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Outline

® The rationale and goals of the current efforts: the message for
the CDR

® Higgs and EWSB physics
® precision measurements (couplings and self-couplings)
® EWSB beyond the SM

® BSM searches
® high-mass reach

® DM and other weakly-interacting BSM phenomena
® The role of HE-LHC



Physics at the FCC-hh in the slides,

https:/twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncolli the.se refer to
entries from the

relevant volume

- Volume 1: SM processes (238 pages) arXiv:1607.0183 | <— Fig SM-xx

- Volume 2: Higgs and EW symmetry breaking studies (175 pages)  arXiv:1606.09408 <— Fig H-xx

. Volume 3: beyond the Standard Model phenomena (189 pages) arXiv:1606.00947 <— Fig BSM-xx
. Volume 4: physics with heavy ions (56 pages) arXiv:1605.01389

- Volume 5: physics opportunities with the FCC-hh injectors (14 pages)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider

To appear anytime now as a bound volume of CERN Yellow Reports

® FCC-hh events: http://indico.cern.ch/category/5258/



The goals of the Report

® Document what, today, we can anticipate of the physics landscape at 100 TeV:

® report cross sections, rates and theoretical uncertainties for relevant proc’s, in
the SM, Higgs and BSM sectors

® expose aspects where 100 TeV goes beyond a mere extrapolation of the LHC
potential

® stimulate new ideas, starting from a few explicit examples of what 100 TeV and
20 ab™' can deliver

® |dentify useful benchmarks to focus the detector design and the performance
requirements

® The goal was not to define a “physics case”, but to provide a first assessment, item
by item, of the physics potential, and to outline prospects (for measurements and
discoveries)



The goals of the Report

® With the firm belief that a FCC complex must appeal to more than the high-E
physics progamme, sections of the Report focused on the additional opportunities
offered by

® heavy ion collisions

® the exploitation of the injector chain (including the option of lower-E collisions in
the last component of the injectors, eg the LHC)

® These components will not be discussed here, but should be considered as essential
elements of the whole FCC project. They will further develop their own physics
case as new results, open issues and ideas arise

® Flavour physics is another important component of a possible pp programme, which
has not been studied as yet. Efforts are now focused on defining a programme for
HL-LHC. Depending on the outcome of these studies, and on the development of
the various flavour anomalies recorded by LHCDb and flavour factories, dedicated
efforts will be started (possibly post-CDI})



The next steps towards the CDR

® Consolidate the preliminary projections of the Report with dedicated
detector simulation studies, including more realistic estimates of the
experimental systematics

® Put the FCC-hh potential in the perspective of the global FCC physics
programme:

® Assess the complementarity and synergy with the deliverables of FCC-ee
and FCC-eh

® FCC-hh has more work to do to be ready for this cross-facilities

comparison, but preliminary results of this exercise will be documented in
the |st volume of the FCC CDR



First discussions of complementarity/synergies

((FcD)) 1st FCC Physics Workshop

16-20 January 2017 https://indico.cern.ch/event/550509/
CERN

Europe/Zurich timezone

199 registered participants

Topics:

Higgs

QCD

EW precision measurements p|US the
Top and flavour )

BSM searches session on Tue
Relation with cosmology: DM and neutrino mass probes £ .
Experimental opportunities at the FCC and novel techniques afternoon In
Physics with Heavy Ion collisions Berlin
Physics at beam dumps, injectors, or forward region detectors

... to be continued at the 2nd FCC physics workshop, Jan 15-19 2018
https://indico.cern.ch/event/6 18254/ 7



Current focus on FCC-hh physics:
Detector studies

® Detector design group leader:Werner Riegler

® |ndico site of mtgs: http://indico.cern.ch/category/8920/

® join the mailing list

® Physics Simulation subgroup leaders: Heather Gray & Filip Moortgat
® |ndico site of mtgs: http://indico.cern.ch/category/606//

® join the mailing list

® Monthly mtgs of each group, if interested register to the mailing lists

=> see FCC-hh detector // sessions


http://indico.cern.ch/category/8920/
https://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=fcc-experiments-hadron-detector
http://indico.cern.ch/category/6067/
https://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=fcc-experiments-hadron

The underlying rationale in building the physics case

® HEP has two priorities:

® explore the origin of known departures from the SM (DM, neutrino masses,
baryon asymmetry of the universe)

® explore the physics of electroweak symmetry breaking:

® experimentally, via the measurement of Higgs properties, Higgs interactions
and selfinteractions, couplings of gauge bosons, flavour phenomena, etc

® theoretically, to understand the nature of the hierarchy problem and identify
possible natural solutions (to be subjected to exptl test)

The physics case of FCC project (ee, hh and eh) builds on the
belief that these two directions are deeply intertwined
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Key question for the future developments of HEP:
Why don’t we see the new physics we expected to
be present around the TeV scale ?

® |s the mass scale beyond the LHC reach ?

® |s the mass scale within LHC’s reach, but final states are elusive to the direct
search ?

