d Particles

IVE

. Long Li

HL-LHC

At CMS

on behalf of the CMS

I

Soff

Ivia

L

laboration

[

Co

ty

1versi

Cornell Un

-6 April 2018 Fermilab

HL/HE LHC Meeting 4


https://indico.fnal.gov/event/16151/

) \LUN/V
CMS /| (7
‘"é v

HL/HE LHC: A Long Term Project

- HL-LHC upgrade greatly expand physics potential of the LHC

* Rare and statistically limited SM and BSM processes

* New channels w/ low cross sections or small coupling strengths

PHYSICS PERFORMANCE DETECTOR UPGRADE

* Increase in radiation levels == improved radiation hardness

 Larger pileup and increase — higher detector granularity to reduce
INn particle density occupancy, increased bandwidth to
accomodate higher data rates

* Trigger rate at an acceptable higher output rate of interesting
level not compromising m=> events and improved discriminating
physics potential power of the event selection

Livia Soffi - 04/04/2018 I 1/21
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Rediscovered Interest in LLP

« Strong interest for HL-Phase2

Disappearing
tracks

- No hints of new physics in
prompt searches

- Very small backgrounds from
SM

Displaced
leptons
- Dark Matter related . :
SignO’rureS Displaced ’
Jets %
Displaced
vertexes
- Extend the coverage & reach! “
Displaced
photons
Explore more final states Increase luminosity &

Improve detector performance
* Target specific signatures and lifetimes using dedicated triggers and

detectors
Livia Soffi - 04/04/2018 | 2/21
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HSCP && Phase?2 Tracker Upgrade

Long lifetimes particles moving slowly, heavily ionizing the sensor material
as they pass through

SUSY stau and gluino

Depending on mass and charge: anomalously high dE/dx in the silicon
sensors w.r.t. MIP

14 TeV, 200 PU

—
N

- CMS Phase-2 Simulation

| B Bkg. p, > 55 GeV (DY — py, tf — 212y)
I Pair-produced T, M = 871 GeV

B G - tiosy - Inner Tracker : dE/dx measurements,
e enabled by dedicated readout

-
o

O
o

dE/dx discriminator

' Ill':fl'u !

O
)
y

O
N

0.2
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HSCP && Phase?2 Tracker Upgrade

Long lifetimes particles moving slowly, heavily ionizing the sensor material
as they pass through

SUSY stau and gluino

Depending on mass and charge: anomalously high dE/dx in the silicon
sensors w.r.t. MIP

14 TeV, 200 PU

S 10 CMS Phase2 Simuiaton Exploit additional info from OT!!
 p, >S50V O 2
1E Gluino, M = 1400 G;\f e ]
— - Outer Tracker : threshold implemented
= INn tThe dedicated readout: bit signals if
o a hit is above this threshold: “HIP flag”
1072
: * Energy loss from IT + discriminating
1073y e HSCPs from MIP w/ "HIP flag” in OT

Number of HIP clusters per track

Livia Soffi - 04/04/2018 CMS-TDR-17-001 | 4/21
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HSCP && Phase?2 Tracker Upgrade

discriminator and outer tracker HIP flag

* Impact on the HSCP analysis of the Phase-2 inner tracker dE/dx

* Evaluate signal vs background efficiency to identify tracks from signal
events and reject those originating from backgrounds.

—

Signal track efficiency

o

o

o

OO 1
107°

Gluino, 1400 GeV

14 TeV

_O Il T Illlllll T llllllll T Illlllll T llllllll T lllllll
CMS Phase-2 Simulation Preliminary
8 - —
6 I —
= f i
Gluino, 1400 GeV

02k dE/dX+HIP flag (0 PU) |

- — dE/dX-only (0 PU)

r —— dE/dX+HIP flag (200 PU)
dE/dX-only (200 PU)
11 | | | 111 l | | 11 |

10° 10* 102 102 10"

1

Background track efficiency

Signal track efficiency

Stau, 1599 GeV

10 14 TeV
. || LI |]||”I LI ||||||I T ||||||l LI |||||l| T ||||||[ T TT d
CMS Phase-2 Simulation Preliminary ,«
0.8 —
0.6 j .
‘—J H
0.4 lf —

Pair-produced T, 1599 GeV
dE/dX+HIP flag (0 PU)

0.2~ AKH
L dE/dX-only (200 PU)

——— dE/dX-only (0 PU)
ll 1 1 l 11 l 11 l 11 l 11 [
O.(1)

——— dE/dX+HIP flag (200 PU)

1 LI 1 L 1 Lii 1 LIt 1 L L
-5 _ 3 _ _
10> 10* 10° 102 10"

1

Background track efficiency

« Phase-1 sensitivity realized with x4 luminosity and surpassed w/ full expected

integrated luminosity of the HL-LHC.

