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Lecture 1: physics motivation
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ATLAS Run-3 Detector Status (from May 2023)
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Run 535022 PHYSICS
Sat Apr 22 14:59:15 2023

ALICE

TFOrbit: 432068352
Detectors: ITS,TPC,TRD,TOF,PHS,EMC MFT,MCH,MID

ATLAS

EXPERIMENT

Run: 450227
Event: 6327489
2023-04-21 19:24:16 CEST

Huagiao Zhang

CMS Experiment at the LHC, CERN
Data recorded: 2023-Apr-21 17:00:40.210176 GMT
Run / Event/ LS; 366403 / 74174956 / 78 z
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Publications ex. CMS experiment

1222 CMS papers based on collision data
1183 paper published (collision data) -
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B2G JINST
TopP
250 HIN
-®- B2G:79 -@- HIG:177
~®- BPH:67 -@®- HIN:130 ——————————————————————————————
2004 —®- DET:50 -®- SMP:173 Runl LS1 Run2 LS2 Run3
-@®- EXO0:220 -@®- SUS:139
- -®- FSQ:45 -®- TOP:142 CMS titles 140
% 608 “Search” =
. % 56 “Observation” 100
ey < 21 “Evidence” -
J‘.’, % 358 “Measurement” ol
i - % 45 “Study”
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CMS with friends 20 -
0- : : . : , e :
< ATLAS: 6 (5 JHEP, 1 PRL)
6 o & ]
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ATLAS has similar publication profile
+ LHCDb, ALICE
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Higgs Physics opportunity at

’ Higgs Boson: Origin of mass
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>Observed in 2012{IE) ,

when discover H

2013 Nobel Price
Highlights of the Year

Fifth force
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Measurement i
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Width. CP etc Coupling © 2035

p-p collision can not be extreme acc.
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Observation of ttH producti

PHYSICAL REVIEW LETTERS 4th June 2018, LHCP/PRL and others...

Highlights ~ Recent  Accepted  Collections Referees ~ Search  Press  About N 5.1 10" (7 TeV) + 19.7 fb™ (8 TeV) + 35.9 b (13 TeV)
CMS ® Observed
Access by CERN Library  Go Mobile » B — *1o (stat ® syst)
_ _ = 110 (Syst)
i i ttH(WW*
Observation of ¢t H Production (Wwr) 400 (stat ® syst)
A.M. Sirunyan et al. (CMS Collaboration) B
Phys. Rev. Lett. 120, 231801 - P ttH(Z2Z*)

mac Phys. Rev. Lett. 120, 231801 mmers ol

i . ttH(yy)
Article References No Citing Articles ﬂ H I g h II gh ts Of t h e Yea r i

December 17,2018 « Physics 11,129 ttH(t /

> Physics picks its favorite stories from 2018. &H(bE) v
The observation of Higgs boson production in association with a top quark 7+8 TeV
based on a combined analysis of proton-proton collision data at center-of-
8, and 13 TeV, corresponding to integrated luminosities of up to 5.1, 19.7, ¢ B .
The data were collected with the CMS detector at the CERN LHC. The res! 13 TeV =
independent searches for Higgs bosons produced in conjunction with a toj :
decaying to pairs of W bosons, Z bosons, photons, 7 leptons, or bottom ¢ Combined

maximize sensitivity. An excess of events is observed, with a significance ¢

P P R IV B B B B
-1 0 1 2 3 4 5 6 7
n

ttH

over the expectation from the background-only hypothesis. The correspon
from the standard model for a Higgs boson mass of 125.09 GeV is 4.2 star
combined best fit signal strength normalized to the standard model predict

The Higgs Shows up with the Heaviest Quarks

After detecting the Higgs boson in 2012, the next order of business was testing whether it behaves as expected. Two

Ph N ABOUT BROWSE PRESS COLLECTIONS such experiments at CERN, which measured the il ions of the heaviest quarks with the Higgs, attained the gold 1 5 o
YS|CS standard of “5 sigma” statistical significance. Analyzing proton-proton collisions, CMS and ATLAS determined the 35 5.1fb” (7 TeV) +19.7 fb” (8 TeV) + 35.9 fb™ (13 TeV)
interaction strength between the top quark and the Higgs boson by measuring how often the Higgs boson is J 4 T ! ! I o !

—— Combined

cmMs T SM expected
— 13 TeV

5.20 — 7+8 TeV /

produced with a top quark and a top antiquark (see Viewpoint: Sizing up the Top Quark’s Interaction with the

Higgs). The same collaborations later reported the first observation of the Higgs boson decaying into bottom quarks 30

.\,

TR

Viewpoint: Sizing Up the Top
Interaction with the Higg

Matthew Reece, Department of Physics, Harvard University, 17 Oxford

Mediavisits ~ Events  Photos & Videos  Other resources  Contact us
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The Higgs boson reveals its affinity for the top

LHCRMHiggs 55 7ME, & 41un 201
AT HHIggs NI —RZE
New results from the ATLAS and iments at the LHC reveal gly the Higgs boson ]
517 TeV) + 197 16" 8 ToV) + 36.915" (13 ToV) interacts with the heaviest known y particle, the top quark, i i L
3 cus o obsenea of the Higgs and setting constraints on new physics. e T
¢ o) Freos 1
< = S Geneva, 4 June 2018. The Higgs boson interacts only with massive particle, yet it was discovered in ts decay to
§ i, T 62100 two massless photons. Quantum mechanics allows the Higgs to fluctuate for a very short time into a top quark
QIS E 1 87 R and a top anti-quark, which promptly annihilate each other into a photon pair. The probability of this process
o e 7 ey = occurring varies with the strength of the interaction (known as coupling) between the Higgs boson and top [ER e
20- 1516 Tov. 306 1" e == uark llows us to indi value of the Higgs ling. However,
photoncramel, SR 1 .
10 10/ == New results from the ATLAS and CMS experiments at the Large Hadron Collider (LHC) reveal how strongly

I the Higgs boson interacts with the heaviest known elementary particle, the top quark.

