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Almost all results shown today are from those shown at the European Strategy
Meeting in Granada last months
Please see the individual talks and the inputs for more details



https://cafpe.ugr.es/eppsu2019/
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Particle Colliders in History
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Future Hadron Colliders Geneva, Switzerland

* Currently four future hadron collider
options are being discussed

* High-luminosity LHC (HL-LHC)

+ High-energy LHC (HE-LHC) -
* Future Circular Collider (FCC=hh)

* Super Proton-Proton Collider (SppC)

* Not covered in this talk

* Lepton colliders (previous talk from
Alain Blondel)

* LHeC/FCC-eh
* FCC-HI, heavy-ion physics

* Flavour physics

Google earth




HL-LHC

* Reuse the LHC tunnel

* Increase energy from |3 to 14 TeV

* Increase in luminosity by factor of 5-7
* Major upgrade to the accelerator

* Injector replaced now during LS2

* Upgrade magnets

* Major upgrades to ATLAS and CMS: mitigate pile up of 200 events/crossing

LHC . HL-LHC

LS1 EYETS LS2 14 Tev

13 TeV 13 -14 TeV energy
Diodes Consolidation 5t07.5x
8 TeV splice consolidation LIU Installation cryolimit HL-LHC nominal
7 TeV button collimators interaction IumanSIty
R2E project P7 11 T dip. coll. reg|ons installation

Civil Eng. P1-P5
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beam pipes 2 x nom. luminosit : N HL upgrade
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FCC-hh

* New tunnel ~100 km tunnel located at

CERN

* New 16 T magnets (20 T for 80 km)

* Very challenging target

* Energy: 100 TeV

* One stage of overall FCC project

* Full spectrum from et*e- to heavy ions

Schematic of an

1

g 80-100km
g long tunnel
%

100 TeV

\s L/IP (cm2s) | Int. L /IP(ab-) | Comments
ete- ~90GeV Z 230 x1034 75 ab™! 2 experiments
FCC-ee 160 Ww 28 5
240 H 8.5 2.5 Total ~ 15 years of

operation

2+2 experiments

Total ~ 25 years of
operation

PbPb Vsyn=39TeV | 3x10% 65 nb-/run | 1run=1 month
FCC-hh o operation
ep 3.5TeV 1.5 1034 2 ab 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
e-Pb Vsen=2.2TeV | 0.510% 1o 60 GeV e- from ERL
Fco-eh Concurrent operation
o with PbPb

———

FCC-hh Submission



https://indico.cern.ch/event/765096/contributions/3298184/attachments/1786069/2907901/133_ESPP18_FCChh_181115-FCC_V0600_MainText.pdf

HE-LHC

* Reuse the existing LHC tunnel
* Increase the magnetic field by installing the 16 T magnets from the FCC-hh
= Energy increases from 14 to 27 TeV

* Factor of 3 increase in luminosity over HL-LHC: 10 ab-!

23800

HE-LHC Submission



https://indico.cern.ch/event/765096/contributions/3298229/attachments/1786073/2907913/136_ESPP18_HELHC_181119-FCC_V0500_MainText.pdf

Second step after CEPC 8

SppC

* New 100 km tunnel in China

* Magnets:initially 12 T;later 20T
* Energy: 75 - |50 TeV

* Luminosity: 30 ab-!

SppC Layout

LSS1_coll |

Google earth
C

SppC Submission


https://indico.cern.ch/event/765096/contributions/3295627/attachments/1785177/2906133/CEPC_European_strategy_accelerator-v9Submit_version.pdf

Hadron Collider Challenge: High field magnets

High field magnet development

20 Dipole Field for Hadron Collider @
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Timescale and cost for Hadron Colliders

240 GeV

250 GeV . 500 GeV & 350 GeV -

Z W 240 GeV 350-365 GeV

.

\
start date driven by magnet R&D

Oper. Time Power

ly] [MW]
FCC-hh  pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF
tunnel cost

D. Schulte



Physics Potential of Future Hadron
Colliders
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“Big Questions” for European Strategy

* Higgs/Electroweak

How well can the Higgs boson couplings to fermions, gauge bosons and to itself be
probed at current and future colliders!?

How do precision electroweak observables inform us about the Higgs boson
properties and/or BSM physics?

What progress is needed in theoretical developments in QCD and EWK to fully
capitalize on the experimental data?

