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What do we want to learn from the Higgs?

The careful investigation of the Higgs properties is one of the most
promising avenues to explore new fundamental physics.
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What do we want to learn from the Higgs?

The careful investigation of the Higgs properties is one of the most
promising avenues to explore new fundamental physics.

Many possible routes:

: Higgs
nggs HIGGS BOSON connection to
couplings : the dark

sector

Higgs rare
processes

More Higgs bosons?
Talk by S.Su

Important progress will be made at the LHC & HL-LHC.

S Gor Much more to be learned at future colliders!
. Il



Higgs

Higgs couplings couplings

Higgs precision is very much wanted to test beyond the SM (BSM) physics!

_ _ _ ATLAS: 1808.08238, 1806.00425
A fast evolving field. Latest milestones: CMS: 1808.08242, CMS-PAS-HIG-18-018

Summer 2018: discovery of the Higgs decay to bottom quarks
+ direct discovery of the top-Higgs coupling (tth production)
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Higgs

Higgs couplings couplings

Higgs precision is very much wanted to test beyond the SM (BSM) physics!

_ _ _ ATLAS: 1808.08238, 1806.00425
A fast evolving field. Latest milestones: CMS: 1808.08242, CMS-PAS-HIG-18-018

Summer 2018: discovery of the Higgs decay to bottom quarks
+ direct discovery of the top-Higgs coupling (tth production)

Goal of the HL-LHC: measurement of most of the couplings at the 2-5% level

EXpeCtatiOn at CEPC: 1 Precision of Higgs coupling measurement (10-parameter Fit)
From 1810.09037 -

= CEPC 240 GeV at 5.6 ab™!
m combined with HL-LHC
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Higgs

What do we learn on BSM? &

og g2\ 02
Typical Higgs coupling deviation: — ~ “25M

gh A]238M
: . 0gn
(HL-)LHC coupling measurement: — = O(5%) = Agsm > 1TeV X ggsm
dn

Typically not doing better than LHC direct searches
(caveats: BSM EW particles; strongly coupled theories; ...)
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Higgs

What do we learn on BSM? &

ogn 912351\/1”2

Typical Higgs coupling deviation: —— ~ ==2
9h ABsm
)

(HL-)LHC coupling measurement: 99k = O(%) = Apsu > 1TeV X gpsm
gdh

Typically not doing better than LHC direct searches
(caveats: BSM EW particles; strongly coupled theories; ...)

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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0

»

The connection to the hierarchy problem See also
If we take the coupling to gauge bosons:

Naturalness Higgs é QED é
v ¥

3
o R
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------



The SUSY case

Probing stop parameter space

Higgs

couplings

Probing heavy Higgs
parameter space

MSSM Higgs Sector (hMSSM limit)

tg =50
(=20, - HL-LHC | 28
direct searches
ts =10 L~
tg=5
CEPC
Higgs couplings
=t . 7
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CEPC CDR, 1811.10545
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T

Complementarity with direct searches
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Higgs rare

The Origin Of mass processes

In the SM, the Higgs couplings to fermions are highly hierarchical.

We do not yet know if the Higgs gives mass to all quarks and leptons!

The couplings to light generation quarks/leptons are still very much un-known
(hee (BR ~ 5*109), hmumu (BR ~ 2*104), hcc (BR ~ 3%), hss (BR ~ 2*104), ...)
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We do not yet know if the Higgs gives mass to all quarks and leptons!

The couplings to light generation quarks/leptons are still very much un-known
(hee (BR ~ 5*109), hmumu (BR ~ 2*104), hcc (BR ~ 3%), hss (BR ~ 2*104), ...)

RUN-I
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ATLAS-CONF-2015-044

| MS-PAS-HIG-15-002
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Higgs rare

The Origin Of mass processes

In the SM, the Higgs couplings to fermions are highly hierarchical.
We do not yet know if the Higgs gives mass to all quarks and leptons!

