Beyond the Standard Model at the
Highest Energy Linear Colliders
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Our path to new physics 1n 3 steps
ROAD TO DISCOVERY

)

* New physics is tied to the Higgs bosons,
hence should appear at the TeV scale. !

* Concrete models which address the
peculiarly of the Higgs boson in the zoo
of the SM need plenty of colored particles

e Hadron machines are the tool to discover
new physics!

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/
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... then LHC came

PROTON

ROAD TO DISCOVERY

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2019 \s=13TeV
. a1 _
Model Signature  [£ar [ Mass limit Reference
] T T T T T T T T l T T T T T
4, G—¢%) Oe,u 2-6jets EPM  36.1 § [2x,8x Degen] 0.9 1.55 m(¥})<100 GeV 1712.02332
o mono-jet  1-3jets EFMS 361 | g [1x,8x Degen] 0.43 0.71 m(g)-m(¥)=5 GeV 1711.03301
£ 28, §—qa¥) Oe,pu 2-6jets EMS 361 I 2.0 m(t})<200 GeV 1712.02332
% z Forbidden 0.95-1.6 m(E?)=900 GeV 1712.02332
B 8z goqatOv 3e,u 4 jets _ 36.1 |2 1.85 m(¥")<800 GeV 1706.03731
o ee, i 2jets  EPS 361 | % 1.2 m(z)-m(¥1)=50 GeV 1805.11381
§ 22, g—qqWZX) Oe,u 7-11jets EMS 361 F4 1.8 m(¥}) <400 GeV 1708.02794
3 SSe,u 6 jets 139 |z 1.15 m(z)-m(¥})=200 GeV ATLAS-CONF-2019-015
S .
= 3z ot 0-1epn 3b EPS 798 | % 2.25 m(t})<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 |z 1.25 m(g)-m(¥1)=800 GeV ATLAS-CONF-2019-015
Byby, by —b ek Multiple 36.1 by Forbidden 0.9 m(¥})=300GeV, BR(bT})=1 1708.09266, 1711.03301
Multiple 36.1 By Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b¥])=BR(t¥})=0.5 1708.09266
Multiple 139 by Forbidden 0.74 m(¥})=200 GeV, m(¥})=300 GeV, BR(£V{)=1 ATLAS-CONF-2019-015
w e Dibibi—b¥y — bt 0e,u 6b  EMS 139 |B Forbidden 0.23-1.35 Am(EY, ¥9)=130 GeV, m(¥")=100 GeV SUSY-2018-31
xS by 0.23-0.48 Am(B3,¥])=130 GeV, m(¥})=0 GeV SUSY-2018-31
T3 } ) , . 3 i
3.).8 fii, Wbt or i) 0-2eu 0-2jets1-2b EF™ 361 |7 1.0 m(¥)=1 GeV 1506.08616, 1709.04183, 1711.11520
B g_ fi, h—wbit) Tew 3Bjets/th EMS 139 | 0.44-0.59 m(E%)=400 GeV ATLAS-CONF-2019-017
8w i, ii—Tby, 116 Tr+lent 2jetstb EMS 364 |7 1.16 m(#1)=800 GeV 1803.10178
T 2 717y, fi—cX) 1 88, ek Oe,u 2¢ EPs 36,1 ; 0.85 m(¥})=0 GeV 1805.01649
SRS . i 0.46 m(7,,&)-m(2))=50 GeV 1805.01649
Oe,u mono-jet EPS  36.1 h 0.43 m(f, ,&)-m(¥7)=5 GeV 1711.03301
fafs, hof) +h 1-2 e, u 4b Ems 361 |7 0.32-0.88 m(¥))=0 GeV, m(7,)-m(¥))= 180 GeV 1706.03986
oy, =i +Z 3e,u 1b Ems 139 | & Forbidden 0.86 m(¥))=360GeV, m(f;)-m(¥})= 40 GeV ATLAS-CONF-2019-016
XD via wz 2-3e,u Ems 361 | /)2‘6‘ 0.6 m(¥})=0 1403.5294, 1806.02293
ee, pupt >1 ERss 139 | XN, 0.205 m(¥r)-m(¥])=5 GeV ATLAS-CONF-2019-014
XX via ww 2e,pu EMs 139 | 0.42 m(d)=0 ATLAS-CONF-2019-008
iR via Wh O-leu  2b2y EMS 139 | /Xy Forbidden 0.74 m(¥})=70 GeV | ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ
S Q NNl vial /v 2eu EMss 139 | & 1.0 m(Z,7)=0.5(m(¥; )+m(¥Y)) ATLAS-CONF-2019-008
W % 7T, ToTX| 27 Emiss 139 T [FL.TRLI 0.16-0.3 0.12-0.39 m(¥})=0 ATLAS-CONF-2019-018
TLrlLR, I—C0) 2e,pu Ojets  EMs 139 |7 0.7 m(¥})=0 ATLAS-CONF-2019-008
2e,u >1 EPss 139 | 7 0.256 m(?)-m(¥})=10 GeV ATLAS-CONF-2019-014
HH, H—hG/ZG Oe,u >3b EPS 361 )74 0.13-0.23 0.29-0.88 BR(¥] — hG)=1 1806.04030
4epu Ojets  EM™ 361 i 0.3 BR(Y! — ZG)=1 1804.03602
® © Direct ¥{¥] prod., long-lived ¥} Disapp. trk 1 jet Ems 361 | & 0.46 Pure Wino 1712.02118
= % 015 Pure Higgsino ATL-PHYS-PUB-2017-019
8’ g Stable g R-hadron Multiple 36.1 g 2.0 1902.01636,1808.04095
S 2 Metastavle 2 R-hadron, g—qqgt} Multiple 36.1 & [v(8) =10ns, 0.2 ns] 2,05 24 m(¥})=100 GeV 1710.04901,1808.04095
LFV pp—¥: + X, V-—eu/et/ut epL,eT.UT 3.2 Vr 1.9 A5,,=0.11, Ay32/133/233=0.07 1607.08079
Y0135 — wwyzeeeevy 4ep Ojets  EP's 361 |G/ = 000 #0] 0.82 1.33 m(¥})=100 GeV 1804.03602
33, 5—qq0", X} = qqq 4-5large-R jets 36.1 |z [me))=200 GeV, 1100 GeV] 1.3 1.9 Large A7), 1804.03568
R Multiple 36.1 g [4],=2e-4,2e5] 1.05 2.0 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
€ 7 i B s Multiple 361 |& (4,204, 102] 0.55 1.05 m(E))=200 GeV, bino-like ATLAS-CONF-2018-003
fify, i1 —bs 2jets+2b 36.7 |4 [qq, bs] 0.42 0.61 1710.07171
i, fi—ql 2e,u 2b 36.1 7\ 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
Tu DV 136 | & [1e-10< A}, <1e-8,3e-10< A}, <3e-9] 1.0 1.6 BR(71 —qu)=100%, cosf,=1 ATLAS-CONF-2019-006
L L L L L L L l L L AL L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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to the game
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How deep are the
consequences?