These two scenarios are a priori equally likely, but they impact in different
ways the future of HEP, and thus the assessment of the physics potential of
possible future facilities

Readiness to address both scenarios requires:
* brecision

* sensitivity (to elusive signatures)

* extended energy/mass reach



The physics potential of any future HEP facility
should be weighed against criteria such as:

(1) the guaranteed deliverables:
* knowledge that will be acquired independently of possible discoveries (the value
of “measurements™)

(2) the exploration potential:
* target broad and well justified BSM scenarios .... but guarantee sensitivity to more
exotic options
* ensure coverage of elusive signatures

(3) the potential to provide conclusive yes/no answers to relevant, broad questions



For the FCC, in particular:

® Guaranteed deliverables:
e study of Higgs and top quark properties, and exploration of EWSB phenomena, with
unmatchable precision and sensitivity
® tbd:further clarification of the nature of new physics discovered at LHC or elsewhere

® Exploration potential:
® mass reach enhanced by factor ~ E/ 14 TeV (will be 5-7 at 100 TeV, depending on
integrated luminosity)
® statistics enhanced by several orders of magnitude for BSM phenomena brought to light by the
LHC

® benefit from both direct (large Q%) and indirect (precision) probes

® Provide firm Yes/No answers to questions like:
is the SM dynamics all there is at the TeV scale!?
is there a TeV-scale solution to the hierarchy problem?

is DM a thermal WIMP?
did baryogenesis take place during the EW phase transition?

12



a remark

The FCC-hh is part of the whole FCC, and it’s the full exploitation of the FCC
complex that guarantees the maximal outcome

But the FCC-hh experiments are extremely versatile, and potentially capable,
stand alone, to address a major part of the whole FCC programme

As FCC-hh, we must explore every corner of its potential, from the discovery
reach, to the precision frontier.

The same should be (and is being) done by the FCC-ee studies....

This puts the value of the individual projects in the right perspective, vis a vis
possible future developments in HEP (eg discoveries at the LHC), in
technology progress (eg time scale for 16T magnets), in the overall HEP
landscape (eg approval of ILC, ...), and in the political landscape (costs).

And of course identifying areas where both ee and pp have independent

sensitivity stimulates the assessment of synergy and complementarity ....
|3
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TH progress, an example

Anastasiou et al, arXiv:1602.00695

FCC
PDF4LHC15

PP ->H+X
Hr=y & [my/4,my]
my=125 GeV

— L0} ML

—— MHMLD — MELD

=
250 -
FCC
200 PDFALHC1S
HLO —— MHNLD —— NELD PP -=H+X
He=piy & [myld,my]
150} my=125 GeV
10 20 30 40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90 100 110
‘JE [GeV] ﬁ[ﬂnh’]
OPDF Oa Oscale  OPDF-theo  OEW Othe 01
'i".l'l.t
o
+25% +£29% 0B 1+25% 1% +08% +1%

Table 3: Various sources of uncertainties of the inclusive gluon fusion Higgs production cross section at a 100
TeV proton-proton collider.

( linear sum of all but PDF and s )

v

o = 802 pb —l—ﬁ.l%( )—}-2 5%

+2.9%
7.2 2.5% (OPDF) /9% (0c..)

Figs H-1,2


http://arxiv.org/abs/arXiv:1602.00695

* We've seen fantastic and unexpected progress in TH calculations since the start

of the LHC.

* The most extreme kinematical regions covered by FCC-hh may pose new
challenges, but HL-LHC will keep driving TH improvement efforts, and will allow
crucial validation and tuning

* It’s impossible to predict how far this will go and what to expect by the time
FCC-hh is running
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Higgs physics
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1983

PHYSICS LETTERS B

Physics Letters B

Volume 122, Issue 1, 24 February 1983, Pages 103-116

Experimental observation of isolated large
transverse energy electrons with associated
missing energy at s=540 GeV

UA1 Collaboration, CERN, Geneva, Switzerland, G. Arnisonl, A. Astburyj, B. AubertP, C.
Baccil, G. Bauer!, A. Bézaguetd, R. Bckd, T.J.V. Bowcock!, M. Calvettid, T. Carrolld, P.

Show more

Physics Letters B

Volume 122, Issues 5-6, 17 March 1983, Pages 476-485

'«\‘ }

ELSEVIER
Observation of single isolated electrons of high

transverse momentum in events with missing
transverse energy at the CERN pp collider

The UA2 Collaboration, M. Banner', R. Battiston! 2, Ph. Bloch', F. BonaudiP, K. Borer2, M.
BorghiniP, J.-C. Cholletd, A.G. ClarkP, C. Conta®, P. Darriulat®, L. Di LellaP, J. Dines-

Show more

|18



important things take time ...
2017

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

1983

TAs A\ 7 -'—r""a ....:‘f

TSR e By .

SR Physics Letters B y
oS e Volume 122, Issue 1, 24 February 1983, Pages 103-116 EXPERIMENT

FI. SEVIER Submitted to: EPJC CS?ﬂT-JEa:-uZa()&Sz-ggg

Experimental observation of isolated large
transverse energy electrons with associated
missing energy at s=540 GeV

UA1 Collaboration, CERN, Geneva, Switzerland, G. Arnison), A. Astbury!, B. Aubert?, C.
Baccil, G. Bauer], A. Bézaguetd, R. Bockd, T.J.V. Bowcockf, M. Calvettid, T. Carrolld, P.

