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Particle Physics (en tres bref)

Study the elementary particles (e.g. the building blocks of matter: electrons and quarks)
and the forces that control their behaviour at the most fundamental level.
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Particles

electron
<10"%cm
proton
(neutron)
quark
- <10"%cm

nucleus .
~10"2cm

~lm molécule ~10m  atom~102cm

* The electrons and the quarks are the elementary particles of matter
 Study the fundamental laws of nature on scales down to 10-'®cm
— insight also into the structure and evolution of the Universe
— from the very small to the very big ...
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The Fondamental Forces of Nature

Electromagnetism

2 gives light, radio, holds atoms together

Weak Nuclear Force

2  gives radioactivity

2  holds nuclei together

Gravity

?  holds planets and stars together




Forces Carriers

The exchange of Particles is responsible for the Forces

Carried
By

Graviton Photon
(not yet observed)




The Standard Model in Particle Physics

A crowning achievement of 20th Century Science

« Over the last 100 years: combination of
Quantum Mechanics and Special Theory of
relativity along with all new particles
discovered has led to Standard Model of
Particle Physics

 The new (final?) Periodic Table of
fundamental elements

* The SM has been tested thousands of times,
to excellent precision.

« All particles foreseen by the SM have been
observed.

* A major step forward was made in July 2012
with the discovery of the Higgs boson
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The Origin of Particle Masses

Mass(top) = ~350000 x Mass(electron)

*  Why particles (and matter) have masses (and
so different masses) ?

* The mass mystery could be solved with the
« Brout-Englert-Higgs mecanism » (theory
1964 ): 10" s after Big Bang, “Higgs field”
became active and particles acquired masses
proportional to strength of interactions with
Higgs field

A world without “Higgs” would be a very strange one!
Atoms may not exist, and the Universe would be very different...
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But, several open questions remain...

 Astrophysics/cosmological measurements

JQua

g' (% th show that most matter in the universe is

( ...s K Oorce . . . . . ?
L . “ZL P E— NOT in this table : What is this Dark Matter?

“ wrLg

"‘e "‘u "T Atoms Dark

m% ...‘_.{f Yf 4.6% Energy

epto 72%

Dark
Matter
23%
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But, several open questions remain...

Qua * Astrophysics/cosmological measurements
uct show that most matter in the universe is
ad s _bl 7 > ¥ NOT in this table : What is this Dark Matter?
I 2 pn?
W
aries -
Dark
‘..‘.{?., _.‘.,.{f _‘f E::ergy
epto 72%

*  Why is there so little antimatter in the
Universe ?

* Are there other forces in addition to the
known four ?

* Are there additional (microscopic) space
dimensions ¢
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Where do we come from ?

Quark-Gluon
Plasma Nucleons Nuclei Atoms Today

10 ®sec 10 “4sec 3 min

* Quark-Gluon Plasma (QGP) : a state of matter
where quarks and gluons move freely over
distances large in comparison to the typical size of
a hadron

Temperature

* Study the properties of nuclear matter under
extreme conditions in heavy ions collisions
— Quantify the properties of the Quark-Gluon Plasma
— Shed light on the evolution of the early Universe

Baryon density




How to produce particles in lab ¢

E = mc?

Energy < Mass

(mass = matter)
\m /ﬁ /
ymc \n YMC

CZ \ CZ
C2
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Where did P21 labs contribute?
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The Context of LHC in P21

Early and strong support to LHC in the P2l labs (since Lausanne workshop 1984)

Contributions to the conception, design and technological choices of LHC
experiments

Continuous efforts, strong involvement and extreme dedication by the teams in:

20 years of detector and physics simulations (historical contributions to the Higgs studies)
15 years of detector construction and test beams

8 years of world-wide computing data challenges

3 years of detectors commissioning

9 years of data taking with wealth of physics results

Participation to the physics and detector coordination of the experiments: data
preparation, computing , performance convenors, physics convenors, analysis
review chairs, publications committee, ...

