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® HEP has two priorities:
® 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)

® explore the origin of known departures from the SM
(DM, neutrino masses, baryon asymmetry of the universe)
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® HEP has two priorities:

® 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)

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

The programme builds on the belief that these two
directions are deeply intertwined
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® The relation between the Higgs phenomenon and the SM is similar to
the relation between superconductivity and the Landau-Ginzburg
theory of phase transitions: a quartic potential for a bosonic order
parameter, with negative quadratic term, and the ensuing symmetry
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an

experimentally proven phenomenological model. But we would still lack
a deep understanding of the relevant dynamics.



a historical example:
superconductivity

® The relation between the Higgs phenomenon and the SM is similar to
the relation between superconductivity and the Landau-Ginzburg
theory of phase transitions: a quartic potential for a bosonic order
parameter, with negative quadratic term, and the ensuing symmetry
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an
experimentally proven phenomenological model. But we would still lack
a deep understanding of the relevant dynamics.

® For superconductivity, this came later, with the identification of e7e~
Cooper pairs as the underlying order parameter, and BCS theory. In
particle physics, we still don’t know whether the Higgs is built out of
some sort of Cooper pairs (composite Higgs) or whether it is
elementary, and in both cases we have no clue as to what is the
dynamics that generates the Higgs potential. With Cooper pairs it
turned out to be just EM and phonon interactions.With the Higgs, none
of the SM interactions can do this,and we must look beyond.
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Decoupling of high-frequency modes

E&M

/ VV, -dd =4mq, VR
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short-scale physics does not alter
the charge seen at large scales
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high-energy modes can change size and sign
of both p2 and A, dramatically altering the
stability and dynamics



bottom line

To predict the properties of EM at large scales, we don’t need
to know what happens at short distance scales

The Higgs dynamics is sensitive to all that happens at any
distance scale shorter than the Higgs mass!!! A very unnatural

fine tuning is required to protect the Higgs dynamics from the
dynamics at high energy

This issue goes under the name of hierarchy problem

Solutions to the hierarchy problem require the introduction of
new symmetries (typically leading to the existence of new

particles), which decouple the high-energy modes and allow the
Higgs and its dynamics to be defined at the “natural” scale
defined by the measured parameters v and mn

= naturalness
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The other big questions that press us to
look beyond the Standard Model

What’s the origin of Dark matter / energy ?

What’s the origin of matter/antimatter asymmetry in the
universe!?

What'’s the origin of neutrino masses!?

... (flavour, inflation, cosmological constant, ....



The LHC experiments have been exploring a vast multitude
of scenarios of physics beyond the Standard Model

® New gauge interactions (Z’, W’) or extra Higgs bosons
® Additional fermionic partners of quarks and leptons, leptoquarks, ...
® Composite nature of quarks and leptons

® Supersymmetry, in a variety of twists (minimal, constrained, natural,
RPY, ...)

® Dark matter, long lived particles
® Extra dimensions
® New flavour phenomena

® unanticipated surprises ...



So far, no conclusive signal of physics beyond the SM

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2017 [£dt =(3.2-37.0)fb"! Vs =8,13TeV
Model {,y Jetst E;"” JLdt[m) Limit Tev Reference
Al L T l Ll L Ll Ll L Ll L L Al L L L L) L l Al Ll L L

