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Preamble

e The LHC is in its Run 2 phase and has gathered nearly 150 fb-1 per experiment.

* The bulk of the analysed data is approximately 36 fb-1 per experiment, i.e. 1% of the foreseen
entire dataset of 3 ab-1.

e The LHC (and HL-LHC) is already an immense success with the discovery of the Higgs,

precision measurements and a vast campaign of searches - nothing else was found. However
may still have surprises which could reveal what is beyond the Standard Model.

e Until the next leap in energy, the time of potential spectacular (i.e. timely) discoveries is gone -
the doubling time of the luminosity is now several years.

e The time of guaranteed discoveries (charm, top, tau neutrino and Higgs) is gone - there is no
no-loose theorem anymore.

 There are however guaranteed deliverables of fundamental importance in measurements of
Higgs properties and precision EW observables.

* In absence of indications of new physics these are among the most important benchmarks for
the design and choice of all future collider projects.



Higgs Physics in the bigger picture

From Nima Arkani Ahmed (IAS-HKUST 2015)
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Higgs boson couplings (within the Standard Model)

All the couplings of the Higgs boson to Standard Model particles
(except itself) were known before the discovery of the Higgs boson!
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Is the Higgs boson responsible for the EW
symmetry breaking also responsible for the
masses of fermions?

Is the Higgs boson responsible for the masses
of all fermions?
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Is the shape of the
Higgs potential that
predicted by the
Standard Model?




Higgs Discovery Implications

Running of the Higgs self coupling:
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Knowing the Higgs boson mass has a radical effect
on global analysis of precision data.

Knowing the Higgs boson mass precisely has little
impact.

Triumph of the SM ?



A quick word on the kappa formalism

Introducing simple scale factors of the Standard Model couplings in a « naive » effective Lagrangian (assumes
that the tensor structure of is that of the SM).
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Not gauge invariant and partial but very useful to illustrate coupling measurement concepts.

More complete EFT and rigorous framework exists but beyond the scope of this lecture.



Very Brief Review of Where we Stand



Run 2 Higgs Physics Milestones Reached Very Recently!

Yukawas at LHC tau b top
I Exp. Sig 54 o 550 5.10

ATLAS . Obs.Sig. | 640 . 540 | 630
""""""""" mu | 1004085 | 1014020 |  134+021"
1 Bese | 590 s60 | 420
oMs | Obs.sig. | 590 . 550 | 520
""""""""" mu | 100%£027% | 1044020 | 1264026

* 13 TeV only derived from cross section measurements q__, . q / W,z g .t

** Lower uncertainty (upper uncertainty 31) § __H W, 2 ; Lo H

! I q H g t

All measurements compatible with the SM Higgs boson



Observed decay

modes

Remaining to be
observed

Strong limits will
be sufficient

Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the LHC Run 1 and Run 2 with only 3% (80 fb-1) of the
foreseen full HL-LHC dataset!

ggF VBF VH ttH
g q__, q q W4 t
Channel +10000e 4 ' W, 7 .
categories > §H ) -, [
9 00000 q__ - q q ~ H t
~4 M vets produced ~300 k vets produced ~200 k vets produced ~40 k evts produced
VY v v v v
ZZ (UL v v v v
WW (lvlv) v v v v
TT v v v v
bb v v v v
Zy and yy* v v v v
uu v v v v
Invisible v’ (monojet) v v v




Nano Overview of Main Higgs Analyses at (HL) LHC

What is done in Higgs boson couplings analyses is to count number of signal events in
specific production and decay channels.

v, = [ Z Z ot x p! Brl x AV x s x L

1Cq{prod} fC{decay}

At the LHC or any hadron collider
primarily cross sections times
branching ratios are measured: implies
that only ratios of couplings can be
measured and there is no constraint
on the total width!

Absolute measurements of couplings
are possible with assumptions (e.g. no
BSM width) or with indirect
measurements of the width through
Off-Shell couplings of the Higgs boson
to vector bosons.