~ - o
s
; M‘.H“““ 5 . ‘The Higgs boson interacts only with massive particles, yet it was initially discovered in its decay to two 27 2 023
. i PPN |
R TR OGO TR0 TOI 30 38 86 A5 .16 08 00 D]

me(GeV 0,(58)




Higgs coupling to Fermions
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- Give mass to fermions (quarks/lepton)

- Coupling strength variations with a factor of ~106:
= Only few mearsurable at LHC

- Unknown questions: CP properties of Yukawa interactions
- Different measurement strategies used at LHC
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Higgs Production and Decay

Production mode  Cross section (pb) | Decay channel Branching fraction (%)

ggH 48.31 +2.44 bb 57.63 £0.70
VBF 3.771 £ 0.807 WWwW 22.00 £0.33
WH 1.359+0.028 gg 8.15 +£0.42
ZH 0.877+0.036 1T 6.21 +£0.09
ttH 0.503 £ 0.035 ¢c 2.86 +0.09
bbH 0.482 +0.097 77 2.71 +£0.04
tH 0.092 + 0.008 YY 0.227 +0.005
Zy 0.157 £0.009
SS 0.025 +£0.001
L 0.0216 £ 0.0004

bb

ggH

%’ivﬂg >
Qa)y

99




Higgs Mass, Width, CP...

H—4l decay channel using the full Run2 LHC dataset

CMS Preliminary

my = 125.08 * 0.10 (stat) £ 0.05 (syst) GeV

Most precise single channel measurement to date!

Run 2: 138 b (13 TeV) — Total D Stat. Only
Run 1:5.1fb™ (7 TeV) + 19.7 fb™' (8 TeV)
Total (Stat. Only)

au 124.907,7 (1) GeV

de 124.70757 (1) GeV

2e2u = 125.5077 (1) GeV

2u2e 1252077 (1) GeV

Run 2 125'04:-'1‘: (:.'1‘11) GeV

Run 1 IE 125.607; (1) GeV

Run 1+ Run 2 % 125'082-'11: C:::) GeV

1 1 I 1 1 1 I 1 1 1 | 1 1 I 1 1 1 I

122 124 126 128 130
m,, (GeV)

1-CL

; 138 b (13 TeV)
i A TR R

0.8 —I— Observed —

|
0 01 02 03 04 05 06 07 08 09
Ty (GeV)

On-shell Higgs width

95% CL upper limit:
0.33 GeV obs. (0.75 exp.)

CMS-PAS-HIG-21-019

-2AIn L

10

CMSPreIiminary
FT T T 1 " 7

— Observed

151

138 fb' (13 TeV)
LI R AL A B

------- Expected

SR M S — i i i o s i s i

5 10 15
T (MeV)

Off-shell Higgs width

Width: 'y = 2.9+23 _; ; MeV

Consistent with SM and
confirms previous results
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- Mass: ~172.5 GeV, the heaviest particle

. Lifetime: ~4*10-2%> Sec: “DEBER

11 ”
15

hadronization time ~3*10-24 Sec BERS
“4§ﬁ%§”

Decay before hadronization “HEE AR

Makoto Kobayashiroshinide Maskawa

- Only place to study a “naked” quark properties

Mass "for the discovery of the origin of the
. broken symmetry which predicts the
Spm existence of at least three families of

Polarization )
Vib N/

Charge

quarks in nature."

_ Top quark is a laboratory to precise test SM _



LHC, a top quark factory
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Pair production (38{E i3 2)

S‘ = T T T | T T T T T T T T T I T T T I T T | — proton - (anti)proton cross sections
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B imi t-channel 7] i
&Tctl_ogﬁ(;cms Prellmlnary B ATLAS PRD90(2014)112006, EPJC77(2017)531, JHEP 04(2017)086 ATLAS+CMS Prellm'nary Saptember 2021
| [ ] CMS JHEP 12(2012) 035, JHEP 06 (2014)090, PLB800 (2019) 135042 - LHCtopWG
. . ¢ ATLAS+CMS ===
ﬁgvgelﬁ gzir)-zqouz%rk production TS e Run2, Vs = 13 TeV, m = 172.5 GeV total stat
tw ;' NLO+NNLL (PRD 82 (2010) 054018)

B ATLAS rLB716(2012)142, JHEP 01(2016)064, JHEP 01(2018) 063
® CMS PRL110(2013)022003, PRL 112(2014)231802, JHEP 10(2018) 117

¢ ATLAS+CMS sicroscorsioss scale @ PDF & ag uncertainty

s-channel
B ATLAS PLB756(2016)228

@® CMS JHEP09(2016)027
L ¢ ATLAS+CMS uepos(2019)088

2 [—
10 - ..i.*.;. t-channel

Gy T (stat.) = (syst.) + (lumi.)

Inclusive cross-section [pb]

- - - - NNLO PLB 736(2014)58 - J
tW scale uncertainty 8 ATLAS, Lim= 3.21b" ; 94+10"8 42 pb
- - gl N : = WV o=
B ﬂ - == NLO+NNLL PRD83(2011)091503, 5 SR l<iiarieg
! = PRD 82 (2010)054018, PRD 81(2010) 054028
tW: tf contribution removed
______ scale ® PDF @ o uncertainty M L =359f -1
10 R | [CMSShl =G50 631+1.8+6.4+21pb
N —— NLO NPPS205(2010) 10, CPC191(2015) 74 ] JHEP 10 (2018) 117
L ¢ M= He= Mgy, ]
- e _ s-channel CT10nlo, MSTW2008nlo, NNPDF2.3nlo -
| tW: p veto for tf removal =60GeV andp =65 GeV _ . 1
B — [ | scale uncertainty i CMS I+jets, Lim= 36 fb 89+4+12+3pb
scale @ PDF @ o uncertainty arXiv:2109.01706
1 1 1
7 8 13 0 50 100 150 200
Vs [TeV] 6y [90]
K3 N " . K
FEHEE EZ99pair productionf1/100 E1/4
t-channel tW s-channel

64.6'27, ., pb @ 7TeV 15.7%+1.1 pb @ 7TeV 4.6+0.2 pb @ 7TeV
87.8%34 1 5 pb @ 8TeV 22.4%+1.5 pb @ 8TeV 5.6x0.2 pb @ 8TeV

First observation First observation First observation
2009 @ Tevatron 2014 @ LHC 2014 @ Tevatron



- SM 4 top theory prediction: 12fb (+- 20%) @ 13 TeV
- Observed(exp.) 4.3(2.4) sigma standard deviation

Events

Data / Bkg.