Measurement of the W-boson mass in pp collisions
at Vs = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Show more

A measurement of the mass of the W boson is presented based on proton—proton collision
data recorded in 2011 at a centre-of-mass energy of 7 TeV with the ATLAS detector at the
LHC, and corresponding to 4.6 fb~! of integrated luminosity. The selected data sample

o BADEAR A 07 S {
RGNS S SR

Wi I{."',u‘.* vty . . . . .

jlw*\qf:}%;;: consists of 7.8 x 10° candidates in the W — uv channel and 5.9 x 10° candidates in the

(‘;;: P hyS|CS Lette rs B W il channel. The W-boson mass is obtained from template fits to the reconstructed

& ' distributions of the charged lepton transverse momentum and of the W boson transverse
" -{

mass in the electron and muon decay channels, yielding

G o

o ¥ Volume 122, Issues 5-6, 17 March 1983, Pages 476-485
ELSEVIER

my = 80370+ 7 (stat.) = 11 (exp. syst.) + 14 (mod. syst.) MeV
= 80370 = 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental system-
atic uncertainty, and the third to the physics-modelling systematic uncertainty. A meas-

Observation of single isolated electrons of high

, : . . urement of the mass difference between the W™ and W~ bosons yields mwy- — my- =
transverse momentum in events with missing ~29228 MeV.
transverse energy at the CERN pp collider

The UA2 Collaboration, M. Bannerf, R. Battiston1’ 2, Ph. Blochf, F. Bonaudib, K. Borer?, M.
© 2017 CERN for the benefit of the ATLAS Collaboration.

BorghiniP, J.-C. Cholletd, A.G. ClarkP, C. Conta®, P. Darriulat®, L. Di LellaP, J. Dines- Reproduction of this article or parts of it is allowed as specified in the OC-BY-4.0 icense.

arXiv:1701.07240v1 [hep-ex] 25 Jan 2017

Show more



34 years, and still open issues ....

LEP-1and SLD: Z-pole & ... ... PDG entries dominated by LEP2 data
’ . A0b p
LEP-1 and SLD: Agg 0.23221:0.00029 W+ DECAY MODES  Fraction (I;/I) Confidence level (MeVj/c)
L A X " 0.23098+0.00026 A, [b] (10.86+ 0.09) % -
.+. 0
. P et v (10.71+ 0.16) % 40192
0.2287+0.0032
| + (10.63+ 0.15) % 40192
ATLA fio™ u'v
S e+l S0 ——e—= 108:0.0012 + (11.38+ 0.21) % 40173
-1
LHCD pu 3 1o *0.23142+0.00107 . -
CDF uu 9 fb” — 0 0010 BR(T) / BR(e/M) ~ 1.066 £ 0.025 =>~250
-1
s 0.23248+0.00053
-1
il e 0.23221:0.00046
R T 0.23137+0.00047
August 2016: preliminary . TU. . o o o
TeV combined: COF+D0  wew | That we like it or not, to anticipate 40 years of
et SR L. work to pin down the structure of the Higgs sector

0.226 0.228 0.23 0.232 0.234 should not be seen as an outrageous prospect!

. 2 lept
sin® 0 4



sub-% precision

Higgs couplings @ FCC-ee

240 GeV [350 GeV
the value of tt

Total Integrated Luminosity (ab™") 10 | 2.6

Number of Higgs bosons from e"e~ — HZ | 2,000,000 | 340,000 runs goes beyond
Number of Higgs bosons from boson fusion 50,000 | 70,000 top physics....

240 240+350 (41P) 240+350 (2IP)
0.16% 0.15% 0.18%
0.85% 0.19% 0.23%
0.88% 0.42% 0.52%

1.0% 0.71% 0.87%

1.1% 0.80% 0.98%
0.94% 0.54% 0.66%

6.4% 6.2% 7.6%

1.7% 1.5% 1.8%

~13% from Iofop effects at tt threshold
~30% fr|om loop effects at ZH p;roduction

->QY, under study

< 0.48%

->@V, under S’[u_d
< 0.45% < 0.55% (SM:0.12%)
1% f
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SM Higgs rates at 100 TeV Tab H-20

- Nigo | Nioo/Ns | N1go/N14
gg — H | 16 x 10° | 4 x 10* 110
VBF 1.6 x 10° | 5 x 104 120
WH 3.2 x 10° | 2 x 10* 65
ZH 2.2 x10% | 3 x 104 85
ttH 7.6 x 10% | 3 x10° 420

Nioo = O100Tev X 20 ab™!
Ng = Ogtev X 20 fb!
Ni4 = O147ev X 3 ab™!
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Remarks

® Higher statistics shifts the balance between systematic and statistical uncertainties. It
can be exploited to define different signal regions, with better S/B, better systematics,
pushing the potential for better measurements beyond the “systematics wall” of low-

stat measurements.
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can be exploited to define different signal regions, with better S/B, better systematics,
pushing the potential for better measurements beyond the “systematics wall” of low-

stat measurements.

® We often talk about “precise” Higgs measurements.VVhat we actually aim at, is
“sensitive” tests of the Higgs properties, where sensitive refers to the ability to reveal

BSM behaviours.
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Remarks

® Higher statistics shifts the balance between systematic and statistical uncertainties. It
can be exploited to define different signal regions, with better S/B, better systematics,
pushing the potential for better measurements beyond the “systematics wall” of low-

stat measurements.

® We often talk about “precise” Higgs measurements.VVhat we actually aim at, is
“sensitive” tests of the Higgs properties, where sensitive refers to the ability to reveal

BSM behaviours.