Decay mode ggH VBF VH ttH
vy (A) 0.81 4+ 0.18 2.0 + 0.6 0.74 0.8 1.4+ 0.4
vy (C) 1.10 £ 0.19 0.8 0.6 24+ 1.1 2.3 0.8
40 (A) 1.04 £ 0.17 2.8 £0.95 0.9+1.0 < 1.8 68% CL
40 (C) 1.20 £ 0.22 0.05 = 0.04 0.0x1.5 < 1.3 68% CL
WWw* (A) 1.21 £ 0.22 0.62 £+ 0.36 3.21+4.3 1.50 £ 0.61
Ww=* (C) 1.38 £ 0.23 0.29 = 0.48 3.27 £ 1.84 1.97 & 0.67
Tt (A) 1.14+0.44  0.98 + 0.46 2.3+ 1.6 1.36 + 1.11
Tt~ (C) 1.2 +£0.5 1.11 £ 0.34 —0.33 = 1.02 0.28 4+ 1.02
bb (A) — ~3.9+2.8 0.9 + 0.27 0.83 + 0.63
bb (C) 2.3+ 1.66 2.8+ 1.5 1.2+0.4 0.82 4+ 0.43
nuT (A) < 3.0(3.1) Incl. — —
p T (C) < 2.6 (1.9) — - -
Z~ (A) < 6.6 (5.2) Incl. — —
Zv,v*y (C) < 3.9(2.9) Incl. Incl. —
Inv. (A) - <28% (31%)  <67% (39%) —
Inv. (C) Incl <24% (23%) -

Review of current results



Run 1 versus (partial) Run 2

LHCRunT ATLAS Preliminary {ointerval  e——
o ; Vs=13 TeV, 36.1 - 79.8 fb’ 5 o interval
AK/K ~ 11% Koz 3;_ m;; =125.09 GeV, ly | <2.5 o IMerva
—— ;
A - 239 B K oz ——o—— AK/K ~ 1%
~ / :
AN ~ 30% ,
; 29 e ——— AN ~ 15%
~ 119 * i
ANN~ 1% Pwz| = bz — AWM ~ 9%
A)\/)\, _ 12% D\.Yzl i :2132+CMS i ;Lyz _._ A}\/}\' - 8%
AMA ~ 16% A T = bz ——— AN ~ 13%
-3 —2 -1 0 1 2 3 0.4 0.6 0.8 1 1.2 1.4 1.6

Parameter value




Off Shell Higgs

Study the Higgs boson as a propagator

Study the 4-leptons spectrum in the high mass
regime where the Higgs boson acts as a propagator then independent of the total width of

g
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Measuring the Higgs contribution is

the Higgs boson (sensitive to the
product off shell of the Higgs boson to
the coupling to the top and 2)

Assuming that the couplings run as in
the Standard Model, measuring them
on shell allows for a measurement of

the width of the Higgs boson!

2. .2
Hof f shell — (/{t /{V)off shell
2,.2
1 A (lit Kv)on shell
on shell — M
Lu /Ty

(KJ? /f%/)on shell = (/i%/f%/)off shell

hell
Hon shell

Highly non trivial due to:

- The negative interference
- The large other backgrounds
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Limits on the total width are
currently at approximately 15 MeV



Absolute Measurement of Couplings at LHC?

ATLAS Preliminary

Vs=7TeV,45-471" Vs =8TeV,20.3fb™
68% CL.: ==
95% CL.:
Ky < 1 Kon = K off BR;, , =0
IIII|II|IIIIIlIIII’IIIIII .
5 Absolute couplings measurements under
v = specific conditions:
Kz -—
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Kp ———— ————
K — — —;—
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Parameter value
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Ratio to prediction

CMS Preliminary 35.9 b (13 TeV)
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Similarly other processes can be
used to gain sensitivity to the Higgs
boson self couplings

Differential Cross Sections

Couplings constraints through loop effects

Fiducial differential cross sections in transverse

momentum are sensitive to the loop content in the o 40

gluon fusion production “
9 0000
H
[t,b,c T
9 00000
Recent indirect measurement of the b and c
Yukawa couplings through their effecting the
production loop.
" 7
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Current constraints not significant
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Higgs decays (e.qg. 4l, etc...)
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Double Higgs Production and Higgs Self Coupling

g - Iz ,H
Y t A V> _H_ D : g
g el H Y SO H
- Off Shell Higgs analysis: Search very similar to the Off Shell - Multiple channels investigated: depending on the both
couplings of the Higgs boson in the two vector bosons Higgs decays considering (bb, yy, tautau, WW)

channels. It is also done far Off shell in mass. - Evolution of sensitivities has brought interesting surprises.

- The total production cross section is very small. First step is a
limit on HH production (inclusively).

