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g The problematic triumph of the Stﬂl i:\‘;

Despite this further success, we know that the SM does not explain

several important observations:

Quark

Dark matter. o
Dark energy.

. Forces
Inflation.
Unification of forces and role of gravity.
Neutrinos masses and hierarchy. eluwlr
Matter anti-matter asymmetry. Ve v, vr  Higgs
Leptogenesis and bariogenesis. Leptons boson

To understand all this we need to look for physics beyond the

Standard Model; but at which energy scale?
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% No much room left for new physicsSIi

New Electroweak fit
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New physics, if it does exists, appears to be weakly coupled to
the Electroweak scale.
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We have entered a new eralllll
Physics In the last 40 years.

Figgs 2012

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018 4



> We have entered a new eraiiii
Physics in the next 40 years.




New challenges. il

We are back to the pioneering times of the
exploration of unknown seas.

We don't’ know in which direction we are going to have
better chance.

We dont’ know where and when we’ll have a new major
discovery.

We know, however, that the Higgs boson itself could be
used as a new, very sensitive tool for the indirect

detection of massive particles or new interactions.

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018
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2 Two complementary pathsSilil

Low-Energy: AO/O ~ mgw /A?

* require accuracy: large lumi, low syst. and th. err

High-Energy: AO/O ~ E*#/A?

* benefit from high energy and high accuracy
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Where are we today 2

LHC RUN I: 2012 run ended with ~23fb-"
— Combined with 2011 run (5.6fb"), a total ~25fb-1

Spring 2013 — 2014: shutdown (LS1) to go to 13TeV.
LHC RUN Il a): 2015 - 2017 @13TeV, £~103%4, ~150fb-1

E—
2019-2020: Shut-down (LS2)
LHC RUN Il b): 2021 — 2024 @14TeV, L~2x1034, ~300fb-1

2024 — 2026: Shut-down (LS3)
LHC RUN IlI: 2026 — 2040 @14TeV, £~5x10% (HL-LHC), ~3000fb-"
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Excellent performance of LHC

* Particle Flow event reconstruction £ T T T T T T T

Key:

Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

* Jets: anti - k; clustering with R=0.4

* b-jets: combined secondary vertex

Silicon
Tracker

i , )|
* Hadronic t: Hadron-plus-strip algo. )

Calorimeter Solenoid

Iron return yoke interspersed
erse slice with Muon chambers

CMS Integrated Luminosity, pp igh M 8
CMS Average Pileup, pp, 2018, Vs = 13 TeV
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nggs re-discovery at 13TeVill
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“. From search to precision measurementil

In the post-discovery era, focus moves from search to
precision measurements.

Higgs potential

Characteristics of the SM Higgs: ol ;’2:00 "j‘;jf/‘
Mass and width.
Coupling to other SM particles. \/\/
. .
Rare decay modes. L=(D,9) (D"¢)-(u’¢’ +/1¢4)—%F “F,
my my
8aw =< 8ny = S
Self-coupling. m, =27

A, p unknown -> my is a free parameter of the SM

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018
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Dynamics of EW phase transition and Cosmology

“*Precision study of the EW Phase TranSitioh

The asymmetry between matter-antimatter can be created dynamically
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition

vo 157 order

the dynamics of the phase transition is determined by Higgs effective potential at finite T
which we have no direct access at in colliders (LHCZBig Bang machine)

finite T Higgs couplings
Higgs potential at T=0

SM: first order phase transition iff mH < 47 GeV
BSM: first order phase transition needs some sizeable deviations in Higgs couplings
Christophe Grejean Precision Frontier @ Yigh Energes 17 Geneva, Feb. 12, 2014

1. O(1%) precision in measuring the Higgs couplings could be as important
as direct searches for new physics.

2. Study of triple Higgs coupling (... and quadruple).

3. Search for new sources of CP violation connected to Higgs interactions.
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* LHC combined measurement of mijjili

* H->vyy: Events are divided into different m,, categories to improve sensitivity.

