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Collisions at the LHC ETHzurich

Centre-of-Mass Energy =0.9-2.36-5-7-8-13/14 TeV
Bunch separation : 50 - 25 ns

Beam crossings : 20-40 Million / sec

p p - Collisions : ~1 Billion / sec

Events to tape : ~1000/ sec
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The basics... ETH zurich
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Hard Scattering = processes with large momentum transfer (Q?2)

Represents only a tiny fraction of the total inelastic pp cross section (~ 70-80 mb)

eg. o(pp — W+X) ~ 150 nb ~ 2 - 106 otot(pp)
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Delivery of (lots of) data

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-09-10 01:13 UTC
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Stairway to ....

Standard Model Production Cross Section Measurements

Status: July 2018
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/SigmaNew_v0.pdf
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Vs

¢ The Higgs boson £ Fariasaacus

- LHC Run 1

¢ Couplings to vector bosons measured at the o'k
~20% level ©

1 : 102 |
¢ Observation of coupling to tau leptons |
I ¢ ATLAS+CMS 1
¢ Observation of coupling to b- and top quarks w0k - SMHs on
2 I 68% CL
[ ]95%CL

¢ Searches for new Physics
SUSY particles probed (and not found) up to ~2 TeV

¢ Heavy Vector Bosons excluded up to 3-4 TeV
and many (!) other limits....

~€c

~€c

VN u
¢ Closed-in on some very rare
& B s t 1 0_9 I I CMS and LHCb (LHC run ) ——
> 60— —4— Data =
é - — ::‘.l?mal and background 7 pr——
Q50" L Bl >pu 7]
~ = p'u”
o = = Gumnbindlonsl bkg
§ 10 =x=es Semileptonic bkg.
Ee] = = Peakirg bkg.
£ 30,
g 20 -
2
F@ 10—
2 . A =
0 ‘ i p—— “—Tf?“~ L'd‘ shoas .;-‘;--._L__. e e b =
M PI LO0o 200 LA00 5600 ,,,u‘:B[[r)\(;ev.&?]
Oct 18 G. Dissertori e EEEEEE—— 9




Where are we now ? ETH(rich

¢ The Higgs boson S s aons
¢ Couplings to vector bosons measured at the b 10
~20% level <
1 . 10
¢ Observation of coupling to tau leptons
I ¢ ATLAS+CMS 1
¢ Observation of coupling to b- and top quarks w0k - SMHs on
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¢ Searches for new Physics

SUSY particles probed (and not found) up to ~2 TeV
¢ Heavy Vector Bosons excluded up to 3-4 TeV

~€c
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and many (!) other limits....

Closed-in on some very rare
processes
¢ eg. Bs—pu (at 10-° level)

eighted cand. / (40 MeV/c2)
o a o o

Some anomalies in the flavour
sector? coupled to LFV?
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A (incomplete) list of open questions =<
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inspired by talk by M. Mangano

¢ The current precision, due to low statistics or systematics (see next), is not
sufficient to probe most possible (Higgs) scenarios alternative to the SM:
will the SM withstand more accurate tests?
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The Higgs mechanism has only been tested on a fraction of the SM particles,

due to low statistics or systematics: do the other particles (e.g. muon, charm,
etc) interact with the Higgs as predicted by the SM?

¢ Example: currently expected that more than 300 fb-1 are required to establish H—pup at 5o
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A (incomplete) list of open questions = 2"

inspired by talk by M. Mangano

The current precision, due to low statistics or systematics (see next), is not
sufficient to probe most possible (Higgs) scenarios alternative to the SM:
will the SM withstand more accurate tests?

¢ The Higgs mechanism has only been tested on a fraction of the SM particles,
due to low statistics or systematics: do the other particles (e.g. muon, charm,
etc) interact with the Higgs as predicted by the SM?

¢ Example: currently expected that more than 300 fb-1 are required to establish H—pup at 5o

¢ What gives mass to the Higgs?

¢ Obvious question, with a trivial answer in the SM: the Higgs gives mass to itself!
But we have to “measure it and see” !

¢ Are there more Higgs bosons?

¥ Most theories beyond the SM have more Higgs bosons

What protects the Higgs mass from “exploding”??
Is there new physics, and where?