ADD Gyx +gla Qe 1-4)  Yes 361 |Mg 7.75 TeV n=2 ATLAS-CONF-2017-060
ADD non-resonant yy 2y - - 36.7 Mg 8.6 TevV n=3HLZNLO CERN-EP-2017-132
ADD QBH - 2 - 370 |My BOTeN -0 170309217
ADD BH high ¥’ pr z2lepn z2) - 32 M, 8.2 TeV n =6, My = 3 TeV. ro1 BH 1606.02265
ADD BH muitijet - z3) - 36 M 9.55TeV n = 6. My = 3 TeV. rot BH 1512,02586
RS1 Gy = yy 2y - - 36.7 | Gux mass 4.1 TeV k/Mpg = 0.1 CERN-EP-2017-132
Buk RS Gyx — WW — qqlv e 1J Yes 361 Gxx mass 75 TeV k/Mp =10 ATLAS-CONF 2017051
2UED / RPP lep 220,23 Yes 132 Thor (1,9), S(A¥ Y ) = 1 ATLAS-CONF-2016-104
SSM Z" — i( 2e.p - - 36.1 4.5 TeV ATLAS-CONF-2017027
SSMZ' « rr 2r - - 36.1 ATLAS-CONF 2017050
Leptophobic Z° — bb - 2b - 32 1603.08791
Leptophobic Z° — tt lep =1b =102 Yes 32 r/m - 3% ATLAS-CONF-2016014
SSM W' — (v lep - Yes 36.1 5.1 TeV 1706.04786
HVT V' — WV — qgoegmodelB Qe 2J - 36.7 3.5TeV gy =3 CERN.EP.2017.147
HVT V' — WH/ZHmodelB  mutti-channel 36.1 gy =3 ATLAS-CONF-2017-055
LASM W, — b lep 2b0-1j Yes 203 1410.4103
LASM W, — tb Oe,p z1b1J - 203 14080085
Cl agqq - 2| - 370 |A 218TeV 7, 1703.08217

. Clitqq 2e.p - - 36.1 A 401 TeV 7., | ATLAS.CONF.2017027
Cl wutt 2(SS)23epu21b,21] Yes 203 ICawl = 1 1504,04605
Axial-vector mediator (Dirac DM) Oe.p 1-4j) Yes 36.1 Mored TeV £025, g, »1.0, m(y) < 400 GeV | ATLAS-CONF.2017060

. Vector mediator (Dirac DM) Qe 1y =1} Yes  36.1 Mot 1.2TpV 87025, g, =1.0, m(y) < 480 GeV 1704.03848
VVyy EFT (Dirac DM) Qe 1J,51) Yes 32 M 700 GeV miy) < 150 GeV 1608,02372
Scalar LQ 1% gen 2e 22j - 32 | LOmass 11 g1 1605.06035

. Scalar LQ 2™ gen 2u z22) - a2 LQ mass 1.05Te =1 1605.0603%
Scalar LQ 3" gen Tep 21023) Yes 203 |GG =0 1508.04735
VIQTT <« Ht + X Qorfepu 220,23) Yes 132 | Tmass 12TpV B(T ~ Het) =~ 1 ATLAS-CONF-2016-104
VIQTT = 2t + X lep 21023] Yes 36.1 T mass 1.16 BT 2t)=1 1708.10751
VIQTT - Wb+ X lep z1b 2102 Yes 361 T mass 1 v T - Wh) =1 CERN.EP.2017.094
VIQBB -+ Mb+ X lep 22023 Yes 203 (B ~+ Mb) ~ 1 1505,04306
VIO BB — Zb+ X 223eu  2221Db - 20.3 H(B — Zb) = 1 1409.5500
VLQ BB — Wt + X lep 21b 2102 Yos  36.1 H(B W) =1 CERN.EP.2017.094
VLQ QQ — WgWg e =4 Yes 203 1509.04261
Excited quark ¢" — qg - 2j - 370 6.0 TeV only " and &, A « m(q") 1703.09127
Excited quark " ~» qy 1y 1) - 36.7 5.3 TeV only v and " A = m(q') CERN-EP-2017-148
Excited quark b" — by - 1b 1) - 133 ATLAS.CONF 2016060
Excited quark b" — Wt 1or2eu 10.20) VYes 203 fe=fh=Mh=1 1510.02664
Excited lepton (* Je.p - - 203 A= 30TV 1411,2921
Excited lepton »* Sepr - - 203 A« 1.6 %V 14112921
LASM Majorana » 2e.p 2) - 203 m{ W) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — (£ 234e,u(SS) - - 36.1 DY production ATLAS-CONF-2017-053
Higgs triplet H** — (r 3eu7 - - 203 DY production, B{H* — (1) = 1 1411.2921
Monotop (non-res prod) e 1b Yes 203 Anceroe = 02 1410.5404
Multi-charged particles - - - 203 OV production, |gf = Se 1504.04188
Magnetic monopoles - - - 70 OY production, [g] = 140, spin 1/2 1509.08059

