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Introduction

* Hadron colliders are general purpose machines and, as such, capable of
making a wide range of physics measurements including

* Precision measurements of the Standard Model
* Profiting from large cross-sections and high-luminosity
* Direct searches for new particles and new physics
* Unique capability in direct reach to high mass and high-energies

* This talk will cover selected topics from both and highlight the
capabilities of hadron colliders

* see talk by A. Zaborowska for details of the machines and
detectors

* Physics capabilities of hadron colliders are complementary to those of
e*e- colliders

* see talk by F. Simon

* Will focus here on physics studies for the FCC-hh, but these also
illustrate the potential for any 100 TeV collider



Cross sections vs collider energy
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Large increase in Cross
sections with collider
energy

e.g.As increase is larger for
heavier particles, ttH cross

section becomes larger than WH/
ZH production at 100 TeV


https://indico.fnal.gov/event/6969/contributions/99168/attachments/64958/77888/EFCrossSections.pdf

Kinematic Coverage

Kinematics of a 100 TeV FCC
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https://cds.cern.ch/record/2717785?ln=en
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The Higgs Boson

* High precision measurements of all properties of Higgs boson are critical

* May prove to be a key to discovering physics beyond the Standard Model

* Hadron colliders are well-suited to provide
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Many more Higgs bosons: large increase in cross sections
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Higgs Coupling Measurements
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Rare Higgs Decays

* Large production cross
sections and high
luminosity would allow
precise measurements of
rare Higgs decays

* H = up
* 0.28% stat
e .22% stat+syst+lumi
* (8.2% @ HL-LHC)
c H— Zy
* 0.55% stat
e [.61% stat+syst+lumi

e (19.1% @ HL-LHC)

events / 0.3 GeV

H — pu

140

«10° FCC-hh Simulation (Delphes)
60 LI I B | I LI B B | I LI B B | I T 17T I IIIIIIII
- — H(125
s = 100 TeV = Mi )
50 . L=30ab _|
401 -
115 120 125 130 135
m,, [GeV]
«10° FCC-hh Simulation (Delphes)
2200 = | T T T T I T T T T I T T T ll_I I T T T T | ]
C — H(125
2000F Vs = 100 TeV ny ) =
100 L=80ab" E
1600— —

125

130

135
m,, [GeV]

du/u (%)

du/u (%)

107

FCC-hh Simulation (Delphes)

IIIIIIIIIIIIIIIIIIIIIIIIlIIII|IIII|IIII|IIII|
s = 100 TeV — stat. + syst. + lumi |
— stat. + syst.
L =30 ab™
— stat. only

1IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIl
50 100 150 200 250 300 350 400 450 500

H
pT.min [GeV]

FCC-hh Simulation (Delphes)
7IIIIIIIIIIIIIIIIIIIIIIIllllllllllllllllllllll

- Vs =100 TeV — stat. + syst. + lumi |
— stat. + syst.
L =30 ab™
— stat. only

H — Iy
I=e/u

50 100 150 200 250 300 350 400 450 500

H
pT.min [GeV]

H — Z*y



Higgs-Top Coupling

* Again due to the energy, 100 TeV
colliders can make precise
measurements of k,

* ttH production cross section
increases more rapidly than other
production cross sections with energy

* Following Mangano et al. a precise
measurement could be made by
measuring the ratio ttH/ttZ

* Cancellation of systematics including
luminosity, theory &
experimental systematics

* Expected precision of O(1%)

* Assumes o(7tZ) is known, e.g. from
FCC-ee
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https://iopscience.iop.org/article/10.1088/0954-3899/43/3/035001

Higgs Decays to Invisible Particles

* Constraints on Higgs decays to invisible particles can be used as generic
searches for (light) new particles coupling to the Higgs boson

» Profile likelihood fit to the E/'** in boosted Higgs events
* Backgrounds constrained from Z and W control regions

« BR(H — inv) < 1074
* Depends on level to which backgrounds can be constrained

« Competitive at low mass with direct detection experiments like

LUX, PANDA, CDMS
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Higgs Self-coupling

* Direct access to Higgs potential

 Confirm mechanism of electroweak
symmetry breaking
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* Expect to react a precision of ~50% by the
end of HL-LHC