ATLAS combinaton —9.0 < k) < 12.1

Fo) 1025'|""LEQE'6L""|""|C"'l"'|""|""|'§

12 fb-1 36 fb-1 i% - 2§5§p_; :gz:z:tzgs £§ﬁ';c§ o

T - T ﬁg;ﬁ(eggj- Expected iz?; (gczmbm;d)) il

exp. WW}/}/ bb }/}/ bb 7T bbWW bbbb ! 10 = — bbyy (obs.) === Theory prediction =
Q - -

o X B 0.1% 0.26 % 7 % 25 % 34 % S SMi  fiT*siiiiiiiig® -
O 1 e B -

ATLAS |<747 (386)| <22 (28) | <13 (15) : <13 (21) S i @ -
= - -

u -1 ATLAS Preliminar _

CMS : <24 (19) | <30(25) | <79 (89) | <75 (37) 2 10 =13 Tev g -

S - 27.5-36.1fb" ’

O i : ]

2 10% 250" 454075 0 510 15 20

CMS combination oy < 13 X ogy (15 exp.) 3 € =h I A



Higgs physics Landscape at LHC... and Beyond

Precision

- Mass and width

- Coupling properties

- Quantum numbers (Spin, CP)
- Differential cross sections

- STXS

- EFT Interpretations

- Off Shell couplings and width
- Interferometry

Rare decays
AT

- Muons pp

- LFV Tt et

- J/Wy, ZY, WD
- Phiy, rhoy

Rare Production

- tH

- FCNC top decays

- Di-Higgs production (and trilinear
couplings)

There is much more to it
... but no time to discuss it here

The Higgs particle
J =0

In the following HO refers to the signal that has been discovered in
the Higgs searches. Whereas the observed signal is labeled as a spin
0 particle and is called a Higgs Boson, the detailed properties of HO
and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons (Hi and Hii)", respectively.

HO® MASS

VALUE (GeV) DOCUMENT ID
125.1840.16 OUR AVERAGE

125.2640.20 +-0.08 LSIRUNYAN  17av CMS  pp, 13 TeV, ZZ* — 44
125.094-0.2140.11 2,3 AAD 158 LHC  pp, 7, 8 TeV

TECN  COMMENT

PDG Listing entry for the Higgs boson

s the SM minimal?

- 2 HDM searches

- MSSM, NMSSM searches

- Doubly charged Higgs bosons

Tool for discovery

Portal to DM (invisible Higgs)

Portal to hidden sectors

Portal to BSM physics with HO
in the final state (ZH%, WHO, HOHO)

Covered by Claudio

Most of these topics extend to future colliders (not detailed in this lecture)




Extrapolations to HL-LHC

LHC / HL-LHC PI Lui
C - C Luminosit
an LHC /
HL-LHC
Location CERN
] 13-14 TeV LAl 121V —
) o iniector. upgra.de S5to7x
Circ. 27 km rrey BTV | T cregeic Pl s | o | o,
COM - ematon _rogions_ |
energy  [AARALEA o ||||M
radiation
- - damage
LumanSIty 2 X 3 ab-1 75907 orminal luminosit 2 x nominal luminosity ‘=
:1:?::;:;aslity experiment beam pipes c ! . experi';:er:;: ;;grade l-———f experiment upgrade phase 2
140-200 - —
o s s 000"

- Aot has been learned from the current LHC analyses.

Approaching the Update of the European Strategy for Particle Physics Update in
2020, all projections are being updated.

Only have new numbers for a very recent update of the main couplings
measurements.