Open Questions on the “b 2i%ture” on

1
fundamental physics circa § (P

@ -1y QCD does not violate CP?

‘ * how have baryons originated in the early Universe?
e what 1s the dark matter in the Universe?

e what originates flavor mixing and fermions masses?

e what gives mass to neutrinos?

‘ e why gravity and weak interactions are so different?

‘ » what fixes the cosmological constant?

Solutions to these puzzles involving new physics at the TeV scale are now very constrained



Open Questions on the “b 2i%ture” on

1
fundamental physics circa § (P

e why QCD does not violate CP? o | | |
nindering the whole paradigm of getting “macroscopic”

* how have baryons originated In the early Universe? ohysics from microscopic properties e.g.
e what 1s the dark matter in the Universe? 2
e what originates flavor mixing and fermions masses? T « < V . >

air molecules

Bolfzmanngasse
end of “The Boltzmann Way”™ | : ,

e what gives mass to neutrinos?

e why gravity and weak interactions are so different?

» what fixes the cosmological constant?




Open Questions on the “b 2i%ture” on

1
fundamental physics circa f (P

e why QCD does not violate CP? o | | |
nindering the whole paradigm of getting “macroscopic”

* how have baryons originated in the early Universe? ohysics from microscopic properties e.g.

e what 1s the dark matter in the Universe?

2
e what originates flavor mixing and fermions masses? T « < Vair mOleCuleS

Bolfzmanngasse
end of “The Boltzmann Way”™ | : .

e what gives mass to neutrinos?

e why gravity and weak interactions are so different?

» what fixes the cosmological constant?

Foundations of reductionist physics are at stake!
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e why QCD does not violate CP?
* how have baryons originated in the early Universe?

e what 1s the dark matter in the Universe?

e what originates flavor mixing and fermions masses?

e what gives mass to neutrinos’?
 why gravity and weak interactions are so difterent?

e what fixes the cosmological constant?