A . l A A A A . l A A A A

*Only a selection of the available mass limits on new states or phenomena is shown,

10 Mass scale [TeV]

rSmall-radius (large-radius) jets are denoted by the letter j (J)



Long-term LHC plan
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The O(40)fb~' analyzed so far are just 1% of the final statistics

==>> the LHC physics programme has barely started! <<==
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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 is the best hedge for the field:
® brecision

® sensitivity (to elusive signatures)

» extended energy/mass reach



Remark

the discussion of the future in HEP must start from the

understanding that there is no experiment/facility, proposed

or conceivable, in the lab or in space, accelerator or non-
accelerator driven, which can guarantee discoveries beyond

the SM, and answers to the big questions of the field
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The physics potential (the “case”) of a future facility for HEP 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
e exploit both direct (large Q?) and indirect (precision) probes

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

|4



Colliders beyond the LHE
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talking future colliders: at CERN...
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What are we talking about when we’re
talking future colliders: at CERN...

_ "" ) v/ Approved
‘ H—IL&LPJROJECJ PP @14 TeV, 3ab™ 2026-37

& ete- @ 380 GeV, 1.5 & ~3 TeV CDR 2012+
update ‘16

=t

M ee he

CDR (end ’18)

100km tunnel LHC tunnel: HE-LHC

e pp @ 100 TeV e pp @ 27 TeV, 15ab
e ete- @ 91, 160, 240, 365 GeV
® €60Gev Psotev @ 3.5 TeV



Future Circular Collider
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... and in the rest of the world:

II M .. @250 350, 500 GeV TDR 2012,

,’ b decision by end 2018?

CDR (Summer ’18)
decision by 2020?

100km tunnel

e ete- @ 91, 240 GeV (but possibly 160 & 350)
e Future possible pp @ ~70 TeV and esogev P35Tev




The potential of a Future Circular Collider
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The potential of a Future Circular Collider

® Guaranteed deliverables:
® study of Higgs and top quark properties, and exploration of EVWWSB
phenomena, with unmatchable precision and sensitivity

® 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
bhenomena 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 EWV phase transition!?
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Examples: precision Higgs physics



FCC-ee

Unpolarized cross sections

L
L

) : f -
‘5’ ; —g*e” — HZ
gzw ................................ E .................................................................... —HZ'Z—QW
@ ; — WW — H
0 S R . —2Z—+H
Z

............................................................................................................................................

.‘..0...-.#-. B i

llllllllllllll’lllllllll'll

Total Integrated Luminosity (ab-1) 5 1.5
# Higgs bosons from ete-—HZ 1,000,000 200,000
# Higgs bosons form fusion process 25,000 40,000
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P(H) = p(e-e*) — p(2)
=> [ p(e—e*) — p(Z) ]2 peaks at m2(H)

reconstruct Higgs events independently of

¢ the Higgs decay mode!
- — HZ with Z — e*e" -
h ik CMS Simulation
c>'5 18005_ — Signal ;  FCC-ee |
N 1600 | s All backgrounds o 1 year, 1 detector N (ZH) X o (ZH) o )
| L s sees
S 14001~ | — ww 9HzZ
G y200E |—
— I+l
1000/ N(ZH[—2ZZ]) X
i 6(ZH) x BR(H—22)
: 2 x 2/ T(H
600/ gHzz? X gHzz? / T'(H)
400
200~ s = o W => absolute measurement
- I e R S of width and coup"ngs

10 120 130 140 150
Recoil Mass (GeV)

Mrecoil = \/[ p(e-e*) — p(2) J?

