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The open questions

> Origin of Dark Matter/Energy

> Inflation (or why is our universe so homogeneous and isotropic)
> Gravity (quantum gravity, string theory)

> Unification of forces

> Origin of matter/anti-matter asymmetry

> QOrigin of EWSB

> Hierarchy problem

> QOrigin of flavour (flavor violation, g-2, EDMs, etc.)

> Neutrino masses

> Strong CP problem (axions, etc.)
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>

The open questions

Origin of Dark Matter/Energy
Inflation (or why is our universe so homogeneous and isotropic)

Gravity (quantum gravity, string theory)
Have or may have a

Unification of forces relation with physics at
the weak scale

Origin of matter/anti-matter asymmetry

Origin of EWSB

N/

Future Colliders

Hierarchy problem
Origin of flavour (flavor violation, g-2, EDMSs, etc.)
Neutrino masses

Strong CP problem (axions, etc.)
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The colliders
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The spectrum of Future Colliders
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HL-LHC and HE-LHC

+ Big effort (exp+th) to assess the physics opportunities

» Ongoing “Workshop on the physics of HL-LHC, and perspectives at HE-LHC”

» Yellow report will be completed by the end of this year -> input to the next Update of
the European Strategy for Particle Physics (2019)

+ HE-LHC benchmarks: 27 TeV of c.o.m. energy and 15/ab of integrated luminosity
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop

Future Lepton Colliders

see plenary talk by

X. Lou »
@ @ &k 6

Triple LEP (see Circular Electron International Linear Compact Linear
FCC) Proton Collider Collider Collider
design circular linear
Vs 350 GeV 240 GeV 500 GeV 3000 GeV
anfa'g{g‘;'f“ 20 MV/m 20 MV/m 31.5 MV/m 100 MV/m
length 80 - 100 km 50 - 70 km 31 km 48.4 km
feasibility mostly existing mostly existing mostly existing new technology
technology technology technology
2.5/4.5 billion CHF
cost* (tunnel) ? 7.8 billion CHF 8-20 billion CHF
* large uncertainties 2/3 billion CHF
(rest, most RF)
(al S talk b ( e LCC (also e talk by
also see ta also see fa
reference | AP avichev) 1 Gao) D. Shulte)
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https://fcc.web.cern.ch/Pages/default.aspx
http://cepc.ihep.ac.cn/
http://www.linearcollider.org/
http://www.linearcollider.org/about

Future Lepton Colliders

see blenarv talk bv |
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https://fcc.web.cern.ch/Pages/default.aspx
http://cepc.ihep.ac.cn/
http://www.linearcollider.org/about
http://www.linearcollider.org/about

Future Lepton Colliders
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https://fcc.web.cern.ch/Pages/default.aspx
http://cepc.ihep.ac.cn/
http://www.linearcollider.org/about
http://www.linearcollider.org/about

Future Hadron CHiders

(@) Future Circular Collider FCC-hh . | " ¢ i3 B Lake Genevs
design circular : | o
Vs 80 - 100 TeV
final luminosity > 3-10/ab
length 80 - 100 km
feasibility new technology
cost ?
reference FCC (also see talk by D. Schulte) &8

\ cz&’?& SppC
design circular
\/g 50/70 TeV (pp)
final luminosity > 3-10/ab
length 50 - 70 km
feasibility new technology
cost ?
Google earth reference CEPC/SppC (also see talk by Q. Xu)
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https://fcc.web.cern.ch/Pages/default.aspx
http://cepc.ihep.ac.cn/

The physics

Riccardo Torre BSM @ Future Colliders



HIgQs

Precision Higgs physics is crucial, lepton colliders (at threshold) usually the best probe

Result of the coupling (a.k.a. k) fit

a2 Comparison™ with other lepton colliders at the EW scale (up to 380 GeV)

13 uColl ILC,, CLIC, LEP3,,, | CEPC,, | FCC-ee, | FCC-ee
Years 6 15 5 6 7 3 +4
Lumi (ab™) 0.005 2 0.5 3 5 5 +1.5