" H>ZZ2eetuu’, eetee’, uut uut analyzed separately
ATLAS: 2D fit to m,, and BDT background discriminant
CMS : 3D fit to m,,, BDT background discriminant and per-event uncertainty in my,

Phys. Rev. Lett. 114 (2015) 191803

3 L(a, é(a )) _ Maximum likelihood fora given o

A(a) p— - ~ p— X N ; AI 7 T T T [ T T l T I T T [ T T T T
L(a, 9) Global maximum likelihood § T ATLAS and CMS H-yy
‘<" 6 - — H=ZZ-4
; c - LHC Run 1 —— Combined yy+4/
o = parameters of interest (eg. m,) s Stat, only uncert
L F

O = nuisance parameters (eg. systematics)

a, 0 = Best fit values

L(a,0) = product of signal and background PDFs.

To combine: multiply likelihood terms for each channel

L(mH Moot (Mg ): Pigp oy (M) it (my), e(mH))

A(mH): - ~ ~ ~47 A E
L(mH’:ug/:gFHrH’/Lli’bF+VH’:LI4£’9) ol
. . 124 124.5 125 125.5 126
1 = signal strenght modifiers m, [GeV]
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Results.

Phys. Rev. Lett. 114 (2015) 191803

lllllllllllllll

ATLAS znd CHS
LHCRun

ATLAS A1y
CHS By S

ATUS H-LL 4 et

IIIIIIIII[IIIIIII]IIIT

RHTE S DO

Toal Sl St
= 126022051 (0432027)GeV

OO0 0312055 Gel

124511052 ( 0522004 GeV

OMS H-Z7-4 o BR[040 6
ATLAS:CliS 1y |—:|-1 0507408025404 el
ATLAS:CHS 4 k}i—l 15154040 £037£0.15)Gel
ATLAS:ClS 44 I-@-I 1050 028 -021 041)GeY
l]ll|l|ll|l|llll|lllllll[llIllll]llll
13 1 1% 1% 121 128 1

m, [GeV]

A

(HDZZ->4L ) yp 05 (HDZZ->4L ) s
O N SRR SRARLARRRLY M SAANE MR
c \| ATLASand CMS LIl ATLAS Horzowt ]
o LHCRunt | . CMS H—77 ]
) 2-5\ v CMS HooZZ 81—
j= =N\ e - —— All combined ]
4] ~ '¢' ‘~~
(—g e X Bestfit ]
5 oF/ —— 68%CL -
»n C g ]
- X e "
N LT e X : ]
(HQW)CN&s'..l|”.11“.,1....11.1.111.1(1H?.¥Y)ATLA5
' 124 1245 125 1255 126 1265 127
m,, [GeV]

m_=125.0910.21+0.11 GeV

Statistical uncertainty dominates. Along with theory developments in cross-
sections, allows detailed couplings comparisons.
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September 12, 2018
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> Recent improvement: CMS alonéll

359 fb ' (13 TeV)
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We have already entered the Higgs precision era.
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Indirect measurement of Il

H>ZZ2>4L, H>202v, ((=e,1),
Breit-Wigner production gg2>H—>7Z:

Phys. Lett. B 736 (2014) 64

£.00000 1t - R/
NS\)'\\
.4/!/'%
£.00000 t i

2 2
do—gg—)H—)ZZ 8 eern 8 Hzz )
dn? ~ T V) R Dominant backgrounds:
Mzz (m;z —m;{) +myl - q
4 NV~ Z, £ .0000000 . MAMMN-Z,
On-peak (105.6<m,,<140.6 GeV) and off- d q q
peak cross sections (m,,> 220 GeV): d VWWIINEZ g ooo0000 S,
5 5 » CMS 19.7 o (8 TeV) + 5.1 15" (7 TeV)
on—shell dO— g ;gH g ;IZZ £1or o '
-»suaca .y 7= 1., LI e 4 expoacted
O— — d — . dm r : 202y ;i “’mm:l observed
m m B 202y + 4l expected
|m_mH |Sn1—H H™H £ —shell 8 Combined ZZ chserved
O‘o —shell | Ll Combined ZZ expeciad
2 2 O_on—shell - FH 6
off —shell d c g ggH g HZZ
o = —-dm ~ ———7— \ .
m—mpg >>I'py dm (2m2)
- - 2;
Must include interference between gg>H—>ZZ and i s8% GL
gg>Box>77Z e T
[¢] 10 201 30 40 50 60
K-factor of gg=>7ZZ not well known, assume the same as I}, (MeV)

signal and add a sytematic uncertainty.

I',<22 MeV at 95% CL

G. Tonelli, CERN/INFN/UNIPI

Tashkent

September 12, 2018
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% CMS did an excellent job on the couplingsl

The real challenge is to establish the coupling to fermions.