% 60 70 80 90 100 1

o
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Higgs couplings @ FCC-ee

measurement precision:

ee [240+350 (2IP)]
0.21%

0.43%

0.64%

1.04%

1.18%

0.81%

8.8%

2.12%

~13%

~30%

H->py, under study

H->oy, under study

< 0.45%

1.5%
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SM Higgs at 100 TeV

Nioo Nioo/Ng | N1go/N14
gg — H | 16 x 10° | 4 x 10* 110
VBF 1.6 x 107 | 5 x 10% 120
WH 3.2 x10% | 2 x 10% 65
ZH 2.2 x 108 | 3 x 104 85
ttH 7.6 x 108 | 3 x 10° 420

Nioo = Tlo0Tev X 20 ab™
® Huge production rates imply: Ne = Ogrev x 20 fb™
Ni4 = Ol4Tev X 3 ab™!
® can afford reducing statistics, with tighter kinematical
cuts that reduce backgrounds and systematics

® can explore new dynamical regimes, where new tests
of the SM and EWSB can be done
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gg—>H—YY at large pT

Y‘"'|""|""|""|""|_‘1"' 2.5TIII|IIIIIIIII|IIIIIIIIIIIIIE
\ N = o(pr(¥7) > Prmin) X 20 ab 2.0 E- e -
— 1.5 S/B —
IM(yy)—125 GeV| < 4 GeV 1.0 —
L pr(7)>30 GeV, |n,|<2.5 . 0.5 —
1000 E+ =
500 E —
— o 100 - .
50 - =
I | 10 - —~
5 E— —
) ATEFEN S S S B S
- _ 0.500 F— | | | | | -
Solid: H->yy E n
Dashes: QCD total e b =
Dots: QCD qg only 5 T V(S+B)/S ]
~ 0.005 —5
L1 1 I | Y [ E | l L1 1 1 I | - 11 | | [ P | I L) ] | I | I | I I S | | | SN K | | | L1 1 1 I 1 1 1 | L1 1 I-l
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
pT,min (GGV) pT,min (GeV)
PT,min 5
o o o (GeV) stat
At LHC,S/B in the H—YY channel is O( few % )
At FCC, for pr(H)>300 GeV, S/B~1 100 0.2%
Potentially accurate probe of the H pt spectrum 400 0.5%
up to large pt 6o 1%

.- 1600 10%



1/3

100 TeV L 30.0 ab RECO Delphee 34. 2

10

107" £

10

— stat + syst (2) i
—— stat + syst (1)
3 —— stat. only E
E-\ J
S '
8 BR(H—= PH)/BR(H—4H) (%) -
| . . . | =
200 400
th 100 TeV L 30.0 ab™ RECO Delpheq 3.4.2
i | — stat + syst (2) :
——— stat + syst (1)
g_ —— stat. only _g
| 8 BR(H-YY)BR(H-2p) (%)  _

| |
200 400

p}j (min) [GeV]

100 TeV L 30.0 ab™
|

t’g RECO Delphes 342

H

S— stat + syst (2)
—— stat + syst (1)
— stat. only

10

—

107! E
- & BR(H—YY)/BR(H—2p2e) (%)

200 400
p? (min) [GeV]

Normalize to BR(4l) from ee at
1% level => absolute sub-% for
couplings

M.Selvaggi ”



One should not underestimate the value of FCC-hh standalone
precise “ratios-of-BRs" measurements:

* independent of s, mp, mc, [inv Systematics

* sensitive to BSM effects that typically influence BRs in different

ways. Eg
BR(H—YY)/BR(H—ZZ¥)
loop-level tree-level
BR(H— U )/BR(H—ZZ¥)
2nd gen’n Yukawa gauge coupling
BR(H—YY)/BR(H—ZY)

different EWV charges in the loops of the two procs
27



ee [240+350 (2IP)]

Higgs couplings @ FCC

~ pp [100 TeV] 30ab-"

ep [60GeV/50TeV], 1ab-!

