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What are we talking about when we’re
talking about CERN’s future colliders ...

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

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

100km tunnel LHC tunnel: HE-LHC

CDR (end ’18)

e pp @ 100 TeV e pp @ 27 TeV, 15ab-
e ete- @ 91, 160, 240, 365 GeV
® e60Gev Psotev @ 3.5 TeV



and in the rest of the world:

-I M .. @250 350, 500 GeV TDR 2012

o

CDR (Spring *18)
100km tunnel

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




Regardless of what I’ll discuss,

whatever project you’re working on
(LHGC, ILC, CLIC, FCC, X-FEL, PSI, superKEKSB, ...)
just be proud of it!!

Particle physicists can only be infinitely grateful to
accelerator physicists:

without you, we’d be nowhere!



MLM, from talk given to Council, 2015, to justify HL-LHC ....



MLM, from talk given to Council, 2015, to justify HL-LHC ....

Your Majesty, the fleet needs an upgrade, we need to go back to the Indies
with 10 times more ships

King Ferdinand and Queen |sAgnieszka:

You discovered the Indies, your theory is right, why do you need more?
CristofoRolf Columbus:

Theorists* say these may not be the standard Indies.They calculated the

Earth radius, and the standard Indies cannot be so close: these are likely to be
beyond the standard Indies (moving eastward ...)

* If the King had listened to theorists to start with, he would have never
authorized the mission: everyone would have died of starvation well before
reaching the “standard” Indies ... 3
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the discovery of the Higgs was not the end,
it was just the beginning ...



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

In search of the origin of known departures from the SM

Dark matter, long lived particles
Neutrino masses

Matter/antimatter asymmetry of the universe

To explore alternative extensions of the SM

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, ...)

Extra dimensions
New flavour phenomena

unanticipated surprises ...