The couplings to light generation quarks/leptons are still very much un-known
(hee (BR ~ 5*109), hmumu (BR ~ 2*104), hcc (BR ~ 3%), hss (BR ~ 2*104), ...)

RUN-I HL-LHC projection HL=LHC 3000 fb-!

€|> _IIIII T 1T lllll T T TT lllll T 1T Illll tl i Dgl()l)al (()rj% (‘L)
\g 1 = ATLAS and CMS "g Ke [ direct search (95% cL)
_ -~ LHC Run 1 Preliminary fZi . B kinematic (95% cL)
© N W i B width (off-shell, 68% cL)
ELL|> 101 — Observed _ " 2width (int., 95% cL)
. e SM Higgs boson 3 M e , B cxclusive (95% CL)
- . N 3.0 x 10°
20 ) _
10 = 3 I § 3.0 x 102
- T ] Ky 3.5 x 10 _
10-3 . - 1.4 x 10°
E . 6.4 x 10?
- _ Ky 6.4 x10*
1074 ¢ 3 2.9 % 10°
_Illll | 1 lIllIlI | | IlIIlII 1 | lIIlIlI L | ‘ ) ) | )
107! 1 10 10?2 100 1t 102 100 10t 100 108 107
. projected coupling limit
Particle mass [GeV] _ —
—_ From HL & HE-LHC Higgs report,
ATLAS-CONF-2015-044 Cepeda, SG, liten, Kado, Riva, et al.,

S.Gori CMS-PAS-HIG-15-002 1902.00134 5



Higgs rare

The Origin Of mass processes

In the SM, the Higgs couplings to fermions are highly hierarchical.

We do not yet know if the Higgs gives mass to all quarks and leptons!

The couplings to light generation quarks/leptons are still very much un-known
(hee (BR ~ 5*109), hmumu (BR ~ 2*104), hcc (BR ~ 3%), hss (BR ~ 2*104), ...)

CEPC, 240GeV, FCC-ee at Higgs pole:
5.5/ab "The SM sensitivity for the hee coupling
5 107! can be reached in 5 years” ;
L
o
2 Implications for ¢
T g2 electric-dipole-moments L) ;
v, 7>
€ . € - €
10-3 Global event shapes to probe light Yukawas,
Ks<5@CEPC  Gao, 1608.01746
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Higgs rare

Higgs Self-COupling (1) processes

(The Higgs self-coupling, ka, plays important roles:

* controls the stability of the EW vacuum 8 TGECEEsT , H
* dictates the dynamics of EW phase transition. K, -

Possible connection to EW baryogenesis.

8 6666600
We still do not know what it is!

k(di-Higgs cross section = O(10-3) total Higgs cross section)
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Higgs rare

Higgs Self-COupling (1) processes

(The Higgs self-coupling, ka, plays important roles:

* controls the stability of the EW vacuum 8 GECEET , H
* dictates the dynamics of EW phase transition. ___f?»‘/
Possible connection to EW baryogenesis. H "

8 666060 S H

We still do not know what it is!
k(di-Higgs cross section = O(10-3) total Higgs cross section)

New Physics models can easily predict modified Higgs couplings.
Particularly, from the EFT prespective:
2

h h? my N h h? 0 i
5 (@ g ) 4GB+ 52 (o g ) G

In the SM: ci=Cchhh=1 and Cggh=Ctt=Cgghn=0

H
Di-Higgs cross section is affected by any of this coefficient :} o,

s@Goink 0 sscsssvssssssssssmEETT



Higgs rare

Higgs Self-cou pling (2) processes

-2 2 3 40,’
e~ 68%,95%CL bounds, lepton collider only G//
"Il 68%,95%CL bounds, combined with HL-LHC ;
—xxx +xxx 88% C| bounds (combined with HL-LHC) ’)Q
r=sr——t-== §8%,95%CL bounds, 1h only (w/ HL-LHC 1h) @