I
P

"0000000"

o+

10°=ATLAS ¢ Data E
F ﬁ/zljgs'l'ev, 139 fo'! [ signal (u=1.0) 3
" Post-Fit Wl signal (u,=2.2) ]
10° = [JBackground =
= 7/, Bkg. Unc. E
10 =
10° =
S E—— | T R S T NN R SR N S N S S N —
1.6F - signal (u=1.0) + Bkg.
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1; - . . — % P :! ]
25 2 5 - 05
Iogm(S/B)

JHEP 11(2021) 118

ATLAS+CMS Preliminary Run 2,Vs = 13 TeV, March 2022
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NLO QCD+EW
Oy 110t (stat.zsyst)  Obs. (Exp.) Sig.
ATLAS, 2LSS/3L, 139 fb'
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CMS, 2LSS/3L, 137 fb' ’
EPJC 80 (2020) 75 & 126°351b 26(27)0
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Check top decay products properties
® Top polarization/W helicity
® Charge Higgs searches H™

Check extra radiations

With Top pair
® Spin Correlations b




Top Quark Production Cross Section Measurements Status: November 2022
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LHCtopWG y [f Vil = V M8 from single top quark production
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NLO+NNLL MSTW2008nnlo
e bR 83 (2011 091503, PRD 82 tofal theo
(2010) 054018,
PRD 81 20103 054028
Aoy, scale ® PDF
Myp = 172.5 GeV
[f.\Vl = (meas) £ (theo)
t-channel: .
ATLAS+CMS 7+8 TeV"” - 1.020 + 0.040 + 0.020
JHEP 05 (2019) 088
CMS 13 TeV* —toi— 0.98 + 0.07 + 0.02
PLB 800 (2019) 135042 (35.9 fb™)
ATLAS 13 TeV*® ——tt— 1.07 £0.09 £ 0.02
JHEP 04 (2017) 086 (3.2 fb™)
tw:
ATLAS+CMS 7+8 TeV" ——— 1.020 + 0.090 + 0.040

JHEP 05 (2019) 088

ATLAS 13 TeV*
JHEP 01 (2018) 63 (3.2b7")

CMS 13 TeV e
JHEP 10 (2018) 117 (35.9 fb“)

1.14 £0.24 £ 0.04
0.94 +£0.07 £ 0.04

s-channel:
ATLAS+CMS 8 TeV"” 0.970 + 0.150 + 0.020
JHEP 05 (2019) 088

all channels: :
ATLAS+CMS 7+8 TeV" e 1.020 + 0.040 + 0.020

JHEP 05 (2019) 088
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ATLAS+CMS Preliminary
LHCtopWG

------- World comb. (Mar 2014) [2]
0 stat

total uncertainty

LHC comb. (Sep 2013) LHCtopwG
World comb. (Mar 2014)
ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

ATLAS, single top

ATLAS, dilepton

ATLAS, all jets

ATLAS, l+jets

My SUMmary, Vs = 7-13 TeV

total stat

m,, * total (stat + syst)
173.29 + 0.95 (0.35 + 0.88)
173.34 + 0.76 (0.36 + 0.67)
172.33 £ 1.27 (0.75 £ 1.02)
173.79 £ 1.41 (0.54 £+ 1.30)
175.1£1.8(1.4+£1.2)
172.2 £ 2.1 (0.7 £ 2.0)
172.99 + 0.85 (0.41+ 0.74)
173.72 £ 1.15(0.55 £+ 1.01)
172.08 £ 0.91 (0.39 £ 0.82)

March 2022

s Ref.

7 TeV [1]
1.96-7 TeV [2]
7 TeV [3]

7 TeV [3]

7 TeV [4]
8TeV [5

2014 tH 51

- }173.34=£0.36(stat) £0.67(syst) GeV

8 TeV

ATLAS comb. (Oct 2018) 172.69 + 0.48 (0.25 + 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 + 0.67) 13 TeV [9]
CMS, I+jets 173.49 + 1.06 (0.43 + 0.97) 7 TeV [10]
CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7 TeV [11]
CMS, all jets 173.49 + 1.41 (0.69 £ 1.23) 7 TeV [12]
CMS, l+jets 172.35 + 0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton 172.82 + 1.23 (0.19 + 1.22) 8 TeV [13]
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
CMS, single top 172.95 + 1.22 (0.77 + 0.95) 8 TeV [14]
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 + 0.47) 748 TeV [13]
CMS, l+jets 172.25 + 0.63 (0.08 + 0.62) 13 TeV [15]
CMS, dilepton 172.33 £ 0.70 (0.14 + 0.69) 13 TeV [16]
CMS, all jets 172.34 + 0.73 (0.20 + 0.70) 13 TeV [17]
CMS, single top 172.13 + 0.77 (0.32 + 0.70) 13 TeV [18]
CMS, boosted jet mass I 172.6 £ 2.5 (0.4 + 2.4) 13 TeV [19]
[1) ATLAS-CONF-2013-102 [8] EPJC 79 (2019) 290 [15] EPJC 78 (2018) 891
(2] arXiv:1403.4427 [9] ATLAS-CONF-2019-046 [16] EPJC 79 (2019) 368
* Preliminary 45900 75 G 168 11800 72 Gy aone bl
(61PLE 701 (2018350 halPRD oo rps VIR 126 2020 2001
[7] JHEP 09 (2017) 118 [14] EPJC 77 (2017) 354
[ | L1 1 1 | | L1 1 1 | L 11 1 | L1 1
165 170 175 180 185

Myop [GEV]

CMS & #sLEM1F HITR
EREE TEE
171.77+-0.38GeV
CMS-PAS-TOP-20-008
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Shots to prevent cancer show
early promise p.126

Visualizing a key step in
cytokine signaling pp.139&163

Silk-wrapped food wins
Bl & Science Prize p.146
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Data or MC

[ DiGopwa  retminary Vs = 13 TeV (Nov. 2020) |

B + ATLAS, L = 36.1 fb' N
0.4— Eur. Phys. J. C 80 (2020) 754 e
B + CMS, L = 35.9 fo' B

- Phys. Rev. D 100 (2019) 072002 i

- 'HH'.'?H:'. -
0.35— — — ATLAS Powheg+Pythia8 ¢ -
|~ -~ - CMS Powheg+Pythia8 ]
0.3 o -
- [“‘ _____ ATLAS MG5aMC+Pythia8

- o preterd [AMC@NLO, NLO incl]

0 25__ ----- ATLAS Powheg+Herwig7 _|
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Top quark lifetime: 4*20-25
Hadronization time: 3*20-24
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W helicity (#REETE)
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N . JHEP 01 (2015) 053 .
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W polarization

F T \ T T T T 1 T [
I ATLAS Preliminary ¢ Data [Ct-channel ] [ ATLAS Preliminary

[2]
=
c

> r -
Wo5000— Vs =13 TeV, 139fb" [, tW, s-ch [EMW+jets | {s=13 TeV, 139 fb™! ]
[ Signal Region [JZ+jets, VV  Mothers ] 1 N
[ top quark [l Multijet 77 Uncertainty ]| L ]
20000 - Post-Fit -
L 0.5 N .
15000:— ] N top quark
C ] o & ¥ ;
100001 y - 1
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5000 B ]
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Measured in single top t-channel (I+b+qg+MET)

