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oduction

What do we want to know about the Higgs in the next n-years?

1. Higgs SM-couplings
« LHC will measure 3rd generation couplings to ~5% level
* How well can HL-LHC measure 2nd generation couplings?

2. Higgs spin/parity
* Higgs is spin 0
* What about CP-admixtures?

3. Are there more Higgs particles?
* LHC will typically probe 1 TeV scale

4. Are there new ways to produce the Higgs?
« Sparticle decays into Higgs bosons?

5. Are there rare/exotic Higgs decays?
* Are there flavor changing Higgs decays?
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sresent and future
NOW FUTURE

The Higgs couplings are determined K values | 300 fb=1 13000 fb~"
at the level of 30% E 1?““; T SETZ 3
y o, " . 4. y .
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Hﬁe% remarkable examples (1)

1401.6081 Report of the 2013 community
summer study: energy frontier
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H#Wﬁrkable examples (2)

1401.6081 Report of the 2013 community
summer study: energy frontier
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With 3000 fb™ LHC14 data alll
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Top Yukawa particularly interesting

g 76066660t

g 09999999
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wwﬂ\arkable examples (3)

Top Yukawa particularly interesting

A 100TeV pp collider could perform
a qualitatively different type of
measurement: Hij

Htj a golden channel to
determine the sign

of y (Farina et al. 1211.3736) __ 7

L HC14 with 300 fb™" not yet
sensitive (Chang et al. 1403.2053).
Best achieved for semileptonic t,
and for H—bb and H—yy, but only
O(20) SM H(—vy)ij events
expected without cuts

(see also CMS PAS HIG-14-001)

At 100 TeV with 3 ab™
O(10000) SM H(—vy)tj events
expected without cuts.
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pp— H (b b fusion)

::' ) rH'Hduction

1. bbh: available production mode B T
also for the SM-Higgs at the :

100TeV collider

(not only for Higgs bosons
with tan3 enhanced coupling
to bottoms)
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pp— H (b b fusion)

:' % ) %Hduction

1. bbh: available production mode B T
also for the SM-Higgs at the :

100TeV collider

(not only for Higgs bosons
with tan3 enhanced coupling
to bottoms)

2. Double Higgs production:
Sensitive to the HHH coupling
bbyy channel is the most promising
but small rates at the LHC14

g
H =
_______ o
g
. H
A

7777777777777777777777777777

probe the completeness
of the SM scalar potential

| m?2 M2 M?2

,,,,,,,,,,, H V — HH2 HH3 HH4
2 T 2v + 82

7777777777777777777777777777

With 3 ab™ data, it is possible to measure

Yao, the Higgs self-coupling at the level of

1308.6302 509% at the LHC14, at the level of 8% at 100TeV collider
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Additional Higgs bosons often arise in natural theories of EWSB
(Higgs sector of the MSSM/NMSSM, Twin Higgs models and their
variants, (some) composite Higgs models)

CMS-PAS-HIG-13-021

CMS Preliminary, H—trt, 4.9 fb'at 7 TeV, 19.7 fb' at 8 TeV
T L]

o [ I T - T |_ T T @_ 70_
S [ MSSMm™ scenario Mgygy =1 TeV c - [— obs
b E 60- = exp (68%)
E exp (95%)
-------- exp (semi-leptonic)
504 meeeem exp (all-hadronic)
10 L 95% CL Excluded T -
L Yo xcluded: | B
= observed i 40
—— SMH injected [ o
— expected 1 30 Lo i
+ 10 expected [
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LEP 1 20p
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1F E 10f - -
: ] C u=+200 GeV
-I L L L ""'- OZIII\\\IIIIII\\\\iIIII_
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m, [GeV]

pp—> H, A — 71
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CMS-PAS-HIG-12-033

CMS preliminary 2.7-4.8 fb! {s=7TeV
T T T | T T T | T T T T T T T T T T

m, [GeV/c?]

pp — b(H, A) — b(bb)



Additional Higgs bosons often arise in natural theories of EWSB
(Higgs sector of the MSSM/NMSSM, Twin Higgs models and their
variants, (some) composite Higgs models)

