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CMS after long shutdown

g Tracker 1, ker / Pixel:
~1 m2 Pixels (66N Cold Operation

)ﬂ‘ ~200 m? Si microstrips Channel Recovery

Iron Yoke
\

DAQ and HLT:
New computers
Improved Trigger

N \

3.8 T Solenoid-

tations of
on detectors

4th Muon Station

\~ New luminosity
detectors

/ /

ECAL: Electromagnetic
calorimeter - 76K PbWO; crystals

14,000 tons HCAL: hermetic Brass/
21 m long Scintillator sampling hadronic

15 m diameter :
15 m diameter calorimeter

HCAL: new photosensors



The layout of this talk
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 Phase 1 Upgrade  Phase 2 Upgrade
« HL-LHC physics
prospects:

* Higgs
 Electroweak



Phase 1 upgrades

 Pixel tracker:

 New detector
* High-rate readout chip

.....
AT T

e Hadronic Calorimeter:

* Improved photodetectors
 Faster & more robust electronics

. X 4 20 5.

« L1 trigger system: Nalam at ¥ 8
. . . CMS TECHNICAL DESIGN REPORT

« Exploit additional muon & calo info THE LEVEL1 TRIGGER UPGRADE

* Move to high-performance FPGAs
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Phase 1: pixels

4 barrel layers 3 forward disks

poee Outer rin
i =08 n=1.0 n=1.5 o gs
_— 1=2.0 -
. I 1=2
| s
’ H | ~Innerrings
iy

L N

k Narrower

.~ beampipe
- \ n=20

|'|=0 |']=U.5 r|=1.0 r'|=1.5 Upgrade

4 layers

« Rad-hard (~ 500 fb1)
 Less material

 New readout chip

» recovers efficiency up to PU ~ 100 old

3 layers



Phase 1: hadronic calorimeter

Photodetectors

» solve frequent elec. discharges (better noise, gain, longevity)
» forward: suppress anomalous signals (particles in PM tubes)

Barrel/Endcap

Forward

Front-end

9

Single to dual readout PMTs

|:>

. QIE11 (HBHE)

QIE10 (HF) New uTCA Back-end

* new chips: @25 ns readout (= 40 MHz)

Back-end

 new UWTCA board (large data volumes)



Phase 1: Level 1 Trigger

e (Goal: maintain performance in Run2 and Run3

e increase in rate ~ x6

e need to subtract PU

« improve efficiency & resolution
* keep it flexible!

* Sophisticated algorithms (FPGASs) in uTCA to exploit

« full granularity of CALO info
 additional MUON info

* |n operation since 20153!

Petar Maksimovic, Johns Hopkins CMS Upgrades and Prospects for Higgs & EWK ... WIN 2017



HL-LHC Challenge

TECD1
D1 02 D3

Blue tracker

OQO O . * OO&) modules are

inactive after
1000 fb-! due to
very high

Te L2 'ﬂB L4 TOB L2 TOB L4 TOB L
11

 Detectors have to aﬂ
operate in extreme 933
environment

leakage currents

I induced by
neutron fluence.

——
mB L1 TIB I..J TOB L1 TOB L3 TOB Ls
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Dose, 3000 fb™

300 _ 1e+08
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detectors will be — 10406
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~ 1000 &
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= Severe aging 10
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Phase 2: tracker (a possible layout)

) 120;.0 (;.2 0.4 /0.6 /0.8 1.0 1.2 14 16 Strips: 5
strips: [ PR P * b fwd. disks
6 barrel _F ey ey b e
layers = I

~ —_— ] ] ] I ] —
= = I I I I I | 26
4001 — —— ::u ::u ::u ::u ::u | 28
. I —— i " i i i :gfg
pixels: =TT T C o a0 Covterage
4 barrel 0-0_'_' s '. — T B — - a— up o
layers pixels: 10 forward disks |~ 4

e Strips: x4 granularity —

N

e Pixels: 6x granularity (25x100, 50x50) — Reduce hit merging
v
 Thinner sensors =— » Rad-hard, less material