Many physicists, engineers and technicians from P2l labs are involved in the LHC
program. Many PhD thesis/year



| HC data

— 180 pp, ATLAS and CMS
2 or BET8TeV | [§=13TeV =50 Tev
£F 29fb1 3 160 fb-" ‘_, ,_‘
= 120— N
2. F
S 100 ;
g 3
& 80— 3 . ..
2 F Total integrated luminosity Run 2 s, ~ 5 TeV:
o ;:: N ALICE: ~ 1.3 nb"*
40 N A ATLAS, CMS: ~ 2.4 nb!
20 / ANlnn Goal for Run 2 was ~1 nb-"
C B
o__x_..l["["u T | R R | | |

2011 2012 2013 2014 2015 2016 2017 2018
Run 1 + Run 2: ATLAS, CMS: ~189 fb' (goal was 150); LHCb: ~10 fb"’

Luminosity = # events/cross section/time
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Observation of New Boson (Higgs) at CERN

QATLAS
S

H >YY

candidate

L H—=yy 4 -
L Vs=7TeV,L=5.11b" ”eoo ¢
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1 000

00

bt Peak (“resonance”) at mass,, around
[ gfff"mm"‘ 125 GeV (~130 x proton mass) indicates the

S/(S+B) Weighted
(4]

0T i production of a new particle
m,, (GeV)
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Higgs re-discovery@13 TeV

H-> ZZ->4leptons H-> vy

M 3590 (13 TeV) > . 7—————
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ata T - | --- Continuum background  m,, = 125.09 GeV |
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— 60 o . ”
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Excellent detector resolution.

Strong contributions of LAL and IRFU teams in detector calibration and data
analyses.
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Higgs Decay

H>ZZ*>4l
Rare (3%)
H->vyy
Hott S/B>>1
Abundant (6%) AM/M ~ 1-2% V ;’%’; e (0.2%)
5/B<1 AM/M ~ 1-2%
AM/M ~ 10-20% H>ce (2.9%) All major decay
channels observed!
H->gg (8.5%)
H>WW*>212v

H->bb
Abundant (58%)
S/B<<1

AM/M ~ 10-20%
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Higgs Production

g 485pb 4 378pb _9 4 225pb H g
. t/b R - S A
Main "
9 _ 7 7 4q W/Z
Gluon-fusion Vector boson . /Z 9 .
ggF (~87%) fusion (VBF) (~7%) VH (~4%) ttH (~1%)
R e W P LU I L I I R L R
H ’ wi ATLAS Preliminary  —e— Total Stat. EmISyst | | sm
t b VYs=13TeV,245-798 "
. M/\\_ my,=125.09 GeV, ly, | <2.5
bbH (~1%) b 9 A b [Py, =76% Total Stat Syst
0.49 pb tH (~0.1%) 0.09 pb agF =" 104 zo0( zoar, 7907

BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B Bm B = =
024 +0.18 +0.16

VBF f——— 121 202 Zowrs _ors)

»  All major production modes observed! S e A
H = 105 7030 ( =026, 1g77)
ttH+H HE—— 121 255 ( =ow, 1o%)

« ggF cross-section now measured with .
precision of 9%, close to 5% uncertaintyon 06 08 1 12 14 16 18 2 22 24 2¢€
the N3 LO cross section prediction Cross-section normalized to SM value
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Higgs : what did we learn ?

ATLAS and CMS -o- Observed £16
51107 (7 TeV) +19.7 ™ (8 TeV) + 77.5 b (13 TeV) LHC Run 1 Th. uncert.
AI 7 | LA A S E T T T CT énlné LI L e L e B B B | W y’y_ > cMs E=7TeV,L=511"; §=8TeV,L=197 "
E [ ATLAS and CMS — H-yy ] L S, zz| - ) T T T T T T T T T T T
< gL — 2z - — Observed > wwi ° 5 Lie
c [ LHCRun1 — Combined yy+4/ r L0 - £
N e Stat. only uncert. - | -~ Expected W Yy T §
' 5F , : 1o —— Observed, 201642017 = zz| 3 g
r ] --- Expected, 201642017 > ww . g
4 o N s | B T o o]
r 1E vy J——— 3
r 14 ww [ I g
3- 1o ks *
[ 1 bb .
2F 7| —
[ WwW | —
1 Do NN S ] 13 L —
C bb -
: . n —— ]
oL L . L ww Sy
124 124.5 125 125.5 12 o — e i 20 30
m, [GeV] bbl A 2In(C, ILy)

-6 4 -2 0 2 4 6 8 10
o - B norm. to SM prediction

Mass = CMS+ATLAS Width Couplings are Spin J¢P=0++
125.09 +0.21(stat) <9.16 MeV within ~20% of preferred over
+0.11(syst) GeV (95%CL) the SM values 0,1,2

« The newly found boson has properties as expected for a Standard Model Higgs

*  We continue to look for anomalies, i.e. unexpected decay modes or couplings,
multi-Higgs production, heavier Higgses, charged Higgses...
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Events / 10 GeV (Weighted, backgr. sub.)