® Sensitivity may not require extreme precision

® Going after “sensitivity”, rather than just precision, opens itself new opportunities ...
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Higgs as a BSM probe: precision vs dynamic reach

1
k

O = | (f|L]i) | = Osar [1 + O(u?/A2) + - -]



Higgs as a BSM probe: precision vs dynamic reach

1
k

O = | (fILIi) |” = Osar [1+ O /A?) + -
For H decays, or inclusive production, u~O(v,mn)

50 “2607T6V2 isi bes large A
~ (K) ~ 0 T = pl’eCISIOH PI"O es arge

e.8.00=1% = A~ 2.5TeV



Higgs as a BSM probe: precision vs dynamic reach

1
k

O = | (fILIi) |” = Osar [1+ O /A?) + -
For H decays, or inclusive production, u~O(v,mn)

50 ”2607T6V2 isi bes large A
~ (K) ~ 0 T = PI’eCISIOH PI"O es arge

e.8.00=1% = A~ 2.5TeV

For H production off-shell or with large momentum transfer Q, p~O(Q)

50 ~ (9)2 = kinematic reach probes large A\ even if
A

precision is low

e.g.00=15% at Q=1 TeV = A~2.5TeV



SBR(H—WW*)

Examples
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SBR(H—WW*)

OBR(H—gg)

Examples
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Table 3: The benchmark points shown in Fig. We set tan8 = 10, M4 = 500GeV,

m Point | m;, |GeV| | m;, |GeV] | A; |GeV A
Exa‘ Ples M, = 1000 GeV, p = 200GeV and all trilinear couplings to a common value A;. The g [ ] t2 [ ] t [ ] t
remaining sfermion masses were set to 1 TeV and the mass of the lightest C'P-even Higgs ! 171 440 490 | 0.0026
(See also P: 192 1224 1220 | 0.013
Azatov and Paul arXiv:1309.5273v3) L 4
P 226 484 532 | 0.015
Py 226 484 0 0.18
—~~ 17 R [ T T T T T T | )
o d in percent level at LHC14 [ meeees P "_,.—'
e - — M,=600 GeV, sin?6 = 0.1 | 1.6f -===p, o
— M;=1000 GeV, sin° 6 = 0.1 - % "
200 — M, =2000 GeV, sir? = 0.1 S * P
I - - M,=600 GeV, sin? 6 = 0.4 1.5} e g
- - M;=1000 GeV, sin” 6 = 0.4 C st
i - - M;=2000 GeV, sin° 0 = 0.4 = 1.4 ;
i , 5
top partners T in \E top squarks in the loop
- the loop g P 1y -
& !
100 "
. LHCI4 & LHCI14 g
C*- -
oo 2
) 1.1 ‘_,..c"‘"
,"'o | - ,4‘ R
2 % - v SN G S B RS
Eragam—esSemTT
— 1.0-..--..-‘ -
0 5(1)0 ‘ | 1 OIOO 100 200 300 400 500 600 700 800
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Banfi Martin Sanz, arXiv:1308.4771

Grojean, Salvioni, Schlaffer, Weiler arXiv:1312.3317



http://arxiv.org/abs/1309.5273v3
http://arxiv.org/abs/arXiv:1312.3317
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gg—>H—YY at large prat 100 TeV
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® At | TeV, statistical sensitivity (accounting for bg) well below 10% !!

® What is a best BSM probe: BR(YY) or shape of pt(H)?

® answer likely BSM-model dependent
® ==> synergy/complementarity !!
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VH prodution at large m(VH)

W ~0H¢%

In presence of a higher-dim op such as:

19 Cw
2 A?

Lp—g = (H'o"D"H) D"V?,

S
)
G 102
LO
Q\
R,
=,
S5
10-3
100
< |
< 50
@
. O

See e.g.
Biekotter, Knochel, Kradmer, Liu, Riva,
arXiv:1406.7320

Z boson pr (pp — HZ — bb¢+e™)

T—— LHC

———————————————————————————

@ _—
—— =

50 100 150 200 250 300
p%[GeV]

Mimasu, Sanz, Williams, arXiv:1512.02572v
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Fig H-40
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Fig H-40
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Opportunities for % - level measurements
at intermediate pt ( 100-500 GeV)

see M.Selvaggi in the FCC-hh physics/detector // session
Thursday for more recent Delphes-based studies
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gg—H—ZZ*—4| at large pr
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At LHC, S/B in the H—YY channel is O( few % )

gg—>H—YY at large pT
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gg—H— UM at large pT
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gg—H— Ly £LYy at large pr
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Using BR(H—ZZ*) from FCC-ee (known at ~0.3% from 0gnzz~0.15%), production

ratios O(H—XY)/o(H—ZZ*) for pr>100 GeV return the following stat precision on the
absolute value of rare BRs

~1%
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One should not underestimate, however, the value of FCC-hh standalone precise
“ratios-of-BRs" measurements:

* independent of s, mp, M, [iny Systematics

* sensitive to BSM effects that typically influence BRs in different ways. Eg

BR(H—YY)/BR(H—ZZ*) BR(H— uY)/BR(H—ZZ¥)
loop-level tree-level 2nd gen’n Yukawa gauge coupling
BR(H—YY)/BR(H—ZY)

different EWV charges in the loops of the two procs
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Top Yukawa from ttH/ttZ

100000 g
50000 |

10000 E
5000 f

1000 E
500

100

ttH at 100 TeV

Solid: 0(Pru>Prmin) (fb)
Dashes: 0(pT,top>pT,min) (fb>

0

100 <00 300 400

pT,min (GEV)

500

600

arXiv:1507.08169

H—4  H—~~v | H— 2{2v

H — bb

26-10% | 4.6-10° 2.0- 10"

1.2 - 10°

Events/20ab~' , with tt—fv+ijets

= huge rates, exploit

boosted topologies
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Top Yukawa from ttH/ttZ
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- consider other decay modes, e.g. 2|12nu
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: ddnljm [G;V]

H — bb
1.2 - 10°



remarks

® These examples prove that TH uncertainties do not need to be a limiting
factor for very precise measurements, once statistics are large and allow for
new and diverse measurements

® Needless to say, careful work on the exptl systematics (eg absolute and
relative detection efficiencies for the individual final states, pileup, etc) must
be done to consolidate these naive estimates