NEW WEAKLY CHARGED
PARTICLES
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Open Questions on the *“bi
fllII)ldaI?lﬂlltal physics circa § (?2

e why QCD does not violate CP?
* how have baryons originated in the early Universe?

e what 1s the dark matter in the Universe?

e what originates flavor mixing and fermions masses?

e what gives mass to neutrinos’? l

 why gravity and weak interactions are so difterent?

e what fixes the cosmological constant?

All round exploration is needed, the field covered by LHC is not enough



The highestenergy
at Linear Colliders




High energy colhiders for
new physics

High energy can probe directly heavier new physics

High energy yields largest magnification factor for new

contact interactions

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/



The new 3-step recipe of new physics

LESSON FROM LHC

No new physics at the eV scale E2
New physics is “heavy" O — GSM 1 FGBSM + ...

BSM can be cast in the form of
an effective fie\d ':heory effects grow at larger energies like ve-—ve- In Fermi Theory

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/



The new 3-step recipe of new physics

EFT EPOCH LESSON FROM LHC

MAGNIFICATION FACTOR

E2
* New physics is “heavy" O — GSM 1+ FGBSM + ...

* NO new physics at the eV scale

« BSM can be cast in the form of
an effective fie|d theory » effects grow at larger energies like ve-—ve- In Fermi Theory

as NP effects may grow quadratically with energy

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/



Which direction 1s “forward™?

T'he “precision” study of SM interactions at the highest

energies 1s a prime tool to discover new physics

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/



Which direction 1s “forward™?

FUTURE COLLIDER~*

*of any shape

the least well known
* the highest mass scale
the most central to the origin of EW scale

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/



Which direction 1s “forward™?

T'he “precision” study of top quark and Higgs boson

interactions at the highest energies 1s a prime tool to

discover new physics

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/



Which direction 1s “forward™?

NEW PHYSICS

the least well known
the highest mass scale
the most central to the origin of EW scale
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Which direction 1s “forward™?

*of an;

the least well known

the highest mass scale
the most central to the origin of EW scale
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Which direction 1s “forward™?

“t— several TeV

around TeV feasible linear colliders (today)

100 GeV

the least well known
the highest mass scale
the most central to the origin of EW scale

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/






“The si1ze of the Higgs boson™

it matters because being “point-like” is the source of all the theoretical questions on the Higgs boson and weak scale

..and if itis not ... well, that is physics beyond the Standard Model!

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/



The size of the Higgs boson
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The size of the Higgs boson
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Eflects of the size of the Higgs b

STRONGLY INTERACTING LIGHT HIGGS
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Eflects of the size of the Higgs boson
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Buttazzo, RF, Wulzer

E + K = I : Z h Ever higher energy colliders can exploit “precise” measurements at the 10% level

1 1
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Buttazzo, RF, Wulzer

/E + K = I j Z h Ever higher energy colliders can exploit “precise” measurements at the 10% level
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Buttazzo, RF, Wulzer

'E 'E | Zh Ever higher energy colliders can exploit “precise” measurements at the 10% level
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Buttazzo, RF, Wulzer

'E 'E | Zh Ever higher energy colliders can exploit “precise” measurements at the 10% level
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The size of the Higgs boson

Composite Higgs, 20 Composite Higgs, 20

FCC—-ee(Cw)
FCC-hh/ee(Cw)

CERN-ESU-004
CERN-ESU-004

[ \

European Strate
P Update 9%

I )
European Strategy,

Update

m, | TeV]
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The size of the Higgs boson

Looking ahead
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The size of the Higgs boson

Looking ahead

Higgs ™ 1/m*

HIGH ENERGY LEPTON COLLIDER

:Ip
T
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The size of the Higgs boson

Looking ahead
27

HIGHEST ENERGY LEPTON COLLIDER

HIGH ENERGY LEPTON COLLIDER

:Ip
I
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1812.02093 - The CLIC potential for new physics - CERN Yellow Rep. Monogr. Vol. 3 (2018)

lL.ots of new studies!
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A
Mass

Higgs + Singlet

h(125)

Broad coverage ot BSM Phenomenology 1s also

scenarios: (N)MSSM, Tun useful as “simplified model”
Huggs, Higos portal, modified
Huggs potential (Baryogenesis)
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Buttazzo, Redigolo, Sala, Tesi - 1807.04743