‘05114TeV(3/ab), rates & distributions

'80]240GeV(5/ab) only (CEPC)
*0.781240GeV(5/ab)+350GeV(200/b)

FCC-ee(?# *044 1240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

7 a0 |FCC—ee with zero aTGCs

ILCi— = 250GeV/(2/ab) only

2= 1290GeV(2/ab)+350GeV(200/M)
1 27 |above + 500GeV(4/ab)
h s> 1above + 1TeV(2/ab)

CLIC 331350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

2|+ Zhh at 1.4 TeV
binned My, in vvhh (4 bins)

A From Di Vita et al., 1711.03978
0K, (= —= -1) H _
S.Gori A di- 1iggs report, appearing soon 3




ILC™=

CLIC|=:

FCC-ee[?%

e}~ 68%,95%CL bounds, lepton collider only
"Il 68%,95%CL bounds, combined with HL-LHC
—xxx +xxx 88% C| bounds (combined with HL-LHC)

[~ ==~ 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

.8.05114TeV(3/ab), rates & distributions

81240GeV/(5/ab)+350GeV/(200/b)
#1240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)
040] FCC-ee with zero aTGCs

Higgs self-coupling (2)

240GeV(5/ab) only (CEPC)

250GeV(2/ab) only

1305 1250GeV(2/ab)+350GeV(200/M)
1 47 |above + 500GeV(4/ab)
‘042 |above + 1TeV(2/ab)

*0331350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
321+ Zhh at 1.4 TeV
.- |binned My, in vvhh (4 bins)

3
From Di Vita et al., 1711.03978
di-Higgs report, appearing soon

Higgs rare

Processes

Complementarity:

di-Higgs searches

&
single Higgs production
measurements

~5% measurement
@100 TeV, 30/ab




CPVin

CP violation in Higgs physics s

Is the 125 GeV Higgs a CP even-CP odd superposition?
The CP nature of the Higgs can be measured in several couplings.
So far, the constraints on the CP odd component are weak.
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CPVin

Higgs

CP violation in Higgs physics

Is the 125 GeV Higgs a CP even-CP odd superposition?
The CP nature of the Higgs can be measured in several couplings.

So far, the constraints on the CP odd component are weak.

---------------------------------------------------------------------------------------------------------------------
o .
Y

H-fermion boson couplings

---------------------------------------------------------------------------------------------------------------------
o .
Y

. h CEPC CDR, 1811.10545
04F T | —
P - CEPC
o depends on ' 240GeV@5.6 ab™" |
the Higgs P ' '

CP properties

Z

Anderson et al., 1309.4819
An et al., 1810.09037

Measurements of o at different
. energies will yield useful information

about anomalous HZZ couplings. _04:_ HEHL-LHC

Depending on the operator, the sensitivity -020 015 ;Ssgyol ']0 (1)5 000

. of CEPC is better than HL-LHC by a &4

. factor of (3-300). +FCC-ee study for CPVinH—~ 11
9



Higgs width

The measurement of the Higgs width is very challenging at hadron colliders.
» Need for (model dependent) assumptions to extract information on
the Higgs couplings.

3000 b (13 TeV)
Llllll IIIIIIII |III]|II[I|YIIIL

T
. CMS Projection

Model independent determinations 151 }
. . L. | — w/ YR18 syst. uncert. (fai=0) i
are interesting but not super competitive L/ Run 2 syst, uncert, f =0)

. --- w/ Stat. uncert. only (fai=0)

5 6 7

1HH2HH3|T 4
'y (MeV)

From HL & HE-LHC Higgs report,
Cepeda, SG, llten, Kado, Riva, et al.,
1902.00134
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Higgs width

The measurement of the Higgs width is very challenging at hadron colliders.

» Need for (model dependent) assumptions to extract information on
the Higgs couplings.