So far, no conclusive signal of physics beyond the SM

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

December 2017 e¥ Vs=7,8,13TeV
Model ey Jets ET™ [ranm) Mass limit I Vi=7.8Tev [Wiai3TeV. Reference
3. §9t) 0 20jets  Yes 381 au‘.‘mo.v.m-pwpql "nzoesR
@ é-o?é (compressed) monojet 1-3jets  Yes 361 mig-mii)<5 Cav 171160301
C R at) 0 26jts  Yes 361 i <200 GeV 1711202332
L BR ReaggF] —eqeWE] 0 265 Yo 361 ) <200 GV, (i 1u0 ST o)) 171202332
N 22, 2O, ceqp 205 Yes 147 mit?) <300 GeV, 1611.05791
: 2. l-‘ﬂ(”l"")‘? b P 4 s . 361 mit])-0 GV 170600731
i' iR, RgqWZis (1 7118 Yes 361 mi}) <400 GeV 170802794
 GMSB (¢ NLSP) 12r+01¢ O2jets  Yes 32 1607 05979
- GGM (bino NLSP) 2y . Yes 361 €1{NLSP)<0.t mm ATLAS-CONF-2017-060
GGM (higgsino-biro NLSP) Y 2)s Yes 381 )= 1700 eV, cr(NLSP)<0. 1 man, 0] ATLAS-CONF-2017-080
. Gravitino LSP 0 monojel  Yes 203 mi)>1.8x 107 oV. (@) emig)e1 5 TeV 150201518
_i‘I i, §-0b0" 0 3b  Yes 381 i) <600 GeV 171101901
w 22 3k 01 ep 3k Yes 361 i1 )<200GeV 171101801
- byby, by bt v 2» Yes 361 s e i) 42006V 1708 05208
28  bby, byut] 2eu(88) 16 Yes 361 |5, . 215700 GeV TS} <200 GOV, o] )= e )+100 GaV 170600731
I8 ik, bt} 02ep 126 Yes 47133 |6 MTAT0Gev N Z00T0 GV mET) = 27, miE})-55 Gav 1209 2102. ATLAS-CONF-2018-077
sg iviy, F e W] oe ] 02ep 02j0ts'1-25 Yos 203361 |f 90198 it et GaV 150600616, 170904163, 171111520
S8 iy, ij—eck) 0 monodel  Yes 361 [ SeEs0 Gev i, et} 6 Gev 171108301
. g: iy (naural GMSB) 2e012) 16 Yos 203 miEl) 120 Gev 14005222
BB i i 42 3e.ulZ) 15 Yes 361 i )-0 GeV 1706 03966
- By, fy-efy + 4 126 a» Yes 361 mi)=0 QaV 170800968
' fundix, Pati] 2ep 0 Yos 361 )0 ATLAS CONF 2017039
x,x. AT - luit®) 2ep 0 Yes 361 TS ) =0, i, a0 Sm(E] Jeni ) ATLAS-CONF-2017-03%
|13, &) = tv(e9), KT-str0) 2r . Yes 361 )0, i, 990 SOmE] Jomit) ) 170807678
: iA—d. v?. £(0v), 69y (15v) Jep 0 Yos 361 T Joers (2, ()=, oo, $ad S{miE] Jornii))) ATLAS-CONF-2017-03%
El 23epn 025 Yes 361 i Jem3), mET)=0, 7 decoupled ATLAS CONF 2017039
‘ i‘ni‘ hsbb/WW/rr/yy .y 026  Yes 203 it e ]), )00, 7 decoupied 150107110
ﬁ" B33 —lat dep 0 Yes 203 M3 )emiE5), miF])=0, m(Z, 9)=0.S4mat3)smii])) 14015 5086
mmmmmm_ﬂ..ﬁ Tepusy Yos 203 cr<imm 1607 05403
| GGM (bino NLSP) weakprod., £ ¢ 27 - Yes 361 creimm ATLAS-CONF-2017-060
. Direct £1.4] prod., long-ived £ Disapp k1)t Yes 361 Mt e} )~ 150 Me, 1(1)=0.2 rs 171202118
Droct 15, prod., long fved £} dE/dx trk . Yos 184 L )~ 160 M, 1(F 7)< 15 ne 1608 06332
. Swable, stopped § R-hadron 0 15jets  Yes 279 M)« 100 GaV, 10 js<r{(E)<1000 5 1310 8564
| Suablo ¢ R-hadron e . . a2 100605128
. Meatastable § R-hadron dE/dx trk - - 32 T3 )= 100 GoV, r>10 P8 160404520
. Metastable # R-hadron, 2-»ggk; aspl. vix Yes 328 @017 ns, miE}) « 100GeV 171004801
GMSB, stable 1, ¥1-+1(2, f)e rle, ) 1-2p - - 19.1 10<tan8<50 14116795
GMSB, ¥ G, wma‘.’ 2y . Yes 203 1<#(¥)<3 ns, SPS8 madel 1400 5542
| 22, B ~eceviauviypr ditgh. cefeplpp . 203 7 <er(f)< 740 men, ()13 ToV 1650406162
- LFV pp-s¥, + X, ¥, —sepfer/yrr o eTur . . 32 X w091, 2oy iname0.07 160708079
Blinear RPV CMSSM 2e.u(585) Mb Yes 203 migl=mid), ctesp <) mm 1404 2500
f:f’f,‘;-.\'ip f.-wv.mr oy dop Yos 133 S )~ A000V, 4y 9O (& = 1,2) ATLAS CONF 2018075
i{i.’.i;«wﬁ* Bty etv, Jepusr - Yes 203 )0 25mET ), Ayay 20 1445 5066
E B2, 3-q9t", t‘*-.m 0  A4S5kpeR jots - 361 mE3)=1075 Gev suSY201622
R, R-iit), K] — o9 Tep 810005045 - 361 mE3)= 1 TV, 4320 1706 08482
BE, §-siyt, Iy —bs Tep B10jes04b - 36.1 )= 1 TeV, Ay 20 170408483
iyfy, Fy=ebs 0 2ls+ 26 - 367 171007471
iyiy, =t 2e.p 25 . 36.1 BA(, ~wbe/u)20% 171005544
Other Scalar charm, &—ct| 0 2¢ Yes 203 i) <200 GeV 150101325
‘Only a selection of the available mass mils on new slates or w
phéynomena is shown. Many of the limits are based on 10°' Mass scale [TeV)
Simplified models, c.1. refs. for the assumptions made. Tev




however, notice the small print ....
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relaxing the m(X°)=0 constraint ...