® The role of the the highest pt Higgs production (multi-TeV) in probing
higher-dim op’s of the EFT must still be studied. Can they compete with, or
outplay, the BSM sensitivity of BR and coupling measurements!?
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New analysis of HH production for the FCC report

R.C., C. Englert, G. Panico, A. Papaefstathiou, J. Ren, M. Selvaggi, M. Son, M. Spannowsky, W. Yao

Previous analyses:

e Goals: 1. improve on previous studies and W. Yao arXiv:1308.6302 (Snowmass Summer Study 201 3)
get a commonly-agreed estimate Barr, Dolan, Englert, de Lima, Spannowsky JHEP 1502 (2015) 016
Azatov, R.C., Panico, Son PRD 92 (2015) 035001
2. study dependence on efficiencies H-J. He, J. Ren, W. Yao PRD 93 (2016) 015003

and systematics

Signal: double Higgs production via gluon fusion (gg— hh)

9 Most sensitivity on
mp 2 [ Ty - ;
~ Az X —* log = — trilinear coupling comes
from threshold events

S

Slides from R.Contino Higgs chapter overview at Rome’s FCC-week, April 2016 #



Signal cross section [fb]
at NNLO-+NNLL *

14TeV | 45.05750% £ 3.0% £ 10%
| > ~ 40 X
100 TeV | 174975:1% + 2.7% + 10% e
| | i 4 |
Theoretical scale  PDFs infinite m; approx.
uncertainties: T

# Higgs pairs to bbyy

LHC: 14TeV 300fb- 36
HL-LHC: 14TeV 3ab- 360
FCC: 100TeV 20ab-" 92 x 103

percent
<4—— precision
physics

* Results of the recent full-m¢p, NLO
calculation (Borowka et al, arXiv:

1604.06447) not included here (as yet....)

- bbyy
tth(yy)
Backgrounds: | bbh (YY)
ey (two fake b-jets)
bbjy (one fake photon)




Montecarlo Simulation: MadGraph5_aMC@NLO —» Pythia6 —» Delphes (FCC card)
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- overall rescaling of background rate ng — rg X ng

Ao (pp — hh)
o(pp — hh)

using “medium’ calorimeter resolution

For Ag 2 2.5% the precision on A3 is dominated

- uncertainty on signal rate Ag =
by the theory error on the signal: A3 ~ 2Ag

AAs As=0.00 | As =0.01 | Ag=0.015 | Ag =0.02 | Ag =0.025
rg = 0.9 2.77% 3.4% 4.1% 4.9% 5.87
rp = 1.0 3.9% 1.6% 5.3% 6.1%
rg = 1.9 3.9% 4.4% 5.0% 5.7% 6.4%
rg = 2.0 4.4% 4.8% 5.47% 6.0% 6.87%
rg = 3.0 5.27% 5.67% 6.0% 6.67% 7.3%
Tab H-30

Results updated/confirmed with improved analysis by
M.Selvaggi, https://indico.cern.ch/event/613195/
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impact of detector performance, |

precision on ) vs. diphoton mass window: m__=m, +Am_ (L = 30.0 ab™")
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Fig H-65

precision on A\ vs. coverage

|77ma1x

| for "Med" parametrization (L = 30.0 ab ')

— photons
| - -- bjets
0.045¢
0.040F -
/<
<
0.035} -
J-ﬁ—-—-—————-——-—-
0.030}
1 2 3 4 5 6

| nmax |



impact of detector performance, 2
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other channels, first assessments ....

| |

1 I 1 I 1 -
HH production at 14 TeV LHC at (N)LO in QCD :
R, | M,;=125 GeV, MSTW2008 (N)LO pdf (68%¢l) _

—
o~
—
el

A dependence
at 14 and 100
TeV are similar

P
I|I
] |
1]

““““

I"x

] |
1
:

@)
12
k
18
1=
4 3 2 1 0 1 2 3 4
Mhgm

process precision on og)s | 68% CL interval on Higgs self-couplings

HH — bByfy 3% Az € [0.97,1.03]

HH — bbbb 5% A3 € [0.9,1.5

HH — bb4l 0(25%) A3 € (0.6,1.4

HH — bblte~ 0(15%) A3 € [0.8,1.2]

HH — bblte—~ — —

Sec H-5.2.3,5.2.4

See B.DiMicco HH status review, Thu // session
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ool fb]

30F

25}

201

15f

10f

Sec H-5.3.4

Quartic Higgs selfcoupling

=>Aqin [- 4, 16] at 95%CL

-oopeincuced Triple Hlggs procuction observable selection cut
; 010=0.0528)\7 —0.47)\, +3.82 pT,b{1,2,3,4} = {80, 50’ 407 40} GeV
| |70 <3.0
| 7 € [100, 160] GeV
| i € [90,170] GeV
| ARG €[0.2,1.6]
! AR;}:’SG’Q no cut
PT,v(1,2) > {70,40} GeV
: 7] < 3.9
""""""""""" AR, € [0.2,4.0]
-20 -15 -10 -5 0 5 10 15 A:O m’)”)’ & [124’ 126] GGV
process oo (b) onLo X BR X Ptag (ab) €analysis N, ggt:b—l
hhh — (bb)(bb)(vy), SM 2.89 5.4 0.06 9.7
bbbbry~y 1.28 1050 2.6 x 1074 8.2
hZZ,(NLO) (ZZ — (bb)(bb)) 0.817 0.8 0.002 |
hhZ,(NLO)(Z — (bb)) 0.754 0.8 0.007 <1
hZ,(NLO) (Z — (bb)) 8.02 x 103 1130 O(107°) &1
bbbby + jets 2.95 x 103 2420 O(107°) O(1)
bbbb + jets 5.45 x 102 4460 O(107°) <1
bbyy + jets 98.7 4.0 O(107°) <1
hh + jets, SM 25 593 7 1 1254