Higgs Results @ 13 TeV

»

TLAS

s=13TeV,79.81b"
0+1+2 leptons

2+3 jets, 2 b-tags
Weighted by Higgs S/B
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—e— Data I
B VH, H — bb (u=1.06) ]
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Uncertainty

Dijet mass analysis

II|III|IIIIIII|IIIIIII|III|III|

H->bb observed with more than 50 in both experiments

I40 60 80 100 120 140 160 180 200

m,, [GeV]

FEH(WW*)
ftH(ZZ4)
ttH(yy)
ttH(t*t)
ffH(bb)
7+8 TeV
13 TeV

Combined

511" (7 TeV) + 19.7 o™ (8 TeV) + 35.9 o (13 TeV)

CMS

@® Observed
= 110 (Stat @ syst)
16 (syst)
—— $20 (stat @ syst)

Observation of ttH production: combination of all Higgs decay channels and
combination with the 7/8 TeV data of Run-1 = 6.30 significance
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Higgs : Coupling vs Particle mass

35.9 fo' (13 TeV)
T T III T T T LI II|
t

107" E
LL
e >
,\_ALL
1072 ¢ E
------- SM Higgs boson
(0 — (M, ¢) fit |
ES :
EY

102

0.._ ! Lol | Lol
107 1 10
Particle mass [GeV]

Ratio to SM

Observation of good agreement with the Standard Model within uncertainties
across 3 orders of magnitude in particle mass.
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Precision Measurements : WW mass

t v "12
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The relation between W, top, and Higgs masses provides stringent test of the Standard Model
consistency and is sensitive to new Physics.

The result is consistent with the SM expectation.
The measurement required an accurate calibration of the detector response.
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Standard Model Measurements

Standard Model Production Cross Section Measurements
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15 orders of magnitude
* Agreement with theory across orders of magnitude is impressive.
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Exploring the unknown

arXiv:1311.0299v1

Big Questions

Big
Ideas

SUSY
Compositeness,
Extra dimensions

Extended
Higgs Sector

Top
Partner
W'z
Minimal

Dark Matter

Hidden

Sector

Multiverse
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SUSY searches: NULL so far...