... LHC has barely improved LEP2 limits ...

; 60 B I I I I I I | I ] I I I I I
GJ m e EXpeCted Iimit (:t1 Uexp)
(2. 50 L = Observed limit (t10theory)
= i ATLAS 8 TeV / g excluded
Tae i LEP &g excluded
<> 40 - p
<E] ATLAS
30 - V/s=13TeV,36.1 b1 -
i ee/pp, M3 shape fit
20 __ All Iimifs aE 95°{o CL B
: | pP — £} pli pf — £X3,£ € [, ]
10 s ;
e B
0

! ! ! ! I !
100 150 200

250

m(¢. r) [GeV]

=> in principle there is still room for discoveries at
CLIC even at its lowest energies!



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:

|5



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™)

|5



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

|5



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.

|5



The guaranteed deliverable:
relevance of a continued precision study
of the Higgs boson



The Higgs and particles’ masses

Light propagating in a medium is slowed
down by its continuos interaction with the
medium itself
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The Higgs and particles’ masses

Light propagating in a medium is slowed
down by its continuos interaction with the
medium itself

The time it takes to move
across the medium is longer
than if light were
propagating in the vacuum,

— Cmedium < Cvaccum

Think of the Higgs field as being a continuum medium
embedding the whole Universe. Particles interacting with it
will undergo a similar “slow-down” phenomenon. Rather
than “slowing down”, however, the interaction with the
Higgs medium gives them “inertia” => mass




The number “v” is a universal property of the Higgs field
background. The quantity “A” is characteristic of the
particle moving in the Higgs field. Particles which have
large A will have large mass, withm o« A v

Now the question of “why does a given particle has mass m” is
replaced by the question “why does a given particle couple
with the Higgs field with strength A «m / v”

However at least now we have a model to understand
how particles acquire a mass.




Detecting the Higgs boson

Like any other medium, the Higgs continuum background
can be perturbed. Similarly to what happens if we bang on a
table, creating sound waves, if we “bang” on the Higgs
background (something achieved by concentrating a lot of
energy in a small volume) we can stimulate “Higgs waves”.
These waves manifest themselves as particles®, the so-called
Higgs bosons

What is required is that the energy available be
larger than the Higgs mass = LHC !!!

* Even the sound waves in a solid are sometimes
identified with “quasi-particles”, called “phonons”




) y  Vsu(H)=—p*|H + X|H"

//// / 77\\\\\
”/ V
>

_ [ H°
H_(H_

m YL Yvr — ANH Y Yg

20



(3

m YL Yvr — ANH Y Yg

v= (H) v
® 4
— —0 > m=yyv
eL y €R y eL
T3=-1/2 T3=0 T3=-1/2

The transition between L and R states, and the absorption of the changes in

weak charge, are ensured by the interaction with a background scalar field, H.

Its “vacuum density” provides an infinite reservoir of weak charge.
20



First general consequences of this model

® Small oscillations around the minimum => a scalar
particle (the “Higgs boson”)

® Couplings of H to SM particles proportional to their
mass

® 3 out of 4 components of complex doublet field
provide longitudinal degrees of freedom to weak
gauge bosons W*'~and Z°



How far have we tested the Higgs mechanism?

parameters of the potential
V(H)

\ e/
NARt \/ V(H) ~ mi2 (H-v)?

/
v=246 GeV, from
weak decays

22



Events / 2 GeV

Higgs mass, 2017

CMS 359fb"' (13 TeV)
70Illl'lllllIlllIlllllllllIlllllllllIlllllllllllll—
+ Data
60 ] H(125)
[ q9—-2zZ, zy*
50 B 9922, zy*
B z+Xx

0
70 80 90 100 110 120 130 140 150 160 170
m,, (GeV)

arXiv:1706.09936

3D likelihood fit (ma, ZZ bg, om) =

My = 125.26 = 0.203tat =+ 0.0ssyst GeV
= 125.26 = 0.22 GeV

= 2 X 103 precision ....