dm, (MeV) 0.1 t.b.a. 110 10 5 7 6
oIy, /T (%) 6.1 3.8 6.3 2y 2.6 2.8 1.6
89y / 9, (%) 3.8 1.8 2.8 1.8 1.3 1.4 0.70
89w/ Guw (%) 3.9 1.7 1.3 .7 1.2 1.3 0.47
89,/ 9,4.(%) 6.2 1.9 4.2 1.9 1.4 1.4 0.82
89y, / 9y, (%) n.a. 6.4 n.a. 6.1 4.7 4.7 4.2
0G4, / Guy (%0) 3.6 13 n.a. 12 6.2 9.6 8.6
89,,,/ 9,4, (%) n.a. 0.35 0.80 0.32 0.25 0.25 0.22
89,/ 9y (%) n.a. 2.3 6.8 2.3 1.8 1.8 1.2
69Hg/ Ipq (%) n.a. 2.2 3.8 3 1.4 1.7 1.0
Brinvis (Y0)gcsect SM <0.3 <0.6 <0.5 <0.15 <0.3 <0.25
BRexo (%0)geoict - <1.8 <3.0 <1.6 <1.2 <1.2 <1.1
Patrick Janot Higgs properties @ Circular Lepton Colliders () | Green = best
1 June 2018 Red = worst 12

see talks by A. Blondel, T. Ogawa, M. Selvaggi, R. Franceschini, M. A. Weber
Riccardo Torre BSM @ Future Colliders



Precision observables

For the W mass determination a big improvement over Tevatron&LHC
(and HL-LHC) is expected, of the order of 10 (ILC) to 20 (TLEP)

> - :
(5 8037~ [—=TLEP (Z pole) \
e | | == TLEP (Direct) f |
& | |— ILC (Direct) | \
" | =—— LHC (Future) l
80.365 '
[ |==== Tevatron |
| = Standard Model |
80.36;
) |
80,355 1
- | )
B |
see talks by T. Lesiak 80.35[— ' \J’ ;l;EP report ;
and Z. Liang T T TR e I P DN & PP owmass repor
1715 172 1725 173 1735 174 1745 _ 175
m,,, (GeV)
LHC LHC | ILC/GigaZ ILC ILC ILC TLEP | SM prediction
Vs [TeV] 14 14 0.091 0.161 0.161 0.250 | 0.161 -
Lo 300 3000 100 480 500 | 3000x4 .
AMwy [MeV] 8 5 - 4.1-45 2329 3.6 L3 4.2(3.0)
A sin? Of,ﬁ 1077 36 21 1.3 - - - 0.3 3.0(2.6)
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Oblique parameters (on-shell)

For the oblique precision observables S and T (and possibly U) a factor of
3 improvements at ILC and a factor of 10 improvements at TLEP

Present/ LHC / ILC Future scenario

0-3 I I I | | I I I | I I I I | I | I 1 | I I I I | I I I I 0-3 I I I I | I | I I | I I I I | I I | I | I I I I | I I I |
| 68% and 95% CL fit contours for U=0 ] | Future scenario: M, = 0.1 GeV, M, =0.1 MeV, dI', = 0.1 MeV, M, = 1.3 MeV, _|
— (SM_;: M,=126 GeV, m=173 GeV) - - 8m, =80 MeV, asin’(0,,) = 3«1 0°, 8R;" = 1.25x10°, 8, = 47<10°, -
02 — . —] 0.2 — 8 M, =1MeV,d sin°(8 ) = 1x10 : —
- [l Present fit - ~ 68% and 95% CL fit contours for U=0 7 .
= Present uncertainties - = (SMref: M,=126 GeV, m=173 GeV) -
0.1 Prospects for LHC — 0.1 — B Present SM fit —
[ ] Prospects for ILC/Giga . u Present uncertainties -
B B B Future scenario |
0 . 0 / -
N ] B C ]
-0.1— SM Prediction _ 01— ]
u M, = 125.7 = 0.4 GeV N u ]
B m, = 173.20 = 0.87 GeV ] B 7
-0-2 __ __ '0-2 __ __
- 1407.3792 [hep-ph] [e] fitter[=.]2 - -
_0-3 B 1 | | | | | | | | | 1 1 | | | | | | 1 | 1 1 | | | | 1 | ] _0-3 : | 1 | | | | | | 1 | 1 | | | | | | | | | | | | | 1 | ]

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

S S

see talks by T. Lesiak .
and Z. Liang GFitter

Important to assess the precision possibilities of high energy hadron colliders

Less clean environment, but enhancement of the higher order observables (W,
Y, V, X) with the energy

This could lead to important constraints complementary to the S, T,U ones
Riccardo Torre BSM @ Future Colliders 8



Yx104

Oblique parameters (off-shell)