Model independent determinations
are interesting but not super competitive

At ete- colliders, Higgs events are tagged independently of the Higgs decay mode.
Model independence!

olete” —» ZH) x g3,

Accuracy at the ~5% level
 T'(H—> ZZ%) o(ZH)

" BR(H — ZZ*) © BR(H — ZZ")

H

1-2% level accuracy can be reached at CEPC, FCC-eeg, ILC, CLIC
through the combination of all measurements.

S.Gori 10



Higgs

exotic

Is the Higgs a portal to the dark sector? g

We still do not know much about the Nature of Dark Matter (DM)
DM can live in its own dark sector

mediator

SM

Is this connected to us?
Maybe even to the EW scale?

S.Gori 11



Higgs
exotic

Is the Higgs a portal to the dark sector? g

We still do not know much about the Nature of Dark Matter (DM)
DM can live in its own dark sector

mediator

SM

Is this connected to us?
Maybe even to the EW scale?

Only a few renormalizable “portals”:

Particularly, many well motivated
theories lead to a sizable

Two of them involve directly the Higgs boson  Higgs portal operator
(eg. SUSY, twin Higgs, ...)

Is the Higgs the messenger to the dark sector?

S.Gori 11



Higgs
exotic

Higgs exotic decays decays

The SM Higgs width is tiny: ~4 MeV

v

If a BSM theory contains light dark particles, sizable branching ratios for
the Higgs decaying into dark particles is a generic prediction
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Higgs exotic decays decays

The SM Higgs width is tiny: ~4 MeV

v

If a BSM theory contains light dark particles, sizable branching ratios for
the Higgs decaying into dark particles is a generic prediction

_ A Sananan — _. Value of ¢ needed
Example: : AN °-°1+”/ for the corresponding BR

¢ |
§|S|2|H|2 E—

Br(h-ss)
o
o

o
o
v

4
S

=
8r
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Higgs
exotic

Higgs exotic decays decays

The SM Higgs width is tiny: ~4 MeV

v

If a BSM theory contains light dark particles, sizable branching ratios for
the Higgs decaying into dark particles is a generic prediction

020 = A‘/ Value of ¢ needed
[ 0.01

Example: for the corresponding BR

0.008

¢ |
§|S|2|H|2 E—

1 o010 ~ ) ~
z | More generically:
———0
005} BN,,F,’.,, —% h — ZZp
’ ——0.002 |H|?|S|? =~ h — s5
000 . L 1 1 1
0 10 20 30 40 50 60
m, [GeV] . HLN =% h — LN )

S.Gori 12



Higgs
exotic

Prompt golden channels ESE

For a comprehensive list of 2-body decays leading to prompt signatures +
present/future LHC bounds:

Exotic decays of the 125 GeV Higgs boson 1312.4992

David Curtin,"* Rouven Essig,"” Stefania Gori,”>*¢ Prerit Jaiswal,>® Andrey Katz,*® Tao Liu,”" Zhen Liu,*®

David M(:Keen,9’10’h Jessie Shelton,6’i Matthew Sl:rassler,G’j Ze’ev Surujon,l’k Brock Tweedie,&“’l and Yi-Ming Zhongl’m
S —

S.Gori 13



Prompt golden channels

1312.4992

Decay Topologies

Decay mode F;

h -2

h —)ET

h-—+2-53

K

h =y +Er
h — (bl—)) +Er
h = () + T
h= ("7 )+Er
h = (vy) + &1
h— (62 )4+ET

h—22-93-4

<

h — (bb) + E1
h = (37) +Er
h= ("7 )+Er
h = (yy) + £t
hs (€°0) +Er
h—(up)+Er

h-2-(1+3)