ATLAS

- e
ATLAS Preliminary
Vs =13 TeV, 36.1 fb"

l LJ L] L L] l L] L L L] ] LJ L] L] L l

—e—4 Total Stat.

Total Stat. Syst.

[ Syst

|

ATLAS-CONF-2017-046

vy and 42 combination, run 1+2 =

My = 124.98 =+ 0.195tat = 0.21syst Gev
=124.98 = 0.26 GeV

LHC Run 1 - — 125.09 £ 0.24 ( £ 0.21+0.11) GeV
H—2Z" 4] . { 124.88 £+ 0.37 ( £ 0.37 £ 0.05) GeV
H—yy — . == 125.11+ 0.42 ( + 0.21+ 0.36) GeV
Combined - T — 12498 + 0.28( £ 0.19 £ 0.21) GeV
A l A L l A A A A l A 'S A A l A ' A ' l ' A l A
124 124.5 125 125.5 126 126.5
my, [GeV]

it took over 6 years from 1983 discovery to get below 5 x 10-3 on mz (1989: CDF, SLC, LEP) 73



How far have we tested the Higgs mechanism?

parameters of the potential
V(H)

\ e/
NN \/ V(H) ~ my2 (H-v)?
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How far have we tested the Higgs mechanism?

parameters of the potential
V(H) =

NARt > V(H) ~mu2 (H=v)?2  + 7?77
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How far have we tested the Higgs mechanism?

parameters of the potential
V(H)

VY
NARt . V(H) ~mu2 (H-v)2 + 2?7

Probing the cubic term of the Higgs potential will require at least 100 x the
current LHC statistics, and possibly more
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Electromagnetic vs Higgs dynamics
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Electromagnetic vs Higgs dynamics

o) op
B -3 |
r quantized,
In units of
| / fixed charge
-  J1 X2

sign fixed
by photon

spin

power determined by gauge
iInvariance/charge
conservation/Gauss theorem

any function of |IHI2 would be

ok wrt known symmetries \

Vorn (H) = —p® [ HI*+ X H

l

both sign
and value >0 to ensure
totally stability, but

arbitrary otherwise arbitrary



a historical example:
superconductivity
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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.
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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
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short-scale physics does not alter
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Decoupling of high-frequency modes

E&M

/ VV, -dd =4mq, VR
2R

short-scale physics does not alter
the charge seen at large scales

Vanm(H) = —p® [H + A |HI*

o™ N
’ A
---'---: ----- + --1W’H"--- + ---@--l
‘
« u?

Wlren W2 g’ —ye2
Ap2~ (cw mw? — ceme ) x (A v)?

h- Aren s A ....— )'t4...' %
= Ii;\u < A*—y* oampt—bmet

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 scales

The Higgs dynamics is sensitive to all that happens at any scale

larger 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 hierarchy problem, and the search for a natural explanation of
the separation between the Higgs and Planck scales, provided so far an
obvious setting for the exploration of the dynamics underlying the
Higgs phenomenon.
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® The hierarchy problem, and the search for a natural explanation of
the separation between the Higgs and Planck scales, provided so far an
obvious setting for the exploration of the dynamics underlying the
Higgs phenomenon.

® | ack of experimental evidence, so far, for a straightforward answer to
naturalness (eg SUSY), forces us to review our biases, and to take a

closer look even at the most basic assumptions about Higgs
properties

® We often ask “is the Higgs like in SM?” ....The right way to set the
issue is rather, more humbly, “what is the Higgs?” ...

®in this perspective, even innocent questions like whether the Higgs
gives mass also to It and 2"? generation fermions call for
experimental verification.

=> all this justifies the focus on the program of

precision Higgs physics measurements .



