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* Accelerator upgrades
* CMS and ATLAS physics program and
upgrades®

¢ Talk neglects LHCb, ALICE, heavy ion running
% | am a member of the CMS collaboration.
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e >10 years of exemplary running

* pp collisions at center-of-mass
energies of 7,8,and 13 TeV

« >|50fb! at I3 TeV

LHC proton
path CMS

North Area

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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* Higgs discovery
* Precision measurements
of top and W masses
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LHC PHYSICS ACCOMPLISHMENTS
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* Competitive searches for =g
dark matter ——

CMS Preliminary

* Relegation of SUSY to an
“also ran” as an explanation sty
for the hierarchy problem i Sssas ———

For decays with intermediate mass,
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Standard Model put to a wide variety of precision tests

Standard Model Total Production Cross Section Measurements satus: July 2018

L= 500 b
8 107 5% ATLAS Preliminary
—_— Theory
b Run 1,2 /s =7,8,13 TeV
106 b LHC pp Vs =7 TeV
3 BBl Data 45-46M"
- o
10° _ LHC pp Vs =8 TeV
- A Data 20.2 —20.3fb™!
10* 7 LHC pp V5 = 13 TeV
- Bl Data 32-798f!
103 3 O
i a0
102 ° ° =]
= o
: o P o
) 3 toAtaI n A n = O
10 3 g 2.0 b e}
- A
n VzF
.l VH X I n
o
. 5
ttH A A
10—1 L
pp tt t ww H Wt WZ ZZ t tIW ttZ tZj

t-chan

s-chan

Jan 2019

nrer-»



IASHEP

LHC FUTURE

CMS /|

Can the LHC give us more!
Expect 150 fb-! more in Run 3

Beyond that, not as it is. Integrated

luminosity doubling time is 10 years,
and no student should be willing to do

a 10 year thesis.

Jan 2019
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P LHC UPGRADE PLANS

e Peak luminosity =Integrated luminosity
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I'll talk a little on Run 3, as these improvements also help HL-LHC running.
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e Peak luminosity ~=Integrated luminosity
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* Increase center of mass energy
from 13 to 14 TeV

* 50% higher instantaneous
luminosity

* Double size of sample in shorter
time (300 fb-')

* Upgrade detectors

IASHEP Jan 2019
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- All dipole magnets were trained for 6.5 TeV operation in
2015.

- Will be trained for 7 TeV during the shut down
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HIGHER INTENSITY

CMS

L ka F_ka}/F

4ro. G 4r B ¢
Parameter’ Design 2018 Run 3
Bunch population N, (10'! p) 1.15 ~1.1 ~1.7
No. bunches k 2780 2556 ~2600
Emittance ¢ (mm mrad) 3.5 ~1.8 1.5-2
B* (cm) 55 30/ 25 100 - 25
Full crossing angle (urad) 285 320 - 260 340 - 260
Peak luminosity (1034 cm2s!) 1.0 ~2.1 3-4

Plans to ramp up the instantaneous luminosity during the 2021-2023 run

Limit on N, of 1.7 due to limitations from RF system, beam dump system,

heating of equipment, beam stability.

Jan 2019
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3-4E34—5E34 cm?s”!(or maybe
even 7-7.5E34 cm2s!)

250 fb-!/year (300-350 fb')
3000-4000 fb-!

25 — 140 (200) pileup

Luminosity [cm2s1]

The groundbreaking ceremony for the
launch of the civil engineering works
took place on Friday 15 June 2018
with the presence of the CERN
management, the French and Swiss
Authorities and the CERN Council.
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* |0 Tesla quadrupoles
 Crab Cavities beams

1 |
i &) CIVIL ENGINEERING “CRAB" CAVITIES
Pr— v 2 new 300-metre service tunnels and 16 superconducting ,crab”

2 shafts near to ATLAS and CMS. cavities for each of the ATLAS
A and CMS experiments to tilt the
beams before collisions. ™~ -

CMS
o
A
wﬂ
- —
FOCUSING MAGNETS r'
12 more powesful quadrupole magnets
for each of the ATLAS and CMS e
experiments, designed to increase the -

concentration of the beams before Z
collisions i

SUPERCONDUCTING LINKS
Electrical transmission lines based on a COLLIMATORS
high-temperature superconductor to carry

BENDING MAGNETS

4 pairs of shorter and more

y 15 to 20 new collimators and 60 replacement powerful dipole bending magnets
current to the magnets from the new service collimators to reinforce machine protection, to free up space for the new
tunnels near ATLAS and CMS. collimators

CERN Novemtwe 2015

IASHEP
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QUADRUPOLES

CMS

Need stronger focusing magnets to get higher instantaneous

luminosities

IASHEP

tesla (T).

In particular, the new main quadrupole magnets,
that will sit in the insertion regions on either
side of the ATLAS and CMS detectors, exploit a
key innovative technology providing fields
beyond 10 Tesla. They are built from niobium-tin
(Nb3Sn), using a unique design that allows the
peak magnetic field strength to be increased by
around 50% compared with the current LHC
dipoles, bringing it from about eight to about 12

Jan 2019
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3500 A HEP quality Nb-Ti
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LARP

MQXFPM1

Vertical Test Facility @ BNL commissioned

LARP prototype program
Coil test

in September-October 2016

Testresults at 1.9 K

First quench: 14387 A, 65% of I, (22.1 kA)

Outer layer mid-plane block

Second quench: 16040 A, 73% of I

Inner layer pole turn straight section

Replacement of IGBT blown at discharge of

quench 2 in progress

Training resuming soon, but first long Nb,Sn
coil with HL-LHC design is behaving like the

short models !