Are the current flavour anomalies our first glimpse of such new physics?
MPI
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Already now, we are often hitting the
systematics wall; some examples:

e e

p = 1.09%015 = 1092557 (stat) g4 (expt) *oo3 (thbgd)*5o¢ (thsig)

% 1.097013 (stat) T01 (syst) 91 (theo) t013 (bin-by-bin),

—0.15 : —(.08 —0.12
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overall ATLAS-CMS Higgs combination

= 1.097010 = 1.0970:07 (stat) T003 (expt) To:03 (thbgd)*o:07 (thsig)

Higgs to tau tau:

1> (bin-by-bin)
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ETH-urich
However:

http://chancebrownrealestate.com/hitting-the-wall/

Already now, we are often hitting the
systematics wall; some examples:

p = 1.09%g15 = 1.09%07 (stat) “gox (expt) *go3 (thbgd)* (¢ (thsig)

w—-———-—-—-—w

1.091572 (stat) 7012 (syst) oon (theo) 701> (bin-by-bin).
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vents / 10 GeV (Weighted, ba

=

217+ 92 4060 80 100120140160 180200 | COMDb. e 0.98 *0-22 :
. —_______M |||||_021|
05 0 05 1 15 2 25 3 35 4 O 05 1 15 2 25 3 35 4 :

= A

E

Cross-section normalized to SM value

VH
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ATLAS Preliminary e+ Total Stat. [ Syst. — SM
Vs=13TeV, 36.1 - 79.8 fb™

m,, = 125.09 GeV, |y | <2.5

ggF

WH

ZH

ttH + tH

IIlIIIIIIIlllllllllI|IIIIIIIIIIIIIIIIIIIIIIII

IIII|IIIIIIIIIllIIIlIIIIIIIIIIIIIIIII

| _hF  V(s=7TeV, 8 TeV, and 13 TeV
05 0 05 1 15 2 25 3 35 B VR et d 7o

Cross-section normalized to SM value | —Total  —Stat.
(Tot.) ( Stat., Syst.)

+0.38 +0.24 +0.29
WH b 1.08 ~0.35 (2023 » -0.27 )
+0.21  +0.19

omb. +0.14 +0.17
-0.14 7 -0.16 )

llllIllII

O 05 1 156 2 25 3 35 4




ETH-urich
However:

http://chancebrownrealestate.com/hitting-the-wall/

——.=-====.—.=-- Already now, we are often hitting the
er i'_f-;iu'?- = systematics wall; some examples:

= 1.0975 10 = 1.09%5:07 (stat) *00a (expt) Fo.03 (thbgd)*007 (thsig)

= | 097032 (stat)t"g;l!g (syst)To.os (theo) 015 (bin-by-bin).

ATLAS Preliminary e Total Stat. B Syst. — SM
Vs=13TeV, 36.1-79.8 fb"

m, = 125.09 GeV, |y | <2.5

g9k Ih

VBF ———{
(
WH e ‘
ZH ————
ttH + tH H==H .
!

IIII|IIIIIIIII|IIII|IIII|IIII|IIIIIIII

05 0 0.5 1 15 2 25 3 35 4
Cross-section normalized to SM value

MPI
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ETH-urich
However:

http://chancebrownrealestate.com/hitting-the-wal

Already now, we are often hitting the
systematics wall; some examples:

p= 1097510 = 1.09% 507 (stat) *504 (expt) o3 (thbgd)*(0¢ (thsig)

— -

- —

1.091572 (stat) 7018 (syst) 0o (theo) 035 (bin-by-bin).

—0.15 0.1 —(.08 —(0.12 )

|
ATLAS Preliminary e Total Stat. B Syst. — SM | |
Vs=13TeV, 36.1-79.8 fb" |

m, = 125.09 GeV, |y | <2.5

g9k IPEI

IIII|IIIIIIIII|IIII|IIII|IIII|IIIIIIII

05 0 05 1 15 2 25 3 35 4
Cross-section normalized to SM value

MPI T— ——
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How to fight this wall:

¢ Hunt for the very rare
¢ the obvious, statistics limited by definition

¢ Attack new/difficult/extreme regions of phase space

¢ More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics
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ETH-zurich

How to fight this wall:

¢ Hunt for the very rare
¢ the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

(‘&J’

More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics

;;?'T\‘

Provide (even) better theoretical predictions

MPI
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ETH-zurich

How to fight this wall:

¢ Hunt for the very rare
¢ the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

('i 8/

;;?'T\‘
©

More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics

Provide (even) better theoretical predictions

(‘\ v

What is needed is not necessarily precision in terms
of small uncert., we need sensitivity

('i 8/

MPI
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ETH-zurich

How to fight this wall:

¢ Hunt for the very rare
¢ the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

5"‘5‘?-“\\
©)

;;"T\‘
©)

More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics

Provide (even) better theoretical predictions

o/

What is needed is not necessarily precision in terms
of small uncert., we need sensitivity

5"‘5‘?-“\\
©)

And of course:
make sure you have an excellent detector!