Projected precision on H couplings at HL-LHC

ATL-PHYS-PUB-2014-016

ATLAS Simulation Preliminary ATLAS Simulation Preliminary
's = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb 's =14 TeV: |Ldt=300 b ; [Ldt=3000 b
IIIIIYTIIII ; III[IITTITTTIIIITI
H-yy (comb.) g 9z
' ] Mz
H— ZZ (comb.) ~
- xlg
H— WW (comb.) . i
H— Zy (incl) Az
. .
H— bb (comb.) B
. Mgz
H—ott (VBF-like) N
- AYZ
Houu (comb.) Mzyz
a——— L l N | l Ll 1 1 l Ll 1l
0 0.2 0.4 (pu=0xBR) 0O 0.05 0.1 0.15 0.2 0.25
A/ Ky
WH Ay =A%)

solid areas: no TH systematics
shaded areas: with [H systematics


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016/
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the role of HL-LHC
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13007TWiki
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-003/index.html

|

What will HL-LHC tells us about the Higgs potential?

®Strong negative interference between

d e 5 = ° - the two diagrams near threshold
t S + LY 1 e Selfcoupling diagram suppressed well
g ~h 9 »—----h above threshold, due to |/S behaviour

® => it’s hard!!

. - 3 ; — s e
Vs=14 TeV, PU=140 D [ ' ' Non: t HH prediction -
F 120 Siteeen = LATLAS Expocted Limit (95% CL)
— | CMS Phase |l Simulation ] >~ o gL.Simulation Preliminary s Expected+ 1o ]
@ ~ Preliminary 1 i Expected + 26 _
= 1000 CMS-PAS-FTR-16-002 s ek omon” :
& ank 4 r & B
Eﬂ_ — T — _
: ] 1 15 :
L - e | =
5 604 - é - 1
-E‘ | 7 o) B R
& . ] 1—
§ 400 —
5 ¢ 1
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z 20 ]
£ [ 1
g [ ] o) EPEPE N . — < S I R
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Integrated Luminosity [1 0’ fb"] ATL-PHYS-PUB-2017-001 M/ M

Barely |1-20 evidence for Higgs pair production, but no quantitatively significant

determination of \: —0.8 < A/Asm < 7.7 @95%CL 20.2 < MAsw < 2.6

w. kinematical analysis
32



Higgs couplings @ FCC

ee [240+350 (41P)]

~ pp [100 TeV] 30ab-1

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

0.15% <1%
0.19%
0.42% 0.2%
0.71% 1.8%
0.80%
0.54%
6.2% <1%
1.5% <0.5%
<1%
~13% 1%
~30% 5 3.5% under StUdv
H->py, under study
H->dy, under study
< 0.45% : few 104

1%
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What other open questions arise
in relation to the Higgs boson?
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What other open questions arise
in relation to the Higgs boson?

* |s the Higgs the only (fundamental?) scalar field, or are there other
Higgs-like states (e.g. HY, A%, H*%, ..., EW-singlets, ....) ?

* |s there a relation between any amongst Higgs/EVVSB, baryogenesis,
Dark Matter, inflation?

* What happens at the EW phase transition (PT) during the Big Bang!?
* what’s the order of the phase transition?
e are the conditions realized to allow EWV baryogenesis!?
* does the PT wash out possible pre-existing baryon asymmetry?

* |s there a deep reason for the apparent metastability of the Higgs
vacuum?!
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The nature of the EW phase transition
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The nature of the EW phase transition

(R =0 = (k) = h(T) Discontinuous (R =0 » (k) = A(T) Continuous
5 . At 5 S et i , : , : , : ,

|

vih)

Ist order

| i | " | i 1 " |

2" order

] " ] " ] 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 - (hy = h(T) Continuous
& ©
& 1<y
vih) p 0
0
(Pe)
| st order 2™ order
s ] . ] . 1 g ] " 1 . ] ) o | ‘
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 ©
< 1<y
vih) p 0
0
(Pe)
|st order 2" order
- | s | " ] " 1 4 | 4 | 1 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 35



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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Sensitivity to extra Higgs bosons
enabling a 1°* order EWPT

hg — hlhl (bg’}/’)/ =+ 47')