HIP flag is critical to restore tracker sensitivity to HSCPs in Phase 2

Livia Soffi - 04/04/2018
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) HL-LHC Challenges in muons physics

Major challenges at the HL-LHC for muon physics

r

Precise momenium
measurement by the
Level-1 muon trigger

&

-

Improve redundancy
in forward regions

:ﬂ

-

Livia Soffi - 04/04/2018

« Cope with the HL-LHC luminosity without
raising the frigger thresholds

- Standalone Triggering:reconstructing long-
lived particles outside the IT as much as O(1m)

- Good measurement of the tfrack bending w/
several independent direction measurements

 New forward muon detectors, GE1/1, GE2/1,
RE3/1, and RE4/1 up to eta 2.4

- Resolve the track reconstruction ambiguities

I 6/21
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RPC System Upgrade tfor HSCP

« BSM particles w/ mass > O(1) TeV, mostly produced w/ p ~ 0.3-0.5

* HSCP: electrically charged, no color charge, and long lived -> look like slow

muons propagating through the CMS

 Exploit fully the intrinsic time resolution of the RPC chambers O(1.5ns) w/

upgraded RPC Link Board System

« Suppress OOT background and improve BX identification throughout the

entire muon system

- Allow to trigger, at the correct BX, HSCPs with velocities as low as § ~ 0.25

CMS Phase-2 Simulation 14 TeV, <PU>=
L L L I RO

H O

T
L

. +t

CMS Phase-2 Simulation 14 TeV, <PU>=0 1
/-.\ [T T T T l T T T T I T T T T I T T T T I T T T T l T T T T > =
> . . — %) -
© T Eﬂase ; - f55ns time resoI:Jtlon - qc_) 09 -
— - 1.5ns t ti § =
2 0.25 :_I: ase ns time resolution - S g
e r ] £ osf
c B i Ll -
w02 — 0.7
N . 0.6
0.15— — =
B i 0.5
0.1 - 0.4F
N ] 0.3
0.051~ . 021
0 [ T L [ R 01 ;—
-3 -2 -1 0 M1 2 3 0 -
B resolution (BGEN-BRPC)/BGEN 0
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Triggering on highly displaced

MUONS

L1 tracking trigger inefficient for tracks w/ dxy> few mm b/c beam spot used

as a built-in constraint CMS Phase-2 Simulation 5=14 TeV, <PU>=200

g 1

S 0.9

. . . % 0.8
Dropping this constraint reduces Y0 S N
reso|U'|'|on Ond Increases rQ'l'e S 0.6F ......... *c:r .............. ....... L--1-~trackbasedvetonotapphed ......... =
0-5; """"" o M — e o S B p e —§
0_42_ .......... S0 T S S I S SR T— - _i
0.3 E_ __________ ; ________ L1Mu: no vertex constraint (displaced) _E
. 02E . 5 ___________ ——&— Phase-1+GE11(CSC+GE11): positions only |-
* Inclusion of the GE2/1 detectors QA | e EhemeACSCGEVGEL) E
C @ | -

improves measurement of the e TR T TR T
. . True muon p_ [GeV]

bending angle in at least two

stations for a suitable endcap

trigger on displaced muons

CMS Phase 2 Slmulatlon \E. 14 TeV <PU> 200
1

0.9
0.8

0.7 ¢¢ .............. .............. A S A SR T— e
0B e 1sm|s.24.p.7...9?10..6e.\l. .................. .

- Standalone muon triggering highly 05 S - mkbattppnd ......... E

L1 trigger efficiency

L1Mu: no vertex constraint (displaced)

efficient for tfriggering on muons with g:

dxy up to 10-15cm 09F
Phase-2(CSC+GE11+GE21+MEO):

0.1 ﬂl* """ o] posmons and directions

Oﬂllillllillllz 11111111 illllillllillllillllillll
0 5 10 15 20 2"
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HL-LHC Performance on displaced

- Gauge-mediated SUSY breaking 5]57 — ﬁﬁ MUuUONS
model with the smuon as NLSP CMS Phase-2 Simulation 14 Tey

SUSY i e = ‘1 mm
resulting in a two displaced oppositely SUSY jir = 10 mm
charge muons

=
o
=}

SUSY i er = 100 mm

—— SUSY /i er = 1000 mm

E 2
&
Normaljzed Entries

* Large MET (> 50 GeV)