Further ongoing studies for HH discussed at the Wshop

Preliminary studies on hh — VVbb decay channels

B. Di Micco
Universita degli Studi di Roma Tre e [.N.F.N

S. Braibant, N. De Filippis, M. Testa

see Biagio’s talk Thu morning

Double Higgs Production in VBF

1611.03860 FB, R. Contino, and J. Rojo
Fady Bishara
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821&??5“5?5@2;%9;‘%? Pleetnin, Rattazzi: 1002.1011] | 3 = fo ™ /v] F.Bishara
L= (a R)? — V(h) /
V2 | h h? ) o h
- Tr(D,[XTD*Y) L+2ey ~Fcv gt | —mipr X (1+c;+...>¢m
V(h) ! “h? + L (3mi h? +c 1 (3m; ht +
ot TS\ Ty 194\ 02
e.g. in minimal SO(5)/SO(4) models cy =+v1-—¢, covy = 1—2§ c=y/1-¢ for4of50(5)
Ag ashe et al. ph/0412089
Contmo ;Et al. [[hep p}{/061204g] C — \1/1_ 22 fOr 5 Of SO(S)

50



= [

S 1E

=) - -

e © I
i .

~+ O]. E

= E
,_Q -
= o

= S 102
= <

B —3 L

% 10 o
0.5

3

3

ﬂé A I 68% probability interval on d,,,,
4 4

5 10 LHC. ,I' ,I, - 1l x Ohkg 5 4 Thkg

= ;7

o - : , : :

Z 75 PV deaia ~0.37, 0.45 ~0.43,0.48

Z ey ] | | . |

-, p- o ,/ ’/,_ '_ - —' ’_ )

A 5 FCCioo " —0.15, 0.19] —0.18,0.20,

X 25k, . o 1 0,0.01] —0.01,0.01

=05 1 2 5 10 20

A = mpP* [TeV]

562‘/ ~ g,V /A See, e.g., [Giudice, Grojean, Pomarol,

Rattazzi: hep-ph/0703164] 51



NB model-by-model, correlations exist between BR deviations and d.v

5 I I I I
E.g. in the SO(5)/5SO(4) models shown before,and
for the embedding in the fundamentl rep of —~ 4
SO(5) (5) with the fermion couplings modified by =
=
v1-§ -
.
A
=
o1
M
o

=> | % sensitivity to Oy is equivalent to
< |% sensitivity in BR(H->WW¥)
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BSM Higgs
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Higgs to invisible

Constrain bg pt spectrum from Z—VV to the % level using NNLO
QCD/EW?* to relate to measured Z—ee,W and Y spectra

;\ _—llll [ lllllll | lllllll || lllllll [ IIIIIII | || IIIIH_-I:
E i - °
7 R % B P.Harris at FCC wshop,
- I - ]
T 10 £ . : = updated at Feb 21
oC - | . - Physics WG mtg
an i - i
- e default e e .
_ ---e-- default no exp sys. ' -
e TR N SM
10—3 __ ---e— 1% UINC. ——— ————————————BR (H_’4V)
= .. R \‘.A_ —
= 1% unc. no exp sys. —
~ --®-- NOSYS - B
- FCC-ee ¥
0 = —— BR(H—> ZZ— vvwv) o
;lllll | — lllllll | — lllllll | — lllllll |1 llllllI | — lllllll | — llllli—'
. 3 5
10~ 1 10 10° 10° . 10° 10
Luminosity (fb )
S IN7°® o, 0 o o _ —_ o —_
arXiv:1705.04664 SM sensitivity with lab™!, can reach few x 10 with 30ab™!
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https://arxiv.org/abs/1705.04664
http://www.apple.com

Minimal stealthy model for a strong EW phase transition:

the “nightmare scenario”

1 o

Vo = —w*[HI® + X H|" + Sp

Unmixed SM+Singlet.

No exotic H decay, no H-S mixing, no EWPQO, ... . ,

Two regions with strong EWPT

Only Higgs Portal signatures:
h*—SS direct production

Higgs cubic coupling

0(Zh) deviation (> 0.6% @ TLEP)

) ﬁ
— Appearance of first “no-lose” arguments for % FCC-ee

classes of compelling scenarios of new physics

u%S® + Ags|H|*S? + —ASS“ 6

Curtin, Meade, Yu, arXiv:1409.0005
8

Fig H-74

|

herturbative Ag required tq avoid
jegative runaways (tree—leyel)

Precision
FCC-hh Self- Cross-sectio
Coupling
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N. Craig, |. Hajer, Y.-Y. Li, T. Liu, and H. Zhang,
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- tbH™ = tbTV
. tbH* >tbtb
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J. Hajer, Y.-Y. Li, T. Liu, and J. F. H. Shiu,
arXiv:1504.07617
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Precision EW observables at 100 TeV



Probes of dim-6 op’s with high-mass DY @ 100 TeV

Trade extreme precision for dynamical range, in pursuit of high-scale sensitivity

CMS

-~ S -~ =
- N W
T T T T T rrrrrrrT

|
o
A

(theory-data)/data
o
o

E s=8TeV, 19.7fb™
- W:[-0.5,2.1]x107°, Y=0

| |
© o
W N

ATLAS

- 8 &
- N W
T TrTTr[rrrrrrrry T

(theory-data)/data
o
o

universal form factor (£)

W o (D W)

b 4 4732 (BPBMV)2
%%

M.Farina et al, arXiv:1609.08157
Josh Ruderman at the Wshop

-0.1}
e x/§=8Tev,2o.33fb"1
-0.3F W:[-0.3,1.5]x107%, Y=0

200 500 1000 2000 FCC'pp

m,,inGeV
LEP ATLAS8 | CMS8 LHC 13 100 TeV ILC 500 GeV

luminosity | 2x 107 Z | 19.7fb~! | 20.3fb~! | 0.3ab™! | 3ab~!| 10ab~* 3ab~!