;;"T\‘
©)

MPI
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The Plan

ETH-zurich

LS3

LS2 14 TeV

14 TeV

LS1
13 TeV energy
splice consolidation NG gotg”lzlgl
olimit -
7Tev 8 TeV button collimators TDIS absorber ?r:%/qraction . B LH(.: luminosity
R2E project 11T dipole & collimator regions installation }
Civil Eng. P1-P5 ﬂ
2011 ‘ 2012 ’ 2013 ‘ 2014 ‘ 2015 ’ 2016 ’ 2017 ‘ 2018 2019 ’ 2020 ‘ 2021 ‘ 2022 ‘ 2023 ’ 2024 ‘ 2025 ‘ 2026 HHlHH 2038
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
‘ beam pipes 2 X nom. luminosity 2.5 x nominal luminosity upgrade phase 2

75% nominal luminosity — ALICE - LHCb — !
nominal upgrade

luminosity |

MPI
Sep 18

G. Dissertori
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The Plan ETHzdrceh

LS1 EYETS LS2 14 TeV LS3 14 TeV
13 TeV energy
splice consolidation NG got%gl
“ olimit - ! .
7 TeV 8 TeV button collimators TDIS absorber interaction . HL LH(.: luminosity
S— R2E project 11T dipole & collimator regions installation }
Civil Eng. P1-P5 ﬁl
2011 ’ 2012 ‘ 2013 ‘ 2014 ’ 2015 | 2016 ‘ 2017 ‘ 2018 2019 ’ 2020 ‘ 2021 ‘ 2022 ‘ 2023 ’ 2024 ‘ 2025 ‘ 2026 ’ | ’ ‘ ” ’ ‘ I 2038
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
‘ beam pipes 2 X nom. luminosity 2.5 x nominal luminosity upgrade phase 2
75% nominal luminosity — ALICE - LHCb — '
nominal upgrade

luminosity

' Notice, this is the Nominal Scenario:

| L=5.0x10 e34cm-1s-1 up to 3000 fb-1 (140 PU)
The Ultimate Scenario forsees:

L =7.5x10 e34 cm-1s-1 up to 4000 fb-1 (200 PU)

=== — il —— _

MPI
Sep 18 G. Dissertori 17



Another look at the plan

Lumi (fo™")

3000 -

300
30
Now

MPI
Oct 18

ETH-zurich

from: S. Gori, LP17

f/—
What can be

done with
this?

f ! me & TheRek :g | 1y
|l 1% - . JUINY Y Y : 1y
o o o - EEEEEEREEEEEE! " REEM i li i AL
o = e b - 4-4-3 11133 F P 2 4 TeRiLY
‘M-‘ : e b;’:k U RPN ',!‘,H'"'“
- | i IBREEEEE S ARAR T
: '
= ! ! L 5171 58 .. 24 A At KLY
; i 4 | § A g N A TGO
= == ! ) : el
| Ll b il - 0 'ﬂ‘ | 409 P22
3 / (e d i) WEEE
/ g /
| | / [ ¢
NARE :
A INLY
”
-l == I

L iz
\ e

=Y

LHC Run llI HL-LHC

G. Dissertori 18
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Another look at the plan

from: S. Gori, LP17

Lumi (fo") 4
What can be

3000 \ a
o this?

o
ppppp

»»»»»

BEEERER R
339

-

b R

“7 ]
-

! > |’ i gt b KK
y - Py i
| L L bl (o] L wifif)s |
e
el e d p e
MY NS N -

-
-

;

-
-
-==
- f‘ FJ ! k
\ f- } === I
= ; [ \.t‘ ;vv‘ C“ “‘ I
| } . / - -i. v N

|

e
|
sl 4 g et
\‘,'"-—t
| i \
21 !
Y
-
-t

300

P g™
G542

e i Ak

Now LHC Run llI HL-LHC

W
o
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HL-LHC Physics Objectives in a nutshell = T720me"

'V\ Higgs boson CMS Projection 3000 fb™
Hoyy, H —» ZZ* — 4]
¢ Push the couplings measurements to the ECFA16 (13TeV) ——50; ==S1s

few-% level
¢ Study Higgs production at large transv. mom. I

¢ Akey deliverable: Higgs self-coupling!

| +0.01 (stat.) + 0.02 (exp.)  0.03 (theo.)

| I | I ; | I I L1 1 I | I I L1 1 I 1 | _— I | I
-0.02 0 002 004 006 0.08 0.1 0.12
Expected uncertainty

MPI
G. Dissertori 20
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HL-LHC Physics Objectives in a nutshell

¢ Higgs boson

¢ Push the couplings measurements to the
few-% level

Study Higgs production at large transv. mom.