* Depends strongly on assumptions about
systematics
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005/

Higgs self-coupling at FCC-hh

* Highest precision channel:

bbyy

* Expected combined
precision on k; of 3-8%

* Depends on detector
performance and
systematic assumptions

* Studied for 3 different
detector performance
and systematic scenarios

@68% CL Scenario | Scenario 11 Scenario 111
Stat only 3.0 4.1 5.6
Stat + syst 34 5.1 7.8
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Detector performance/systematic assumptions

e Scenario [: Optimistic — target detector performance, sim-
ilar to Run 2 LHC conditions.

e Scenario II: Realistic — intermediate detector perfor-
mance.

e Scenario III: Conservative — pessimistic detector per-
formance, assuming extrapolated HL-LHC performance
using present-day algorithms.

https://link.springer.com/content/pdf/10.1 140/epjc/s10052-020-08595-3.pdf
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Summary of Higgs Self-Coupling
Measurements

Higgs@FC WG September 2019
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of future colliders under consideration



Summary of Higgs Measurements

* Highlights include

* Higgs coupling measurements

Comparison to other hadron

14

colliders
* Rare decays due to high luminosity
SR/R HE-LHC | LE-FCC | FCC-hh
* Higgs-top coupling il B R R
R = B(H—puy)/B(H—pw) 8.4% 6% 1.8%

R HiggS to invisible R = B(H—yY)/B(H— 2y) 35% | 28% | 1.4%
* Higgs self-coupling

Observable Parameter | Precision Precision

(stat) (stat+syst+lumi)

n=o(H)xB(H— ~v) O/ 0.1% 1.45%

p=oc(H)x B(H— up) o/ 1 0.28% 1.22%

uw=oc(H)xB(H— 4u) Opi/ 0.18% 1.85%

n=oc(H)xBH— ~yuuw) O/ 0.55% 1.61%

R =B(H— pp)/B(H— 4u) OR/R 0.33% 1.3%

R = B(H— ~v)/B(H— 2e2u) ‘R/R 0.17% 0.8%

R = B(H— ~v)/B(H— 2u) OR/R 0.29% 1.38%

R =B(H— ppvy)/B(H— pp) ‘R/R 0.58% 1.82%

R = o(ttH)x B(H— bb)/o(t1Z)xB(Z— bb) ‘R/R 1.05% 1.9%

B(H— invisible) B@95%CL | 1 x 104 2.5 x 1074

HH production ON/ A 3.0-5.6% 3.4-7.8%
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Dijet Resonance Discovery at

pp Colliders

ILC 500: discovery in all scenarios up to kinematic limit /s/2
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New physics prospects at 100 TeV

* |00 TeV colliders can directly probe new physics at very high energies

* PDF luminosity ratio increasing strongly as a function of the mass of the
new particle

ceg. 100 @ | TeV
* 106 @ 8TeV

* Translates into discovery potential for high mass particles

PDF Luminosity Ratio
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Dijet Resonance Discovery at pp Colliders
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High mass new particles

* FCC-hh would probe the
multi-TeV range for a wide

variety of generic models

* Dijet resonances, Z’ — [l :up
40 TeV with 30 ab-!

* For other decay channels (f7,
WHW=, 16—, t%c7), reach is
typically 10-20 TeV

* Reach is larger for strongly
produced dijet resonances
than weakly produced

* Mass reach is typically 7x
higher than for HL-LHC

50 Discovery Mass [TeV]
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Integrated Luminosity [fb]

https://arxiv.org/abs/2202.03389
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Supersymmetry: Squarks and Gluinos