» Readout: 750 kHz
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Phase 2: track trigger

 New tracker can provide 2-layer “stubs” to L1 trigger

r [mm]

0.0 0.2 04 06 08 high transverse fail
; / y, momentum
1200
1000 ||H ‘E

low transverse
momentum

800

600

e NN N NN Y T R RN Iy

- [l 26
L Il [ i [l 1l -
400 A5 5 B B I N N N ”n “n ::n ::u ::n 28
NN NN T T S TR 32

:% E -a ; la 1 a| | a 1 | E| 1 | h| | i I 1 1 | | ] 1 | | 1 | | !
0p 500 1000 1500 2000 2500 n

* 6 stubs for tracks with pT > 2 GeV @ 40MHz, latency < 4 us
e Studies with hardware demonstrators in progress
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Phase 2: track trigger (2)

* Precision from new tracker — powerful background
rejection at L1 of trigger!

Sharper turn on

PU—'I40 14TeV PU=140,14TeV
g 1. CMS Phasell Slmulatlon ....... A — e — N S CMS Phasell Simulation: i
@ . = = L1Mu (Run 1 conﬁguratlon + ME1a unganged)
é L 10° ko —e-0 < n|<1.1(@Q24)
w 08 ®© el 5 1.1<|n| <24 (Q=4)
B s e S L1TrkMu (Phasell: muon hits in > 2 stations)
- 81 s T a0 < Inl< 1.1
0.6 9 —E-—1'I<|r]|<24
L = -
: _ 7+~ L1Mu (Run 1 configuration + MElaunganged) | [ g RO seee
= PO —— 0 < n|<1.1(Q=4)
i : L s B 11<In224(Q29 -
0.2 _-—EJ—- ............ * ...... L1TrkMu (Phasell: muon hits in = 2 stations) ) SRRSO SOUOURURN A SOSRURTRORS SRRt LI S, oo o 15 SNSRI SO
B e OO —— 0 <|nl<11 il
o - -8 1l1<n <24 | : TITITII
0 M_I—I.I—M T NS NS NS RS L i i I T B Pl i L
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 50

Simulated muon P, [GeV] Muon trigger P, threshold [GeV]

Much lower rates
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Phase 2: barrel EM calorimeter

Keep lead tungstate
crystals and avalanche
photodiodes (APD)

) |

Mitigate APD noise with

» |lower operating temperature
» optimized readout shaping time

Noise (ADC counts)

— —_
o N

o

..\III!II\!I\W![WI

Replace electronics for L1 trigger

- single-crystal readout (instead
of 5x5 tower) at 40 MHz

CMS Preliminary ECAL Barrel

- —T=18°C t=43ns =145

s T=18°C t=20ns | |
— T=8°C t=43ns |
--------- T=8°C t=20ns

AR SRRV SR SR B
0 1000 2000 3000

Integrated Luminosity (fb™)
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Phase 2: endcap calorimeter

wcoe | | BFE] P \\ * New! High Granularity Calorimeter (HGC)
Npapapcamanamaetind |\  Hexagonal silicon sensors
1 0or 0.5 cm? hex cell size, 6M channels

« Excellent longitudinal and
transverse segmentation

« Rad-hard

SERRS B H e

MED frant EL

e TCECTCECER BUE T

PO A e esaesaesgesaesaeades

A | Endcap EM section
| 28 tungsten and copper plates,
IO | 25radiation and 1.5 interact. lengths

Front Hadron section

12 brass and copper plates,
Backing Hadron section 3.5 interaction lengths
Brass plates + plastic scintillating

tiles, 5 interaction lengths
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Phase 2: endcap calorimeter

Readout Chip Shielding Airgap

« Measurement of shower shape \ \
+ its time development.