ATLAS SUSY Searches* - 95% CL Lower Limits

1TeV

ATLAS Preliminary

July 2018 Vs=7,8,13 TeV
iss = s o
Model e Ty Jets ET™ [ranm™) Mass limit V5s=7,8TeV  Vs=13TeV Reference
a4, G—g%] 0 2-6jets  Yes  36.1 1.55 m(¥})<100GeV 1712.02332
®» mono-jet  1-3jets  Yes 36.1 071 m(g)-m(¥})=5GeV 1711.03301
& 23, 8—qa¥) 0 2-6jets  Yes 361 |& 2.0 m(¥})<200GeV 1712.02332
§ z Forbidden 0.95-1.6 m(E?)=900 GeV 1712.02332
B 3 E-eaon 3epn 4 jets - 36.1 z 1.85 m(¥})<800GeV 1706.03731
e, jip 2jets Yes  36.1 z 1.2 m(g)-m(¥})=50 GeV 1805.11381
g
B 2 3-qqWZH 0 7-1jets  Yes 361 |& 18 m(E}) <400GeV 1708.02794
3 3ep 4jets - 36.1 z 0.98 m(g)-m(¥})=200 GeV 1706.03731
s 23, g1t 0-1e,p 3b Yes 361 |& 2.0 m(E9)<200 GeV 1711.01901
3ep 4jets - 361 |#& 1.25 m(z)-m(¥})=300GeV 1706.03731
biby, by—b¥) JikE Multiple 36.1 b Forbidden 0.9 m(¥})=300 GeV, BR(bT!)=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥)=300 GeV, BR(h{})=BR(tX} )=0.5 1708.09266
Multiple 361 |5 Forbidden 0.7 m(¥})=200GeV, m(¥;)=300 GeV, BR(tk})=1 1706.03731
byby, iyiy, My = 2% M, Multiple 36.1 i 0.7 m(¥})=60GeV 1709.04183, 1711.11520, 1708.03247
-g g Multiple 36.1 i Forbidden 0.9 m(t})=200GeV 1709.04183, 1711.11520, 1708.03247
g. iy, i Wb or o) 0-2epu O2jets/1-2b Yes 361 |# 1.0 m(E)=1GeV 1506.08616, 1709.04183, 171111520
: ih, A LSP Multiple 361 | @ 0.4-0.9 m(¥])=150GeV, m(¥})-m(¥})=5 GeV, 7, ~ 7; 1709.04183,1711.11520
§’ Multiple 36.1 @ Forbidden 0.6-0.8 m(¥})=300GeV, m(¥})-m(¥})=5GeV, i, ~ i 1709.04183,1711.11520
<z _g i\i1, Well-Tempered LSP Multiple 361 |# 0.48-0.84 m(¥})=150GeV, m(¥})-m(¥})=5 GeV, 7, ~ 7, 1709.04183,1711.11520
“ iy, ik 1, eoek] 0 2¢ Yes 361 |#& 0.85 m(¥)=0GeV 1805.01649
i 0.46 m(, &)-m(¥))=50 GeV 1805.01649
0 mono-jet  Yes 36.1 A 0.43 m(f,,&)-m(¥})=5GeV 1711.03301
iaiy, iy +h 1-2e,u 4b Yes  36.1 A 0.32-0.88 m(¥})=0 GeV, m(i,)-m(¥})= 180 GeV 1706.03986
XiXS viawz 23epu - Yes 361 | K/%y 0.6 m(¥))=0 1403,5294, 1806.02293
ee, pp 21 Yes 36.1 x%/x, 0.17 m(¥)-m(¥))=10 GeV 1712.08119
X1 X3 via wh (U/lyyltbb - Yes 203 |W/E 0.26 m(E)=0 1501.07110
FIXT 10, X (), Ky - (o) 27 - Yes 361 | XA} 0.76 L MED=0, m(r,5)=0.5(m(E})+m(¥})) 1708.07875
E x%/x, 0.22 m(¥7)-m(¥))=100 GeV, m(, #)=0.5(m(¥} )}+m(¥})) 1708.07875
O frlig, -0 2ep 0 Yes 361 |7 0.5 m(E)=0 1803.02762
2epu =1 Yes  36.1 7 0.18 m(?)-m(¥))=5 GeV 1712.08119
HH, H-hG|2G 0 >3b Yes  36.1 it 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
dep 0 Yes 361 | @ 0.3 BR(Y| — ZG)=1 1804.03602
Direct ¥\ X, prod., long-lived Y| Disapp. trk 1 jet Yes 361 | 0.46 Pure Wino 1712.02118
x; A"% 0.15 Pure Higgsino ATL-PHYS-PUB-2017-019
=G Stable g R-hadron SMP - - 3.2 K4 1.6 1606.05129
2 E Metastable g R-hadron, g—gq¥} Muttiple 328 |& [@=t0ons020) & 16 24 m(¥)=100 GeV 1710.04901,1604.04520
5 GMSB, ¥{—yG, long-lived ¥ 2y - Yes 203 | 0.44 1<r(¥})<3 ns, SPS8 model 1409.5542
38, M —eev/epv/upy displ. ee/ep/pp - - 203 |& 1.3 6 <cr(¥))< 1000 mm, m(¥})=1 TeV 1504.05162
LEV pp—¥; + X, V. —ep/et/ur ep,etut - - 32 |# 1.9 A,=0.11, Ay32/133/233=0.07 1607.08079
XIS — wwyzettevy dep 0 Yes  36.1 m(¥%)=100 GeV 1804.03602
22, 8—qa¥), ¥ — aqq 0 4-5large-Rjets - 36.1 Large },, 1804.03568
n>. Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& 33, — ths | goiiX), X} — tbs Multiple 36.1 m(E)=200 GeV, bino-like ATLAS-CONF-2018-003
if, -0, X — 1bs Multiple 36.1 m(E})=200 GeV, bino-like ATLAS-CONF-2018-003
iy, i —bs 0 2jets+2b - 36.7 1710.07171
fify, i —bt 2ep 2b - 36.1 n 0.4-1.45 BR(7, —~be/bu)>20% 1710.05544

*Only a selection of the available mass limits on new states or

107!