NC | Wx10* | [-19,3] | [-3,15] | [-5,22] +1.5 +0.8 | +0.04 +0.3
Yx10* | [-17,4] | [-4,24] | [-7,41] +9.3 EIED -G +0.2

CC | Wx10* — +3.9 +0.7 | +0.45 |\ £0.02 —

assumed syst’s at 100 TeV: eneutral:  deor = Gune = 2%

e charged: dcor = Ounc = 5% 58
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L A2 (

e FCC-pp reach:
q I+

AY Z 70 TeV

OpBuw)’

AW Z 110 TeV AZ Z 90 TeV

(preliminary)

complementarity of direct and

indirect searches

Josh Ruderman at the Wshop

: 19
ex) heavy vector triplet
1 1 M?
. et ol g L NG, 7,/ ol Vi 2
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1.0 . e
_ €
0.8 W AN/ @
06!
04/
// Zv l+l— J
02§ - Vs =100 TeV -
- dashed: 1 ab~! ﬁ
e e solid: 10ab™!
096 30 50 100 300  direct Z reach from:

- altild e Thamm, Torre, Wulzer 1502.01701




Running Electroweak Couplings at 100 TeV

D.Alves, |. Galloway, ].Ruderman, J.Walsh arXiv:1410.6810

SU(2) limits from W~ W limits, varying uncertainties Jo
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Direct discovery potential at the highest masses

at high mass, the mass reach of LHC searches for BSM
phenomena like Z’,W’, SUSY, LQs, top partners, etc.etc. scales
trivially by ~5-7, depending on total luminosity ...
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New gauge bosons discovery reach

Example: W’ with SM-like couplings

NB For SM-like Z°, Oz BRiept ~ 0.1 x Ow- BRiep: , = rescale lum by ~ 10

109

10°

101

ab™!

10 <

M(W')=46.5TeV @ 100ab™?

M(W')=39TeV @ 10ab™*

M(W')=31.5TeV @ 1lab’

W' production, SM—Ilike couplings to quarks
Int Lum (ab™') for 100 Events at 100 TeV

20000 25000 30000 35000 40000 45000 50000

M(W') [GeV]

At L=O(ab™), Lumx 10 = ~M + 7TeV
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Fig BSM-86
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Sensitivity to ttbar resonances

Auerbach, Chekanov, Proudfoot, Kotwal, arXiv:1412.5951

pp Is=100 TeV 7 if g 1t
J’L 4t = 10 ab" ~#- PYTHIALO x 1.3 4 PYTHIA LO
r=ee@5%CL 0w 95% CL



http://inspirehep.net/author/profile/Auerbach%2C%20B.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Chekanov%2C%20S.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Kotwal%2C%20A.V.?recid=1334967&ln=en
http://arxiv.org/abs/arXiv:1412.5951

Discovery reach for pair production of strongly-
interacting particles

g{pp—>0QQ) (ab) at 100 TeV -

100 evts/|0ab!

LW=gluino
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SUSY and DM reach at 100 TeV

95% CL Limits
14 TeV,0.3ab’

WW = HH B 14 TeV, 3 ab™
Rt 5 o Discovery

~ 100 TeV, 3 ab”
B 100 TeV, 30 ab™

~Ireyd

I — LLCP

e ~07~0
ft* — tx1 tx1

R, =020
qq" — 0¥, 0X,
r~r 7~0,7-~-0
gg — Tty X

~r~ el k)
99 — daX, a0,

34 — Q. .,

Mass scale [TeV]

Fig BSM-38
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wino disappearing tracks Collider Limits
- 0] 100 TeVv
o 0 14Tev

mixed (EIFI) .
o Fig BSM-45

mixed (B/W)

gluino coan.

stop coan.

squark coan.

.l.l.l.l.l.l.I.l.l.l.l.I.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l

E 2 3 4 5 5

m. [TeV]
* possibility to find x([or rule out)
thermal WIMP DM candidates
e see P.Harris DM review in FCC-hh

detector/physics // session, Thu

afternoon y



Larger statistics, giving access to more extreme kinematical regions, allow to exploit
new powerful analysis tools, and gain sensitivity to otherwise elusive signatures

Example from the LHC: search for low-mass resonances V—2 jets

q
) \ vV / search impossible at masses below few hundred GeV,
/ﬂ,'“'u'\."\,\ due to large gg—gg bg’s and trigger thresholds

q q
At large pT
* S/B improves (qg initial state dominates both S
and B)
v * use boosted techniques to differentiate V—qq vs
QCD dijets

¢ Euig ~ 100%
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W/Z peak

CMS Preliminary
1 1 l L ] 3 1 1 I I L L] 1

+ Another way to go to low-mass dijets is
to use 500 GeV ISR to aid triggering and =
jet substructure to reconstruct boosted

+ Allows to lower the dijet mass reach
to 100 GeV, as demonstrated with the

CMS PAS EXO-16-030

2.7fb" (13 TeV)

CMS Prelrm nary

2.7fb (13T V)

] —e—data
~ | W QCD Pred.