Nano Overview of Main Higgs Analyses at (HL) LHC

Projections of made in 2013 for the last update of the European

strategy.
Preliminary more recent projections including recent analysis BB e e e T e
improvements (from CMS). I L :
-3  Nom systomatics . Preliminary HL-LHC results show that
| ; ; ; 55 e sysemates 1 areasonable sensitivity can be
Coupling : LHC* : ES2013 : HL-LHC i obtained with 3 ab-1:
ZZ i ~10% | 2-4% | 1.6-2.2% i ;
"""""""""" 1.5)- -
WW | ~10% : 2-5% : 1.7-2.3% : : [y = 4.25‘? MeV
"""""""""" e N R B ’
bb . ~159% ' 4-7T%  3.4-4.8% : :
"""""""""" T T T T 0-5__ATLAS -
CcC E - E - E - - Simulation 1
"""" gg1O(VJ35(y12336(y % 02040608 1 12141618 2
SN 1 S L b S Sk A St z
A T1o% o 20% 1 1.3:26%
________ U -1 . 58% i 5066% o HA&HHaldf
144 ~109% 2-50, 2 0-2.7% N PP H & HH all diff., k; exclusive fit | | |
"""" Z 10l | —— H & HH all diff., global fit ] - With a global fit
}/ ________ <39 ___________________ [ e incl. H & diff. HH, k, exclusive fit | i impact of single
tt ~10 % i 7-10% 2 8-4.7% 8 incl. H & diff. HH, global fit | -'-' i H|ggs observable
---------------------------------------- F ‘ limited.
o HH P <15xSM: 60% : 30-40%
uu, dd - - - - Projections being
e reappraised with
_______ Bmv<20%'<5% more channels and
Ltot - - ~30% new analyses.
A\ - 5 - ~100%

For one LHC experiment



Higgs Factories and Beyond



Lepton Collider Projects: Higgs Factories and beyond

The e+e- candidate machines in a tiny nutshell

Location Kitakami - JP CERN CERN China TBD R
Length 20.5 km 50 km 100 km 100 km
COM energy 250 GeV 0.35,0.5,3TeV  90-365 GeV 90 -250 TeV | N\ RF (D 0

Lumi* 1.3510** cm™@s™' 1-210>**cm™>s’ 7 10** cm™s™ 2x2 10> cm™s™

11.9m 1 llP 30 mrad

FCC-hh/
ee Booster

94 m

Lepton beams must cross over through the

common RF to enter the IP from inside.
Only a half of each ring is filled with bunches.

FCCee_t_74_11_by2_10.sad
mlcc ring_roundracetrack_lhc_99.983_14.3_000_ring.s

Max. separation of 3(4) rings is about 12 m:
wider tunnel or two tunnels are necessary
around the IPs, for +£1.2 km.

Int. Lumi* 2 ab™ 0.5,1.5,3 ab™ 2x 5 ab™ 2x 3 ab™

*At 250 GeV = =

819 klystrons P 819 klystrons
circumferences
15 MW, 142 us ' | | d.l:‘y loop 73 m | | ' 1SMW, 142 s
drive beam accelerator

Positron source Detectors Electron source drive beam accelerator CR1 293 m
: : : CR2439m

Positrons = 35 km - 25 km
< | delay loop
| Drive Beam .
decelerator, 24 sectors of 878 m

J o 7 o, .

...... ¢ (KLLLLLLLLLLLLLLLLLL KL K (/\- A SR 7 i —c /\
: : TA e* main linac TA

Electrons

" .......... Beam delivery Systems ~\ f

48.3 km

CR combiner ring | Main Beam '
! ! ! ! ! ! TA  turnaround

R mping rin
Main Linac Damping Rings Main Linac EDR c,’,':ed':,r,:.gpmgg,-mg booster linac
BC bunch compressor 286109 GeV
BDS beam delivery system
| o interaction point
b dump

e~ injector,
2.86 GeV




Luminosity [10%* cm2s1]
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The FCC-ee Project

LEP x |05 !

Z WW HZ tt

. v v ¥ From P Janot (Geneva March 28, 2018)
S—— T T T T T T T ] I |
— _ Z(91.2GeV):4.2- 4.6 x 10°° cm?s” ~
- ® FCC-ee (Baseline, 2 IPs) —
B ® LEP3 (Baseline, 4 IPs) _
B |LC (Baseline)
= W'W (161 GeV): 6.2 - 6.8 x 10% cm?s CLIC (Baseline) -
- Y  CEPC (Baseline, 2 IPs) ~
— HZ (240 GeV) : 1.5- 1.7 x 10 cm'Zs" B
“.Q .
B it (350 GeV) : 3 4 3.8 x 10 3pm -
B (365 GeV) -84 X107 ik |
HZ (250 GeV) : 1.5x10* cm?s' W
: 1 I 1 1 1 1 1 1 1 | l 1 F

2 3
10 10 s [GeV]

Colossal amount of extremely useful data
In a very clean environment!

-  No Pile up

-  Centre-of-mass energy of the collision well known
(full Energy and momentum conservation
constraints).