Angles constructed using spectator jet in top quark rest frame

= 7z :direction of the momentum of the spectator quark, q’ (FS light jet),
= y":z° X g, qisthe direction of the incoming light quark

Octant variable constructed fitted by slicing phase space

Strong polarization in z-direction(as expected), little in others
P,=-002£020 P,=-0.007£0.051 P,=091%x0.10




ATLAS+CMS

LHCtopWG
tt asymmetry

\s=8TeV

total stat

LHCtopWG

CMS, I+jets (unfolding) k—e—
PLB 757 (2016) 154

ATLAS, dilepton A‘; —

PRD 94 (2016) 032006

CMS, dilepton A

PLB 760 (2016) 365

'.’_

ATLAS, l+jets i
EJC 76 (2016) 87

CMS, |+jets (template)  HeH
PRD 93 (2016) 034014

ATLAS+CMS, l+jets A

QCD NNLO (+ EW NLO)

ATLAS, |+ Jets boosted
(Alyll <2and m_ > 0.75 TeV)
PLB 756 (2016) 52t

QCD NLO (+ EW NLO)

JHEP 01 (2012) 063

based on arXiv:1705.04105, JHEP 04 (2017) 071, JHEP 05 (2016) 034

Ac(stat) t(syst)

0.0090 £ 0.0044 + 0.0025
0.0033 £ 0.0026 + 0.0033
0.0055 + 0.0023 + 0.0025
0.0010 +0.0068 + 0.0037
0.021£0.011+£0.012

0.011+0.011+0.007
0.0095'; 5007

0.042+0.019 % 0.026
0.0160 + 0.0004

dilepton asymmetry
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PRD 94 (2016) 032006
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PLB 760 (2016) 365  C

QCD NLO (+ EW NLO)

FiRD86 20'2 P34P26 | L | |
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0.003 £ 0.006 £ 0.003
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u/d PDF ratio

CMS 35.9 fb (13 TeV

I L I L I L I L I UL T I|I T | I T | T |

1.68 + 0.02 (stat) = 0.05 (syst) '
— stat — stat @ syst

u d d u

NLO PDF predictions:
==scale ® m, @ PDF+o;g
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CT14
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PLB 800 (2020) 135042

@ @ - Measure the ratio of top and anti-top t-channel
production cross-section

= Ratio of integrated u/d quark parton distribution
function




direct detection

DENQELEA 26.8%

Dark Energy  AYSIERZ

thermal freeze-out (early Univ.)

indirect detection (now)
)

DM SM

Leptons

DM SM

-
production at colliders

EEVL IR \\Vhy NP beyond SM?
> Origin of flavor sym.
» Vacuum stability?
» Naturalness
» Dark Matter?
» CP violation?
P 6 o o

Direct search
for new physics
signals

Acc. Measurement
for deviation of SM
process
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Compositeness,
Extra dimensions

Extended
Higgs Sector

Top

Partner
W'z’

Minimal
Dark Matter

Hidden
Sector

Multiverse

Snowmass new physics working group report

14 TeV Center of mass energy(highest manmade) provide unique opportunity

Advanced detector is the key to catch up these physics
opportunity at LHC
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CERN Open data

- Open collision data to public

Detail tool/documentation for analysis these data

Learn Visualise Analyse
Discover the world of open data Explore detector events and run Run your own physics analyses,
from particle physics basic histogramming start virtual machines
Welcome to our updated portal CMS Event Display CMS Guide to research use of CMS
CMS Guide to education use of CMS OPERA Event Display Open Data
Open Data CMS Histograms ATLAS Higgs Machine Learning
Challenge

Improving educational content with
high school teachers: A field report Getting Started with LHCb Open Data

L2 ) I ST R Getting Started with ALICE Open Data

Glossary

more

more

News

7

K
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Future Collider Options for the US

P. C. Bhat! S. Jindariani! G. Ambrosio, G. Apollinari, S. Belomestnykh, A. Bross,
J. Butler, A. Canepa, D. Elvira, P. Fox, Z. Gecse, E. Gianfelice-Wendt, P. Merkel,

S. Nagaitsev, D. Neuffer, H. Piekarz, S. Posen, T. Sen, V. Shiltsev, N. Solyak,
D. Stratakis, M. Syphers, G. Velev, V. Yakovlev, K. Yonehara, A. Zlobin

Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

March 16, 2022
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Scetch of a proton—proton collision
at high energies
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Figure 1.16: High pileup event with 78 reconstructed vertices taken in 2012
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LHC phase Il upgrade overview

HiLum

LARGE HADRON COLLIDER

LHC HL-LHC

n., B 135 eV 156 14 7oV
e

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation . . 4
7 TeV 8 TeV button collimators inferaction - . inner triplet . - LH‘.:
A R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 mmlllllll
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

nominal Lumi i’_(w ALICE - LHCb . 2xnominal Lumi HL upgrade
upgrade > 1

m integrated [EISUALN
luminosity REOIVE{

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY 3 PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS



NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab” cavities for
tunnels and 2 shafts near the ATLAS and CMS experiments to
ATLAS and CMS. tilt the beams before collisions.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

of the beams before collisions.

T W ACTS AP0 AP ACHS

Lt

4

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.
tunnels near ATLAS and CMS.
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Running jobs: 365644
Active CPU cores: 807139
Transfer rate: 21.54 GiB/sec
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- CMS: Compact Muon Solenoid (
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Interaction of particles in diff. detector components:
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Ef$= (BES, CLEO...)

CMS: £HZEHmEN=

AllceHjTEj Q%gg ~55cm

Something “cheaper”

Note : area x R? o cost

Inner cylinder

Options:
- Coarser Si-Strips
- Gaseous detectors
MSGCs
TRT (straw tubes)

6p, 8 1
p, 0.3L?B
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100 GeV p,, 1% iR
L=13%, B~4T

> (0E 57§ ~ 155K
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Silicon Pixel

® Incident Particle

PARTICLE DETECTOR Electrical Field

100icron/ns (when drift velocity =~
saturated at ~30kV/mm E-field)
and 73 e-h pair per micron for MIP

Readout Chip

Bump Bonds

Si Sensor

PSI46, wirebonds  SiN for mounting sc

Each pixel cell in the sensor is connected to a pixel cell in the readout chip via a
bump bond.

