-INP Institute for Nuclear Problems of Belarus State University, Minsk, Belarus
CN-PKU Peking University, Peking, China

FI-HIP Helsinki Institute of Physics, Helsinki, Finland

FR-IRFU IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
DE-KIT Karlsruher Institut fr Technologie (KIT), Institut fr Experimentelle Teilchenphysik (ETP), Karlsruhe, Germany
HU-Deb Institute of Physics, University of Debrecen, Debrecen, Hungary

IT-Ge INEN Sezione di Genova, Universita di Genova, Genova, Italy

IT-MiB INEN Sezione di Milano-Bicocca, Universita di Milano-Bicocca, Milano, Italy

IT-Pd INEN Sezione di Padova, Universita di Padova, Padova, Italy, Universita di Trento ¢, Trento, Italy

IT-Rm INEN Sezione di Roma, Sapienza Universita di Roma, Rome, Italy

IT-To INEN Sezione di Torino, Universita di Torino, Torino, Italy, Universita del Piemonte Orientale ¢, Novara, Italy
IT-Ts INEN Sezione di Trieste, Universita di Trieste, Trieste, Italy

LT-ViUu Vilnius University, Vilnius, Lithuania

PT-LIP Laboratério de Instrumentagéo e Fisica Experimental de Particulas, Lisboa, Portugal

RU-INR Institute of Nuclear Resaerch (INR), Moscow, Russia

RU-NSU Novosibirsk State University (NSU), Novosibirsk, Russia

SP-IFCA Instituto de Fisica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
SP-USe University of Sevilla, Sevilla, Spain

CH-ETHZ | ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
US-BU Boston University, Boston, USA

US-UCSB University of California, Santa Barbara - Department of Physics, Santa Barbara, USA
US-Caltech | California Institute of Technology, Pasadena, USA

US-FU Fairfield University, Fairfield, USA

US-FNAL | Fermi National Accelerator Laboratory, Batavia, USA

US-UIC University of Illinois at Chicago (UIC), Chicago, USA

US-UI The University of Iowa, Iowa City, USA

US-KU The University of Kansas, Lawrence, USA

US-KSU Kansas State University, Manhattan, USA

US-MIT Massachusetts Institute of Technology, Cambridge, USA

US-UNL University of Nebraska-Lincoln, Lincoln, USA

US-NEU Northeastern University, Boston, USA

US-ND University of Notre Dame, Notre Dame, USA

US-PU Princeton University, Princeton, USA

US-Rice Rice University, Houston, USA

US-UVa University of Virginia, Charlottesville, USA

US-UW University of Wisconsin - Madison, Madison, WI, USA
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