—— Total SM Pred. -
— W(qq)
- —Z(qq)
- 299, g, =1 ]

CMS Preliminary 27" (13 TeV)

- CMS Exotica Searches - SEARCH 2016 - Oxford

B

LTS expected
— = Observed

o
S O O
TTTTTT

=

- ATLAS 139203 fb”
- —— ATLAS13©3.21b” (ISR y)
- —— ATLAS 1393.2 b (TLA)
5F ——CMsge188f’ (Scoutmg)

-Flrst limits"
SEever!

cms
= E

coupling, g

W
&)
TTTTT

Slide 30 Greg Landsberg

BT e IR
250
Z' mass (GeV)

These techniques

will be extremely
powerful at 100
TeV. Only partly

zmass Gev)| eXplored so far ....



If no discoveries are made at the LHC, the simplest versions of low-energy supersymmetry would be ruled out.
[...] the era of natural supersymmetry would come to an end. However, in such an instance it would be incorrect
to conclude that the naturalness principle is misguided. Excluding new dynamics at the weak scale would mean
ruling out our favoured solutions to the naturalness problem, but not the problem itself, and knowing how nature
deals with Higgs naturalness will remain a standing issue. This reframing of the naturalness question would
imply the loss of the logical connection between Higgs naturalness and new phenomena at the TeV scale.
If this connection is lost, what would be so special about the energy scale explored by a 100 TeV collider
and why should we expect new phenomena in that range?

Speculations have been made about logical schemes that deal with Higgs naturalness without dynamics at the
weak scale, such as the anthropic principle or cosmological relaxation. Intriguingly, even within these very different
schemes, motivations for supersymmetry emerge, although at a scale different than the weak scale and also for
different reasons. In the context of unnatural setups, considerations about dark matter, gauge coupling
unification, or the Higgs mass, or the limited cutoff that can be achieved in cosmological relaxation
scenarios call for supersymmetry with a certain preference for the O(10’s) TeV range.

Speculations about the role of supersymmetry in ‘unnatural’ theories suggest that a future physics program should
not be regarded as an extension of LHC searches, but rather as conceptually different. If the LHC is the machine
of the naturalness era, future colliders would become the machine of the post-naturalness era.An era in which we
are forced to change the focus of our basic questions about particle physics, in which we contemplate partly
unnatural theories or theories where naturalness is realised in unconventional ways, and in which supersymmetry
may enter in a hew guise.
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® [echnological dimension. Eg
® does the FCC-hh need a demonstrator?



HE-LHC

® [echnological dimension. Eg

® does the FCC-hh need a demonstrator?
® Political dimension. Eg

® acceptable cost !

® keep community active during a possibly long wait for the FCC
. L )



HE-LHC

o Techrelag jcal dlmen5|on Eg “ot OF - g™
o does the FCThh, 1 ed a demonstrator’

® Political dlmen5|on Eg “
o acceptable cost )

; eep Somm t)’ actlve during a P055|b|)’ Ion-..T

. - ¢ .
RSN < L - |
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® Physics dimension
® some first considerations to follow ...



Evolution, with beam energy, of scenarios with the discovery of a new particle at the LHC
o(pp-X)| VS| / o(pp-X)[14 TeV]

1000 . 10°
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® [f mx ~ 6TeV in the gg channel, rate grows x 200 @28 TeV:
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® Do we need 100 TeV, or 50 is enough (T100/014~4 - 10%, O50/T14~4- 103 ) ?
® ...and the answers may depend on whether we expect partners of X at
masses = 2mx (= 28 TeV would be insufficient ....)

® [f mx ~ 0.5TeV in the qgbar channel, rate grows x10 @100 TeV:
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Possible questions/options
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HE-LHC (27 TeV), prelim performance estimates

Q( S )) HE-LHC: pile up & performance

pile up 25 ns bunch spacing

integrated luminosity [fb?]

time [h)
time [h]

with 160 days of physics, 70% availability, 3 h

turnaround time pile up of 1000 or shorter

(e.g. 5 ns) bunch spacing —
B*=25 cm: 920 fb™/year what is easier?

B*=15 cm: 1100 fb!/year

M. Benedikt, S. Fartoukh, F. Zimmermann

=> O(I5 ab™') over 15-20 years
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Systematics studies™ of the full physics potential at
O(28) TeV, with O(15 ab™'), need to be carried out

E.g. HH at 28 TeV (back of the envelope)
OHH(28 TeV)/OnH(14TeV) ~4; Lum(28)~ 4 Lum(14 TeV)

=> NHH(28) ~ 16 NHH(14)
=> OAHHH (28) ~ OAHHH (HL-LHC) / 4 ~ 10%

Expect to carry out an overall evaluation of the physics potential during 2018
(likely in the context of the HL-LHC Physics workshop)



Final remarks

FCC-hh physics studies today focus on exploring possible scenarios, assessing the
physics potential, defining benchmarks for the accelerator and detector design and

performance, in order to better inform the discussions that will take place when
the time for decisions comes...

The interplay of the three colliders (ee, eh and hh) is crucial to the full exploitation
of the FCC physics potential

The physics case of a 100 TeV collider is very clear as a long-term goal for the field,

simply because no other proposed or foreseeable project can have direct
sensitivity to such large mass scales.

Nevertheless, the precise route followed to get there must take account of the
fuller picture, to reflect the future data (and the impact they will have on the
theoretical thinking) from the LHC, as well as other current and future

experiments in areas ranging from flavour physics to searches for dark matter,
axions,ALPs, ....
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