(1]



™
AN
o
AN
N~
AN
5
O
@)




FEfi S (Silicon strip)ﬁ':’i')lﬂ%ﬁ

01 02 03 04 0.5 0.7 0.8 1.3 1.4 15
/ / / / / / / / g ,,--” , "
TOB, inner barrel : z view B s ad
L : : . tracker en ca .
HO e —Fhtek d(itcTtors F000m gt e
1000 - - - i ‘ / 1.9
i | 1 ook — ;
s Wik esae e Saeel
Ao ll Lboobadhibodhiibn, — §
seeblQandiveynupsununousuncusnnanannanesdpvilgasslyunilpusslgevaulpusvalgmouvedpsnevedgavpune ——
500 — [ r r 3 l ' T
TIB 400 - : " l II II ll II ll Il l l : el
300 . ; . 3 H / .
- = '._ ' ) ~ Blue: double sided
Pixel " = I I—Thin detectors 300um Red: single sided
0 ‘ II;IO L00 - 600 800 1000 1200 1400 1600 1800 2000 ‘ 2200 2400 ‘ IGAZJO ‘ 2800
- Sensor Technology p-in-n L CMosimuaton
- Design occupancy 1-3% - resolve & isolate tracks £ e e E
a 4 u*, Transition regior 5
= Outer cell size ~20cm x 100-2000m < 10 * w Endcapregion
- Inner cell side ~10cm x 80Cm 2P
' E  [ass,, Tomenanmnsott o pRie gRS
+ Operation -20C QU R e
. H s "0:AA‘:QQ®6069‘6:“D PQGDQQOGDQ xo'.
- Signal / noise ~20 (above 10 after radiation) e e seseness®”
- Radiation tolerance ~1.5x10% neq




N\ 7

; ®c .Ar":j%;' : .
.. @.. [ ,i§—; .

Oct. 27 2023






i trackerfJAY[a)5R

6.5 tons
100 MCHF
2000 man years

100 m deep shaft below
Not insured ;-)

On one hook!
Several frightened physicists
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= HE2SCalorimeter LATIN

calor
heat
calorimeter
ENGLISH late 18th century
-meter
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- Electrons and photons, a “self-contained” case:

= Above 1 GeV: bremsstrahlung (1ex+ — 1y) and pair
production (1y — 1e+ + 1e-)

= Below 1 GeV: ionization, photoelectric, Compton

= Critical energy, Ec =610 MeV/(Z + 1.24): energy at
which the average energy losses by radiations equal
those by ionization

- A cascade process (“shower”) develops until th
energy of charged secondaries is degraded to
the regime dominated by ionization loss
(i.e. no production of new particles)

B D ey D
T EDFDC

1 R EE R R




- Hadrons, a complex case:
B multi-particle production, typically mesons(mm=*,1m0,K,...)

- N.B. m0 — yy = electromagnetic component!
B nuclei break up leading to spallation neutrons/protons

Heavy Nucleus (e.g. U)

AR T R Gt

Incoming
hadron

lonization loss

Intranuclear cascade
(Spallation 1022 g)
Inter- and

intranuclear cascade

B

Fission

Intranuclear cascade
(Spallation 10?2 s)

J

V
Internuclear cascade

C Nuclear

#n evaporatlon
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dE E dE £ o B
— = — — X e
dx X, dt

e.m case, E. Longo (active CMS member! Rome
group), l. Sestili, NIM 128 (1975)

Radiation length (Xp): thickness of material that reduces the mean
energy of a beam of high energy electrons by a factor e, Xy ~ A/Z?

longitudinal development

Moliere radius (Ry): average lateral deflection of electrons of critical
energy E. after traversing 1Xp; 90% Eq within 1Ry, 95% within 3Ry

Interaction length (\,t): average distance a high energy hadron has to
travel inside a medium before a nuclear interaction occurs,
)\int = A/NAO'int X A1/3 > Xo

LAr Fe Pb U C
Aint [Cm] 83.7 | 16.8 | 17.1 10.5 | 38.1
Xo [cm] | 140 | 1.76 | 056 | 0.32 | 18.8
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Homogeneous calorimeters: all

the energy is deposited in the
active medium

B Excellent energy resolution

® No information on
longitudinal shower shape

B Cost

Sampling calorimeters: the
shower is sampled by layers of
active medium (low-Z2) alternated
with dense radiator (high-2)

B Limited energy resolution

B Longitudinal segmentation:
detailed shower shape
information

B Cost
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B Homogeneous, hermetic, high granularity PbWOy crystal calorimeter

density of 8.3 g/cm?, radiation length 0.89 cm, Moliére radius 2.2 cm,
~ 80% of scintillating light in & 25 ns, refractive index 2.2, light yield

spread among crystals ~ 10%

m Barrel: 61200 crystals in 36 super-modules, In| < 1.48,
Avalanche Photo-Diode (APD) readout

m Endcaps: 14648 crystals in 4-Dees, 1.48 < |n| < 3.0,
Vacuum Photo-Triode (VPT) readout

m Preshower (endcaps only): 3Xy of Pb/Si strips, 1.65 < |n| < 2.6

ECAL fully contained in the coil
m CMS tracker coverage: |n| < 2.5

2.2*2.2*23cm3,~26X0

e

m Solenoidal magnetic field: 3.8 T




Growing a crystal
(Russia or China)

Gluing APDs to crystals

Characterizing erystals
: (CERN or Rome)

(CERN or Rome)

Huagiao Zhang Oct. 27 2023



window
photon conversion

€ acceleration
€ multiplication
e drift

€ collection

SEMITRANSPARENT
PHOTOCATHODE

DYNODE
MESH ANODE

Preamplifier

Si avalanche
photodiode

Floating
point ADC

Module
400 crystal
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B Perfect calibration, no magnetic field, no material upstream, negligible
irradiation, controlled environment

EEgesEEE Huegaoz

_ JINST 2 (2007) P04004 [2]
og 14 = 3x3 resolution .
o Energy resolution
® 12 ® no hodoscope cut
. :_* ® hodoscope cut 4x4 mm’ central impact, 3 x 3 barrel crystals [?][?]:
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Barrel (HB)

m 36 brass/scintillator wedges

® 17 longitudinal layers, 5 cm
brass, 3.7 mm scintillator

m|n <13

Fun fact: much of the brass came from old

WWII shells from the Russian Navy!