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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% Tests of Lepton Universality

* Test of the universality of leptonic couplings (e/p) by comparing the rates

of BO>K* 2+¢- (R

Comparison with SM predictions

<)

Rk =

B(B = K®utp™) sm

B(B — K*ete™)

= 1.0

ToF SM

L Y=

0.8F
- ; | 1

0o ® LHCb
B BIP

041 Y CDHMV ]
- B EOS )

0.2+ ® flav.io
- LHCb M

O-O-IIIIIIIIIIIIIIIIIIIIIIIlIllIII-
0 1 2 3 4 5 6

¢ [GeV?/e]

Comparison with BaBar & Belle

2-0 | T T T T I T T l l T ]
1.5} .
i | n | ]
1o ]
B I & + | ]
0.5 ® LHCb
R B BaBar -
- LHCb A Belle ]
OO 1 1 L 1 | L 1 1 ! | L 1 1 ! | L L 1 L
0 5 10 15 20

¢ [GeV?/c]

0.11
0 11

4+ 0.03 for 0.045 < g° < 1.1 GeV?,
+ 0.05 for 1.1 < q2 < 6.0 GeVQ, ~ 2.40 from SM:

~ 2.2 0 from SM; ??

* Puzzling results from the LHCb experiment->Update eagerly awaited !!
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Quarkonia : Nuclear modification factor R, 4

Inclusive )/ ¢ at low p;

< LI I LI I LI I LI I LI I LI I LI I LI I L

€ [T °**I0L°**' " "0T*™" " "T° " "°"01°*'*®"71"®" "’ < I — N
o= s ab Inclusive Jy — ", 0-20% centrality 3 X q4F ALICE, Pb-Pb \ s, = 5.02 TeV -
T ® ALICE,Pb-Pb |5, =502TeV,25<y <4 ] - Inclusive J'y — p+’ .
4of W ALICE Pb-PD \Sm=276TeV,25<y <4 ] 1.2 @ 25<y<4,03<p <8 GeVic -
“r B PHENIX, Au-Au | Sy =02TeV, 1.2< [y| < 2.2 . =
S d S ———— 4

0.8 _ g '71 _ 0.8 L GRRR ':
osf U J . 1 0.6:— :
oaf U ... =
i o] $ C ] [ [~ Transport, p_ > 0.3 GeV/c (TM1, Du and Rappj Ll .

E 1 0.2 [H=3 Transport (TM2, Zhou et al.) -

0.2 —. w M [+] N - 777 Statistical hadronizaion (Andronic et al) .

] Rt ik warn AN I I L L I :

1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 ] o llllllllllllllllllllllllllllllllllll

00 > 4 6 8 10 12 0 50 100 150 200 250 300 350 40(;\, 450
p. (GeVic) (Noar?

* Nuclear modification factor R,, compares Pb-Pb to p-p : 1 means no medium
effect

* Less suppression observed at LHC compared to RICH
« Charm regeneration observed at LHC: mainly at low p;.
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LHC Roadmap to achieve Full Potential

HL-LHC

LS1 EVETS Ls2 14 TeV
13 TeV 13-14TeV —C 2T Y
Diodes Consolidation 5107.5x
8 TeV splice consolidation LIU Installation cryolimit HL-LHC nominal
7 TeV button collimators § interaction - 5 luminosity
— R2E project P7 11 T dip. coll. regions installation —_—
Civil Eng. P1-P5 j
ZREZIIEE)>
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 m. luminosity P e HL upgrade
75% F nominal kuminosity _;”U_I_L”_":X_{ ALICE - LHCb I 2 x nominal imino sity
nomin. upgrade

Iﬁlli‘n_xi?',’ ]
-1 ntegrated
(30 190 b 35015 gt 5000 -
4000 (ultimate)

* All LHC experiments plan upgrades for either 2019-2020 or 2024-2026 for the
High Luminosity LHC upgrade (ATLAS, CMS and LHCb, ALICE)

« Approved LHC program to collect 3000 fb-" in total with the LHC (HL-LHC)
— Maximize the reach for searches and for precision measurements (eg Higgs)
« LHC will run till ~2037
— Only ~5% of the collisions delivered so far...
* Then...?
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Detector upgrad