0.21% <1% 0.43%

0.43% 0.26%

0.64% 0.74%

1.04% 1.35%

1.18% 1.17%

0.81% 1.10%

8.8% <1%

2.12% <0.5% 2.35%
<1%

~13% 5 1% g

~30% 3.5% under study

H->py, under study

H->dy, under study

<0.45% few 104

1.5%
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Higgs couplings @ FCC

~ pp [100 TeV] 30ab-"

ep [60GeV/50TeV], 1ab-!

0.21% <1% 0.43%

0.43% 0.26%

0.64% 0.74%

1.04% 1.35%

1.18% 1.17%

0.81% 1.10%

8.8% <1%

2.12% <0.5% 2.35%
<1% :

~13% 1%

~30% ? under study

H->py, under study : first prébe of the Higgs potential
H->dy, under study beyond_ the 2-p0int function
<0.45% few 104 '
1.5% 5




ee [240+350 (2IP)]

~ pp [100 TeV] 30ab-"

Higgs couplings @ FCC

ep [60GeV/50TeV], 1ab-!

0.21% <1% 0.43%

0.43% 0.26%

0.64% 0.74%

1.04% 1.35%

1.18% 1.17%

0.81% 1.10%

8.8% <1%

2.12% <0.5% 2.35%
: <1%

~13% 1%

~30% : under study
H->py, under study first probe of the Higgs potential
H->dy, under study beyond the 2-point function

<0.45% f

1.5% senS|ti§Ie to possible
Higgs-to-DM decays




P.Harris & K.Hahn
Impact on DM bounds

Corpogsgtitive with the best direct detection experiments

T D ) T T T T T E
&= a0 \\ng
G 10 '8 \
Bessmadl e -1
o

(H— inv.) < 0.0001

Taking optimistic bound

.
'..
-
...'.I.I
-
" L -

1 10 10° 10°
DM mass [GeV]

Higgs invisible of 10+ corresponds to g.,, from 10~ to 10~
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Examples: direct discovery reach



New gauge bosons discovery reach

Example: W’ with SM-like couplings
NB For SM-like Z’, Oz BRiept ~ 0.1 x Ow* BRiept , = rescale lum by ~ 10

3
10 E | | | | | | | | | | | | | | | | | | | | | | | | | | | | | E
10< =— M(W')=46.5TeV @ 100ab~* —
101 E— M(W')=39TeV @ 10ab~* —3
o 3 :
& - _
109 = M(W')=31.5TeV @ lab " —3
1071 - —
= W' production, SM—like couplings to quarks -
g Int Lum (ab™!) for 100 Events at 100 TeV -
10_2 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
20000 25000 30000 35000 40000 45000 50000

M(W') [GeV]

At L=O(ab™), Lumx 10 = ~M + 7TeV 3]



~r~ apnal) - apmncil)
Gg — dax, 90X,
~— —0_ 0

g9 — qdix, X,

SUSY reach at 100 TeV

95% CL Limits
14 TeV,0.3ab™
P 14 TeV, 3 ab™

5 o Discovery
7100 TeV, 3 ab’
B 100 TeV, 30 ab™

0 10 15 20 25
Mass scale [TeV]
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Examples: conclusive yes/no answers



Dark Matter

* DM could be explained by BSM models that would leave no signature
at any future collider (e.g. axions).

* More in general, no experiment can guarantee an answer to the
question “what is DM?”