CMS-PAS-HIG-13-021 CMS-PAS-HIG-12-033 ATLAS-PHYS-PUB-2013-016

CMS Preliminary, H—tt, 4.9 fb” at 7 TeV, 19.7 fb at 8 TeV CMS preliminary 2.7-4.8 fb™! {s=7 TeV 0 ATLAS Preliminary, Simulation, (s=14 TeV
- T T T 1T [ T T T T [ T 1T T T | 1T T T T [ T T T1 = —F

o I T T T T T 70 (e = =
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- 8 gob | == exp (68%) 55
- exp (95%) 3 50 =Y
o R exp (semi-leptonic) 1 5
50 === exp (all-hadronic) : 45 /,.-‘.r"
10 C 957 CL Excluded | 40 . 40 ’
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— expected 1 300 Bl _
+ 10 expected | 30 4 _ -4
+ 20 expected r /‘ +J_ Ldt = 3000 fb
LEP 20p 25 : - l Ldt =300 b
1E | C MSSM m, -max ] 20
E E 1 0: 1= +200 GeV _: = ‘/ d—u, 5o discovery potential
[ - 1 = MSSM m™ with 1 = 200 GeV
l L L A L A S —— 0 L1 L1 L1 RN R A ;7_" P/// | | | | | |
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950 discovery
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ional Higgs bosons

Additional Higgs bosons often arise in natural theories of EWSB
(Higgs sector of the MSSM/NMSSM, Twin Higgs models and their

variants, (some) composite Higgs models)

CMS-PAS-HIG-13-021 CMS-PAS-HIG-12-033 ATLAS-PHYS-PUB-2013-016
cms Preliminary, H—m 491b at7? TeV 19 7 fb at B TeV 20 CMS preliminary 2.7-4.8 fb! {s=7TeV 60 ATLAS Preliminary, Simulation, {s=14 TeV
e} T T T T T T T T T I —— T T T = e e ———
= MSSM m; =" scenario Msusv =1Tev %‘ - otg)s ' ] 8§ E =
. & of | = exn (68%) A T OsE
E exp (95%) i = A
B . . 50E= -
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10 - 95% CL Exclfded: 402::;
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= SM H inject 35:___5
— expected = ]
+ 10 expected NI= z ~ 4
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1E MSSM m,-max | 205_'_:
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950 discovery
pp > H, A — 711 pp\— b(H, pp — H, A —

The 100 TeV region

Additional opportunities at the 100TeV collider?




ional Higgs bosons

Additional Higgs bosons often arise in natural theories of EWSB
(Higgs sector of the MSSM/NMSSM, Twin Higgs models and their
variants, (some) composite Higgs models)

CMS-PAS-HIG-13-021 At low tan3 main decay into tops

] / Present tt resonance searches

[ MSSM mp' scenario Mgysy = 1 Tev
put only very weak bounds

on this scenario pp—H,A—tt.
What about 14 TeV?

tanf

10¢

o
injecte

expecte 1
+ 15 expecte
+ 20 expecte

Another possibility:

3 E 4 top signature pp—tt(H,A—tt).
0 a0 w0 A m, [Ge:,?oo my = 500 GeV my = 1000 GeV
14 TeV 4 fb 0.4 fb
100 TeV 1 pb 0.2 pb

tan3=2
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varticles

The role of 100 TeV is to find Heavy New Particles

What is its role in looking for (missed) light
(=100GeV) ,electroweak” NP particles?
What about Higgs decaying to light particles?

- experiment: a huge amount of signatures could arise.

—<
=
—
—C




varticles

The role of 100 TeV is to find Heavy New Particles

What is its role in looking for (missed) light
(=100GeV) ,electroweak” NP particles?
What about Higgs decaying to light particles?

- experiment: a huge amount of signatures could arise.

- theory: easy to have a ,sizable" branching ratio into {<<
exotics. Portals to a dark sector

* Scalar portal

* Vector portal
LD

V(H,S) D ¢|S|? H|? B, 2

2 cos 6

Recommendation: not to leave any loophole in the search for light partlcles!
9/16
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The role of 100 TeV is to find Heavy New Particles

What is its role in looking for (missed) light 9_{
(=100GeV) ,electroweak” NP particles?

What about Higgs decaying to light particles? {<

- experiment: a huge amount of signatures could arise.

- theory: easy to have a ,sizable" branching ratio into /<<

exotics R
Exotic Decays of the 125 GeV Higgs Boson, 1312.4992

D. Curtin, R. Essig, SG, P, Jaiswal, A. Katz, T. Liu, Z. Liu, D. McKeen,
* Scalar J.Shelton, M. Strassler, Z. Surujon, B. Tweedie,Y-M. Zhong

V(H, Sy—<rorTm =~ 9 cos oD

Recommendation: not to leave any loophole in the search for light partlcles!
9/16
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S width, now and future

PM(125 GeV) ~ 4.1 MeV

-2In A(B, )

What bound can we learn?