100 000 Z / second

10 000 W / hour

1 500 Higgs bosons / day
1 500 top quarks / day

> L 0
) L
;%8038——
80.37+—
8036:—
80.35 - —— FCC-ee (Z pole)
- —— FCC-ee (Direct)
e R T T LHC (Future)
8034~ T T e LHC (Now)
- Zpob(now)+nm
- —— Standard Model
80.33 .. 11 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

170 172 174 176 178
My, (GeV)

Requires |0-fold improved theory calculations



Cross section (fb)

Higgs Physics at the FCC-ee
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With 1M events precision ranges from 0.2% to 5%

Measure o(ete- = HZ) x Br(H — bb, cc, gg, WW, TT, Vv, UM, 2y,

280

300

320

340 360

380

400

Vs (GeV)

...) from each individual final state.

1M per IP very clean ZH events produced at threshold for 5 ab-1

Approximately 1/3 of the number of ZH events at HL-LHC but in a
much cleaner environment!

All final states can be very cleanly reconstructed.

Additional 200k events at 350-365 GeV with approximately 30%
from WW fusion which is interesting for the width measurement

Fundamental difference with the LHC (and
other hadron colliders): the width can be
measured from the total HZ cross section!

Can also measure invisible decays from the reconstructed Z

boson.



Higgs Width at HZ Threshold

FCC-ee, 5 ab’ at {s = 240 GeV

Threshold production of HZ at e+e- colliders provide a opportunity ~ 30000 1 l | T
to measure the total HZ cross section through the recoil method o — " ZH Signal 7
< 25000 DZH Hinv SM_|
= o [)zz -
2 520000} Bww -
recoﬂ (f Egg) ‘pé@ | = i,
O i
. (1) 15000 -
o+ From conservation of energy and
momentum, the energy and momentum of . -
the Higgs is known from the Z without 10000 _ —:
measuring the Higgs boson! - i
5000 } —
- \‘ -

olete” - HZ) x ki %0 90 100 110 120 130 140 150 160
Missing Mass [GeV]

Measurement of the cross section at 240 GeV at 0.5% e A
precision (0.9% at 365 GeV).

H 7
AN
{Z*
4

e~ = HZ)x B(H — Z7*) x IT—Z
H

Then using the measurement of HZ with the Higgs to ZZ*;

The total width of the Higgs can be measured at 2.8%

level with FCC-ee (240) alone. 1

o(e



Higgs Width at Higher Energies

Further measurements of the width can be obtained using the WW fusion process as follows:

400

£ - sqrt(s) = 350 GeV WW‘FUSiOH
§ "mH = 120 GeV L+ e Higgsstrahlung

300 | E Interference The WW fusion can be

TR 4w Backeround disentangled from the HZ process
from the missing mass (which will
not be peaked at the Z, but in this
case at sqgrt(s)-mH.

-

en

200

number of ev

missing mass (GeV)

Then from the ratio of the following three [U(ZH) X B(H — WW)] X [U(ZH) X B(H — bb)]
measurements: o(vvH) x B(H — bb)

: . e : 2 .2 2 ,.2 1B 4
Substantial gain in sensitivity to the total width, ~ hz vy < A < H _ kg

combined 1.6% - adding FCC-ee (3695). 'y 'y /i‘%vli% - Iy



s-Channel Higgs production and e-Yukawa

Extremely challenging for several reasons:

1.- The production cross sectionis o(ee — H) = 1.6 fb  will require
extremely large luminosities

2.- Given the very small Higgs width, and extremely small energy spread is
necessary - require monochromatization.

- Default has delta ~ 100 MeV (no visible resonance)

- Monochromatization options

0 ~ 10 MeV
0 ~ 10 MeV

o(ee = H) = 100 ab
o(ee — H) = 250 ab

(Both options require huge luminosities 7ab-1 and 2ab-1)

1.6

1.4

1.2

) [fb]

® 0.8

o

0.6

0.4

0.2

S. Jadach, R.A. Kycia

(1): with ISR
arXiV:1509.02406

(2): 8V/s = 4 MeV
(3): 8v/s = 8 MeV
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Expected signal significance for both
options is a limit at 2.5 x SM !

Monochromatization often considered but never used

Monochromatization uses opposite correlation between spatial

position and energy.