* Scenarios in which DM is a WIMP are however compelling and
theoretically justified

* We would like to understand whether a future collider can
answer more specific questions, such as:

e do WIMPS contribute to DM?

e can WIMPS, detectable in direct and indirect (DM annihilation)
experiments, be discovered at future colliders? Is there sensitivity to
the explicit detection of DM-SM mediators?

e what are the opportunities w.r.t. new DM scenarios (e.g. interacting
DM, asymmetric DM, ....)?

34



DM reach at 100 TeV

RLERL B B N I B B B N N N S B B B B B B B N B B B B NME R L B B M

.- oG s Collider Limits

0 100 Tev
B 14 Tev

wino

higgsino

mixed (§/F|)

mixed (§/\7V)
gluino coan.
stop coan.
squark coan.
.l.l.l.l.l.l.l,l.l.lllLlllll.l.l.l.l.l.l.l.l.l.l.I.l.l.l.l.l.l,l
0 1 2 3 4 5 6
m. [TeV]
2 T .
Miwie < 1.8 TeV <9_> possibility to find (or rul.e out)
0.3 thermal WIMP DM candidates
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The nature of the EW phase transition

(R =0 = (R = A(T) Discontinuous (h) =0 - (R = A(T) Continuous
Y T Y T ¥ T T T Y T Y i T T Y T Y Y y

|

vih)

2" order or -over

Ist order

| 2 1 . 1 . | . 1 2 1 2 L | L | N | " 1




The nature of the EW phase transition

(R =0 = (k) = h(T) Discontinuous (R =0 » (k) = A(T) Continuous
1 ] 1 4 1 L) 1 % I b} T I Y I Y T Y

|

vih)

Ist order

| i | i | i 1 " |

2" order or -over

] " ] " ] L |

h h
Strong |°* order phase transition is required to induce and sustain the out of
equilibrium generation of a baryon asymmetry during EW symmetry breaking

Strong |t order phase transition = (Pc) >Tc
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The nature of the EW phase transition

(R =0 = (k) = h(T) Discontinuous (R =0 = (k) = A(T) Continuous
& ©
& 1<y
vih) p 0
0
(Pe)
| st order 2™ order or -over
. | . 1 . | L 1 N | 2 1 2 0 ‘ \ | ‘
h h

Strong |°* order phase transition is required to induce and sustain the out of
equilibrium generation of a baryon asymmetry during EW symmetry breaking

Strong |t order phase transition = (Pc) >Tc

In the SM this requires mpy <= 80 GeV, else transition is a smooth crossover.

Since my = 125 GeV, new physics, coupling to the Higgs and effective at scales
O(TeV), must modify the Higgs potential to make this possible
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The nature of the EW phase transition

(R =0 = (k) = h(T) Discontinuous (R =0 - (hy = h(T) Continuous
A ©
4&4 (b)T=T
vikh) o 0
0
(Pe)
| st order 2™ order or -over
- | s | " ] " 1 4 | 4 | M 0
h h

Strong |°* order phase transition is required to induce and sustain the out of
equilibrium generation of a baryon asymmetry during EW symmetry breaking

Strong |t order phase transition = (Pc) >Tc

In the SM this requires mpy <= 80 GeV, else transition is a smooth crossover.

Since my = 125 GeV, new physics, coupling to the Higgs and effective at scales
O(TeV), must modify the Higgs potential to make this possible

= Probe higher-order terms of the Higgs potential (selfcouplings)

= Probe the existence of other particles coupled to the Higgs 3



15t Order EWPT has profound implications for cosmology

(Higgs) = 0

Primordial Matter
Black Holes

see LISA science paper: 1512.06239 @

Andrew Long @ FCC physics Workshop, Jan 2018
https://indico.cern.ch/event/618254
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What will FCC tell us about the existence of extra
Higgs bosons enabling a 15* order EWPT?

ho — hih1  (bbyy + 471)

100 TeV, 30/ab ===
100 TeV, 3/ab ==

. 14 TeV, 3/ab mmm

400 500 600 700 800
mo (GeV)