~€c

¢ Akey deliverable: Higgs self-coupling!

&

2 Searches for New Physics

¢ SUSY:
explore difficult parameter regions,
go for “weak production” modes

Exotica: push the limits, probe small prod. rates

-4

(4

~€c

MPI

Oct 18 G. Dissertori

ETH-zurich

CMS Projection 3000 fb™
Hoyy, H —» ZZ* — 4]
ECFA16 (13 TeV) — 524 ==S1+

i +0.01 (stat.) = 0.02 (exp.) = 0.03 (theo.)

L1 | | 1 1 |

400

004 006 008 01 012
Expected uncertainty

0.02

Direct stau pair production:

300}
200}

- g3
— o
100 =
9
L
7
o

B B B e B
- ATLAS Simulation Preliminary

— \s=14TeV, L = 3000 fb", <u> = 200 -

cbkg=30%, 5 ¢ discovery
Opyg=30%, 95% excl
obk9=50%, 5 ¢ discovery
cbkg=50%, 95% excl
O g=20%; 5 © discovery
Gbkg=2°%’ 95% excl

............
S~

_________

P00

It R R B NP B S LN L

300 400 500 800

; Diirscove-ry reach m(staﬁ) < 430-520 GeV

current exclusion limits about |10 GeV

20



HL-LHC Physics Objectives in a nutshell =24

"J Higgs boson CMS Projection 3000 fb™
Hoyy, H —» ZZ* — 4]
¢ Push the couplings measurements to the ECFA16 (13TeV) —S0, =G4
few-% level
¢ Study Higgs production at large transv. mom. i i
¢ Akey deliverable: Higgs self-coupling! o
¢ Searches for New Physics .
! +0.01 (stat.) = 0.02 (exp.) = 0.03 (theo.)
FSUSY: - v )
explor? difficult parar_net”er regions, | = Expectsd Uncenainty
go for “weak production” modes
¢ Exotica: push the limits, probe small prod. rates Direct stau pair production:
3 [ ATLASSmuatonPreimnay
S. 500 \s - 14 Tev, L = 3000 fb”, <> = 200 —
o P By E
¢ Use (rare) flavour processes to P e
B00f T gmesiae et
look for the new I N
¢ eg. anomalous top couplings, FCNC I

¢ Bd—)IJIJ at the 50 |eve|, B(dep/BSIJIJ)"‘ZO% B P00 200 300 400 500 600 700 _ 800 N

; ISisﬁovéry reach m(staﬁ) < 430-520 GeV

¢ closing-in on (excluding or confirming) the
L recent flavour anomalies?

Oct 18 G. Dissertori 20
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The power of large pt FrHeret

from: M. Mangano

Higgs as a BSM probe: precision vs dynamic reach

1
L=Lou+ g 3 Out-
k

O = | (fIL|i) |* = Ospr [1+O(u2/A?) + -]

MPI
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The power of large pt FrHeret

from: M. Mangano

Higgs as a BSM probe: precision vs dynamic reach

1
L=Lou+ g 3 Out-
k

O = | (fILI5) |* = Osm [1+ O(1?/A%) + -]
For H decays, or inclusive production, y~O(v,mn)

50 v\ 2 6% TeV i bes | A
~ (K) ~ 0 T = preC|5|on PI"O es arge

e.g.00=1% = A~ 25TeV

MPI
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The power of large pt FrHeret

from: M. Mangano

Higgs as a BSM probe: precision vs dynamic reach

1
L=Lou+ g 3 Out-
k

O = | (fIL|i) |* = Ospr [1+O(u2/A?) + -]

For H decays, or inclusive production, y~O(v,mn)