10_ IIIIIIII | IIIIIIII | UL ‘ L | T T 17 ‘ T T 17 | IIIII |
= ATLAS F’rellmlnary [ic,.kg.B. ] E
- s=7TeV, [Ldt=4648f"  —Opserved =

Vs=8TeV [Ldt=13-207fb"  -- SM expected E

_xl\)m-lb-U‘IG)ﬂOSCO
Ty H\I‘

o
T

ATLAS-CONF-2013-034

0T 02 03 04 02 06 07 08 09
Bi,u

Too small to be measured directly,
except at a muon collider where the Higgs
can be produced as a resonance

Future

In general the extraction of the Higgs
width at hadron colliders is difficult.

It has to rely on some assumption
(e.g Kz, kw < 1)

Typically ~10% at 300 b,

~5% at 3000 fb™' LHC

ILC: The Higgs width can be bounded
In @ model-independent way.
Bound at the level of O(5%) for BR___at ILC

Small branching ratios are difficult to discover in this way
Importance of looking directly for Higgs exotic decays




&t exotic decay?

The reach of a hadron colliders depends very
sensitively on the kind of exotic higgs decay mode

easy difficult

ﬂ
') |

e o brjets! light jets




at exotic decay?

The reach of a hadron colliders depends very
sensitively on the kind of exotic higgs decay mode

Y’s? b-jets?

light jets

4+ leptons

Background limited
It helps having extra handles:
New production modes for the Higgs

Example: VBF production of ZH, H—jj
o ~1pb at 100 TeV
W / Preliminary analysis: 100TeV collider
N might probe BR(H—jj)~102
D.Curtin, in progress
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at exotic decay?

The reach of a hadron colliders depends very
sensitively on the kind of exotic higgs decay mode

Y’s? b-jets?

4+ leptons light jets

Statistics limited Background limited
It helps having It helps having extra handles:
- large rates New production modes for the Higgs
- New detectors for better
acceptance Example: VBF production of ZH, H—jj

o ~1pb at 100 TeV
W / Preliminary analysis: 100TeV collider
N might probe BR(H—jj)~102
D.Curtin, in progress
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limited decay modes

Theories with an additional (dark) Z boson that communicates

to the SM sector only through the kinetic mixing operator

€ ~ TN,
LD B,.Z%

2 cos O Additional scalar S to break the U(1)' symmetry
h z V(H,S) D ¢|S[°|H[* nh o Z,
I — _X_S_
Z "\ .
L D

12/16 S.Gori



Theories with an additional (dark) Z boson that communicates
to the SM sector only through the kinetic mixing operator

€ > 0y
LD B, 2t

2 cos 0 Additional scalar S to break the U(1)' symmetry
2 2
h V(H,S) D ¢|SI’|H h
107! o S
X : Hook, lzaguirre, Wacker,
1006.0973
o= 3 WASA - -
Present " 'a@,@e@ﬁ, ]
constraints Do -
on the - &
minimal 1048
model ?




Theories with an additional (dark) Z boson that communicates
to the SM sector only through the kinetic mixing operator

LD

2cos 6

Present
constraints
on the
minimal
model

N 5 v
B,.Zp Additional scalar S to break the U(1)' symmetry
V(H,S) D ¢|SP|H|? h
— _><_ 3
: Hook, Izaguirre, Wacker,

1072

w 1073

1006.0973

What is the role of the
Higgs in probing these
models? Can this ZD be

discovered at the LHC/
Future colliders
using Higgs decays?




I t 7CMS preliminary Vs=7TeV,L=51fb" \s=8TeV,L=19.6f0"
Z < > i ARRRA AR RN RRRRN RN RRRRN RN RRRRE RN
h ep ons 8 B e Data
- S s B z+x -
i . [[Im=126 Gev 1

Z % < leptons
Z
D

(un-dedicated) (7+8) TeV
LHC searches

Bound from the CMS, ATLAS h—ZZ* analysis

Counting experiment: T
P [ T T T R My, (GeV)
% ATLAS 20 +5 b | o R L T
X | . _ % i I I I I I I I ]
~ 15 CMS 20 + 5 fb™! A N Qo :
> L . = 8- [zz.z ]
1 g Bl z+x |
v i, oL [Jme128Gev N
= 10 : |
m - 4 ]
X | i
2 .