All Colliders: squark projections

i \
. . E Strat
(R-parity conserving SUSY, prompt searches) P date - °4
Model JL dt[ab™] V5 [TeV] Mass limit (95% CL exclusion) Conditions
Q @ G—gt) 3 14 3.1 TeV meE=0 ()
-
in' 4, G—qt) 3 14 1.85 TeV m(@) ~ m(¥)+5 GeV (*)
O dG G-t 15 27 6.2 TeV meE)=0 (*)
S
d Gt 15 o7 3.7 TeV m(G) ~ m(E))+5 GeV (*)
O 4 i-et 15 375 8.0 TeV meED)=0 ()
LLI; =0
do g Gt 15 875 4.1 TeV m(G) ~ m(¥Y)+5 GeV (%)
e G gogt) 30 100 10.0 TeV m()=0
£
Q -0 ~ 20
Q . dq-en 30 100 42TeV m(@) ~ m(¥1)+10 GeV (**)
s GG gogt) 5 3.0 1.45 TeV m())=0
(=3
o o 0
El, 43, G—g%1 5 3.0 11 Tev m(g) ~ m(x;)+50 GeV
10
(*): extrapolated from Run 2, 36/fb studies
Mass scale [TeV]
(**): monojet results not included
Hadron Colliders: gluino projections
. g 9
. . European Strategy,
(R-parity conserving SUSY, prompt searches)
Model JLdt[ab™"] Vs [TeV] Mass limit (95% CL exclusion) Conditions
8, 5oqg%) 3 14 3.2TeV m(¥))=0
8} ; _
T & 2-qa0) 3 14 1.5 TeV m(@) ~ m(¥})+10 GeV
4 " "
I 28, 31X 3 14 2.5TeV m(X1)=0
28, e 3 14 2.6 TeV m(¥})=500 GeV
%8, 3—qak, 15 27 5.7 TeV m(¥)=0
o
R < St 15 27 2.6 TeV m(@) ~ m(r)+10 GeV
ul
T NUHM2, 3o 15 27 5.9 TeV m(¥Y)=0
28, i—qat) 30 100 17.0 Tev m()=0
=
3 23, 5—qgks 30 100 7.5 TeV m(g) ~ m(¥})+10 GeV (*)
&.) an o~ =0 0
28, 3110 30 100 11.0 TeV m(X7)=0
o &zt 15 375 7.4TeV m(E=0 ()
o :
L 55 5oqghs 15 375 3.6 TeV m(@) ~ mE))+10 GeV (**)
w
-
gz, g-it) 15 875 e 78TV m(1)=0 ()
(*): extrapolated from HL- or HE-LHC studies 10 Mass scale [TeV]

(**): extrapolated from FCC-hh prospects

Large extension in reach
of SUSY models with
FCC-hh

FCC-hh probes
squarks up to 10
TeV
extends HL-LHC mass

reach by a factor of
2-3

FCC-hh probes
gluinos up to 17
TeV
extends HL-LHC mass

reach by a factor of
4-5



supersy

mmetry: Top squarks

All Colliders: Top squark projections

(R-parity conserving SUSY, prompt searches)

( \

European Strategy;

Model JLdtlab™] Vs [TeV] Mass limit (95% CL exclusion) Conditions
o ih it 3 14 ) — ' S 1.7 TeV m(E))=0
E if, i—3body 3 14 0.85 TeV Am(F, )~ m()
= fif), ioct/Abody 3 14 0.95TeV | Am(f, ¥))~ 5 GeV, monojet (*)
o i bR 5 15 27 3.65 TeV m(¥))=0
E i, i—t8/3-body 15 27 1.8 TeV Am(f, B~ mt) ()
* fif, ioct/A-body 15 27 2.0TeV | Am(f, )~ 5 GeV, monojet (*)
B, Bt 15 375 4.6 TeV m(¥})=0 (**)
§. i, i o003-body 15 375 4.1 TeV m(¥?) up to 3.5 TeV (**)
H 1, f1—>c)??/4—body 15 37.5 22TeV Am(t"l,)??)~ 5 GeV, monojet (**)
s Al f—obE I 25 15 0.75 TeV m(¥})=0
<j>2 A, T—bT 10 2.5 15 0.75 TeV Am(F, )~ m(1)
© iy, Fi— b0 25 1.5 (0.75 - €) TeV Am(#, ¥))~ 50 GeV
s B, bt/ 5 30 1.5TeV m(¥})~350 GeV
g
S i AobV R 5 30 15Tev Am(Fi, ¥)~ m(t)
° R, [i—bY* /7Y 5 3.0 (1.5-¢) TeV Am(i;, X))~ 50 GeV
s ot 30 100 10.8 TeV m(¥)=0
§' hf, >t /3-body 30 100 10.0 TeV m(eY) up to 4 TeV
fifi, i—ct)/4-body 30 100 . L . . e 50TeV | Am(f, )~ 5 GeV, monojet (*)