Talk by Giorgio Apollinari at
Wy 68 HEPAP meeting 2016
« HiLumi ‘

IASHEP
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About one hundred magnets of eleven different types

T - HL-LHC
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The dipole magnets at the interaction points, which divert the beams before
and after the collision point, are being developed in Japan and Italy. One
short model has been successfully tested at KEK in Japan and a second is in
the process of being tested. INFN, in Italy, is also assembling a short model.
Finally, progress is being made on the development of the corrector
magnets at CERN and in Spain (CIEMAT), Italy (INFN) and China (IHEP),
with several prototypes already tested. In 2022, a test line will be installed in
hall SM18 in order to test a magnet chain at the interaction point.

I5-18 Oct 2018 https://home.cern/news/news/accelerators/halfway-high-luminosity

CMS

Jan 2019




INTERNATIONAL CONTRIBUTIONS

An expert in the LASA Laboratory (INFN
Cold test of the 2" model magnet is Milan, Italy) works on assembling the
started at KEK in this week (from the
14t of October 2018). first sextupole corrector of the HL-LHC.
(Image: INFN Milan)

HL-LHC Collaboration — Accelerator technology

+*CCT magnet for HL-LHC

* China will provide 12 units CCT corrector magnets for HL-LHC before 2022
* A 0.5m model and 2.2m prototype to be fabricated and tested by June 2019

IASHEP Jan 2019
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Even now, the LHC needs a beam crossing angle to aviod parasitic encounters between
bunches not in the interaction region

25 ns: 30 long range encounters per IP w o _ 20’8 OPe"ation pomt
S 09
_"S 0.8
Head on =
ik <. collision §o.7
Parasitic 29 & o6
encounters e ~40% ’oss due
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DEVELOPMENT OF THE KEK-B SUPERCONDUCTING CRAB CAVITY

K.Hosoyama#, K. Hara, A .Honma, A.Kabe, Y.Kojima, Y.Morita, H.Nakai, K. Nakanishi, K.Akai, K.Ebihara, T.Furuya,
S.Mitsunobu, M.Ono, Y.Yamamoto,
KEK, Tsukuba, Japan
K.Okubo, K.Sennyu, H.Hara, T.Yanagisawa

MHI Kobe Shipyard, Japan
Abstract R Dot
After more than 10 years of R&D efforts, two | . . T
superconducting crab cavities for KEKB were constructed M &7 i
and installed into KEKB in January 2007. Effective head

Crossing Angle

on collision of electron and positron has been achieved (11x2 mrad)

successfully. The crab cavities are operating stably for

more than 1 year under high current operation condition. y J_{,:? N A
Design concept and R&D efforts of the superconducting —
141 MV K

crab cavity will be described. Construction of the crab
cavity, including cryostat and tuning mechanism will be

also discussed. ] )
Figure 2: Crab crossing scheme for KEKB and non-crab

crossing scheme case (lower)

INTRODUCTION

SLAC-PUB-4707
December 1988
(A)

ENERGY SCALING, CRAB CROSSING AND THE PATIR PROBLEM"

R. B. PALMER

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94909
and
Brookhaven National Laboratory, Upton, New York 11973

IASHEP Jan 2019
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CMS
CRAB CAVITY

The crab cavities, used to rotate
the beams of protons, have been
successfully tested on 23 May
2018 —a world first. The test
took place using a beam from the
SPS and showed that bunches of
protons could be tilted using
these superconducting
transverse radiofrequency
cavities. These cavities will play an
important role to increase the
luminosity in the HL-LHC, which

They are made of high-purity niobium

superconducting material, operating at 2 will be commissioned after 2025
kelvins (-271°C), in order to generate and will increase the luminosity
very high transverse voltage of 3.4 million of the LHC by a factor of five to
volts. ten.

https://home.cern/news/news/engineering/worlds-first-crabbing-proton-beam
Jan 2019
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Both the consideration of energy deposition by collision debris in the interaction region magnets. and the
necessity to limit the peak pile-up in the experimental detector, impose an a priori limitation upon peak
luminosity. The consequence is that HL-LHC operation will have to rely on luminosity levelling. As shown in
Figure 1-3(a). the luminosity profile without levelling quickly decreases from the initial peak value due to
‘luminosity burn’ (protons consumed in the collisions). The collider is designed to operate with a constant
luminosity at a value below the virtual maximum luminosity. The average luminosity achieved is almost the
same as that without levelling, see Figure 1-3(b). The advantage. however. is that the maximum peak
luminosity is lower.

Instantaneous Instantaneous 20 \ iy

luminosity no leveling w peak 2x10% cm™ s~ luminosity WP r\,,\\ K l
[“}?“1 cm‘zs"] []ﬂixl cm 1s '] 15 ! ‘ftluf":mw 3 ' I I‘
k \ | \

0\ 1\ |\ |\
\ leveling at \ I \ I

} = ﬁ—l{l} - \ — A' - ] average no level
s o o e e~ it
, . 0 ot LLES el
2 4 [ 8 10 12 14 0 l 5 n 15 3.0 .25 | 30
Time |h] (a) Time [h] ®)

Figure 1-3: (a) Luminosity profile for a single long fill: starting at nominal peak luminosity (black line),
with upgrade no levelling (red line), with levelling (blue line). (b) Luminosity profile with optimized

run time, without and with levelling (blue and red dashed lines), and average luminosity in both cases
(solid lines).

IASHEP Jan 2019
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Remote manipulation: the level of activation from 2020 onwards. and perhaps even earlier. requires
careful study and the development of special equipment to allow the replacement of collimators,
magnets, vacuum components, etc., according to the ‘as low as reasonably achievable’ (ALARA)
principle. While full robotics is difficult to implement, given the conditions on the ground, remote
manipulation, enhanced reality and supervision are the key to minimizing the radiation doses
sustained during interventions.