=
o
N

Displaced stand-alone algorithm: |
CMS IPhase-Z' Simu/altion |
» Tracks reconstructed from only hits in S| -
muon chambers g°'7 """"" .
« Muon frack reconstructed w/o 2 '+"'%";"’+“;'+ """ T
constraining the interaction point. i S R s e+ St S
 Benefits from additional hits from the Soattd g
Phase-2 muon system forward P N 1 U -
upgrade ST SRS RO SO SO Ii*;“
—<+— Displaced StandAlone Muons
L B 0.1~ -4~ "StandAlone Muons' =~~~ S 1
dy (cm)
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HL-LHC Performance on displaced

* Background discriminator: the impact parameter significance MUONS
d0/o(d0)

 Signal efficiency 4-5% for ct = 1000 mm vs 10> - 104 for QCD, tt, and DY
(where large impact parameters are (mis)reconstructed)

« Black line shows sensitivity w/o DSA algorithm which reduces the
reconstruction efficiency by a factor three

. CMS Phase-2 Simulation ~ ct; = 1000 mm (14 TeV) , CMS Phase-2 Simulation M, =200 GeV (14 TeV)
= = —~ 10°zm , -
Q TE | e median (300 fb™!, Phase-1) a ; TR RS median (300 fb™!, Phase-1)
D N B median (3000 fb™', Phase-2 standalone) . R | e median (3000 fb™, Phase-2 standalone)
R CE R m------ i -1 -
P =+ median (3000 fb™!, Phase-2) pET R Ted'a” (3°°°tfb , Phase-2)
S - 9 -\ | sigma variation
o [ ] 1 sigma variation 8o F 9 L
b . _ o b S [ ] 2sigma variation
10 &= : 2 sigma variation i theoretical cross section (co-NLSP SUSY)
= theoretical cross section (co-NLSP SUSY) 10 2_ ".‘".‘. e theoretical cross section (scaled)
- | theoretical cross section (scaled) R L
1L 4 . '-,‘A\.‘ ............................................................................
T (I
WrosoensheoeneseentTTTTIIT A :
108 e I P |
‘-~ \h=---mmmmmenaa '-‘-"'- --------------------- P o 10—1 = T
A \EEEEEE———————— - — ‘\‘ _________________ A
.............. .-------"""'--- — --._____..-. -----__---_____‘_.--_----
1072 = - A A
; 10_2 =— L ETEEEE | T T PP W---=--mmmmmmmmmmmmmETOl "
10_3 | | | I | | | I | | NI"'I'w | | | I | | | l | | - | | | I | | | | | | | | | | | | |
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Promising signatfures with delayed

ohotons//

Search for delayed photons/Z in SUSY events

—G V/L(ee) K

o |f IS . P D
* Photon/Z (ee) arrives on ECAL Y
in delay w.r.f. prompt | i
particles \/ .
Al
- So far tagging events w/ 3 _ - h
ECAL time informatfion G« -

(res 200-300 ps)

Challenges of the search:
* Non-standard electromagnetic objects, customize trigger/

reconstruction/simulation
Livia Soffi - 04/04/2018 [ 11/21
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Out Of Time Photons Detection
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LHC Sensitivity to Displaced Photons

19.1 fb™ (8 TeV)
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Inst Lumi @ HL-LHC: 5.2 or 7.2x10** cm—2s—"!

140

Beam spoft limitations to fime
resolution

or 200 multiple interactions

Beam]

_ Beam?2

s >
\

< —

beamspot

CMS Phase-2 Slmulatlon Prellmlnary

5¢cm

4
180-200ps 3 When the collision happens?

°E | ' | ' E . T:
;_13 TeV Integrated Lumi = 300 fb™ _i ECAL PI:'qsez Upgrqde. Tlme
. Resolution O(30ps)
ECAL Phasel —— »=*r N
ECAL Phase2 -1 3 _ . .
o i Time resolution dominated by
ﬁb\t ss\%\\\\s\s\%\ \\s\i ws\i §\®\ \\\S\ \\\S\t «\\s\\\ss\\\ _§ UﬂCGFTOIﬂTy from beOmSpOT
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CMS Global Timing Concept

CMS has now included a hermetic precision MIP Timing
Detector in the Phase-2 upgrade scope

Calorimeter upgrades:

=  Precision timing of showers

=  Provide precision timing on high energy photons in ECAL Barrel
All photons and high energy hadrons in HGCal Endcap