First observation of H>t*t

arXiv:1708.00373

First observation of ttH

arXiv:1804.02610

First observation of H>bb

arXiv:1808.08242

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018 17



2

First observation of H=>t % 1l

35.9fb" (13 TeV) 35.9fb (13 TeV)
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September 12, 2018
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CMS
e
e

Hyy). Many final states including multi-leptons, b-jets, and yy.

First observation of ttH "

Directly sensitive to top Yukawa coupling (only indirectly tested via loops in ggH and

CMS 35.9 fb™ (13 TeV) 5.1 (7 TeV) +19.7 fo' (8 TeV) + 35.9 b (13 TeV)
§2] LA LA B I L B B 0-35_'---|v--]"-'|"'-|--'-|""1"/"1
s i ‘ — Combined !
(0]
Z Ok . . CMS SM expected .
30 — 13 TeV ]
10° — e 9.20 — 7+8 TeV v ]
- - 25 ‘
- # Data 20-
B i (i=1.23)
10— [ ] Background 15
E *  Background uncertainty -
i 10:,
| | | | | | ‘
9| 2F 5
3|2 of . . :
© - -
C’—z_—_ ‘ 0Ll N .
- - -5 0 05 1 15 2 25 3 35
HﬁH
5.20 (4.2 exp) u=1.26 +0.31-0.26.
arXiv:1804.02610
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“  First observation of H>bb ™

<51f"(7TeV)+<19.8fb" (8 TeV) + <77.2fb" (13 TeV)

77210 (13 TeV)
» Observed
o) M °
= I CMS ¢ Data C _s - +1c (stat @ syst)
c _ H—bb +16 t
- I B vH.H-bb m— +1G (Syst)
= I [ ]vz.z-sbb 5 stat  syst
a;'f 1000~ S+B uncertainty ggF 2.80 +2.08 +1.30
; VBF — e = 2.53+0.98 +1.17
B :
ttH “——- 0.85 +0.23 £0.37
500 :
h WH | 1.24 +0.29 + 0.24
ZH | - 0.88 +0.24 +0.16
0F :
- Combined - 1.04 £0.14 £ 0.14
T N S N v b b b b b e b b by
60 80 100 120 140 160 0 t. 2 3 4 5 6 7 8 9
Best fit u

m(jj) [GeV]

5.60 (5.5 exp) u= 1.04+0.14+0.14.

arXiv:1808.08242
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2 Very rare decays: H>un "N

Tiny BR within the SM: 2.2x104

x10° 35.9fb" (13TeV) . 5.0fb" (7 TeV) + 19.8 fb' (8 TeV) + 35.9 fb™ (13 TeV)
s C
> 10_ CMS All categories B - CMS —s— QObserved
[0 — Hopp S/(S+B) weighted 5 -
O [=0.7 for m =125 GeV ¢ Data put 6 - B=8 Expected (background, 68% CL, 95% CL)
© 8 : | S+Bfit S - --- Expected (SMm_=125 GeV)
~ - B Bcomponent +1s.d. (2s.d.) = S
w 6 £ C
= : - n
> 4 o *F
L - -
o : X C
e 2= ’ torea S 3p
= v
2 '. ] ] ] 1 ] L1 1.
g 0 2
o 200 ]
+
»w 0
a_200 ** *ﬁ 0 IllllllllllllllllIIIlIIIIIIIlIlIllIIIllIlIllIIlll
110 445 120 125 130 135 140 145 150 120 121 122 123 124 125 126 127 128 129 130
m,, [GeV] my, [GeV]

2016 + 7 and 8 TeV data: observed (exp.) upper limits at 95% is 2.9 (2.2)
for u = 0. Observed (exp.) significance 0.9 (1.0) for u = 1.

G. Tonelli, CERN/INFN/UNIPI
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Ratio to SM

CMS Preliminary 359 b (13 TeV)
_"I L L | HLR L t'
1E Wz
10 E
102 F 3
-=====« SM Higgs boson
103 — [M, €] fit
ERS :
+ 20
Og [ R | Lol |
10" 1 10 102

Particle mass [GeV]

% Excellent job on the couplings'!!