 Enhances particle ID, energy (side view) ()
resolution and PU rejection

Printed Si Sensors

Circuit Board Cooling pipe

i

(Cu/W) Baseplate‘




Electron Efficiency

Petar Maksimovic, Johns Hopkins
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Phase 2: endcap calorimeter

* Simulated performance:

—
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Phase 2: muon system

« Existing chambers will survive HL-LHC

* Replace DT and CSC electronics for 08 09 10 11

° 48.4° 44.3° 40.4° 36.8° 8
40 MHz readout —— ———3 125
 New chambers in the forward: [z -

B GEMs

 Gas Electron Multlpllers (GEM), |mproved Il E Brecs

RP .
17 207
4 L = RB'lr_ . 1.8 18.8°
, | 1.9 17.0°
" Solenoidmagnet |y 7T 'i 20 154°
I Ee—_— 1 21 140°
- TR
- 24 104°

2 = a : T 25 94°

Coverage up e 1 5

tO |77| ~ 3 O 1 tsr:g::: ' Jtation 2 Station 3 \Statiorj4 : _:

_ g B 40 2.1°
o A ey e N T 0 10 P 9090 A o . =X=¥="" 50 0770

0 1 2 3 4 J 11 12 z(m)

l

Forward muon tagger — MEO GEM IRPC
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Phase 2: muon system

GEM:

« Improves p. resolution
for L1 trigger muons
e MuonIDton~3.0

* Pilot system (5 super-
chambers) installed at
Muon endcap station 1

—
o
W

I TTTTT
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o
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I TTTIT

—
o

L1 Trigger Rate [kHz]

T T IlIIIII

PU =50, 14 Tev

oo | ! !
CMS Phasell Simulation I
S : PhaSe | tf:let@ect‘;ori

.22 5tubs .\.f.i.f.i‘thﬂ.M§.1 /1
Phase|+GE 11
> 2 stubs with MS1/1
MSI/1 bendlng angle

PR VR A ST, PO AR SO

R S

| IlIlIIIl 1 IllIIIIl (R

L1 ILLL

E_l Mu (standalone)

i|||] i

1 1 IlIllII

6 7 8910 20 30 40 50 60

100
L1 muon p_ threshold [GeV]

Muon trigger rate reduction
by adding GE1/1



Phase 2: trigger

* L1 Trigger new capabilities
« Track trigger - better lepton p_ resolution

* Finer calorimeter info
« Additional muon chambers forn > 1.6
« Sub-detector electronics upgrade to handle higher rate

L1 Trigger rate ~ 750 kHz @ 200PU (now 100 kHz)

e Thresholds comparable to what are used now

« 12.5 us latency (now 3.4 us latency)
o sufficient time for Track Trigger
= hardware track reco + matching with muon and calo info

 High-Level Trigger (HLT) rate ~ 7.5 kHz (now 1 kHz)

Petar Maksimovic, Johns Hopkins CMS Upgrades and Prospects for Higgs & EWK ...

WIN 2017
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HL-LHC Physics

» Higgs discovery at the start of LHC was exceptional

e Goals of LHC and HL-LHC:

« Explore energy frontier!
(extension of discovery reach in high-mass region)

* Precision measurements of SM parameters
(including the Higgs boson)

e Sensitivity to rare SM & rare BSM processes

Petar Maksimovic, Johns Hopkins CMS Upgrades and Prospects for Higgs & EWK ...
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Higgs Prospects: couplings

CMS Projection
| | | | I I I | | | | |
Expected uncertainties on = 3000 " at fs= 14 TeV Scenario 1

Higgs boson couplings —4 3000 " at 5= 14 TeV Scenario 2
" + { Coupling precision 2-10 %

! a
K factor ~2 improvement from HL-LHC
Kz I Key question is the
Ko — evolution systematic uncertainty
Ky : i
“ | | Assumptions made on cross section
K. J ! P g

- | | uncertainties already superseded

| ]

. | A | | | | | A i | - |
0.00 0.05 0.10 0.15
expected uncertainty

Rare-decays

L(fb~1) Koy KW K7 Kg Kp Ky Kt

300 [57] | [46] | [4,6] | [6,8] | [10,13] | [14,15] | [6,8

[41,41]