N0 : i |
T = %0 50 60 70 80 90 100 110 120
= : My, (GeV)
55 0— | L I - e

15 20 30 BR(h—ZZ_)~10" are already
—_— ! .
Mz, — My, ~ probed with the present
\
\
\



CMS preliminary Vs=7TeV,L=51f" ys=8TeV,L=19.6 0"
T

> 7_L\|\I\I‘ I T TT T T[T T[T T[T
3] L ]
O 6: e Data
E DZZ’Z“’ ]
$ 5 B z+x -
> i
w [Jm=126 Gev 1
4 —

- | Il e R T
15 20 25 30 35 40 45 50 55 60

Mz, (GeV)
CMS preliminary  Vs=7TeV,L=5.11" ys=8TeV,L=19.6 b
> 104"\I\|\I\I‘I\I\|\I\I‘\\\\‘\\I\‘\I\I‘I\Iﬁ
[0} S i
O + Data J
(oY) . N
S Oz ]
(2]
g Bl z-x
>
L

oL [ Jm=126 Gev N

%0 50 60 70 80 90 100 110 120
Mz, (GeV)

BR(h—ZZ _)~10~ are already
probed with the present |

(un-dedicated) (7+8) TeV
LHC searches




1071y

102}

10_3:—

BaBar

CMS

HL-LHC| &7

100 TeV

HL-LHC, 100 TeV:
3000/fb

Curtin, Essig, S.G., Shelton, in preparation

M \Ma can stand in the future

Z-factories will improve this bound too

BR(h—Z2Z )~1 0*
can be reached by HL-LHC

BR(h—Z2Z )~1 0°
can be reached by a 100TeV collider

- possible improvements:
Larger eta coverage

We demand |nl|<2.5

as in the CMS/ATLAS analysis.
Relaxing this requirement:

Inl|<5 would give us a improvement
by a factor of ~2 in the branching
ratio




M% %or’e hidden dark sector...

...with the same signature
Additional Higgs bosons S to break the U(1)' symmetry z. ~—Teptons
V(H, S) D ¢|S|*|H|?

Z, < leptons

Only small mixings
are needed:

¢~ 1073
for BRh—Z Z ) ~ 1%

y

Not able to probe it
through the
measurement

of SM-Higgs
couplings
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Additional Higgs bosons S to break the U(1)' symmetry

M% %or’e hidden dark sector...

V(H, S) D ¢|S|*|H|?

Much smaller background than for ZZ_
Very much statistically limited measurement

Br (h— ZpZp)

0.0010}'
0.0008¢
0.00063—
0.00043—

0.0002

CMS-PAS-HIG-13-002+" % I~

---------------- 1 ; \\
.¢" ' “' \
---- I\ X \\
I N\ I \
/I 0\ .
/ v 1 \ -~
’ ./ V=
ATLAS-CONF- .
2013-020 O TTTmmesseeees
0.0000E o
10 20 30 40 50 60

mz, (GeV)

...with the same signature

~<—_Ieptons

ZD

Z, < leptons

Only small mixings
are needed:

¢~ 1073
for BR(h—Z Z ) ~ 1%

y

Not able to probe it
through the
measurement

of SM-Higgs
couplings
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W% %or’e hidden dark sector...

...with the same signature
Additional Higgs bosons S to break the U(1)' symmetry , z. ~—Teptons

V(H, S) D ¢|S|*|H|?

— _%S.
Much smaller background than for ZZ_ Z, < |eptons
Very mpghIstlatlislticlalllyllirlni’lted measurement Only small mixings
3000 fb™"; are needed:
3 ¢~ 1073
AR
AL for BR(—Z, Z.) ~ 1%

..

E I LHC14 @
/"—H_. | 100 Tev Not able to probe it

:
g@, ] through the
2 :/"‘""‘_' § measurement
& | ; of SM-Higgs
couplings
O 3 60

mz, Curtin, Essig, S.G., Shelton, in preparation




L A~ 1TeV

New Physics particles required by naturalness

easily affect the Higgs SM-couplings :> Program of Higgs coupling
precision measurement
IS crucial

Going to higher energy will buy us rate i} New Higgs channels open

E Dark matter is still a mystery. It can live in a ,,dark sector” El\ ~ 100 GeV?)
. that communicates with us through portals : NP '

Great opportunity to probe this type of NP: Higgs exotic decays

16/16 S.Gori



her enerqgy colliders

1.Huge rates

goF 50.4 pb 178 pb 740 pb

VBF 44 pb 17 pb 82 pb Quantity
WH 1.6 pb 4.7 pb 16 pb

ttH 62 pb 4.6 pb 8 pb

HH 034 pb 2 pb pb

nggS cross section Working group H associated production at pp colliders at NLO in QCD

2. Futuristic detectors T

~~~~~~~ o
=
=
3

- pp — HW 1%
: i 1.1
[14]
Qua"ty 10% | PP — HWj, pr(i)>20 G\ §,
: 15
[ 419
L 41
> 12
101 | | | |
14 25 33 50 75 100
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