Endcap (HE)
m Two brass/scintillator discs

® 19 longitudinal layers, 8 cm
brass, 3.7 mm scintillator

m1.3< |n <3.0

2 46
7o

0

¥ (
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Muon
Electron

4 )m]" - Neut

Key:

Transverse slice
through CMS

—
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~
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Silicon
Tracker

Electromagnetic

Calorimeter
Hadron
Calorimeter Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers
Om Tm 2m 3m
| | | |
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- Muon detectors are on the outside, so must be large

- Economics: use gas detectors to cover a large surface area

- Need amplification of the electron ionization signal within the gas
volume

- Factors of 10°>-107 are typical, using wires or parallel plates

~10? primary @ @‘ cre i
electrons I_ m ~ 10° — 107 gas amplification
~107 — 10° electrons

~1-100 pC

/ Incident particle

Cathode planes .
{| Gas detector:
TTIITRIERRNE | multiwire
Anode wire proportional chamber
>_ N
- N\
/ — D> - Fotuletinies i
Georges Charpak
D_ Prize shgare: 1 i .
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Four types of detector(since 2019, adding GEM):

Precise position measurement and triggering by Drift Tubes (DT) in the barrel, and
Cathode Strip Chambers (CSC) in the endcap

Redundant triggering by Resistive Plate Chambers (RPC)
Adding Gas Electron Multiplier (GEM) in LS2 since 2019

800 DT eta=0.3 RPC o4 .12 > Barr6|: O < | Tll < 1.2

5 wheels / 4 stations
instrumented with DTs

o and RPCs
< Endcap: 0.9<|n| <24
- e 3 discs / 4 stations
200 H ....... = instrumented with CSCs
o T ) . and RPCs
. \\“ ----------- =
S x m = = ~  Spatial precision

Z (cm)
ME1 ME2 ME3 ME4 75-150 [Im /station
27 2023 [0



CMS Drift Tubes (DT)

. 240 chambers in CMS barrel — 5 wheels | Prift Tubes p
| gqoe—/ | .
e : . D [ /o3 ]
- Drift time measurement, gives distance (d) T 2es/ | B
to wire to ~250 pm accuracy - '/ =1 [
= (T - TO) X Vdrift 1800 V

Insulator strips
Anode wire Electrode strips

- 4 stations

- 12 layers per station in groups of 4
- 8 axial (r-¢), 4 longitudinal (r-z)

\ DT chamber layout
?l?l?.l.-l- s LT T -1 -1-T1-1] L4

R R R SL3 (r-@)r 1> 3

e 11 eJ 11 -T-T-T--01-01-01-1 L1

TR supertayer {82 (rgf——(1

<

Honeycomb spacer f

2LI\/ \\|.|.|.|.|. P S O B A I I K|
: .‘.'.'.'.SL1(r ) T

&iq \|.|.|.|.|.|.|.|.|. .l.i.i.i.
r-¢ front-end side

CRGX




CMS Cathode Strip Chambers (CS IHEP =¥

- 540 trapezoidal chambers in CMS

endcaps
- Electrons drift to wires, induce opposite
charge on perpendicular cathode strips

- Precise ~2% interpolation of cathode charge
on ~cm strips gives ~200 [Jm accuracy

- 6 layers: precision ¢ from cathode strips, l
coarse r and timing from anode wires

|

|
||1|.|.|||I|

|
I
| ||“|\||||

L
Strips wires

il

95 mm

/wa rge

I I S S e cathode with strips

-~
3-16mm _4 avalanche )
wires

I ———  plane cathode



- 480 barrel and 576 endcap chambers
- Charge induced onto external strips

- Resistive layer (Bakelite plastic) with p~1019

Qcm is transparent to signal as if infinite,
quenches avalanche as if conducting

- Spatial resolution 0.8-1.2 centimeters
- Double gap, each 2 mm, 9.6 kV, for high ¢
- Fast - triggering

T

General RPC principle

lonizing
particle

Detecting strips

Electron Resistive
multiplication lates

Readout Strips

Bakelite
Graphite Coating

Mylar Sheet




\ Primary
Muon A | - lonization Drift E field

Endcap L= 7,
Station 1 P /-/

. /
Amplification |
W, region

—— E field line Transfer E field
Electron flow

® |on backflow

H 001
J
Dnflcathede | /

CHAMBERS
(PER SIDE)

4 Gain
L DRIFY Yoo
- GIM] mmwm h.-----------: ~20
% ,‘_a | IRANSFEN 1 g
% " 2 - v ~20
GIM: messsssssseee---
A | TRANSILR 2 — 20
RS -~
& GIMY - A “ ----------:
7,. ‘llnlllllll\ A
Readout PCH | : — o, ¥ ~8000

1\ %= Triple GEN

tonio Conde 15/10/2013 N
_—— N

Long (1.5<|n|<2.2) and short (1.6<|n|<2.2) version

» Decouple amplification and detection

_ * High spatial and good time resolution
36 superchambers in each endcap

Installation in LS2 — first half installed in October 2019!
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MuoniEll3s 4 &E

- The spatial resolution per chamber was
« 80-120 ['m in the DTs,
« 40-150 Cm in the CSCs,
- 0.8-1.2 centimeters in the RPCs

The [1 measurements
improve the momentum

resolution for pr > 200 GeV/c
if the DT/CSC chambers are properly I
aligned I /

- Muon system only Foeea-- Muon system only

Alp)p_
Alp)p_

—— Full system —— Full system

[ -.o- Inner tracker only 15 --o- Inner tracker only .

-
T

Especially for pt>1 TeV

101 e

Alignment is done with
hardware sensors to <1 mm

0<n<0.8
level, then track-based 102t 02}
Correction to Chamber :Il | | Il[IIIl | | ]]IIII| 1 111 :ll 1 11 lIIlll 1 L1 lllIII 1

it ~ 10 10 10° 102 10°
positions to ~10 Om level b, [GeVic] 1 p. [GeVic]

1.2<n<24
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Key; ~— Muon
Electron

~ Charged Hadron (e.g.Pion)
" W]' — — = - Neutral Hadron (e.g. Neutron)
7. . Photon

Transverse slice
through CMS

P
-

—

—
—

Silicon
Tracker

Electromagnetic

Calorimeter
Hal|ron
Calogmeter Superconducting oo
Solenoid
Iron return yoke interspersed
with Muon chambers T
Om m 2m 3m 4m 5m 6m 7m
| | | | | | | |

o Zhang o 27 2023 N
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Detector signals
[ every 25 ns =40 MHz ]

T

. e
i ‘ll":;;u D?lec(Of Frontend }—— 40 MHz
& Readout
°II TT] Systems 10° Hz
I Event % %
SWILCTINEG