Higgs + Singlet

SIn y 0
COS ¥
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SM SM

Qualitative new feature: W boson luminosity
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Buttazzo, Redigolo, Sala, Tesi - 1807.04743

Higgs + Singlet

SM SM
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| Interplay between direct S search and H coupling indirect sensitivity |
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Buttazzo, Redigolo, Sala, Tesi - 1807.04743

Higgs + Singlet

 Interplay between direct S search and H coupling indirect sensitivity |
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Higgs + Singlet

| Interplay between direct S search and H coupling indirect sensitivity |
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Higgs + Singlet
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Higgs + Singlet
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Electroweak Dark Matter: LSP (+NLSP)
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Wide open specira Generic leptons+missing momentum
Co-annihilation Sott-objects + missing momentum Elec?rf)weak
GeV - Precision
WIMP-like multiplet Short (disappearing) tracks
Accidental Dark Matter < pp g) Te 515
DM SM singlet Mono-photon

ete-—= /1 — Y 0 -
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O(CM) DISAPPEARING TRACKS

displaced
neutral HSCP dilepton B BSM
— Charged M lepton
-~ any charge M quark
N photon
3 anythin
4 M anything
disappearing displaced
track lepton
(.IIIII.. \ \
m
displaced displaced
dijet photon
. Not pictured:
displaced displaced out of time decays
0 vertex conversion

J. Antonelli LLP Forum May 12, 2016
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Short (disappearing) tracks

Higgsinos with disappearing tracks

T ¥ |ost
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degenerate y%and y*
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¢ Good reconstruction
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Plenty of neutrino mass models
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Muon pair production with R-pol beams
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Conclusions



High energy lepton colliders and
new physics

Higher energy can magnify
considerably indirect effects of
new physics, allowing to
overcome the limitations from
systematics in low-energy high
Intensity experiments

Indirect and direct probes
from TeV scale electroweak
new physics are in the reach of

high energy lepton colliders

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/

Luminosity can be traded for
energy: more than one
“working point” to probe new

physics in the & — \/E plane

Thorough exploration of TeV
scale physics and possible
extension to even higher
energy with novel acceleration
techniques



Aboutto thp page...

* The traditional paradigm
where pp are discovery

machines and £*L-are

measurement machines may be
close to break down.

* Leptons beam quality and
quantum structure enables
qualitatively new
(nvestigations ol the
electroweak/Higgs sector

Roberto Franceschini LCWS19 https://agenda.linearcollider.org/event/8217/

* Probes at high momentum
transfer hugely enhanced by
large available energy: e.g.
Higgs compositeness at tens of

TeV (similar advantage for any
EFT)

* Direct reach for “anything™
with electroweak charge or
coupled to the Higgs boson in
the kinematic reach



Thank you!
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Lumivs. Energy

New Physics may fit well in a EFT (new contact interactions)

LESSON FROM LHC effects grow at larger energies like ve-—ve- In Fermi Theory

My, M, SIN 0 ,AWh“te"e’” h—Zy,h - ZZ,t - btv

——— e —e

m ) I __,
|
measurements dominated by a smgle mass seale ‘

dominant energy scale is low
measurement is simple to grasp
progress Is easy to measure (in)significant digits
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sensitive to a range of energy scales
measurement of a spectrum (not so”?!?) simple to grasp
progress Is easy to measure: bounds on new Fermi constants
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New Physics may fit well in a EFT (new contact interactions)

LESSON FROM LHC  « effects grow at larger energies like ve-—ve- In Fermi Theory

HIGH-LUMI PROBES
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* dominant energy scale is low * sensitive to a range of energy scales
* measurement is simple to grasp * measurement of a spectrum (not so?!?) simple to grasp
* progress Is easy to measure (in)significant digits * progress Is easy to measure: bounds on new Fermi constants
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New Physics may fit well in a EFT (new contact interactions)

LESSON FROM LHC  « effects grow at larger energies like ve-—ve- In Fermi Theory

HIGH-LUMI PROBES

HIGH-ENERGY PROBES

My, Mg, SIN Oy, ARV | 7 1 — 77,1 — brw
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,, measurements dommated by a smgle mass scale

=

* dominant energy scale is low * sensitive to a range of energy scales
* measurement is simple to grasp * measurement of a spectrum (not so?!?) simple to grasp
* progress Is easy to measure (in)significant digits * progress Is easy to measure: bounds on new Fermi constants

as NP effects may grow quadratically with energy
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ANGULAR DISTRIBUTION
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