What is the best path towards measuring the Higgs potential’

* Beyond the Standard Model

To what extent can we tell whether the Higgs is fundamental or
composite!

Are there new interactions or new particles around or above the electroweak
scale!?

What cases of thermal relic WIMPs are still unprobed and can be fully covered by
future collider searches?

12

To what extent can current or future accelerators probe feebly interacting sectors!
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Higgs Boson couplings at the HL-LHC

Production Decays
/s = 14 TeV, 3000 fb™' per experiment I I‘S?MTG’IV{ 3,090,fb|_1 per experiment
| Total ATLAS and CMS - | Total ATLAS and CMS
— Statistical HL-LHC Projection — Statistical HL-LHC Projection
e Exper|menta| — Experlmental
—— Theory Uncertainty [%] —— Theory

Uncertainty [%]
Tot Stat Exp Th Tot Stat Exp Th
OggH — 1.6 07 0.8 1.2 B . 26 1.0 1.5 1.9
BZZ — 29 12 15 22

OVBF —_— 3.1 1.8 1.3 21
WW = 2.8 11 12 23
OWH I 5.7 33 2.4 4.0 B = 29 14 13 22
bb — 4.4 15 1.3 4.0

OZH I— 4.2 26 1.3 3.1 B

B = 8.2 74 15 3.0

O,y — 4.3 1.3 1.8 3.7
ttH BZY —— 19.114.3 3.2 122
0 002 004 006 008 01 012 0.14 0 005 041 015 02 o025

Expected uncertainty Expected uncertainty

Higgs at Future Colliders report: arXiv:1905.03764, P. Azzi



HL-LHC: Interpretation in kK framework

\s =14 TeV, 3000 fb! per experiment
P P

| Tota ATLAS and CMS

— Sta’us’gcal HL-LHC Projection

—— Experimental

Theory Uncertainty [%)]
5 % Tot Stat Exp Th
K, = 4% 1.8 08 10 13
Ky = 1.7 08 07 13
KZ = 15 07 06 12
Kg T 25 09 08 21
K, = 34 09 11 3.1
K, = 37 13 13 32
N 19 09 08 15
K“ = . 43 38 10 17
KZy 98 72 17 64

0 002 004 006 008 01 012 0.14
Expected uncertainty

Many couplings reach ~2%

precision
Limited by theory
uncertainties
300 fb' (13 TeV)
CMS w/ Run 2 syst. uncert. (S1)
. . w/ YR18 syst. uncert. (S2)
Projection
w/ Stat. uncert. only
Bgsw =0
0.03 (Stat); 0.04 (S2); 0.06 (S1)
0.03 (Stat); 0.04 (S2); 0.05 (S1)
—

0.03 (Stat); 0.04 (S2); 0.05 (S1)

0.03 (Stat); 0.05 (S2); 0.06 (S1)

0.03 (Stat); 0.06 (S2); 0.08 (S1)

0.06 (Stat); 0.09 (S2); 0.11 (S1)

0.04 (Stat); 0.05 (S2); 0.06 (S1)

0.22 (Stat); 0.22 (S2); 0.22 (S1)

0.05 0.1 0.15 0.2
Expected uncertainty

Higgs at Future Collidéfts¢epeee arXiv:1905.03764, P Azzi



Higgs Precision at HE-LHC and FCC
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Interpretation within EFT Framework

O HL+H( HL+ILC 2o

102} | B HL-LHC [l HL+LHeC HL+CLIC:gy [l HL+CEPC Al Ldq0-1

: il [ HL+ILCsn ] HL+CLIC1sm HL+FCCee3ss
] Higps®@ FU Wir SMEFTuo fit . HL+CLIC30m JFECC
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105 8
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J. de Blas



Other SM measurements 18

* HL-LHC: Higgs mass to ~20 MeV
* HL-LHC low pile up run (200 pb-! at 14 TeV; 5-10 weeks of running)
* W mass 6 MeV (requires precise PDF)

* Top mass 0.2-1.2 GeV (relation to pole mass)

190 T
| 68% and 95% prob. contours! | |
| [0 HL-LHC projections | | &
[T 1] Fitw/o MW, m, P I
~ LTI Full Fit (Current)
[T Full Fit (HL-LHC)

My [GeV]

180 [~

_____________________

-------------------------------------------------------

170 —
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Higgs Self-cou

* Higgs potential1

+ V(P) = §M2q’2

* Approximate expansion around the vev
1

 V(®) =~ \?h + \vh® + Zh4

* Methods to search for diHiggs production

* Direct searches

pling

1
\P?
4

* Indirect constraints from single Higgs
production through loop effects

Higgs@FC WG

HL-LHC z?%?