TO HIGH ACTIVATION LEVELS

wd I week

e | monch
- 4 months

el

.............................

, ; s Yearly dose limit of 5 rem
.............. PRI in about 5 days work

1 1 1 L L 1 1 1 1 1 1 1 1 1 1 1
2%00 3000 4000 S000 6000 7000 8000

Distance from IP [cm)
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CMS
PHYSICS

2026

HL-LHC

Right now, LHC primary” source of information on:

Direct searches for new heavy particles (Fermi/lce Cube/etc are currently
direct competitors in this area, especially searches for dark matter particle)
* Precision measurements of the Higgs boson (has this field to itself until at

least 2030?)
* Precision measurements of EWK parameters and closure test (W mass,
top mass, Higgs mass). Has top mass to itself for a long time. (some
information from AMO, etc).

* Some topics in rare b decays and other topics in b physics (CP-violation,
etc) (SuperKEKB)

Provides important information on a host of other topics as well (proton
structure, heavy ions, the tau lepton, the charm quark, etc)

Jan 2019

* well, what do you expect somebody who has worked 20 years on LHC to say?
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Many new projections on physics reach came available in the past two months in anticipation
of the CERN Yellow Report https://cds.cern.ch/record/2651 134?In=en

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhy
sicsStudies

http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/FTR/index.html
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Searches for light higgsino-ike charginos and neutralinos at the HL-LHC with the November Prospacts of HH->4b Resonance Search ATLPHYS.PUB:2018:028  13-NOV-18 "
Phase 3 CWS astector 2ois
Prospactsfor Aop Sgnatures ZHOMAs) ALPHYSPUB2018027  02NOV-18 “
or. o Novamber
2ois
[ — Prospects for the measurement of mW wih th upgraded ATLAS deector AILPHYSPUB2018026  30-0CT-18 u
S L H 7y iferonta November
CMRPASFIR12420 measurements at the HL-LHC 2018
Prospects or Monotop Dark Mater ATLPHYSPUB201802  30:0CT18 M
Search forsupersymmety withdirect sau production at the HLALHC with the November
S Phase s detector ore
Wl state atHLLHC v ATLPHYSPUB2018023  20NOV-1B "
boson Novamber
cus PAS.FTRABO1S
fusion a the High-Luminosity LHC 2018 Prospactsof W Search and Measurement AILPHYSPUB2018022  30-0CT18 "
et . e November
v 2018 3rd generation; 0 lepton; upgrade ATL-PHYS-PUB-2018-021 30-0CT-18 14
P production ia vector boson scatering at the HL-LHC with the November
CMS-PAS TR 18005 e e e Bulk properts of heavyon colisons i Run 3 and 4 ATLPHYSPUB2018020  2-0CT-18 somn
pa pioa November Jot nergy Ioss n vy fon clisions i Run 3 and Run 4 ATLPHYSPUB2018019  23.0CT18 0N
ne L T0is
T e T T e R . UPG i photons i Run 3 and 4 ATLPHYSPUB2018018  OOCT-18 somn
S S sty o sk haors secayn o dtces it S at ocober
= Vh(125) h>ce prospects at L-LHC ATLPHYSPUB2018016  O7-AUGH18 “
CMS-PASFTR18907 Projection of the Mono-Z seach fo dark mater o the HLALHC o
Theory uncertainy impact proectn studies ATLPHYSPUB201B010  163UL:18 m
- Soptmber
CMS-PASFIR-18-004 the CMS Phase-2 detector at the HL-LHC 2018
1(126) > mu mu prospects HLLHG ATLPHYSPUB2018008  24MAV-8 "
Sou
SMEPARETRALIY  par of Higgs bosons Inthe four b guark fnal statea he HL-LHC usng the CHS sy 2018 Prospects for B(B, ") in Run2 and HL-LHC, ATLPHYSPUB2018005  10-MAY-18 13
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. PHYSICS AT HL-LHC WORKSHOP

CMS

B

‘Compact Muon Solenaid

Also see summary and combinations in Final Report of the Workshop on "Physics at HL-

LHC, and perspectives on HE-LHC” at

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop#Final _reports

submitted to the European Strategy

& (¢ @ https://cds.cern.ch/search?In=en&p=reportnumber%3Acern-Ipcc-2018-*+not+reportnumber%3Acern-lpcc-2018-01+not+reportnumb  ¥¢ % B O
i Apps Settings W Wikipedia, the fre.. B3 computer general E5 d0 5 tools EF Programming E5 PHYS105 3 camps E3 travel E5 MD politics » 3 Otherl

Results overview: Found 5 records in 1.93 seconds.
Articles & Preprints, 5 records found

Articles & Preprints 5 records found

Future physics opportunities for high-density QCD at the LHC with heavy-ion and proton beams / Citron, Z. (Ben Gurion U. of Negev) ; Dainese, A. (INFN, Padua) ; Gr
e Oetringhaus, J.F. (CERN) ; Jowett, .M. (CERN) ; Lee, Y-J. (MIT) ; Wiedemann, U.A. (CERN) ; Winn, M. (AIM, Saclay ; Orsay, LAL) ; Andronic, A. (Munster U.) ; Bellini, F. (CE
Bruna, E. (INFN, Turin) et al.
The future opportunities for high-density QCD with ion and proton beams at the LHC are presented. [...]
arXiv:1812.06772 ; CERN-LPCC-2018-07. - 2018. - 207 p.
Full text - Fulltext

Detailed record - Similar records

Standard Model Physics at the HL-LHC and HE-LHC / Azzi, Patrizia (Convenor) (INFN, Padova) ; Farry, Stephen (Convenor) (Liverpool U.) ; Nason, Paolo (Convenor) (IN
Milan Bicocca) ; Tricoli, Alessandro (Convenor) (Brookhaven) ; Zeppenfeld, Dieter (Convenor) (KIT, Karlsruhe)

WG 1 report, from the Workshop on "Physics at HL-LHC, and perspectives on HE-LHC"..