50 v\ 2 6% TeV i bes | A
~ (K> ~ 0 T = preC|S|on PI"O es arge

e.g.00=1% = A~ 25TeV

For H production off-shell or with large momentum transfer Q, u~O(Q)

s (Q)2 = kinematic reach probes large A even if

A te s
precision is low

e.g.00=15% at Q=1 TeV = A~2.5TeV

MPI
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The power of large pt FrHeret

from: M. Mangano

Higgs as a BSM probe: precision vs dynamic reach

CMS Projection 3000 fo' (13 TeV)
< L L B B L L B B BN
1 ) 1 3 t Toy Data (stat®sys. unc.) =
- § Q R et Sl
L — LSM + p Ok + e é 10_1;_ Yy j;_;H(POWHEG+JH):J(G:n)+iI—|S ); .
k o ;ZEZJE [C7777] XH = VBF + VH + ttH RE
I I S
o~ 10F | 23
O = | (fILLi) |* = Osp [1+O(u?/A?) + -] S -
= = Usm H & 10—3F E
© C
For H decays, or inclusive production, y~O(v,mn) R ensacnaa
2 TeV B e e e A ]
(Y € " I it s i trrerr
50 ~ (K) ~ 6% (T) = precision probes large A 0B 10 150 200
p,(H) [GeV]
e.g. 60= 1% = A ~25TeV Ultra-precise measurements of

differential cross sections (ZZ
channel shown) ~ 4-9% (stat.)

CMS-DP-2016-064

For H production off-shell or with large momentum transfer Q, u~O(Q)

50 ~ (9)2 = kinematic reach probes large A even if
A

precision is low

e.g.00=15% at Q=1 TeV = A~2.5TeV

MPI
Oct 18 G. Dissertori 21



Rare processes: examples =2

¢ Di-Higgs production: a key process
¢ Probe the Higgs potential!

¢ Cross section very small: ~33 fb-1
(~1000 smaller than single Higgs prod !)

Current projections:
» ~30% precision on signal yield (assuming SM)
 expect to exclude zero self-coupling at 95% C.L.

F

L- -3 P
‘ + (EBy +he §
J )L‘. ‘6(5*1,¢+L( |

W RO P

~€c

& 50000000y - -——————— h |

t/b & | |

MPI
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Rare processes: examples =2

¢ Di-Higgs production: a key process
¢ Probe the Higgs potential!

F

L- -3 P
‘ + (EBy +he §
J )L‘. ‘6(5*1,¢+L( |

¢ Cross section very small: ~33 fb-1 - |
W  RA-Ve P

(~1000 smaller than single Higgs prod!)
Current projections:
» ~30% precision on signal yield (assuming SM)
 expect to exclude zero self-coupling at 95% C.L.

~€c

] 8 BOOBBO00 p————gpm = === m = = - Wl
¢ Rare (or new) Higgs decays '

¢ Higgs to two muons (at ~15% level) g !
¢ Higgs to Zy (at ~10% level)
(VBF) Higgs to “invisible”

Houu (comb.) H }300 fb-1
3000 fb”

ATL-PYS-PUB  ° 0% 04
-2014-016 aia

~€c

MPI
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Searches: the new frontiers ~ ~

following S. Gori, LP17 and J. Alcaraz, IMFP17

Leave no stone unturned " oummery ot o5 9057 Praetona i ons. -
o | Preliminar 13
¢ important focus on electro-weak S — I

particles (eg Winos, Higgsinos, Binos) N P, 17
« could be part of the Dark Matter sto A -
& — ti 7 h B
& — qqadi 7, B
— I5(IJOI — I1O|00I — I15|OOI — I20|00I — I2500
Probe *up to* the quoted mass Mass scales [GeV]

MPI
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Searches: the new frontiers ~ ~

following S. Gori, LP17 and J. Alcaraz, IMFP17

&

¢ Leave no stone unturned

— Summary of CMS SUSY Projections with SMS
[ Preliminary

B 5o discovery: 14 Tev, 3000 b

—

—

CMS-PAS-SUS-14-012

¢ Important focus on electro-weak
particles (eg Winos, Higgsinos, Binos)

« could be part of the Dark Matter sto

[ ] 50 discovery: 14 Tev, 300 fb™

N\ [ 95% CL limits: 8 Tev

=— -

- . & — qqadi 7, ]
SUSY: difficult parameter regions B

500 1000 1500 2000 2500

©

g exa m p I e ?&’1 p er u Ct|0n Probe *up to* the quoted mass Mass scales [GeV]

m: - mk.o =173 GeV
1 1

¢ 300 to 3000 fb-1 = B e e e

i
v
' ®
ae!
.