HELHCM/
FCC-ee/eh/hh gg
FCC-ee,, ..
FCC-ee ;

%o
Y%

365 |

B di-H, excl. [T di-H, glob. [ single-H, excl. [l single-H, glob.

All future colliders combined with HL-LHC

E. Petit
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Big Questions for ES

* Higgs/Electroweak

How well can the Higgs boson couplings to fermions, gauge bosons and to itself be
probed at current and future colliders!?

How do precision electroweak observables inform us about the Higgs boson
properties and/or BSM physics?

What progress is needed in theoretical developments in QCD and EWK to fully
capitalize on the experimental data?

What is the best path towards measuring the Higgs potential’

* Beyond the Standard Model

To what extent can we tell whether the Higgs is fundamental or
composite!

Are there new interactions or new particles around or above the electroweak
scale!?

What cases of thermal relic WIMPs are still unprobed and can be fully covered by
future collider searches?
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To what extent can current or future accelerators probe feebly interacting sectors!



Higgs Compositeness

95% CL limits on compositeness scale (O_H operator)
* Set limits on compositeness via fit e
to Higgs couplings e

e Obtain limits on compositeness
scale from ~1-4 TeV HL-LHC + FeC
Scale / compositeness coupling [TeV]
Composite Higgs, 20, HE-LHC J— CompOS|te Higgs, 20, F(.:(.:?" ......

6l ] ) []1 Direct
> | Hee 1 = | 1 cg(eelhh/eh) !
o} LU O ow(hh)

| . Caw ] sz\/(hh)
2 2f

\'_ .
5 10 15 20 10 20 30 40 50 60
m, [TeV] m, [TeV] J.Alcaraz
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New Interactions or Particles

* Direct (peak) or indirect (couplings)
* Direct observation

e M = 0.3-0.5+/s for hadron collides

* Interpretation within simple sequential Z’
model

Z' SSM discovery reach

ILC (500)
(indirect)

HL-LHC
(direct)

HE-LHC
(direct)

CLIC (3 TeV)
(indirect)

FCC-hh
(direct)

0.00 10.00 20.00 30.00 40.00 50.00

Mass [TeV]

M [TeV]
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Contact Interactions
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95% CL scale limits on 4-fermion contact interactions (Y couplings)

HL-LHC
HL-LHC + ILC
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Scale / coupling strength [TeV]
L ——————— T

95% CL scale limits on 4-fermion contact interactions (W couplings)
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J.Alcaraz



Strong SUSY: gluinos

Hadron Colliders: gluino projections Preliminary Granada 2019
(R-parity conserving SUSY, prompt searches) { 3)
European Strategy,
Model JLdt[ab™"] V5 [TeV] Mass limit (95% CL exclusion) Conditions

%, 3—qaX) 3 14 3.2 TeV m(¥})=0
o 88 3o 3 14 1.5 TeV m(g) ~ m(¥})+10 GeV
T
i -0 0
B gg, g—>tt7(1 3 14 25TeV m(X1)=0
T

58, gt 3 14 2.6 TeV m(¥})=500 GeV
% %, 59X, 15 27 5.7 TeV m(t})=0
-
";I;IJ %8, 5—qak, 15 27 2.6 TeV m(g) ~ m(¥1)+10 GeV

NUHM2, g7 15 27 5.9 TeV m(¥1)=0
. & 5—qat) 30 100 17.0 TeV m(¥})=0
N =
S 38 g—oqat 30 100 7.5 TeV m(g) ~ m(¥1)+10 GeV (*)
2

gga g_)tt_/\N/(l) 30 100 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 110|Tev m(/\’;(l))zo

10 Mass scale [TeV]

HE-LHC extends HL-LHC mass reach by a factor of ~2
FCC-hh extends HL-LHC mass reach by a factor of ~5

M. D’Onofrio



Strong SUSY: squarks

All Colliders: Top squark projections

(R-parity conserving SUSY, prompt searches)