FCC-ee and Model Dependent Measurements

through Loops

Top pair cross section at threshold and above

t t
.,y | .,y Precision on alpha$S
at FCC-ee will be
: H I important
t t

Top Yukawa coupling precision from top pair cross section
measurements <10%

Higgs cross section at 240, 350, at 365 GeV

e’ Z e’

Similarly to what is
done at LHC inVH
channels and ttH.

https://arxiv.org/pdf/1711.03978.pdf

0.04 —
5ab” " at 240 GeV
0.02 G~ +1.5ab™! at 350 GeV
N ol \ h %‘\\
- .\\ \\
~0.02 - ~—
Ple ,e™) = (0.0)
—0.04 | | | | J
—6 -4 -2 0 4 6

Higgs self coupling precision ~30% - reduced
to ~20% with kappaZ = | from SM

Similar precisions are obtained with double Higgs
production at CLIC (/s = 1.4 and 3 TeV)



https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf

Nano Overview of Main Higgs Analyses at (HL) LHC

Coupling | LHC* | ES2013 i HL-LHC | FCC-ee

ZZ i ~10% | 2-4% 6-22% | 0.15 %
CowWw | ~10% | 25% 1. 7-23% | 0.19%
bbb i ~15% | 47% | 3.4-48% | 0.42%
e G- b 0.71%
"""" og | ~10% | 8-5% :23-36%| 08%
o TT . ~15% | 2-5% | 19-26% | 0.54%
"""" upo i - i 58% 5066% | 62%
"""" Y i ~10% | 2-5% | 2027% | 15%
ot i ~10% | 7-10% | 2.8-47% | ~10%"
" HH | <15xSM | 60% | 30-40% | ~309%"
 Binv | <20% | - 5% | <0.45%
- T | - . -30% | 16%
U i ~100% | 20-30%*
For one LHC experiment *indirect

The goal of sub-percent level precision is
reached in most of the channels at FCC-ee
with 5 ab-1.

Still only weak or indirect constraints on the
Higgs self coupling and the top Yukawa
coupling.



High Energy electron-proton Projects

60 GeV Electron ERL added to LHC
The eh candidate machines Spreader 38m

Recombiner 38 Injector

F Compensation Linacl 1008m RF Compensa
. Project |  LHeC HE-LHeC FCC-eh + Doglegs + Doglegs
+ Matching 96m + Matching 120m
Location CERN CERN CERN )
Arcl,3,5 3142m U(ERL) = 1/3 U(LHC) Arc2,4,6 3142m

e energy 60 GeV 60 GeV 60 GeV

Recombiner 38m Dump

p energy 7 TeV 12.5 50 TeV + Matching 20m  Spreader 38m ’ Bypass
Wi 0.810* cm?s' 1.210% cm?s' 1.510% cm2s™ Hnacz 1008m P Line 196m
. . Sk/K [%]
Primary program to measure proton PDFs, but also nice 18 -
additional potential in Higgs physics 16 preliminary
14
Main production process through vector boson fusion 19 e
e e,V 1(; 1 | HeC
: 1 ep+pp
4 W H — bb, ce, T, etc 4 - = "‘ . I = = " ep+pp, no thy unc
o ,CC,TT,etc. .. n o
2 —
Z,W o IARRIARA TR
U u,d WW Z7Z gg vy 2y v tt bb pp TT
Much cleaner environment than pure hadron! Clean enough to make charm Yukawa at good precision and

Good reach in the WW channel. improvement in the b Yukawa as well w.r.t. HL-LHC.



High Energy Hadron collider Projects

The candidate machines in a tiny nutshell _ Back to more difficult environment with

| Project | HL-LHC | HE-LHC FCC-hh SppC very high PU densities.
CERN CERN

Location CERN China TBD - Primary goal of higher energy collider
Circ. 27 km 27 km 100 km 55 - 100 km would be the direct searches for new
henomena.
S 14(157) eV 27 TeV 100 TeV 70 -140 TeV P
energy
STEEEY 2x3ab-1 2x15ab-1 2 x20-30 ab-1 TBD - Analysis techniques similar to LHC.
200 800 1000 TBS g . _H Yo .
8T 16T 16T 20T bt ,>ﬁ_</
g el H Y N
- 0K
Collider Okt A - HE-LHC and FCC-hh alone even with these
CLIC 3 4% | 19 % extremely large statistics will be limited by TH
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- uncertainties on cross sections and PDFs.
HE-LHC O(1%)*  O(30%)*
S A - The reach in sensitivity of the HE-LHC and FCC-
- 0 5 y : : :
FCC-hh 1 % orbetter > 7 hh is greatly improved with results from FCC-ee