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

difference between A TR o S R
‘a little excess’ and ‘discovery’ j S L — A

ATL-PHYS-PUB-2016-022

....... K SR

e tt, production
mt--m;c=173 GeV

ATLAS Preliminary Sir_r11ulation ..... Expected p,

\s=14 TeV, L =3000 fb™', u=200 - Expected p, with 300 fb”

460 560 660 760 860 960 00
m‘»‘[Ge
RS ————t—m

MPI
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Searches: the new frontiers ~ ~

following S. Gori, LP17 and J. Alcaraz, IMFP17

¢ Leave no stone unturned [ ummary of CHS SUSY Projecions witn S|
¢ important focus on electro-weak —_— B v o oo E
particles (eg Winos, Higgsinos, Binos) B N\ o 1

« could be part of the Dark Matter sto — i

% ti ] B

¢ SUSY: difficult parameter regions * ™[ T A 4

g exa m p I e ?1?1 p rOd u Ct|0n Probe *up to* the quoted mass Mass scales [GeV]

M - mk,o =173 GeV
1 1

¢ 300 to 3000 fb-! = A TR —

.
---
.
.
]

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

difference between B LW D A—
‘a little excess’ and ‘discovery’ j S L — A

ATL-PHYS-PUB-2016-022

¢ Heavy Vector Bosons e Fomossn
. ATLAS Preliminary Simulation .f’...;i,;medp
¥ decays to leptons: reach up to ~6 TeV eraToV. Logiom” 1200 [ oo smen

-11U 1 1 1
107 300 400 500 600 700 800 900 _ 1000
m: [Ge

¢ decays to top quarks: up to ~4 TeV e ————— e
(limits today: 2 TeV)

MPI
Oct 18 G. Dissertori 23



ETH-zurich

The experimental challenges
(and proposed solutions)

but first a short pre-amble



The Particle-Flow concept 2"

¢ Use a global event description (“particle flow”) :
LM HCAL

— § Clusters
hadron : : “ HHI detector >
: C?-E'

I- .l

ECAL
Clustérs

MPI
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The Particle-Flow concept ~ — 2"

¢ Use a global event description (“particle flow”) :

. : HCAL
] . Clusters

neutral

hadron : | detector

particle-flow ‘H

¢ In multi-jet events, only 10% of the energy goes to neutral (stable) hadrons
(~60% charged, ~30% neutral electromagnetic)

Use a global event description :
¢ Optimal combination of information from all subdetectors

¢ Returns a list of reconstructed particles (e,mu,photons,charged and neutral hadrons)

¢ Used as building blocks for jets, taus, missing transverse energy, isolation and PU particle ID
MPI
Oct 18

G. Dissertori 25



MPI
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Pile-up (1)

LHC HL-LHC

Ls1 14 Tev 14 Tev

ETH-zurich

13 TeV — 1O QY
splice consolidation INJECTOR UPGRADE got%zgl
olimit < 1
7Tev 8 Tev button collimators JIDIS Sheoibey interaction il LH(.: luminosity
—— R2E project 11T dipole & collimator regions installation
Civil Eng. P1-P5

2011 | 2012 l 2013 ‘ 2014 ‘ 2015 | 2016 ‘ 2017 2018 2019 | 2020 ’ 2021 | 2022

| 2028 | 2004 | 2025 | 2026 ||||||]|| 2088
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
) beam pipes 2 x nom. luminosity 2.5 x nominal luminosity upgrade phase 2
nominal nominal luminosity | ALI:pEg - al_drlcb

luminosity
EX 150" {300 b 3000 1! R

G. Dissertori

¥ Luminosities of
L~5-7.5x1034 cm-2s-

26



Pile-up (1) ETHzurich

¥ Luminosities of
L~5-7.5x1034 cm-2s-

EX 150 b (300" ey

» Number of simultaneous proton-proton collisions per bunch crossing:
L X total cross section x bunch separation time

~(5-7.5)103%cm2s1 x 100 mb x 25 ns ~

125 - 190!

MPI
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ETH-zurich

Pile-up (1)

¥ Luminosities of
L~5-7.5x1034 cm-2s-

150 b (300" ey

* Number of simultaneous proton-proton collisions per bunch crossing:

L X total cross section x bunch separation time

~(5-7.5)103%cm=2s1 x 100 mb x 25 ns ~

125 - 190!

Each of these:

~ 6 charged particles per unit rapidity,
over range of +- 5 units in rapidity:
O(10000) particles per collision !!

G. Dissertori 26

MPI
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™ Pile-up (2)

.. CMS Experiment at the LHC, CERN

CMS
DAS
LPC
Jan 17

G. Dissertori

ETH Institute for
Particle Physics

27



™ Pile-up (2)

.. CMS Experiment at the LHC, CERN

CMS
DAS
LPC
Jan 17
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.~ Pile-up (2)

.. CMS Experiment at the LHC, CERN

s HL-LHC 200 PU
0.25 24 HL-LHC 140 PU
LHC
0.2

Line density p.d.f.