CERN-LPCC-2018-03. - 2018. - 211 p.

Full text

Seantar ke Pryn
e LI e WA

Detailed record - Similar records
3 Higgs Physics at the HL-LHC and HE-LHC / Cepeda, Maria (Convenor) (Madrid, CIEMAT) ; Gori, Stefania (Convenor) (Cincinnati U.) ; Ilten, Philip James (Convenor) (Birmingham U.) ; Kado, Marumi
(Convenor) (Orsay, LAL) ; Riva, Francesco (Convenor) (Geneva U.)

IASHEP
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HIGGS IMPORTANT

‘Compact Muon Solenaid

nepr-p

Is

=14 TeV, 3000 fb™ per experiment

| | Total
— Statistical
—— Experimental
—— Theory

ATLAS and CMS
HL-LHC Projection

Uncertainty [%]
Tot Stat Exp Th
1.8 08 10 13

1.7 08 07 1.3
15 07 06 1.2
25 09 08 21
3.4 09 1.1 31
3.7 13 13 32
1.9 09 08 15

43 38 10 17

9.8 72 17 64

0 002 004 006 008

Combinations from

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop#F

inal_reports
IASHEP

01 012 014
Expected uncertainty

CMS-PAS-FTR-18-019

Table 16: Upper limit at the 95% confidence level, significance, projected measurement at 68%
confidence level of the Higgs boson self coupling Agun for the five channels studied and their

combination.

Systematic and statistical uncertainties are considered.

Channel Significance [0] 95% CL limiton ¢ = oun/ gy
bbbb 1.0 2.0
bbrt 14 15
bbWW (£vev) 0.4 49
bbyy 1.8 11
bbZZ(¢06¢) 0.4 6.6
Combined 25 0.8
Combined (stat. only) 2.7 0.7

12

-2AIn(L)

99.4% CL 8

95% CL 4

68% CL

ATLAS and CMS HL-LHC prospects

SM HH significance: 40

0.1 < K1 < 2.3[95% CL] ;
0.5 < k1< 1.5[68% CL] '

I L I T

ll T
Ld=nT
T
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|
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— Combination
“==- bbyy
bbtt
**=* bbbb
bbzZz*(4l)

“=== bbVV(Ivlv)

_ Aunn
Ky = ASM
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NEW CMS SEARCH PROJECTIONS

CMS

MSSM H—- T, tanf=26

Heavy composite majorana
neutrino

Randall-Sundrum gluon
Higgsino-like
charginos,neutralinos

direct T production

Leptoquark — te and tpu

Dark matter-dark mediator
mono-Z vector, 0.25, |

1.25

4.6-4.7

4.55

O(160)

0.1

|.4

0.7-1.8

1803.06553
1706.08578

1810.05905
1801.01846

LEP

1809.05558
1803.02864

1711.00431
1712.02345

2.0

8.0

6.6

0(0.35)

0.65

0.6-1.5

CMS-PAS-FTR-18-017
CMS-PAS-FTR-006

CMS-PAS-18-009
CMS-PAS-18-001

CMS-PAS-FTR-18-010

CMS-PAS-18-008

CMS-PAS-18-007

Similar laundry list from ATLAS, but I’'m too lazy to turn it into a chart

IASHEP
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Older result, but fun to look at, as it will last a long time even if a new machine is built
but also because it challenges the detector

> r ! Im = ‘7 £0.01 ‘e ]
CMS-PAS-FTR-16-006 _ 8 sosp- ATAS vy
b = F - My = 125,00 £ 0.24 GeV |
= E 80.45— = 68/95% CL of m, and m, ,:
> e =
R — . CMS v -
- B .. . . u F
= 3r i Preliminary Projection - 035¢ ]
E : | d 80.3; “ 68/95% CL of Eleclroweaké
c 2.5 i == JI, JHEP 12(2016)123 : g i ]
o <9F e & (tf), JHEP 08(2016) 029 f02e L
= : sec. vix, PRD 93(2016)2006
S C Y e single t, arXiv:1703.02530
oy C f I+jets, PRD 93(2016)20
A T — ATLAS
S - : :
= ettty g N EXPERIMENT
_fE 1 [ ' Vit — HL-LHC tf event in ATLAS ITK
(o] r ] at <p>=200
= .
0.5 oIl
C \
0

Runl 0.3ab"' 14TeV 3ab’ 14 TeV

Leptontjets 0.51 —0.31 — 0.17 GeV
uncertainty
0.17/173=0.001

See also challenging W mass projection
by ATLAS ATL-PHYS-PUB-2018-026

IASHEP Jan 2019
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@@ TOP MASS

ner-x»

RYLB

Conceptually simple

* Pick out jets from top decay (not trivial due 9 :

to extra jets) v
* Pair up the right jets to each top u
* Calculate mass g E

Challenges

* Need very well understood jet energy scale, neutrino (MET), and
lepton energy scale

* Need efficient b tagging to reduce combinatorics of jet assignment
and reduce backgrounds

* Need to get events that where the objects all have moderate p; to

tape

These challenges become even more challenging in the presence of
pileup.