3000 | [25] | [25] | [24] | 3,51 | [47] | [7,10] | [2,5]

10,12]

arxXiv:1307.7135



22

Higgs Prospects: H — pu

* nparrow resonance with huge DY

» ~45% improvement in resolution
« ~20% improvement in efficiency

background

} wrt Phase1 aged + PU=140

14 TeV
o 20 ———
 results scale with < - CMS-TDR-15-02 CMS Simulation
square-root of ] ~— Phase l, 140 PU
improved yield ol — Phasel, 50 PU
T ™ Phase | aged, 140 PU
o expect ~5% ]
uncertainty on 2" .05
generation Higgs ]
coupling )
’ PR SR S NN SR TR TR RN SR S )
P20 122 124 126 128 130

m,, [GeV]
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Higgs Prospects: HHH coupling

9 OOy~ - -- h g ok
ty 4 t --=<_
g > ---h 9 ~h

 Reconstruct Higgs potential 100

e Check EWSB! _sof
-
2 2 S
L 9. 9 mp, .3 s €2
L=—-mph® — A3 h* — Ny h*
9 2V 1802 < 10f
EFT Lagrangian hd
5
= 05

« BSM can significantly 10 L
enhance rate 1.05 3

| - :
 Exhaustive program at LHC  owtprpror—o—e e

and HL-LHC My, [GeV]
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Higgs Prospects: HHH coupling (2)

1§_14 Tev PU 140

'Ifl'f-'l]

lllllll

-—*—-
»—’—4

L2

Illlllllll[lll

CMS Slmulation —e— Tov data
- Combined fit

..........

L

HH->bbyy
Resonant bkg
Non-resonant bk

lllllllllll?lllllllll

e Further improvements

M,, [GeV/c?]

« Demonstrate Phase2
detector’s capabilities

* b-tagging, photon,
and tau-Id

» case for the track
trigger
e Sensitivity
 ~10 signal events
e ~20

« additional channels (4b, 2b+VV*, 2b+1t, etc.), improved pixel
detector (b-tagging), resolution (regression)...

Petar Maksimovic, Johns Hopkins
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Prospects for Vector Boson Scattering

35 9 fb (13 TeV)

(7)) F T
T - Data —m,,.. =200 GeV
o | Ewww :m,,.. = 600 GeV
Lﬁ 150 ‘mwz
L 7 Non-prompt A\ Bkg. unc.
Others
100 | .
N

50 N

CMS

Preliminary

\\\\\\\;\\\\\\\\\\\ SR

1000 1

0 I
500

500

2000

m; [GeV]
« first observation: CMS-SMP-17-004
» |ongitudinal scattering cross section

« anomalous couplings
 input to Higgs couplings

l

Access VBS
via same-sign

WW’\/"J::

Events / 0.21

3000 fb—*, 14 TeV Phase-I | Phase-II | Phase-I aged
Higgsless 95% CL u exclusion | 0.14 0.14 0.20
V1 V| scattering significance 2.50 2.75 2.14

14 TeV, 3000 b, PU = 140

1000
800/
600/~

400

%

- CMS Phase |l Delphes Simulation

N . fakeLepton . WZ

: WWoeo - wrongCharge

- j WZ,.0 ‘r"“ WWeuw (H )

= s WW o ‘Mng) — | (’IOH,;"Hlm)

200 4

05 1

CMS-SMP-14-008 '

1.5 2 25 3



Conclusions

 Phase1 upgrades

* being commissioned now
« doing well so far

 Phase 2 upgrades
« studies in progress

« HL-LHC Physics Prospects:

« detector performance maintained — or improved!
« Higgs and other precision physics

» extensive program of searches for BSM and
rare SM processes

Petar Maksimovic, Johns Hopkins CMS Upgrades and Prospects for Higgs & EWK ...

WIN 2017
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BACKUP MATERIAL
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