IIIIIIIIIIIIIIIIIIIIIIIIIIII

-

OW § Sivies VNN
CMS 0 0.5 1 1.5 .2
DAS Line density (mm )
LPC

Jan 17 | — —

G. Dissertori

ETH Institute for
Particle Physics
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r

¥ ETH Institute for
Particle Physics

HCAL
Clusters

CMS m
Pile-up (2)
CMS Experiment at the LHC, CERN
\Data recorded: 2016-Oct-14 09:56:16.733952 GMT

?/’é Run./ Event /1LS:283171./ 142530805 /254 '\,

0BT TS
5 ' S8 HLLHC200PU ]
o 0.25 222z HL-LHC 140 PU -
> B Lz LHC 7
m 0.2F -
c B i
o) B -
go) o E
) - -
£ N .
— - ]
OW‘. Z TRRTENN B
0 0.5 1 1.5 2
CMS . : -1
DAS Line density (mm )
LPC

Jan 17 | —— —— G. Dissertori



7§ ETH Institute for
‘ Particle Physics

HCAL
Clusters

CMS /! m
Pile-up (2)
CMS Experiment at the LHC, CERN
I~Data recorded: 2016-Oct-14 09:56:16,.733952 GMT

Run./Event /1L S: 283171/ 142530805 /254,
: : X

. 03F N AR B AL
L R— | . ~ [T T T | L | L | L I L | L I LI | T 1T T_]
© - S8 HL-LHC 200 PU ] T 200 | =
G 0.25F . HLLHC 140 PU = £ gor ATLAS Online2018,13TeV  [Ldt=50.0b™" ]
- 0ok - = 160:— B <u>=237.3 =
2 Yot ] 3 1401 =
) - 5 £ - .
O 0.15F ] g 120 =
2 : : 3 1001 E
— 0.1F E S 80 =
E E § 60;— _; %
0.05 - E T 40 EL
0 Ememmi : 20F =L
cMS . 05 1 15 2 % 10 20 30 40 50 60 70 80
DAS Line density (mm )
LPC Mean Number of Interactions per Crossing
Jan 17 | — —— G. Dissertori
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~ The Trigger Challenge (1)
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@%gg
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~ The Trigger Challenge (1)
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The Trigger Challenge (1)

LHC:

MPI
Sep 18 G. Dissertori

E,HZUI“/Ch
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ETH-zurich

The Trigger Challenge (1)

HL-LHC:

~750 kHz
12.5 ys latency

~7500 Hz

MPI
Sep 18 G. Dissertori 28



ETH-zurich

The Trigger Challenge (2)

a

IDET ECAL HCAL MuDET e_g ]

« Interesting” muons
from, eq.
" W, Z, Higgs decays

are isolated

MPI
Sep 18 G. Dissertori 29



~ The Trigger Challenge (2)

ETH-zurich

IDET

proton beams

ECAL

HCAL

Example: Muon rate

~power law

Rate (Hz)

Also: Trigger rate highly non-linear

with pile-up!
MPI
Sep 18

6

10

5

MuDET e_g_

“Interesting” muons
from, eq.
W, Z, Higgs decays

are I1solated

— all

T threshold (GeV/c
2 4 6 8 10 0 30 40 506070
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ETH-zurich

~ The Trigger Challenge (2)

IDET ECAL HCAL MuDET e_g_

“Interesting” muons
from, eq.
W, Z, Higgs decays

proton beams

are I1solated

Rate (Hz)

— all
6

10

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

5

Example: Muon rate  wf o R

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
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¢ High granularity,
fast readout,
radiation hardness
¢ minimize pile-up
particles in same
detector element

¢ precise and efficient
tracking and vertex
reconstruction

Trigger/HLT/DAQ

‘y ad d tl m I n g I nfo rm atl O n * Track information in hardware event selection Efarrel EM calorir_neter

* 750 kHz hardware event selection ?ew Slectronics ~
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Muon systems
* New DT & CSC electronics

¢ fast response time for
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* Rad. Tolerant

y I * New chambers1.6<n<2.4
4 ‘ / Muon tagging 2.4<n<3
| ‘\"\ s i /
tracking information) ! 50 measurement .
and large throughput

rate for triggers : zfshéﬂzz?:;n':fzzsu,e / / |

New Tracker
* 40 MHz selective readout for hardware trlgger Beam radiation and luminosity
» Extended Pixel coverage to n = 3.8 Common systems and infrastructure
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Trigger/HLT/DAQ
* Track information in hardware event selection
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Trigger/HLT/DAQ
* Track information in hardware event selection
* 750 kHz hardware event selection
* 7.5 kHz events registered

Barrel EM calorimeter
* New electronics
* Low operating temperature =

Muon systems

* New DT & CSC electronics

* New chambers1.6<n<24
Muon tagging 2.4<n<3

Upgrades of very large scope:
complexity and size similar to original
construction!