IASHEP Jan 2019
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UNCERTAINTY DETAILS

CMS

b
e
A%
u
d
b
Value (GeV)
Source 8TeV, 14TeV, 14TeV Comment
197/ 03ab ' 3ab”!
Method calibration +0.04 +£0.02  £0.02 MC stat. x4
Lepton energy scale +0.01 +0.01 £0.01 wunchanged
Global JES +0.13 £0.12  +£0.04 3D fit, differential
Flavor—dependent JES +0.19 +0.17 +0.06 3D fit, ditterential
Jet energy resolution —0.03 +0.02 < 0.0l ditterential
ET"* scale +0.04 +0.04 £0.04 unchanged
b tagging etficiency +U.U6 U053  £0.U3  1mproved with data
Pileun —0.04 +0.04 +0.04 __unchanged
Backgrounds —+0.03 +0.01  £0.01 cross sections
ME generator —0.12 +:0.08 = = NLO ME generator
Ren. and fact. scales —0.09 £0.07 £0.06 +£0.06 NLO ME generator,
MC stat.
ME-PS matching +0.03+0.07 +£0.06 £0.06 MC stat.
Top quark pr +0.02 <0.01 <0.01 improved with data
b fragmentation < 0.01 <0.01 <0.01 unchanged
Semileptonic b hadron decays —0.16 +0.11  £0.06 improved with data
Underlying event +0.08+0.11 +£0.14  £0.09 improved with data,
MC stat.
Color reconnection +0.01£0.09 +005 < 0.01 improved with data
PDF +0.04 +0.03  £0.02 improved with data
Systematic uncertainty +0.48 +030 *£0.17
Statistical uncertainty +0.16 +0.04 £0.02
Total +0.51 +£031  £0.17

Jan 2019
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. CURRENT DETECTORS

ATLAS

* Rad hard liquid argon calorimeter
* Several different tracker
technologies

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter : 15.0m
Overalllength ~ :28.7m
Magnetic field  :3.8T

SILICON TRACKERS
Pixel (100x150 um) ~16m* ~66M channels
Microstrips (80x180 wm) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

IASHEP

Semiconductor tracker

CMS

* Crystal ECAL, scintillator-based
sampling HCAL
* All silicon tracker

Jan 2019
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YIKES

It won’t quite melt,
but...

IASHEP

CMS p-p collisions at 7 TeV per beam

250

CMS FLUKA Study v.3.7.9.1

CMS,

23—200 pileup

0.0001

1e-06

1e-0B

CMS Simulation Preliminary

Jan 2019

Absorbed Dose [Gy]
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@@WQ UPGRADES

TRYLAS

* Add timing detectors to cope with increased pileup, which
affects lepton identification (via isolation), b tagging
effectiveness (via primary vertex reconstruction and
combinatorics), JES

* Increase granularity of tracker to preserve reconstruction
efficiency in high pileup environment. While replacing
everything, extend angular coverage and reduce material
(ATLAS moving to all silicon)

* Increase trigger capabilities to preserve trigger thresholds.
Especially add fast tracking in trigger

* Replace fried detectors (endcap calorimeters for CMS) and
improve them while at it.

IASHEP ot




VERTEX TIME

CMS

RYL
. 015 beam spot
S [ o As the bunches pass through each
: [ [f' other, collisions occur at different
0.1— " | o o .
— R B times as well as positions
i an
= ] -
0.05 — |
B II - ‘l
- ¥
| R S N B
-50 0 50

distance from IP

Two vertices with the same
position can have creation
times that different by |0s of

PS.

IASHEP

20 -15 -10

z [cm]

10

15 20

Jan 2019
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@ TIMING DETECTORS
Z w-/€9

ATLAS

For charged particles

* Coverage 2.4<eta<4

* 2 layers of Silicon sensors (LGAD)

CMS

For charged particles

* coverage eta<3

* Barrel LYSO:Ce crystals + SiPMs

* Endcaps Silicon sensors (LGAD)

For neutral

* Improved timing in Barrel EM calorimeter
(<30 ps E>25 GeV start of run)

* Improved timing in new endcap
calorimeter (15 ps for 12 MIPS)

Calorimeter upgrades:
= Precision timing of showers BARREL
Provide precision timing on high energy photons in ECAL Barrel | A
All photons and high energy hadrons in HGCal Endcap

CMS

’,:'11 A

Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of ~30 ps (40 ps end of life)

IASHEP

Hermetic coverage for |n|<3

Jan 2019
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@@ REDUCING PILEUP VIA TIMING

TRYLAS

* Most pileup for charged tracks can be removed using z
* However, some additional part can be removed using t

la' 500 1 1 I 1 1 1 I 1 1 | I T | 1 I 1 1 1 I 1 1 1 I. 1 T 1 I -I 1 1 I 1 I-I I- 1 1 1
o ATLAS Simulation Preliminar
— 400 et e e e e e s ee eeeaes .

&

= 300

>

200
100
0
-100
-200
-300
_4qq

IIII|IIII|IIII|IIIIlllllllllllllllllllllrﬁl

IIIIIII@IIIIIIIIIIIIwIIIIIIIII
==

00 80 60 -40 -20 0 20 40 60 80 100

Vertex z [mm]
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NEUTRALS?

CMS

Can even use this technique to find the vertex for the photons in Higgs — yy events.

For each cluster, for each z position, calculate the creation time that goes with it and

the cluster time. Look for vertex that gives same creation time for both clusters.

IASHEP

—~
(7p] )
c 3D Reconstructed Vertices

~—"

e

CMS Simulation <u> =20

T I T T T I T T T I T T T l T T T

Simulated Vertices

——©O6—— 4D Reconstructed Vertices

——}—— 4D Tracks

Leading Photon Vertex Hypotheses n=-1.03
Sub-leading Photon Vertex Hypotheses n = 0.20

0.6

i

0.4

|III|III|III|III|f

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

-10 -8 -6 -4 -2 0 2 4 6
z (cm)

This can be used to improve the resolution of the Higgs — yy peak.
Not useful for neutrals from pileup events.