3D Tower

78 vertices

2 muons




Detector upgrades

* Detector upgrades are planned so as to
maintain or improve on the present
erformance as the instantaneous

uminosity increases

— Improve trigger capabilities

* better discriminate the desired signal
events from background as early as
possible in trigger decision

— Upgrade and/or replace detectors as
they e.g.
+ Cannot handle higher rate due to
bandwidth limitations

« Suffer from radiation damage making

them less efficient CMS event with 78 interactions per bunch crossing

Samira Hassani



Detector upgrades

Granularity in the trigger scheme of the LArg calorimeter (Run 3)
New Small Wheel (Run 3)

Granularity in tracking (ITK HL-LHC, Run 4)

New Electronics for LArg (HL-LHC, Run 4)

Timing (HGTD HL-LHC, Run 4)

UG WO N —

ECAL Barrel electronics (Run 4)

ECAL Barrel Laser Monitoring (Run 4)
Endcap Calorimeter electronics (Run 4)
Mip timing detector(Run 4)

AW N =

1. 40 MHz readout of the full detector (Run 3)
2. Full reconstruction at the trigger level (Run 3)
3. New ECAL (granularity and timing, Run 4)

—_—
.

New readout electronic for the Muon Tracker (Run 3)
2. Muon Forward Tracker (Run 3/4)

Samira Hassani




Physics cases at HL-LHC

9 | i ' ___f5=14TeV. 3000 5" per experiment
H.@ Buun~ AV [ Total ATLAS and CMS
o \\H :%?mal Hmemm
ATLAS and CMS HL-LHC prospects 3ab' (14 TeV) Tot Stat Exp Th
guz : SM HH significance: 40 _' —— Combination :Y %E 2%: 4% :: : :: :':
Jrof 0.1 < x3 < 2.3 [95% CL] , o W | ! : 7 1
L 05 < x; < 1.5 [68% CL] bbyy L V{=mE ! 15 07 08 12
90.4% CL 8[-__‘_'.‘_ ______________ " bbw Kg 1 ! 25 09 08 21
8'.:— ===~ bbbb K, E::l ! 34 09 11 31
E bbZZ'(4) Ky i:! 37 13 13 82
95%CL 4= - av ) et ===~ BBVV(v) K, ! 19 09 08 15
25__ K“ _ ;] 43 38 10 17
68% CL :_.__:“__._‘ o T PP e Kz BV |98 72 17 &4
oMl o] R TR R R T
x Expected uncertainty

 Evidence for di-Higgs production, 50% precision on self-coupling.
*  Few % precision on Higgs boson couplings.

» Establish H>uu observation.

* Increased discovery potential for many models.
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European Strategy for Particle Physics

Conclusion in 2012

* Highest priority is exploitation of the LHC
including luminosity upgrades

* Europe should be able to propose an ambitious
project after the LHC
— Either high energy proton collider (FCC-hh)
with lepton collider (FCC-ee) as potential
intermediate step
— Or high energy linear lepton collider (CLIC)

* Europe welcomes Japan to make a proposal to
host ILC

Ring to Main Linac

‘ Pol
Damping Rings el]ctron source

(inc.‘bunch compressors)
-

- Beam Delivery
Polarised  System (BDS)

positron & physics

source detectors

New process from 2019-2020

Samira Hassani e



Considered High Energy Frontier Collider

Circular colliders:
e FCC (Future Circular Collider)
* FCC-hh: 100 TeV proton-proton cms energy, ion operation possible
* FCC-ee: Potential intermediate step 90-350 GeV lepton collider
* FCC-he: Lepton-hadron option
« HE-LHC: Stronger magnets in LHC tunnel

X
«  CEPC/ SppC (Circular Electron-positron Collider/Super Proton-proton Collider® \\a\\e“%es 1o
* CepC:efe 90 -240 GeV cms (\o\Og\Ca\g deteao(;
* SppC:pp 70 TeV cms C“eameC“‘ (atOr® aﬂ\ \(\\10\\’6
cce\ﬁ o deeP™
AN

Linear colliders
* ILC (International Linear Collider): ete- 500 GeV cms euiergy, Japan considers hosting project
* CLIC (Compact Linear Collider): ete- 380 GeV - 3 TeV cms energy, CERN hosts collaboration