MTD = MIP Timing Detecto
BTL = Barrel Timing Layer
ETL = Endcap Timing Layer

MTD = BTL + ETL 4
=  MIP timing with 30 ps precision L

=  Acceptance: |[n| < 3.0, pr > 0.7 GeV in barrel, ~p > 0.7 GeV in endcap

PROPOSING: MTD — Dedicated MIP timing layers

Location: just outside the tracker

132nd LHCC Meeﬁng 30th Nov 2017 https://indico.cern.ch/event/679087

Tlmlng Days 22th Mar 2018 (CMS OﬂlY)Z https://indico.cern.ch/event/700775
Livia Soffi - 04/04/2018 I 15/21
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MIP Timing Layer Detector Upgrade

seam! Beam?2
eam < N = > eam
Fs0200s. ¢ ' beamspot
i
30ps

Significant reduction of beamspot uncertainty

* Precision fiming rejects spurious secondary vertices

- Remove pileup tracks from isolafion cones

- Extend the physics reach in searches for massive invisible particles

« Provides a new capability for LLP searches

Livia Soffi - 04/04/2018 ! 16/21
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Displaced Photons w/ MTD at HL-LHC

- ECAL Phasel
« ECAL Phase2(beamspot dominant)
- ECAL Phase2 + Timing Layer

» Increase sensitivity to short lifetimes

I 17/22



Displaced Photons w/ MTD at HL-LHC

hase-2 Simulation Prel
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Secondary Vertex Reconstruction with

Visibile Object MT D

my, v * Reconsiructed vertex to
measure the TOF of LLPs
antO
‘ ------- ) 2
LLP - Kinematic closure: direct
. measurement of the LLP mass
Invisibile Object > ToMS Phase2 |+ ———1
8 600 |- Simulati?)snePreIimina —ce=100cm
. . . . 0 ct=3.0cm
* Timing resolution for tracks is 30 ps - 13 TeV ci=10cm
; ct=0.3¢cm
O
£
‘© 400}
3
« Model independent: can either =
reconsiruct mass or mass splitting
. . 200
depending on how velocity related
to model structure
;..va*w v
400 600

See Sasha's talk https://indico.cern.ch/event/649760
Livia Soffi - 04/04/2018
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Conclusions

» CMS Phase-2 upgrade for HL-LHC: maintain excellent
performance of the detector in efficiency, resolution, and
background rejection

—» withstand radiation damage, trigger thresholds
and pileup

- Many LLP SEARCHES will benefit from extra info from upgraded

detectors and improved tools

« HL-LHC Phase2 will fundamentally changes how we execute LL
searches

 Significantly expand physics program for CMS in HL-LHC

Livia Soffi - 04/04/2018 I 20/21
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HSCP - EXO-16-036
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Figure 1.4: An R-z cross section of a quadrant of the CMS detector, including the Phase-2 up-
grades (RE3/1, RE4/1, GE1/1, GE2/1, MEQ). The acronym iRPCs in the legend refers to the
new improved RPC chambers RE3/1 and RE4/1. The interaction point is at the lower left cor-
ner. The locations of the various muon stations are shown in color (MB = DT = Drift Tubes, ME
= CSC = Cathode Strip Chambers, RB and RE = RPC = Resistive Plate Chambers, GE and MEQ
= GEM = Gas Electron Multiplier). M denotes Muon, B stands for Barrel and E for Endcap.
Labelling details are given in Section 1.2.2. The magnet yoke is represented by the dark gray

areas.
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Neutralino Mass Constraint

Precision timing gives /3 of LLP

3LAB __
p =

1
c T,—T, ELAB

We assume we have measured
9 ~ . .
LAB _ velocity of parent particle in the lab

ELAB | PLAB _ energy and momentum of visible decay products

Can boost visible system to LLP rest frame
By = o (B - PP B)
Energy of visible system in LLP rest frame

-
P
2mp

2 2
m m1+mv

Ey

Can assume invisible system mass to calculate LLP mass

2
mp = E;, + \/E€ +m? —m,
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Ll HL/HE LHC Schedule

Beam commissioning

- Technical stop

2015 | 2016 | 2017 2018 12019 2020 2021
iz 34|l a3l 2lezlas|ail@zi@3iqs|al @23 ia4]Q1i@2iq3 4@l |a2]a3 a4
LHC HL-LHC Civil engineering
Injectors LS 2 LIV installation
____________ 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028
Q11Q2!03|Q4|Q1!Q2!Q3|Q4|Q1/Q2|Q3 Q4 |Q1]Q2!Q3|Q4|Q1|Q2!Q3|Q4|Q1!02]|Q3 Q4 |Q1 | Q2|Q3 Q4
HL-LHC installati
s Run 3 i iy aLS'o; . Run 4
Injectors .
HL-LHC installation e—— PHASE2 —m————
2029 2930 2031 2032 2033 2034 2035