Jan 2019




PILEUP

RYLP»‘A

CMS %

1CMS Simulation prellmlnary 13 TeV

o_gé— ~~~~~~~~~~ é»-~~--~--tt~--event tracksé ------- -------------- ~~~~~~~~~~~~~~ --------------- --------------
0.8 S —

0.7- e Phase2,3Dvix,PU=140
- | 4« Phase-2, 3D vtx, PU=200
0.6 P ........ . Phase_2 4D Vtx PU 140 ...... ..............

05 T Phase2, 4D vtx, , PU=200

0.45 ..... o y
0.3 ..... . W

020 o geet

o et
¢ vi.'..-v vy vv.

lllIIlIIlIIllIIlIIIlIII

608 112141618 2
Density (events/mm)

..................................................................

Track-PV association pileup fraction

IASHEP

Can reduce pileup from
charged particles from

about 30% to about 8%
at highest pileup density

S R IR e
o r_ ATLAS Prellmlnary 7]

| HGTD
— <> = 200

—_
T

0.8

Arbitrary units

| —— Nominal, ¢, =45mm
0.6 .-

— - 0, =33.6mm —

o, = 60mm

0.4

0.2F

I T P B B SO ‘ L
0 05 1 15 2 25 3 35 4 45 5
pileup density [vertices/mm]
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TRYLAS
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2,

Vulnerability of lepton identification variables to pileup.
* Purple=no pileup,
* brown is with 200 pileup (endcap calorimeter)

CMS Phase-2 Simulation 14 TeV
m ||||| l T TT | TTrrT |I| ILll T |I| T 1T | T T TT | TTTT | T T 1T I T T TT I IIIII CMS Phase-2 Simulation 14 TeV
-"é' 1L p,>10GeV, 1.6 <l <238 _ @ SRR RS RS RS RS R RN AR AR RRRR=
S B L QcD mulitiets, PU=200 'c L P >10GeV 16 <l <28 ]
— ] 35 =% QCD mulitjets, PU =200
> - 8= 7z ee, PU=200 ] > 15— B Z - oo, PU=200 E
g 10_1_ =% Z ee,PU=0 ] @ E %= 7 ,ee,PU=0 3
o) S I
< - - < 107§ =
1072 E
1073 3
N -0.05-0.04-0.03-0.02-0.01 0 0.010.02 0.03 0.04 0.05
0.5 06 0.7 0.8 09 1 11 12 13 14 15 A Tlele
oy (Cm)
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Arbitrary units

LEPTON ISOLATION

nepr-p

1 1 Ly L T T T T T T 1 T 1 T T T T T T T T T T T T T
ATLAS 'Full Simulation Préliminary —e— ITk-only
£ fﬂf TeV, <u>=200 ITk+HGTD : Worst Case |
- H8$De —e— ITk+HGTD : Final Are the muon
0 9: —e— ITk+HGTD : Intermediate] candidates (red
-~ —e— ITk+HGTD : Initial - i ?
C . tracks) isolated!
0.8 o 6 —
L — o—
- _‘_—+— i
0.6/~ _
O 5: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 il
"0 0.5 1 1.5 2 2.5 3 3.5
Pileup density [vertices/mm]
1— ' - /M 7 ATLAS Preliminary = —]
B _l HGTD ]
= 1 <u> = 200 —
0.8— i —]
- _i —— Nominal, ¢, = 45mm ]
0.6__ —— - o, =33.6mm —
I Y R T o, = 60mm |
0.4 I ]
— ]
] N
L ]
0.2 1 _
— 1
O L1 L1 L1 Il 1 |-|-'|"1-v_|.| i i T -1 |j|_| 'I'L'—I—u_n.l_l:
(0] 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

pileup density [vertices/mm]

At fixed rejection,
improvement in
efficiency especially at
high pileup density
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B TAGGING

Are

these b’s?

CMS

—

Phase-2 Simulation
 tt PU200, gen. iet P> 30 GeV

g jet misid. probability

10-1 .......
o
©
> N T T T T | T T T T I T T T T T T T T T ] :10-2
< 0 9: CMS Phase-2 Simulation 1 B
o 0. : !
g C tf, PU =200, jetp_> 30 GeV .
®© g5 udsg jet ;misid.=0.01 ______________________ :Wf::OJtT';TP ___________ - '/ )/ « without Timing |
o L w ] : « with Timing
Q 0.8: : 102 =l 7 — | — } e
Q ¢ —~—g—  a "______‘ ] 04 05 06 07 08 09 1
- -— . i . . o
0.75" Barrel ) < 1.5 ] b jet efficiency
0.7F |
g ————o— ] .
- . Again, at fixed
0.65 —
N T—__ ] . . .
- Endcap 1.5 < | <3.0 . rejection, iImprovement
0.6 . . -
: ] in tagging efficiency
0 05 1 15 2

IASHEP

PU density (events / mm)

Jan 2019

ner-p»



\quSIT})

ARy LN

IASHEP

Oé@om
18 5
g

6

25n

20

15

10

CMS
CMS Phase-2 Simulation preliminar}‘/ PU = 2(|)O CMS Phase-2 Simulation preliminary PU =200
N T T T T ‘ T T T T ‘ T T T T T T T T _ ‘_/\ T T T T T T T T T T T T T T T T T T T T L
-~ —— noMTD = = 2| — no MTD i
- MTD ] o 10 ¢ — MTD E
— — —— Quadratic difference (GeV) = - g
- — . — Relative difference (%) ] _ - -
B ] 5 -3
- UFC e g - E
- X "%J i_ _ >=—§'—l’ ’é‘ - ] © : :
o :‘,—L:t_’_ R e ol N © 4 _|
.T:-};=:§:;’ Z2i--77 —— + 7: GNJ 10 % %
N -] © N ]
- — — —
- —~7 £ 5|
- ~ - o 10 ¢ E
C - . ] pZ = =
- _— . E - L]
C P - ] i) - T
- ~ 1 © C i
— P = T OF E
e : 1 A g dbs — [ — —— — - - —— 1
-7 - : e @++ :
-l ] 0.5 F e =
o R L [ . 0 E . . . . .