New Endcap Calorimeters
* Rad. Tolerant
* 5D measurement

New Tracker
* Rad. Tolerant - light v
* High Definition measurement i B -

* 40 MHz selective readout for hardware trigger Beam radiation and luminosity

* Extended Pixel coverage to n = 3.8 Common systems and infrastructure

“CMS likes to do bold projects....” (J. Butler)
Obviously, just the same is true for the ATLAS upgrades...
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A new Tracker, with Trigger ="
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req. to trigger on tracks!
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A new forward calorimeter ETHzdrich

Entirely new endcap
calorimeter!

High granularity silicon detector
with tungsten/brass absorber
(plastic scintillator and brass
absorber in back part)
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Display of @VBE H - 171 in 200 p-p collisions a “first” for a
hadron collider exp.!l
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A new forward calorimeter

G. Dissertori

ETH-zurich

Entirely new endcap

calorimeter!
High granularity silicon detector

with tungsten/brass absorber
(plastic scintillator and brass

absorber in back part)

a “first” for a
hadron collider exp.!

600 m2 Si
6M channels
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Timing information ETH ziirich

|- CMS-Experiment at the LHC; CERN

e

== a8 ®®a=IS1I)

~ 150 - 200 ps !

| distributed over ~ 5cm., or:
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Simulated Vertices

t(ns) |

3D Reconstructed Vertices
——o6—— 4D Reconstruction Vertices

—+—— 4D Tracks

0.6
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Timing information
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Timing information

Simulated Vertices
3D Reconstructed Vertices
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—+— 4D Tracks
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Dedicated timing detectors
proposed in the barrel
and the endcap.

Aim: resolution of ~30 ps

For example:
enhancement by
~20 % (!)
in signal yield of
HH (bbyy)
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https://cds.cern.ch/record/2298968/plots

the computing challenge!
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Just scaling what we have
doesn’t work!

Community is working on this intensively
HSF Community White Paper
WLCG Strategy Document
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In summary, the scenarios are;:

from: M. Mangano

¢ The “no-matter-what-the-LHC-finds” scenario:
¢ push to a corner the tests of SM properties of the Higgs boson

¢ measure rare Higgs decays (e.g. H—up and H—Zy couplings)
¥ measure the Higgs self-coupling

¢ explore up-side-down the SM dynamics at the GeV—TeV scale, from flavour
physics in B decays, to TeV-scale scattering of W bosons
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quarks, Higgs, etc? what else is there?
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¢ The “no-matter-what-the-LHC-finds” scenario:

¢ push to a corner the tests of SM properties of the Higgs boson
¥ measure rare Higgs decays (e.g. H—puuy and H—Zy couplings)
¥ measure the Higgs self-coupling

¢ explore up-side-down the SM dynamics at the GeV—TeV scale, from flavour
physics in B decays, to TeV-scale scattering of W bosons

¢ The“LHC-makes-a-discovery” scenario:

¢ what is it exactly that was discovered? given current LHC constraints, 300fb-1 won't
be enough to explore new physics to be found during Run 2 or beyond ....

e If SUSY, how do we know? where are the partners of leptons, gauge bosons,
quarks, Higgs, etc? what else is there?

* If mising energy: is it really the Dark Matter particle?
 If Z': what is it? How does it couple?

¢ '\

¢ The “still-don’t-know-what’s-next’ scenario

¢ LHC is the only guaranteed machine we have. If nothing else is approved within the
next 10-15 years, we must rely on HL-LHC and possible further evolutions of the

LHC complex to guarantee the future of our exploration
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for the first time, without solid theoretical guidance

¢ Extensive physics program identified for the HL-LHC, in order

¢ to probe our new “gold-mine”, the Higgs
(aka the electroweak symmetry breaking sector)

¢ and to explore new territories beyond the Standard Model

¢ New Physics might show up as a coherent set of (subtle) deviations
from the SM predictions, in several places

¢ precision physics time has come...

¢ huge room (and need!) for
 new and clever ideas
* new methods (eg. Machine Learning tools)
* new paradigms, ....

¢ The detector upgrades address the challenges posed by the LHC
machine conditions and the requirements from physics
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Thank you for your
attention!

—

# "THE MAN ON TOP
" _OF THE MOUNTAIN

DIDN'T FALL THERE."

~ VINCE LOMBARDI