Kotwal, No, Ramsey-Musolf, Winslow, arXiv:1605.06123
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http://arxiv.org/abs/arXiv:1605.06123

Flavour anomalies at LHC & Bfact’s

b—clv

BR(B — D% rv)

R(D™) =

BaBar hadronic tag
PRD 88 (2013) 072012
0.332+0.024+0.018

Belle hadronic tag

PRD 92 (2015) 072014
0.293+0.038 = 0.015

Belle SL tag
PRD 94 (2016) 072007
0.302+ 0.030 = 0.011

Belle 1-prong

PRL 118 (2017) 211801
0.270 = 0.035 + 0.027

LHCb muonic

PRL 115 (2015) 111803
0.336 = 0.027 = 0.030
LHCb 3-prong

LHCb-PAPER-2017-017
0.285+ 0.019 + 0.028

LHCDb average
0.306 = 0.016 = 0.022

Fajfer et al. (SM)
PRD 85 (2012) 094025
0.252+ 0.003

i

BR(B — D™ pv)
——LHCb-PAPER-2017-017

0.1 0.2

b—sf0

BR(B — K™ up)

BR(B — K®ee)

R(D¥*)

Overall combination of R(D) and R(D*) is 4.10 from SM

I ) ] L) ) 1 L L)

|
BaBar, PRL109,101802(2012)

L) L) L) L I I L} ) I

0.5 - ——— Belle, PRD92,072014(2015) Ax’ = 1.0 contours -
n LHCb, PRL115,111803(2015) - -
045 — Belle, PRD94,072007(2016) e=== 5M Predictions .
"~ ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) :
-  =—— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) —
04 F Average R(D*)=0.252(3) S. Fajfer et al. (2012) ]
035F 40
- :_ \)20 _E
025F = e
- HFLAY @
u |__FPCP2017 |-
02 : : | | P(x2)=71.6;%—_

0.2 0.3 04 0.5 0.6
R(D)

mi [mass range] SM Exp.
v

R 1.00 £ 0.01 | 0.7457 9079 &+ 0.036

Ry.[11=61 11 1,00 + 0.01 | 0.6857 0 oés + 0.047

Ry.[0-04511]1 || 0.91 4+ 0.03 | 0.6607 5 570 + 0.024

LHCb, PRL 113 (2014) 151601 , arXiv:1705.05802
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Example of EFT interpretation of Rk

Altmannshoffer et al, arxiv:1704.05435

O5 = (57, PLb)(£y*0),
Oty = (57, PLb) (1750

i
10

Possible explicit realizations:

b S : ““ \“ \\\ _—"'/ ,'1 ’,’
b S o X = ’,',
' --L-Q-- ] B \‘---_—",a’
Z ) —— LFU observables
----- b — sup global fit
11
M H g v ~1.0 1 o

(a) (b) flavio vo.: ——- all, fivefold non-FF hadr. uncert.
!

Re

—20 -15 -10 -05 0.0 0.5 1.0 1.5
nw
where, e.qg. , Re Cy

Upper limits on Z’ and Leptoquark masses are model-dependent, and constrained also by
other low-energy flavour phenomenology, but the mass range is upper limited
= If anomalies confirmed, we may want a no-lose theorem to identify the next facility!

See eg Allanach, Gripaios & You, 1710.06363 40


https://arxiv.org/pdf/1710.06363.pdf

LHC scientific production (arias, cms, LHCh)

Papers published/submitted to refereed journals

ATLAS 670
CMS 650
LHCDb 396

Programme diversity (ATLAS example, similar stats for the others)

ATLAS - Papers/Lead-group
b

SM

Top

exotics
Higgs

£ SToM
B EXOT £ TOPQ Bl BPHY
Bl SUSsY 3 PERF

65% of the papers on measurements
(ie on “the real world”)

35% on searches
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Remarks

® These |700 papers reflect the underlying existence, at the LHC,
of 100’s of scientifically “independent” experiments, which
historically would have required different detectors and facilities,
built and operated by different communities

® On each of these topics the LHC expts are advancing the
knowledge previously acquired by dedicated facilities

® HERA—PDFs, B-factories —flavour, RHIC—Hls,
LEP/SLC — EWPT, etc

® Even in the perspective of new dedicated facilities, LHC maintains
a key role of complementarity (see eg By = U etc)

This diversity, extended by the presence of the ee and ep, wili
represent a further a key virtue of the FCC physics programme
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100 TeV ?
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100 TeV ?