05 1 1.5 2 0 50 100 150 200
Line density (events/mm) IuIl
Jan 2019

nrer-»



s
Q%

18
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TRYLAS
'g‘ C T 1T 171 ‘ UL ‘ L L T T T T T T T T T T T T T ]
£ 1400—-ATLAS Simulation —
o [ ITk Inclined E
12001 n=10 -
1000 = -
C n= 2.0 a
800 —
600 —
400~ =30
200z n=40
T 1 1 ‘ N ‘ | | | N ) ‘ | ‘ 1 ]
OO 500 1000 1500 2000 2500 3000 3500
z [mm]
;C, s e s o e e e B e e L e e e
[ I Dry Nitrogen . . B
2 1.8 L. Patch Panel 1 ATLAS Slmulatlon—:
2 46 ~=—= Electrical Cabling T
Q F === Titanium Cooling Pipes . 3
c 1.4 Support Structure ITk Inclined Duals —
o C . . .
;(—G C Pixel Chips 7
5 1'2:_ [ Active Sensors =
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TRACKER UPGRADE

‘Compact Muon Solenaid

R B

T
T

ITk Inclined Duals
0< \p”.‘\ <500

>

(] E

S r

3 095

o 0.9F

= r

K=l =

S 085

= E

2 osfE o

8 - ATLAS Simulation

& o750 Z'(5TeV)—tt

s F ITk<p>=200 a

© 0.7) Inclusive Jets .

= r .
0.65F A
0.6

500< |p, ml <1000

1000< p, _| <1500
1500< [p, | <2000

LI o B

Run-2
"Loose" Selection

INERI FRRTE FERTE FRRNE AR AW

—0<lp, | <500
—500<p, | <1000 ]
== 1000< |p, | <1500
+2++1500< p, | <2000]

Colovw o b b P b b b 1007

CMS Phase-2 Simulation

Truth Jet In|

L i B I

TTT T T

Simulated muons

pT=1OGeV

Phase-1 detector
Phase-2 detector

m-*"‘"’w e
A

'E TTTT TTTT
L,
©° .
@/ A
©10*
P .‘
i,
1073_ My .
4 3 2 -

CMS looks similar if you take off your glasses

-1 0 1

2 3 4

Simulated trackn
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Many improvements to the trigger. Perhaps

b
e the most interesting is the addition of
v racking trigger.
v tracking trigge
d
b
o CMS  \s=8TeV, L=5x10"cm?s" «10° 359" (13 TeV)
w105 IIIIIIIISI’G&T[t][’I'iE 8 60Ill|lllllllllllllllllllllll__
T o - A ingle-u rate ] i ]
> | Il < 2.4 1 8 o $ Dun - EEWiem 5
2 Inl < 2.1 ] g 50 Blsional [ Z+jets 3
- s 3 Endcap 1.0< <21 | — ) -tt'ather |:|ufz/w :
10°E — Barrel |y| < 1.05 E 40 [lSinglet  [_]Diboson -
i . 3 ! EZ] Uncartainty ]
i i 30 .
i i CMS-TS-2018-007
10* 20
- 10
I 0
1&; 1.1 |
. P / 7
- g|g 1 s G S 0 7 v
i . = 08 B L N . * ’ (]
i i | l 1 l l ] i i i | [ | i 08 —
_10 10° 20 '4IOI ' Gb ' 'BIOI ' '1(1)0' ' 1é0 ' 1410 180
L1 candidate p_threshold [GeV] p. [GeV]
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TRYLAS

ATLAS
* Hardware trigger after level | after Dataflow EFPU HTT
LS2 Lot » 1000 kHz
. . re Il E E EEENENMBN Il I = = = |
* Hardware tracking using full silicon 8 HTT needed? a
. g
readout after level | after LS3 . Deterrine Fol .
* Possible regional tracking at LO 1 HTT unit e
* Full calorimeter granularity at level | : HTT output IO@H
[ | Reject? [ |
1 rocess ewvent
| I I = = = = . Al BN BN B = . -
global HTT |
A : ITk data g 10(mkH:
SUPER STRIP o, B . HTToutput |
STRIP : Process event :
LLLELRRELL T . Acce-pt? .
i |, EFResult (incl. HTT) 10 kiiz E
n ¢ a
"'!!!"""'rm \x l-----------------.
hmmﬁmm .
" CMS will have one as well after LS3.
|
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CMS Simulation Preliminary, <PU>=200 BX=25, MinBias

T .\ T ’ T T T T ’ T T T T ’ T T T T ’ T T T T ’ L
: : j + Phase-1 L1 EG(Tngger Towers) _
B % Phase-2 L1 EG (Crystal) | §
A —%9* Phase-2 L1 EG (Crystal +: Trk) EIectrom
3 ' Phase 211 EG (Crystal) Photon - ?
i | 1 i | | i 1 | i | | i | | 1 i | | \ T \ 1‘“’]‘“
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ET Threshold (GeV)

Red is track
only

Rate [MHZ]

107"

Track trigger can bring substanti

al

improvements to electron and MET

triggers.