Q1}02 03 /04]/a1/@2/Q3|a4]a1 Q2|3 @4]a1 /@2 |@3]a4|a1 |02 @3 a4]a1]Q2]@3 a4 a1 |@2 @3 |Q4

LS 4 I Run 5 B I

——eeeeeeeee >

LHC
Injectors
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ECAL timing measurement

Lead tungstate fast scintillation response — about 80% of the light
emitted in 25 ns

@ test beam in 2008 intrinsic ECAL
precision measured with electrons

@ collisions with electrons from Z
decay

o(t;-t,) [ns]

10'1:

Livia Soffi -

test beam

10, L1l
L
L

T
wal

10

EinEB [GeV‘ L]

10

.-CMS 2008 |

102 { ..~
E in EE [GeV] ..

oltrty) = 7 —

N=35.1+0.2 ns
C=0.020+ 0.004 ns
2/ ndf=173/169

e | A A A T |

10 10?

Ees >30GeV o7 <50ps
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Central ECAL

* New electronics
« Lower operating temperature (10°C)

New Forward Calorimetry

« Entirely made of silicon
* Radiation tolerant
e ‘5D’ measurement

—H

' Muon System

{

* New electronics

 New forward
chambers
« Uptoln[=3

: New Tracker

| « Radiation tolerant
« Light
* Full-blown tracking §

at trigger level
Pixels up to |n| = 4

Livia Soffi - 04/04/2018 | 28
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HL-LHC Plleup

03—
. e - HL-LHC 200 PU
Inst Lumi @ HL-LHC: 5.2 or 7.2x1034 20250 ~ HL-LHC 140PU
. . . _a, i LHC .
cm—2s—1, yielding 140 or 200 pileup 3 o2 ;
Q B
X B :
Q - |
01 | ]
F ﬂl g i
ocm 0.05[- ). .
F t* ;"TT‘?‘;TT}-:::’:;‘?‘T“ﬂ i 1 f:ll L 1 E
180-200ps % 0.5 1 15 2

Vertex density (mm 1)

» spatial overlap of tracks and energy deposits:
degrade identification and reconstruction and confuse the trigger.

MTITD:

* slicing the beam spot in consecutive time exposures of 30 ps:
—> reduce the ‘effective multiplicity’ of pileup recovering the Phase-1 track

purity of vertices.

« consolidate the particle-flow performance @140 and extend it up to 200

Livia Soffi - 04/04/2018 I 19/19



MTD Overview

—>  space and integration
constraints

calorimeters, divided in a barrel (|n| <1.5) and
two endcap sections covering up to || = 3.0.

* hermetic coverage, with time
resolution of order 30-40 ps

« Granularity: A channel

area of order 1 cm2 in the
barrel, and varying in the

endcaps down to 3 mm2

at [n] ~3, @

good compromise between low time response spread within a channel, low
occupancy and low channel count

« Radiation tolerance: The devices must be able to operate efficiently up to an inte-
grated luminosity of 4000 fb—1

Livia Soffi - 04/04/2018 ! 19/19
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Displaced Dark Matter

Signatures

- Extend DM model to involve long-lived decays

- Primary vertex: dark matter simplified %QQQQ// Gt
u
X2 @(

- Displaced secondary vertex:

characterized by the mass of the ! 3 X
long-lived particle and its lifetime C
/ \:\\ i
- Excited dark sector state y2 & %‘1
u u

« y2 lifetfime depends on the masses of the | & cung es s.vrenna
particles involved and their couplings

- Both EFT or Simplified Approach can be used to describe the
Inferaction

Livia Soffi - 04/04/2018 https://arxiv.org/pdf/1704.06515 .pdfl 31
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Displaced Dark Matter

* No backgrounds from SM processes: S|g HCITU (€S

excellent target for the HL-LHC

« Softer-MET spectrum expected:

x1 gets ~20% of the y2 momentum Y1
- DM-recasting: detailed 5%
understanding of the object N Yo
Y2 @ X2
reconstruction and background A 24
estimation /
X1 y

» Plan to include this interpretation
iNn 2017 Mono-Jet and Mono-Higgs
analyses

Livia Soffi - 04/04/2018 https://arxiv.org/pdf/1704.06515 .pdfl 32