[l

CMS Preliminary ® Observed
35.9fb" (13 TeV) — 15 interval
| . —2c interval
——— —*i—
—;*—
s
—
— —E——
*E—
IIII|lIIIIIIIIIIIII|llII|IIlIilIIIIIlIIIIIlIIIIIl
2 -15-1-05 0 05 1 15 2 25 3

Parameter value
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Tashkent

September 12, 2018
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"~ What precision is necessary on the_ﬁlﬂ_

SM couplings can be modified by new physics entering the loops.

Typical effect on the couplings from a heavy particle M or new
physics at scale M with v=246 GeV.

For new physics at the ~1-10TeV mass scale
2> A~5%-0.05%. Higher scales imply smaller effects.

Model Ky Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—B83=-9)% ~ —9%
Top Partner ~ —2% ~ —2% ~ +1%

arXiv:1310.8361

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018
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= HL-LHC is a Higgs factoryiiii

Higgs bosons at v/s=14 TeV 3000 fb-"! e a “?/%ZZ_EH
HL-LHC total 170 M T wz
VBF (main decays) I3M
" q top

ttH (main decays) |.8M Wz f Wiz - )
H—Zy 230k . PR o
H—pp 37k aoar R
HH (all) 121k .

e Higgs physics goals
e Rare decays and couplings
e Spin/parity
e Higgs pair productions

LHC will produce 150-200 million Higgs.

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018
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> Higgs mass and width at HC-EHEGJ

The large statistics in H>vyy and H>ZZ*->4l will allow a measurement of m,
challenging the systematics errors. We could also make the best use of VBF and
possibly other exclusive channels. Large effort needed on the theory side:
50MeV on Am corresponds to 0.5% uncertainty on the BR measurement.

Expectations for Am, ,@3000fb-1: 15MeV(stat)+25MeV(syst).

It could be challenged only by a dedicated lepton 1,0 Prominary FramiLs 7w
Collider. =

10_— . ,

H—> 27— 41+212y

8__ — Observed i
For the measurement of the width we’ Il continue o - e
using the powerful constraints from the ;

. iE— e ——————

off-shell Higgs. Ay

P/
The high statistics will bring sensitivity on the AT

width down to the SM-level: I';=4.2*15, , MeV. . M
An independent handle to check for significant anomalous BR.

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018 25



* Observe rare/difficult decays with 3000f6il

- ttH
Signal observation 7-8c in single decay modes (i.e. ttH(yy));
projected sensitivity on k,,,~10%.

« H>Zy

« Signal observation ~4o; 20-25% precision on the signal
strength

* Houp
Signal observation >7c; 10-15% precision on the signal
strength. Measure the coupling the second lepton generation.

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018 26



* Perspectives on the couplifigsi

CMS Projection CMS Projection
L 1 I T T L] | l | I ] L] I T | ] L I Ll ) 1 T I L L T 1 I L L] L T I T T L] L] ] T T
Expected uncertainties on 1 300" at s = 14 TeV Scenario 1 Expected uncertainties on F— 3000f"at 1s=14 TeV Scenario 1
Higgs boson couplings — 300" at {s =14 TeV Scenario 2 Higgs boson couplings — 3000f"at Vs =14 TeV Scenario 2
K, — (300 fb-") (3000 fb™)
Ky — Ky : .
Scenario 1
K K , Scenario 2
g g
Ky Ky |
Ky K } ]
K, Ky
1 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 I 1 ] 1 1
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

expected uncertainty

expected uncertainty

Allowing new physics entering the loops: ultimate

precision will be 2-10%.

G. Tonelli, CERN/INFN/UNIPI Tashkent
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~Perspectives on the couplingsii

197167 (B8 TeV) + 511" (7TeV) e 000 PO (14 TeV)
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- _ T o
102 3 10%¢ e E
:l“' - : : . /’ :
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Allowing no new physics: percent level precision for most of the couplings
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% H self-coupling: HH productionil

e Probe Higgs self-interaction

e crucial to testthe Higgs sector to its full extent

primary channel to extract information on the Higgs
potential = structure of the EWK Phase Transition

Two interfering diagrams (destructive)

2r
g . —Lo
1.5 ~NLO

NNLO

. o~ N
S
S s+
o o~
] -~ \
/ - \
/ o \ s
/ \
/ I \
S+
o o
=~ o~
o S
|
= |
1
A
I~
o(pp—HH) [pb]
—h

SM
H/ l‘HHH

M
e SMcrosssection @ 14 TeV: 40.8 fb (NNLO)

~10° HH events produced with 3000fb-' at HL-LHC
...... but very large background (or tiny BR).