DS

S.Gori

h — bb + B
h = jj+Er
h—= 77 4+Ev
h— 'T‘)‘+ET-
h— €640 +Ev

Higgs
exotic

decays

Decay Topologies

Decay mode F;

h—>2—24

h — (bb)(bb)

h — (bb)(tH77)
h = (bb)(u*p~)
h= (e )(rtr)
h—= (rhr ) (ptp)
h — (33)(37)

h = (33)(vy)
h— (G3)(p p)
h— (EH€)(£H8)
h— (€Y ) (utp)
h— (php ) (pwp)
h = (vy) ()

h =~y +Er

£h42—>4a6

h— (E0)(€ ) + By
h— (£ 8 )+ Br+ X

é h—>2-6

h 08 68 +Er
h0'8 4+Er+ X

From Z. Liu
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Prompt golden channels

1312.4992

Decay Topologies

Decay mode F;

h -2

h —)ET

h-—+2-53

K

h =y +Er
h — (bl—)) +Er
h = () + T
h= ("7 )+Er
h = (vy) + &1
h— (62 )4+ET

h—22-93-4

h — (bb) + E1
h = (37) +Er
h= ("7 )+Er
h = (yy) + £t
hs (€°0) +Er
h—(up)+Er

h-2-(1+3)

DS

Great reach at the LHC/future hadron colliders (clean signatures)

S.Gori

h — bb + B
h = jj+Er
h—= 77 4+Ev
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Higgs
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decays

Decay Topologies

Decay mode F;

h—>2—24

h — (bb)(bb)

h — (bb)(tH77)

h = (bb)(u*p~)
h= (e )(rtr)
h—= (rhr ) (ptp)

h — (33)(37)
h = (33)(vy)

h— (G3)(p p)

S EIGIBIGIBER

h— (€Y ) (utp)

h— (php ) (pwp)
h= (y)ry)

A=+ &t

£h42—>4a6

(RIS 7
h— (£ 0 )+ Er+ X

é h—>2-6

CAST T T TEL D
h0'8 4+Er+ X

From Z. Liu
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Higgs

exotic
Prompt golden channels &S
1312.4992
Decay Topologies Decay mode F; Decay Topologies Decay mode F;
h -2 ( h —Er ) h—>2-4 (" h —» (bb)(bb) \
h-+2-3 h—y+Er h = (bb)(r'77)
h — (bb) +Ex h = (bb) (u* )
h = (j7) +ET h— (rhtr)(rtr)
h(ri77) +Er h—=(rtr ) (ptp)
h = (vy) + £t h = (j3)(37)
[ Ao (L) +Er h - (35)(r)
h—22-53-24 h—)(l?b')-i-ET Lh_’(jj)(#'#) D
h = (57) + £ RSO
h (r7r) +Er ho— (€46 ) (utp)
h () +Pr ho (uhp) ('t )
P (£ L) b ‘ B> (v7)(r7)
| Ao l) 2 —
h—2- (1+3) h— bb+ B P B R —
h—jj+Er - ——
h= 117 +E7 ———
| A0 +Er (AoTT +Er+X )

Great reach at the LHC/future hadron colliders (clean signatures) From Z. Liu

Great reach at e+e- colliders (hadronic/with MET signatures).
S.Gori
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Higgs
exotic

Reach for Higgs exotic decays ESE

|
Remarkable reach! From Liu, Wang, Zhang, 1611.09284
959% C1__upper limif on selected Higgs Exotic Decay BR
1 _ =1
: =EE EEEH — m HL-LHC
101 | | m CEPC

- | | m ILC(H20)
% 10-2 m FCC-ee |
i
.g 10—3
4
o

1074

(bb)-;.MEr (/./)*FMET (rI)*MEr bb*MET II+MET TFI-MET (bb)(bb) (CC)(CC) (/j)a/) (bb)(z-v (I'I‘)(I-Z) a/)(yy) (Vy)(yy)

-5
10 M

I
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Higgs
exotic

Reach for Higgs exotic decays ESE

Remarkable reach! From Liu, Wang, Zhang, 1611.09284

95%C l_ymig[gc}ed Higgs Exotic Decay BR
! - ol
: —————— : s m HL-LHC
' m CEPC

10-" Q
- f § m ILC(H20)
1]

% 10-2 m FCC-ee ||
>
w ! |
< 100 |
N I 1 I ] 1 I I ] 1 I I I I

10-5 . , » »
Me, (bb)*ME, Wme, (Demg, Obimg IHME, Teemg, Bb)py, (©Oeg i) o)y (D(ry Gy g,

Complementarily,
a 100 TeV hadron collider with 30/ab would produce O(109) Higgs bosons!