FCC-hh probes stops up to | | TeV, relevant range for naturalness

TO
(*) indicates projection of existing experimental searches
(**) extrapolated from FCC-hh prospects

e indicates a possible non-evaluated loss in sensitivity

! Mass scale [TeV]

ILC 500: discovery in all scenarios up to kinematic limit +/s/2

extends HL-LHC mass reach by a factor of 5-12
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Disappearing Tracks Wino

FCC-hh Default layout (#1), <u> =200
. Alternative layout (#3), <u> = 200
_ 1
/s =100 TeV, 30 ab Default layout (#1), <u> = 500

* Generic WIMP dark matter models predict , » Aemate ayout (), <2500

long-lived DM candidates * 53 ::

* Wino (2-3 TeV region) g:; EE N E

* Higgsino (1-1.2TeV region) 5 .. N

4+ Wino R0 3

. . . o Niyer = 5, Time-fit E

* Can be probed using disappearing 2 i I

track analyses Chargino mass [GeV]

* Sensitivity depends strongly on detector Higgsino
FCC-hh Default layout (#1), <u> =200

design (layers, timing information) and the
amount of pile up f5 =100 TeV, 30 ab" Detaul layout (1), <> 2500

Alternative layout (#3), <u> = 500

() 20— T T [ T T T [ T T T [ T T I
0 -
[ ] [ ] [ ] [ ] ° C —_ ]
* Most optimistic scenario: FCC-hh could I Higgsino ;
o . o E - N . =5, Time-fit :
probe the entire predicted region S 14
> 12F E
o -
1072 8 1 O :_ =
c 4-layer-tracks O L
g non-diffractive N 8 r B
/ o 5 o E
e —a— Alternative layout (#3) o e e e R R O e mm e mmmmmem—me e ean -
2104 4+ B
g 4-layer-tracks . . o :_ ..... ]
gof - Tttt : B | | |
_8 F O 1 1 1 1 1 1 1 1 1 1 1 | 1
ok — 800 1000 1200 1400
E 107 —o— Default layout (#1) Chargino mass [GGV]
o Alternative layout (#2)
% —=a— Alternative layout (#3)
w108

e R e e Assumes 50 ps timing resolution



Dark Matter Summary

Higgsino

Wino

Indirect Detection Pure HiggSino ] 90% CL Direct Detection Projection | Pure Wino
# Fecom | indirect Detection -
LE-FCC | FCC-hh |
FCC-eh LE-FCC ]
HE_LHC | FCC—eh |
_ _ . HE-LHC |
HL-LHC 20, Disappearing Tracks , ,
———————————————————————————————————————————————————————————— HL-LHC | 20, Disappearing Tracks
CLIC3000 |  Kinematic Limit: v's /2 T i H Lt T
AT 1 20, Indirect Reach 3000 Kinematic Il_|m|t: S/2 ]
CLIC1500 | | 20, Indirect Reach
ILC ILC | |
CliCso | | [ ] I
FCC-ee | A\ |FcC-ee | |
[ \
ICEPC Thermal 3 pk Strateg) A CEPC I Thel‘ma| European §trate99
0.1 0.2 1 2 5 0.1 0.5 1 5 10
M, [TeV] My [TeV]

Largest reach from FCC-hh; covers theoretically interesting range

Complemented by indirect reach from lepton colliders
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. 22
Conclusion

* A 100 TeV proton-proton collider would provide us with a number of
unique opportunities

* Probe the multi-TeV range for new particles and nhew
interactions (including generic models and supersymmetry)

* Search for dark matter candidates

* Precision measurements of Higgs boson properties, including rare
decays, Higgs-top coupling and the Higgs self-coupling

* It would be capable of a broad spectrum of physics studies, including
many not discussed here

* vector boson scattering, FCNC neutral currents, rare decays, multi-boson
production, etc.

* Key challenges for physics measurements would be the large amount of pile
up (perhaps up to 1000 interactions per collisions)

* Will require detailed studies of detectors and mitigation techniques
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