Farina et al., 1609.08157

15_, ......... T :,r ......... — .L-I. ] 4_, : - .- T - - .1 ]
: | dotted: 8TeV, 20" | | solid: 100TeV, 3ab™"
|| 13TeV, 0.1ab™" ] | dashed: 100TeV, 10ab™’
10k |l solid: 13TeV, 0.3ab™" | i ‘
- | dashed: 13TeV. 3ab™! |
| 2+ | ]
5 i/ ] |
| i . \
5 c, | .
0 -~ 0 |\
' . > :
i . : \f
=9 1K . |
| -2t : ]
_10l LEP I-II 1t i I
' pp—=/t i pp-/tl i
_ pp->/v 1t pp-/v |
_15 N D . : : ............... T _4 [ . L L : ] L
-15 =10 -5 0 5 10 15 -4 -2 0 2 4
Wx10° Wx10°
LEP ATLAS& | CMSS LHC 13 100TeV | ILC | TLEP | ILC 500GeV
luminosity | 2x 10" Z | 19.7f/b~! | 20.3fb~! | 0.3ab™! | 3ab™'| 10ab '| 10°Z | 104 Z Jab~!
NC | Wx10* | [-19, 3] [-3,15] | [-5,22] +1.5 +0.8 | +0.04 +3 +0.7 +0.3
Yx10* | [=17,4] [—4,24] | [-T7,41] +2.3 +1.2 | +0.06 +4 +1 +0.2
CC | Wx10° +3.9 +0.7 | £0.45 | +0.02
Riccardo Torre BSM @ Future Colliders 9



Flavor anomalies
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see talk by M. Klute



Flavor anomalies

Several ongoing studies
Final states with 1, and b pose challenges
Indirect FCC-ee potential also under investigation
Some prospects for high-pt searches already available

Allanach et al., 1710.06363

101 | 95% CL lim. on 7' | 95% CL lim. 2nd gen. leptoquark pair production
il O — FCC-hh 100 TeV, 1 ab™! 1020 & — FCC-hh 100 TeV, 1 ab-!
1070 5 -~ FCC-hh 100 TeV, 10 ab ™! |, = | -~ FCC-hh 100 TeV, 10 ab ™"
= 107 E . oxz0 x BR FCC-hh 100 TeV ||

o x BR(upgj) [pb]
[
o
NN

______
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Direct searches and reach

Direct searches at high mass are a priority of high energy colliders
The reach on SUSY particles extends well above TeV
For s-channel resonances several tens of TeV possible

] quark —140,000
nos ey COMpoSiteness
gluinos —4,000
ewkino P —
e E u pp, 100 TeV, 3000/fb
eolorons 1 pp, 33 TeV, 3000/fb
RPV stop pp, 33 TeV,
= = pp, 14 TeV, 3000/fb
stop ———~_ F—  pp, 14 TeV, 300/fb
7B L pp, 8 TeV, 20/ib
any NLSP W ee, 3 TeV, 1000/fb
= | u ee, 1 TeV, 1000/fb
Squarks ? uee, 0.5 TeV, 500/fb
z
0 1000 2000 3000 0 10000 20000 30000 40000 50000 60000 70000
mass (GeV) mass (GeV)

Snowmass Report, 1311.0299
also see BSM FCC-hh report

see talk by C. Helsen

Riccardo Torre BSM @ Future Colliders 12


http://inspirehep.net/record/1467223

Dark Matter

As an example consider pure-wino Minimal Dark Matter

6 - 6
' B 14 TeV, 3 ab™! Z B 14 TeV, 3 ab!
_ 50 W 27TeV,15ab™! j B 27 TeV, 15 ab™?
STHY 1 "% N\ o B 100 TeV, 30 ab~" - 5 - B 100 TeV, 30 ab™! -
4- 4-
(aa] n |
Q 3 - O 3-
~—
n O
2 :_ _____________________ 2 _
1 ' 1 i
- i — 20% bkag.
Z === 2% syst. ; -=- 500% bkg.
0 S T ) o T O"" LA R UL LI B L L L
0 500 1000 1500 2000 2500 0 1000 2000 3000 4000 5000 6000 7000

Wino Mass my [GeV] Wino Mass my [GeV]

HL/HE LHC Yellow Report, to appear
Riccardo Torre BSM @ Future Colliders 13
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CompOSIteneSS Thamm et al., 1502.01701

In motivated and predictive scenarios one can study interplay

-

HL-LHC

ILC

TLEP/CLIC -

10 T
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Conclusions

> While the LHC is running the community is working hard to plan the future of
Collider Physics (joint accelerator/detector/experimental/theory effort)

> It Is important to asses the capabilities of different colliders both at the level of
direct and indirect tests of SM and BSM physics

> First physics studies devoted to the understanding of the necessary machine and
detector requirements to get the best out of new machines

> Lots of ideas from the theory community for new tests of the SM and of New
Physics

> oSeveral studies completed or in completion by this year as input to the
forthcoming update of the European Strategy for Particle Physics (2019)

Riccardo Torre BSM @ Future Colliders
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Thank you
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