~100 kHz
3.6 ps latency |

bq Builder Networks Controls 1Tbls

69
@]
T PR
[Systems 102 Hz
Computing Servi

~ 2000 CPUs farm,

full event available,

“offline quality” reconstruction
same software as offline

maximal flexibility

Mass storage




CMS#Rill|ZR 5 ATLASHILESE
ATLAS = A Toroidal LHC ApparatuS | CMS = compact Muon Solenoid
Air-core toroids + el
MAGNET (S) solenoid in inner cavity Only 1 magnet
- magnets : : Calorimeters inside field
Calorimeters in field-free region
Si pixels+ strips Si pixels + strips
TRACKER TRT — particle identification No particle identification
B=2T B=4T
o/pt ~ 3x10* pr ® 0.01 s/pr ~ 1.5x10 pr @ 0.005
Pb-liquid argon PbWO, crystals
EM CALO o/E ~ 10%/\E + 0.007 o/E ~ 3%/NE + 0.003
longitudinal segmentation no longitudinal segm.
HAD CALO Fe-scint. + Cu-liquid argon (10 1) Brass-scint. (~7 A +catcher)
o/E ~ 50%/\E @ 0.03 o/E ~ 100%/NE @ 0.05
MUON Air — olpt ~ 2%(@50GeV) to 10% (@1 TeV) Fe > olp; ~ 1% (@50 GeV) to 10% (@1 TeV)
standalone combining with tracker

RGOS HuagisoZhang  Oct 27 2023

Yy 4t
T

1

R g

“a

LAY

N

R




Energy resolution

¢

-

Y — Q‘;z—,———n

i

Ejer= EecaL ¥ Encal

sLcmMs

. Simulation

Anti-k,, R=0.4 = Calo _

PFA

Use best meas. of individual particle in a jet (MET), ==> Particle Flow Algorithm
Charged tracks: Tracker(60%) ; photons: ECAL(30%) ; Neutral hadrons (10%): HCAL

Ejer= Errack *E, + E,

mPef| < 1.3 ——PF |

Relative p™™** resolution

1 1 1 I||||| 1 1 1 |||||| 1 E
20 100 200 1000 %

miss

pFe (GeV)

|
100

I
meSS (GeV)

JINST 12(2017) P10003
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Silicon
Tracker

N
B

Electromagnetic’

Calorimeter
Hadron
Calorimeter Superconducting
Solenoid Iron return yoke interspersed
with Muon chambers

Om Tm 2m 3m 4m 5m 6m

| ] ] ] ] ] ]

Key:

—— Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon



Tracker

o
S

Electromagnetic
Calorimeter

Hadron

Calorimeter  Superconducting
Solenoid

Tm 2m 3m
] l l

Iron return yoke interspersed

with Muon chambers

4m 5m 6m
l | l

I/ A ee
Muon
—— Muon Electron

~-Neutral Hadron (e.g. Neutron)

Charged Hadron (e.g. Pion)

Photon
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Tracker

(T

S
o~
53
S

2
<

Electromagnetic™
Calorimeter

Hadron

Calorimeter  Superconducting

Solenoid Iron return yoke interspersed

with Muon chambers
3 {n 4m 5 :'n 6 {n

Tm
]

Electron
Electron Charged Hadron (e.g. Pion)

—— Muon

Neutral Hadron (e.g. Neutron) Photon
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Electromagnetic™
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Calorimeter  Superconducting
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Key:
—— Muon Electron
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Charged Hadron (e.g. Pion)
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Calorimeter
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Key:
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Standard candle

34 fb (13 TeV, 2018
> 1012§ | IIIIII| | | IIIIIII | I(Illllll )
8 11 :_ CMS Online Reconstructed Dimuon Events
5 10 § Preliminary p,(1) > 3 GeV, n(n) < 2.4, opposite sign
c 100 = I
@ =
> — P, q)

W 10° n ¥ Y(nS)

10° ¢

IIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IlIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| LI

L . Lo . L
1 10 10°
ut w invariant mass [GeV]
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Physics results

Standard Model Total Production Cross Section Measurements Status: February 2022
— 11 L 500 bt
'8_ 10 80 fib™ ATLAS Preliminary
—_— - Theory
5 106 Vs =7,8,13 TeV
E LHC pp Vs =13 TeV 3
X o Bl  Data 3213912 ]
10° F Ao E|
E - =
C Ao LHC pp Vs =8 TeV 3
104 £ BB Data 202-203Mb .
= LHC pp Vs =7 TeV E
3
10 E_ o BBl Data 45-46Mb! ?
X - ]
-
102 EF '*'_o_n- o e 0 ?g
10! “g WO o :
E -1 . 3
- 27 o vBE G'I ]
C W L3 ]
1 F — - o & A g
: o =5 '!'_ ]
C - ]
1071 E iiH a <
E (x0.3)_l_ wwz 3
r (x02)g ]
107 F s

PP W Y4 tt t Wit H WW WZ ZZ tttW ttZ tttt
t-chan s-chan WWV

tot.
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Challenge of HL-LHC

Success LHC, upgrade needed for rich physics programs
= 10 times more data
= Higher center of mass energy
- Challenges

= 10 times more radiations...
= Pileup, event rates
= Limited budget

technology
[*]

Radiation damage

CMS p-p collisions at 7 TeV per beam
200 1 MeV-neutron equivalent fluence in Silicon at 3000 [ .
A HTE Y A T R e+

Pileup challenge




Overview of CMS phase Il upgrade

Tracker:
» Si-strips and Pixels increased granularity
« Tracking in L1-Trigger

« ~30ps timing resolution
Coverage extended to |eta|~3.8 . Barrel: Crystals + SiPMs
« Endcap layer: LG Avalanche Diodes
Barrel Calorimeter:

MIP Timing detector:

oo ——— Trigger/DAQ:

>

« New ECAL/HCAL reado
o]

Tracks in L1
40M > 750k(PF-like) 2> 7.5k

Calorimeter Endcap:

* Si, Scint+SiPM in Pb-W-SS
« 3D position + precise timing + Ené gy

Beam/Luminosity and common

Muon system: Infrastructure
* New FE/BE readout for DT/CSC

* New GEM/RPC 1.4 <|eta|<2.4
+ Coverage extended to |eta|~3

REEFXHEHE I



https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2296612
https://cds.cern.ch/record/2283192
https://cds.cern.ch/record/2283193
https://cds.cern.ch/record/2020886

CMSiin s = RE 28 H bk ik

CMS @ HL-LHC:
~1x10'¢ 1 MeV n,, /cm2
2 MGy Rk =
140-200 HEFRZE15)