Mentioned

*  Muon collider

* Plasma acceleration in linear collider
» Photon-photon collider

« LHeC



Future Circular Colliders (FCC)

International FCC collaboration
(CERN as host lab) to study:

* pp-collider (FCC-hh)

— main emphasis, defining
infrastructure requirements

16 T >100 TeV pp in 100 km

— ~100 km tunnel infrastructure
in Geneva area, site specific

 e+e- collider (FCC-ee), as
potential first step

* HE-LHC with FCC-hh technology
* p-e (FCC-he) option agpun®

‘alaz

4
L 4
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Precision on Higgs boson couplings

arxiv:1710.07621v4

arXiv:1812.01644

inspired from

FCC-ee TDR (2018)

HL-LHC cLIC FCC-ee CEPC
Js (GeV)| 14000 250  +500 380 90-240 +365 90-250
L (ab) 3 2 +4 0.5 5 +1.5 5
_ 13 I5  +10 7 3 +6 7
ZZ (%) 35 0.38 030 04 0.25 0.22 0.25
WW (%) 3.5 1.8 0.4 0.8 1.3 0.46 12
T (%) 6.5 1.9 0.8 2.7 | .4 0.8 | 4
tt (%) 42 - - - - 3.309 -
bb (%) 8.2 1.8 0.6 1.3 | .4 0.7 1.3
cc (%) - 2.4 1.2 4.1 1.8 1.2 1.8
gg (%) - 2.2 1.0 2.1 1.7 0.9 | .4
YY (%) 36 1.16) 1.00) i 47 1309 47
M (%) 50 3.9 1.7 47 2.8 1.5 26 I
/1 INCOI pOl atlng
exo (%) = <l.6 <|.3 <0.7 <|.2 <|.0 <|.2 HL-LHC results
(B. Lenzi)
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Summary: Physics landscape by 2019

« The Puzzle: The Standard Model is not the ultimate theory of partlcle |
physics, because of the many outstandmiquestlons

— Nature of Dark Ma{ter ? ’Mé\ﬁer versus antimatter 2.. -
*  On the other hand ‘NO evidence'of New: Physics - -

/

— If New Physics exrs’ts\at thE'TeV scale aﬂﬁ@
of-mass in the future, its spectrum should
“require a lot of Iummosﬂy and energy t¢ ;;y

Future machme deasmns expect d in the |

= i ~ zr/‘ Ve ? B
Sl / =
o s L
6 N 3 -
N Y 4 \& 7
e N‘- o < i
\, rd

”Predlctlon 4 very dlffreult espec:a/ly abaut the futiure” -
: \ \ \, NNy Niels Bohr
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How many Higgs bosons do we have?

Every fb-1 of

1,500 12,000 32,000
Produced 7) (280) 3,500 (310)

Selected 46 1.5 42 17 66

Assuming my = 125.09 GeV from Run 1 ATLAS-CMS combined measurement

Number in brackets: for H—ZZ it indicates H—4l (I=e, p). For H-WW it is H—=evpv.
For H—=bb, it is VH where vector boson decays to electrons, muons, and/or neutrinos

- With every fb-1 of 13 TeV pp collision data, the SM predicts about
56,000 Higgs bosons produced

- Analyses discussed today will select about 170 in every b

- Large bkg. at LHC introduces difficulty in trigger and analyses: need to
stick to relatively clean signatures (leptonic decay; associated
production e.g. VH with V—leptons; high-pt phase-space regions)
Samira Hassani 42



Higgs Production and Decay

Not observed in run-1

Higgs production mechanisms
“000000)

ggF VBF
Run 1 Run 1 (ATLAS+CMS)
Run 2 (ATLAS alone)

Higgs decay modes

/\/ w/z.. ™
t ) T b
Y \N\
L D A H )& I I (. H o
]
L/
; N W/“ZAVL t b

Hyy HWW/HZZ HTT Hbb
Run 1 Run 1 Run 1 (ATLAS+CMS) 2018
2018 (ATLAS alone)
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Collider Choices

Hadron collisions: compound particles

Protons or ions

Mix of quarks, anti-quarks and gluons: variety of processes
Parton energy spread

QCD processes large background sources

Hadron collisions = large discovery range

Lepton collisions: elementary particles

Electrons, positrons and muons

Collision process known

Well defined energy

Less background

Lepton collisions = precision measurements

Photons also possible

Samira Hassani
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