CMS Phase-2 Simulation, <PU> = 140

Semileptonic tt

— MET (Calo)

—— MET (TK Az)

—— MET (PF+PUPPI)

0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9

Signal efficiency
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: CMS ENDCAP CALORIMETER

Light output reduction of
crystal calorimeter.Yikes!!

o T T T T T T
e | CMS ECAL |
107 F E
- Simulation ]
- 50 GeV e-
L | |—— 10fb", 5E+33 cm™s™ |
10 F | — 100fb", 1E+34 cm’s" ]
I | —— 500 fb™, 2E+34 cm’s™
b 1000 fb™, 5E+34 cm's™
[ | ——2000 fb™, 5E+34 cms™
| ———3000 fb™, 5E+34 cms™!
-3 n n n n | n n n n | n n n n
10 1.5 2 2.5 3
M
E1OOO T
S
> ]
500
-500
1000 L 1 M I

500 1000 1500 2000 2500
x/mm
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Replace with a detector inspired by work of CALICE

collaboration
(https://twiki.cern.ch/twiki/bin/view/CALICE/VVebHome)

nepr-p

and “Particle Flow Calorimetry and the PandoraPFA
Algorithm arXiv:0907.3577

rmsgolEjet [%]
(o]

L BB B L L
— Particle Flow (ILD+PandoraPFA) ]
--------- Particle Flow (confusion term)
----- Calorimeter Only (ILD)

50 %/ [E(GeV) @ 3.0 %

L L ]

100 200 300 400 500

E ./GeV

jet
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https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome
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@/@z HGCAL

ARy LN

Active Elements:

Hexagonal modules based on Si sensors

in CE-E and high-radiation regions of CE-H
“Cassettes”: multiple modules mounted on
cooling plates with electronics and
absorbers

Scintillating tiles with SiPM readout in
low-radiation regions of CE-H

Key Parameters:

CE covers |.5<1n <3.0

~215 tonnes per endcap

Full system maintained at -30°C
~600m? of silicon sensors

~500m? of scintillators

6M si channels, 0.5 or | cm? cell size
~27000 si modules

Power at end of HL-LHC: ~| |10 kW
per endcap

CMS-TDR-019

~2m

CMS

2
S

~2.3m

Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 28 layers, 25 X, &
~1.3A
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 24 layers, ~8.5\
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32 GeV
electron
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HGCAL PERFORMANCE

CMS

hadron 3.0X, 46X, 63X, 78X, 95X, 130X, 165X, 24X, 27X,
0.16 2 024 032% 04 04871 0.65 1 085% 13 1.7h
CMS Phase-2 Simulation Vs =14 TeV
5 C
© r Megacluster, PU 200, PU subtracted
0.06 - Megacluster, no pile-up
C Megacluster, PU 200, no PU subtraction
0.05—
0.04—
0.03—
0.02[—
0.01—
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% 0204 06 08 1 12 14 16 18 2 22
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38X,
29%

o, (EVE [%]

o

42X, 45X, 48X, 51X,

3.
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Z. Chen, C.Lange

T
8.9

Ten 300 GeV pions

CMS  Phase-2 Simulation Vs =14 TeV

- Energy resolution (pions)

L ———— Megacluster, no pileup, | € [1.600 - 2.8]

B = Megacluster, pileup 200, | € [1.600 - 2.8]
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N/ CONCLUSIONS

+ HL-LHC

* Many prototypes of HL-LHC magnets already working well.
Crab cavity rotation of proton beam demonstrated this summer
* HL-LHC construction started.

* A coordinated international effort is making HL-LHC possible
* Experiments

Will have exciting new timing detectors for pileup reduction
Track triggers will maintain thresholds and allow triggering of new
signatures

Extended tracking coverage will improve particle ID close to beam pipe
A high granularity calorimeter will be part of CMS
* Physics

HL-LHC will enable more precise tests of standard model and significant
improvement of reach for new physics
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TOP MASS
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Figure 2. Schematic depiction of the SM effective potential V' for the Higgs field for My >
MEPEY (oft) and My < ME2P1Y (right)., 80.35
Systematic uncertainty relating MC top s
mass used in fitting to one corresponding
to a well defined renormalization 80.25

scheme/pole mass O(few hundred Mev)
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ATLAS

TT T T[T T T T[TT
I | |

————— m,, = 80.370 = 0.019 GeV
Bl m, =172.84 £ 0.70 GeV
----- m,, = 125.09 + 0.24 GeV
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68/95% CL of Electroweak

Fit w/o m,,, and m,
(Eur. Phys. J. C 74 (2014) 3046)
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What if the new high field technology (16 Tesla field) developed for the HL-LHC
quadrupoles were used for dipoles?

p X B

16
—(—=\14=27T
v (8.4) ev

* And, while you are replacing everything, upgrade

instantaneous luminosity by x4
* So can shoot for 14 ab-! over 20 years

* Technically, could start in 2040

Jan 2019
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HE-LHC

FCC-pp collider parameters @CirCol

FCC-hh HE-LHC HL-LHC LHC
collision energy cms [TeV] 100 27 14 14
dipole field [T] 16 16 8.33 8.33
circumference [km] 97.75 26.7 26.7 26.7
beam current [A] 0.5 | 1.12 1.12 | 0.58
bunch intensity [10"] 1 | 1(0.2) | 2.2 (0.44) 2.2 | 1.15
bunch spacing [ns] 25 | 25(5) 25 (5) 25 4 25
synchr. rad. power / ring [kW] 2400 , 101 7.3 3.6
SR power [/ length [W/m/ap.] 28.4 | 4.6 0.33 0.17
long. emit. damping time [h] 0.54 1.8 12.9 ' 12.9
beta* [m] 1.1 0.3 0.25 0.20 | 0.55
normalized emittance [um] 2.2(0.4) 2.5 (0.5) 2.5 3.75
peak luminosity [10* cm2s] 5 | 30 | 25 5 ]
events/bunch crossing 170 | 1k (200) ' ~800 (160) 135 ' 27
stored energy/beam [GJ] 8.4 13 0.7 0.36
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