Incredible reach on clean decay modes! BR~10-8 for e.g. h = AA’ = 4 |leptons
Curtin, Essig, SG, Shelton, 1412.0018

S.Gori 14



Higgs
exotic

Higgs decays to long-lived particles g

Long-lived particles generically arise in dark sector theories.
(So far) long-lived particles are one of the major gaps in LHC searches.

S.Gori 15



Higgs decays to long-lived particles

Higgs
exotic

decays

Long-lived particles generically arise in dark sector theories.
(So far) long-lived particles are one of the major gaps in LHC searches.

These limits are competitive with
LHC forecasts based on conventional
Higgs triggers. Note that these latter
forecasts assume zero background.

S.Gori

95% Br(h->XX) Limit

Alipour-Fard, Craig, Jiang, Koren,1812.05588

0.010

0.005F

0.001¢

5.x10-4§

1.x1074 |

5.x107°

CEPC / FCC-ee reach

my =25 GeV
T ‘ T T E
\ ]
\ ]
\ ;
\ 4
7
\ 72
) \ e’
\ %
XY 4‘ 4
\\ \ “/
\ %
. ~ 4
‘n_____—————-..__-..__:_-'l-“-‘—
105 0.001 0.100 | 10

Proper Decay Length (m)
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Higgs
connection to

The Higgs-DM connection pastgss

sector

The bound on the Higgs invisible width can be interpreted in
terms of DM models.

Depending on the model, the invisible Higgs reach can be
compared to the reach of direct detection experiments:

S0

e LHC ;o ) [TAC BR{hoinv) < 24% (3.5%)|
| CEPC BR(h=inv) < 0.31%

0-44

—

10-45

1 0—46

il e

i Coherent Neutrino Scattering 3
Particularly relevant 780 L e b

at low DM masses 1 5 10 20 3040 60
WIMP mass [GeV]

S.Gori S — — ] O

SAWIMP-nucleon cross section [cm




Many dark sector opportunities

Beyond the Higgs connection, ete- colliders can
directly produce a large set of dark particles.

Mono-photon searches to explore invisibly decaying
dark particles + many visible searches

S.Gori

Higgs
connection to

the dark
sector
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Higgs
connection to

Many dark sector opportunities [asgn

sector

Beyond the Higgs connection, ete- colliders can
directly produce a large set of dark particles.

Mono-photon searches to explore invisibly decaying
dark particles + many visible searches g, Heiles, Neubert, Thamm, 1808.10323

103F

For example, axion-like-particles
could be produced from e+e- collisions...

Collider

> |
/y E‘ LSW O%
3
T 107 FCC-ee
Ceff _ .
2 7 [ % I Astrophysics
e A aF,, F y |
. Helioscopes 6+ e — va
. . 107} ]
... probing new territory L.
p g y 1075 10712 1070 107° 1073 1 103

[ Many more studies needed! )
S.Gori 17




Conclusions & Outlook

\

The Higgs is special!

%k Brand new particle
(nothing like that has been observed before 2012!).

% It easily couples to any new Physics.

v8

o

The HL-LHC will do a great job in exploring its properties
BUT

many questions won’t be answered by the HL-LHC.

Need for

3k precision studies
%k novel measurements of the Higgs in a new (clean)

environment
Complementarity with direct searches of new particles / DM

\_

S.Gori 18