200 TeV ?



100 TeV ?

200 TeV ?

27 TeV in the LHC tunnel, replacing current
magnets with those developed for FCC ?

=> High-Energy LHC (HE-LHC)
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HE-LHC potential
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HE-LHC potential

® Reach at high mass:

® M— 2xMiHc
® implications on models, naturalness,
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https://arxiv.org/abs/1802.04319

HE-LHC potential

® Reach at high mass:
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® Guaranteed deliverables:
® Higgs selfcoupling:
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® Further improvement, wrt LHC, of Higgs properties, top
and EWV observables, ...
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HE-LHC potential

® Reach at high mass:

® M— 2xMiHc
® implications on models, naturalness, ....!

® Guaranteed deliverables:
® Higgs selfcoupling:
® first estimates: OA~*30% (https:/arxiv.org/abs/1802.04319)

® Further improvement, wrt LHC, of Higgs properties, top
and EWV observables, ...

® Enhanced exploration of possible future LHC
discoveries

® No-lose theorems:
® microscopic origin of current flavour anomalies!?
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oB (ab)

900

300

100 -

Characterization of Z’ models within
reach of LHC observation

400

200

Colours: different Z’ models, leading to observation at HL-LHC in

Z’->dilepton decay for m(Z’)=6 TeV
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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 T 102 oot e
500 gg-X
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Possible questions/options
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Possible questions/options

® |f mx ~ 6TeV in the gg channel, rate grows x 200 @28 TeV:
® Do we wait to go to pp@ |100TeV, or fast-track 28 TeV in
the LHC tunnel?
® Do we need 100 TeV, or 50 is enough (T100/T14~4 - 10,
O50/014~4- 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:

® Do we go to 100 TeV, or push by xI10 JL at LHC?
® Do we build CLIC?

® etc.etc.
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((FES)) Technical Schedule for each the 3 Options

24 26 28 30 32 34 38 40 42

.0 Technical Design Phase b Strategy Update 2026 assumed pro1ect decnsuon * + * + + 4
T T — 4
Dipole short models .
Dipole long models
£ 16 T magnets
= 16 T dipoles preseries l
O
7] 1 1 1 1 1 1 ' f 7 CMI . l l’ Iz‘?- 16 T series production
= ng neer ng ng
3 CE TL to LHC LHC Modification FCC-hh
- ) Installation + test FCC-hh -
I § CE FCC-ee rlng:-,ln]ector - -
o Injector I
L BB L instaiiation + test FCCee | ]
: "LHC Removal |
] HE-LHC

F N S W W W N W m— N

schedule constrained by 16 T magnets & CE
— earliest possible physics starting dates
« FCC-hh: 2043

 FCC-ee: 2039 .
+ HE-LHC: 2040 (with HL-LHC stop LS5 / 2034) M. Benedikt
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Final remarks

® The study of the SM will not be complete until we clarify the
nature of the Higgs mechanism and exhaust the exploration of
phenomena at the TeV scale: many aspects are still obscure, many
questions are still open.

® As a possible complement to the mature ILC and CLIC projects,
plans are underway to define the possible continuation of this
programme after the LHC, with the same goals of thoroughness,
precision and breadth that inspired the LEP/LHC era

® 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 emerge from the LHC as well as
other current and future experiments in areas ranging from
flavour physics to dark matter searches.