Preliminary Granada 2019

European Sltrateg»
Model JLdtab™"] s [TeV] Mass limit (95% CL exclusion) Conditions

o N h-k 3 14 = l l L 17Ty m(¥1)=0
E i, iott/3body 3 14 0.85 TeV Am(iy, )~ m(t)
* fif, o4 body 3 14 0.95 TeV Am(t"l,)?(f)~ 5 GeV, monojet (*)
o i L—bUt 0 8 15 27 3.65 TeV m(t})=0
E iy, fi—t¥)/3-body 15 27 1.8 TeV Am(7, X))~ m(t) (%)
* iy, fi—ct/4-body 15 27 2.0TeV | Am(f, X))~ 5 GeV, monojet (*)

HE F b Y 0.25 TeV m(1)=0 (tbc)
Q ah fi—b¥* /) 4 05 0.25 TeV Am(i, 20)~ m(t)
B 7)) F—bT i) 4 0.5 0.25 TeV Am(f, X))~ 10 GeV
N AR, obE i 2.5 15 0.75 TeV m(¥})=0
3 fif, fl—>b)~(i/t)?? 2.5 15 0.75 TeV Am(fl,;(?% m()
-
O ihhobtR 25 15 (0.75 - €) TeV Am(#y, )~ 50 GeV
QA b 5 3.0 1.5Tev m(¥})~350 GeV
§ fify, - 5 3.0 1.5TeV Am(F, F)~ m()
© fif, LoV 5 3.0 (1.5-¢) TeV Am(fl,/?‘f)~ 50 GeV
s ih f—ot) 30 100 10.8 TeV m(E})=0
u8l_ 7y, 7i—t¥)/3-body 30 100 10.0 TeV m(¥}) up to 4 TeV

tlll,fl—>0\?(1)/4-b0dy 30 100 1 L L L PR S T T |

L 5.0TeV_ | Am(f, X))~ 5 GeV, monojet (*)

107! 1

(*) indicates projection of existing experimental searches
e indicates a possible non-evaluated loss in sensitivity

Mass scale [TeV]

HE-LHC extends HL-LHC mass reach by a factor of ~2
FCC-hh extends HL-LHC mass reach by a factor of ~6

M. D’Onofrio



Electroweak SUSY
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Dark Matter

Preliminary, Granada May 2019

N

107"

v werwevvwy v - vowrwvwy

Best range

CRESST Il

oy, (x-nucleon) [cn]

== CRESST lll

ke 1904 00450

= XENON1T

PR 120 G0N 1ee

== PandaX
PR 117 (0N 121200

== DarkSide-50
PRL 121 (2004) 091307

= LUX
PAL 119 (2017) (21388

== Argo-3000 (proj.)
Oarcsise As EFPEL cutmission

'DARWIN-200 (proj.)

JOAF 11 oy

= HL-LHC, 14 TeV, 3ab’

HUHE-LUMC Maport ackiy 1002 10229

T ] T HE-LMC, 27 TeV, 15ab’

Scalar model, Dirac DM
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Collider limits at 95% CL, direct detection limits at 90% CL
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European Strategy;

Model-dependent limits probe the low mass range

C. Doglioni



Feebly Interacting Particles (FIPs)

* Wide range of possibilities and models

. PBC report, arXiv:1901.09966
Portal Coupling

Dark Photon, A, —5-5-F,, B""
cos 0w
Dark Higgs, S (#S + ,\Sz)H’fH (Relaxion toy model, mixes \w Higgs)
Axion, a ;‘—QF#VF”V, %Gi,uuégua %J’Y“’st

Sterile Neutrmo, N ynyLHN

* Hadron colliders play a complementary role to targeted experiments
FIPs: Vector Portal (Dark Photon)

LHCb: D**— D0 ete-
&pp — A' — u'w

FIPs: Sterile Neutrinos

UP?

e

_7 7 !,""J
< Ce--- LHec(
—8 L Nl P | 1L L Il FERE 11 11
3 3 10 10?
Beam dump expts: very low

couplings at very low masses ee—A'y—utuy

P. Sphicas, G. Lanfranchi
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29
Conclusion

* Critical turning point for our field as we evaluate options and try to
converge on what machine(s) we want to build next

* Short review of the hadron colliders which were proposed and discussed in
Granada as part of the European Strategy Process

e HL-LHC, HE-LHC, FCC-hh and SppC

» Key physics capabilities include precision Higgs couplings, the Higgs self-
coupling and a wide range of BSM searches