*Sensitivity being estimated for the European Strategy Update

Energy Frontier with FCC-hh splendidly complements the precision obtained at FCC-ee other projects do not seem competitive



Muon Collider Projects

Proton Driver

—OOA

SC Linac

Front End §Cooling

I
Buncher | |

Phase Rotator

Accumulator
Buncher
Combiner
MW-Class Target
Capture Sol.
Decay Channel
Initial 6D Cooling
Charge Separator,
6D Cooling
Merge

6D Cooling

Final Cooling

Acceleration

Accelerators:

Linacs, RLA or FFAG, RCS

Collider Ring

Recent new options
LEMMA - no cooling

needed

Positron Linac

Positron

Acceleration

100 KW

target

Rin@
————————
| Positron Linac

U

Isochronous

Rings

Accelerators:

Linacs, RLA or FFAG, RCS

Extremely interesting for high energies (see Andreas’ talk), but difficult

(requires 0.003% resolution) for s-channel production but muons
radiate less and can therefore have a « superb” energy definition:

= With 5 years running at 8 1

o(u = — H) ~ 15 pb

O31 cm

2

.

1.

= Best Precision of 0.1 MeV on the mass
- 0.25 MeV on the width

H—bb
Total luminosity 4 fb™

arxiv:1308.2143

1 year / point
100% pure b tagging
No ISR

A

e* (45 GeV)

u production target ThTh
n(~20 GV©(7+7 TeV)
=
O LHC-pp

SPS-up (pulsed)
(fast ramping
from 20 to 450 GeV)

7

FCC-ee e*ring
for n production

Generating muons at 22 GeV (from collisions of ~45 GeV positrons

on electrons ~at rest).

Various options to reach 14 TeV (at LHC) or even 100 TeV at FCC-
mumu.

However very high energies are potentially problematic for radiation
induced by neutrinos from the muon decays (so called the neutrino

pancake).

Radiation
/ D \

= . - ~
/ 0
Earth

R Ring

As a Higgs factory precision on B(MM) % B(XX) in the few
percent range (2.5% for bb and 10% for tautau). Not competitive

with e+e- Higgs factories.

Higher energies are more exciting and do also provide interesting
possibilities to measure the Higgs self coupling.



Conclusions

The LHC is an immense success with the Higgs discovery, a vast program of searches
for new phenomena and a number of precision measurements.

Its reach in precision for Higgs boson couplings is excellent, however not sufficient to
reach the required sub-percent level precision.

The required level of precision for most couplings can only be reached with lepton
colliders.

To reach the precision for the top Yukawa coupling and the Higgs self coupling a high
energy hadron collider is ideal (in conjunction with a lepton collider)

The FCC-ee and FCC-hh program fully and optimally addresses these reaching the
required level of precision, and much much more!



Comparison lepton colliders up to 380 GeV

HL-LHC

25

100

Collider uwColl,. | ILC,, | CLIC,, | LEP3,, | CEPC,, | FCC-ee, , | FCC-ee,,
Years 6 15 7 6 7 3 +4
Lumi (ab2) 0.005 2 0.5 3 5 5 +1.5
dm, (MeV) 0.1 14 110 10 5 7 6
oI, / T (%) 6.1 3.8 6.3 3.7 2.6 2.8 1.6
09y / 9up (%0) 3.8 1.8 2.8 1.8 1.3 1.4 0.68
691w / Grw (%) 3-9 1.7 1.3 1.7 1.2 1.3 0.47
09,/ 91(%0) 6.2 1.9 4.2 1.9 1.4 1.4 0.80
09y, / 9uy (%0) n.a. 6.4 n.a. 6.1 4.7 4.7 3.8
0G4,/ 9n, (%0) 3.6 13 n.a. 12 6.2 9.6 8.6
09,7/ 9, (%0) n.a. 0.35 0.80 0.32 0.25 0.25 0.22
09/ gp (%0) n.a. 2.3 6.8 2.3 1.8 1.8 1.2
0Gpq/ Gng (%0) n.a. 2.2 3.8 2.1 1.4 1.7 1.0
Brinvis (%0)gco0cL SM <0.3 <0.6 <0.5 <0.15 <0.3 <0.25
BREexo (%0)g506cL SM <1.8 <3.0 <1.6 <1.2 <1.2 <1.1

From P. Janot at Circular Lepton Colliders