100

0.1

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

| 14 TeV, 3/ab mm
| —,
[p—
E Notice role of
N energy and of
luminosity

400 500 600 700 800
1p) (GGV)

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

Direct and indirect sensitivity to
the largest mass scales:
examples



Indirect sensitivity to new mass scales via
Higgs and EW precision measurements in e*e"

[arXiv:1709.06103] J. Gu, H. Li, Z. Liu, S. Su, W. Su

95%CL bound of the 12-parameter fit in SILH' basis

B CEPC 240GeV (5/ab) + 350GeV (200/fb) + HL-LHC
‘M ILC 250GeV éZ/ab + 350GeV (200/fb) + 500GeV (4/ab) + HL-LHC
Fl FCC-ee 240GeV (10/ab) + 350GeV (2.6/ab) + HL-LHC

light shade: individual fit (one operator at a time)
solid shade: global fit

translated from the results in
arXiv:1704.02333

ul
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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* 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 40



Discovery reach for pair production of strongly-
interacting particles

10%

104

1Y

o(pp—>QQ) {ab) at 100 TeV .

Il I I = = = = N === = -

|00 evts/|10ab~

W=gluino
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MSSM Higgs @ 100 TeV

B bbHYA? = bbTT

- t _
I bbHY/A? —bbitt — EEE _,EEtTg’ - by I')_,
B t(t)HY/A —e(t)te >4
Z 5. 10. 20.
50. 50. ¢ N v i " )
40.
30.t
20. 20.}
Q. 10. 10. ¢
= oy
= g
5. «——30 ab!
2. 3 ab™!
1(') 5 1 2 5 10 20 . - . - \ .
' ' ' ' ' ' . 2 5. 10.
mA [TeV] 20 Tev my+ [TeV] i(b TeV

N. Craig, ]. Hajer, Y.-Y. Li, T. Liu, H. Zhang,  ]. Hajer,Y.-Y. Li, T. Liu, and |. F H. Shiu,

arXiv:1605.08744 arXiv:1504.07617 4)



Bottom line

® energy and luminosities of the ee&pp
components of the FCC programme are well
matched, to synergistically cover similar mass
scales in complementary ways
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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, ....)?
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SUSY and DM reach at 100 TeV

LEMS B A B L N B B B NS B B B B M B B B N EASL EME BLNL BN B B B

HF — WW 95% CL Limits : e
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" — o, %, ]
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i~ o)
99~ qqx1<(1)qxa squark coan.
gd — qax. aX., ; | |
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Mass scale [TeV] m. [TeV]

possibility to find (or rule out)

2
9
M <18TeV | —
WG o= o (O ) thermal WIMP DM candidates
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Possible paths for CERN




Evolution, with beam energy, of scenarios with the discovery of a new
particle at the LHC
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Possible questions/options
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® |f mx ~ 6TeV in the gg channel, rate grows x 200 @28 TeV:

® Do we wait 40 yrs 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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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

Possible explicit realizations:

b S
b S
LQ
z -
—0.5 -
—— LFU observables
T T M AN\ T b — spp global fit
11
a b S : =
(a) (b) flavio vo.21 ——~all, fivefold non-FF hadr. uncert.
|
—-2.0 —-1.5 —1.0 —0.5 0.0 0.5 1.0 1.5
Re C¥
where, e.g. , — —

Upper limits on Z’ and Leptoquark masses are model-dependent, and constrained also by
other low-energy flavour phenomenology, but typically lie in the range of 1—=+0(10) TeV

= if anomalies confirmed, we may want a no-lose theorem to identify the next facility! 5|



Final remarks

® The accelerator performance, experimental ingenuity, and theoretical
progress, make the LHC the most complete and reaching enterprise available
today and in the near future to explore in depth physics at the TeV scale, with
an immense discovery potential and still ample room for surprises
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inspired the LEP/LHC era
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an immense discovery potential and still ample room for surprises

® The study of the SM will not be complete until we 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 |00 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 (via CLIC? via HE-LHC?
via FCC-ee! ...) 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. The right time scale for this
assessment is probably ~8-10 yrs from now