CMS p-p collisions at 7 TeV per beam
- 1 MeV-neutron equivalent fluence in Silicon at 3000 fo™!
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1

o
h

200 2'
= 8 CMS Phase |
£ o F w 04— T
S 80 = - ]
.g. 1 50 5 % F W/jﬁ @ Energy resolution (5x5) b
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'8 £ y / S [ —— <PU>: 140, int lumi: 3000fb" ]
1 0 0 E 50 5 y % ?rompl, unconverted photons (H—yy) —\l—:
A 2 02 ~ .
g E i i i |7 inital ; ]
© 30 r ’ / ;’: irr. 9.87E12 plem? < 1
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Total weight: 14000 tons

Diameter: 15 m

Length: 22m

g 201 institutes

7 ~3000 authors

//
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> /\
|
/ | A
|
4
L/
/
/
1
|
&

At both side of the endcap part, including Ecal and HCal

h > NS i
KERFXHEHE N aun
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CMS HGCAL: a 50-layer sampling

Active Elements:

» Hexagonal modules based on Si sensors <
in CE-E and high-radiation regions of CE-H

« Scintillating tiles with SiPM readout in
low-radiation regions of CE-H mass ~ 200 T

each endcap/,

2m >

Key Parameters: (updated from TDR)

« HGCAL covers 1.5< [ n | <3.0

* Full system maintained at -30°C

~620m?2 of silicon sensors

~370m?2 of scintillators

6M Si channels, 0.5 or 1.1 cmZ? cell size

» Data readout from all layers

 Trigger readout from alternate layers
in CE-E and all layers in CE-H

~28000 Si modules including spares R L L.

r=2.62m

Electromagnetic calorimeter (CE-E): Si,Cu/CuW/Pb absorbers,26 layers,25.5 Xq & ~1.7A
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 21 layers, ~9.5A

KESBFIFEHLE T May 19, 2016 RN



The HGCAL detector

ilicon Module

PCB ﬁ
Araldite Epoxy Layer é
Silicon é
Araldite Epoxy Layer é
o —>
Araldite Epoxy Layer %
Baseplate é

Sci. tile

>
6
's .
" mounting
screws/spacers

connection plates

R

IR
SRR
SRR
QNS

: J...

e

interconnecting ring

support cone
cassette stack

CE-E back disk

Stacking

BiaFITEN




- 3D positioning

Advantage of CMS HGCal(1)

= Full shower shape reco.: PID, Energy Calib

-CMS \,

Reconstructed jet using current

4
CMSPandora algorithms ‘e
*
L
L
. . ‘:.
0'. .ﬁ ¢
‘ o':. "
[ F ] ‘o . P -
One color per cluster A 1‘;,
{ L 3

ak4GenJet 0,
et=99.59
eta=2.163

phi = 1.125

REEFXHEHE I

CMS Experiment at LHC, CERN

Data recorded: Thu Jan 1 01:00:00 1970 CEST
Run/Event: 1 /101

Lumi section: 2

genParticle 15,
pdg =2
pt = 70.51
eta=2.143
phi =1.113

genParticle 6,
=2

eta =2.156

phi = 1.125

shower

— |

pdg=22Y
pt=44.70
eta=2164
phi = 1.101

:F“?an:i;:h 235,
pt=9.14

eta =2.071

phi = 1.045

PFCandidate 211,
pdg =-211 TT
pt=18.22

eta=2.120

phi =1.127

PFCandidate 191,

PFCandidate 167,
pdg =
pt=1.09
eta = 2.236
phi = 1.252

130 Kiong

pdg=22Y
pt =656

eta = 2.344
phi = 1.195

PFCandidate 226,

PFCandidate 186,

PFCandidate 170,




Advantage of CMS HGCal (2)

- 3D positioning

= Full shower shape reco.: muon tag

+ Muon candidates with <PU>=140, ':.: Aessdanon o il
MAE- 1 Belnjet 0 1 el 0
*  True muon hits in Si FH are isolated @ O(3.6m) from IP *» ki i
P o: - 24ainia@t 27nj<2

o2

o

‘.
008
)

its artificially clustered |,
by PF algorithm in Eg 28

REEFXHEHE I




Advantage of CMS HGCal (3)

- 3D positioning

= Full shower shape reco.: pileup mitigation back pointing etc

A 0.08 T _ 1 i CMS Simulation Preliminary 13 TeV
-Qmﬁ anti-k. jets, R = 0.4 —*— Pile-up jet (PU = 140)7 E s H = yy (m, =125 GeV)
5 b =50Gey o Quarkjet(PU=0) =) ] Data PU scenario (12.9 fo”)
ELUH 006 - T — v B
v [ 20<mi<25 'ﬁ | _
B - 3 f
0.04 8 08f
N E —+— True vertex efficiency
S 07
0.02 — & - - Average vertex probability
S osf*
w
l l o b by b by
0 20 20 0% "% 10 150 200 250
HGCAL layer # p.' (GeV)

- Pileup Energy deposite first few layers
- Energy barycenter of each layer pointing

back to IP
= Complementary for IP ID

REEFXHEHE I



Advantage of CMS HGCal (4

« Accurate time information

= New dimension for calor.

78->200 PU

Figure 1.16: High pileup event with 78 reconstructed vertices taken in 2012

« Particle from different IP has different arrival time w.r.t. ref.:

= HGC time resolution ~50ps, which light travels ~1.5cm
= The size of HGC cell is around 1 cm?
= For particles from same IP, The difference of arrival time and difference

of psudo-rapidility indicates the position of IP
KESBEFXJEHLE It . 2016 T



Computing vision

Platform for advanced algorithms

Clustering by fast search and find of density peaks

Alex Rodriguez, Alessandro Laio o E
+ See all authors and affiliations Y
0.4
Science 27 Jun 2014:
Vol. 344, Issue 6191, pp. 1492-1496 03 Y
DOI: 10.1126/science.1242072 . e
. 02f
. rrgger )
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CMS '

Calorimeter upgrades:

= Precision timing of showers BARREL
- Provide precision timing on high energy photons in ECAL Barrel TK/ECAL interface ~ 25 mm thick
- All photons and high energy hadrons in HGCal Endcap Surface ~ 40 m?
Radiation level ~ ~2x10™ n,,/cm?
C Sensors: LYSO crystals + SiPMs

11*11 mm?/cell

L1 “

ENDCAPS
" On the CE nose  ~42 mm thick
o Surface ~12 m?
o Radiation level ~ ~2x10"™ neq/cm2
- Sensors: Si with internal gain (LGAD)
t 1*3 mm?/cell

e Thin layer between tracker and calorimeters t‘! ;\
e MIP sensitivity with time resolution of ~30 ps (40 ps end of life)

e Hermetic coverage for |n|<3
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