G. Tonelli, CERN/INFN/UNIPI

Tashkent September 12, 2018
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% Higgs self coupling "

Lz .
V(H) — 51\[]%][‘[2 — )\pH3 + 1/\/[_I—l

A=\ = Mz/(20v*) =0.13

In the SM the Higgs mass is directly related to Higgs dynamics

HH in the final states  HHH in the final states

Deviations at the level of 20%-2%—-> BSM

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018 30




Higgs-pair production at HL=EHCIN

— bbyy established channel

— bbWW looks very difficult (~10* events but very large
background)

— bbtt seems more promising

— bb2I2v could be interesting (~700 events)
— bbbb?!?! others?!?!

« With simple extrapolations one would expect to reach 3o per
experiment. We could even think of improving things by deploying
new ideas to observe the Higgs pair production at HL-LHC.

It will be however extremely difficult to extract A with accuracy
better than 40%. At the end of LHC a fundamental parameter of
nature will be still not measured with acceptable accuracy.

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018 31



A look into the future™ i

* New machines will be necessary.

* Very close to define the strategy.

G. Tonelli, CERN/INFN/UNIPI Tashkent September 12, 2018 32



The dream machine "l
FCCee (240GeV, 2x10¢ ZH)+FCChh 100TeV, 10'°H)

Alignment Location Geology Intersected by Shaft Depths

Shaft Depth (m) Geology (m)
Point Actual Min Mean Max Quatemary Molasse Urgonian Calcaire

Alignment aft Tools

Choose alignment option

93km quaskcircular ¥

>

Tunnel depth at centre: 343mASL

Gradient Parameters
Azimuth (%) -15
Slope Angle x-x(%): 3

Slope Angle y-y(%): 15
CALCULATE
Alignment centre

X 2499688 Y. 1106998
LHC Intersection CP1 CP2
Angle ;
Depth 490m 491m ¥ h o Total 2176 2110 2182 2279 594 1583 0 0

Alignment Profile

—"Quaternary

—Lake

~—Molasse

— Calcaire
Urgonian

= *Alignment

—Shaft

X&e=TITO0OTmMmMmOoOOO®

-

1000m
900m
800m
700m
’gﬂDJm
5533\'"
£ 400m
300m
200m
100m

Okm 10km 20km 30km . 40km 50km 80km
Distance along ring clockwise from CERN (km)

TOkm 80km 90km

Geology Intersected by Tunnel
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" Higgs Physics with a 100km machineii

There is a “natural” complementarity between FCC-ee and FCC-hh for what concerns
the Higgs couplings.

Coupling like HWW and HZZ are already strongly constrained by EWPT and
deviations from the SM values (if any) are supposed to be small.
FCC-ee could do here a great job:

 Faility LHC  HL-LHC  ILC500  ILCS500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
V3 (GeV) 14,000 14,000  250/500  250/500  250/500/1000  250/500/1000  350/1400/3000 240/350
[ Cdt (fb') 300/expt 3000/expt 2504500 115041600 250450041000 11504+160042500 500+ 150042000  10,00042600
%, 5-T%  2-5% 8.3% 4.4% 3.8% 2.3% ~/5.5/<5.5% 1.45%
6-8%  3-5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
4-6%  2-5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%
4-6%  2-4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%
Ke 6-8%  2-5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%
Kq = Kp 10-13% 4 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%
Ky = Ky 14-15% 7-10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

Coupling involved in rare decays H->uu H->Zy and HHH will be much less
constrained even by FCC-ee.

FCC-hh is the big player for A, A, k, k,
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> ldeal interplay FCCee-FCChh'W il

o N/ I0ab”!
gg—~H | 740pb 74G
VBF 82 pb 08G
EHXY FCC-ee FCC-hh WH l6pb | 160M
[ o ZH Il pb 1O M
ZZ 0.16% ttH 38 pb 380 M
WWwW 0.85% gg—HH | 1.4pb 14M
YY 1.7%
Zy 1% ? — extrapolation from HL-LHC estimates
tt | % — from ttH/ttZ arXiv:1507.08169
bb 0.88%
TT | 094% FCC-hh ambitious but
cc 1.0% possible targets.
ss |H—Vy,in progr. For most of the empty cells
m 6.4% <2% work is in progress
uu,dd | H—Vy,in progr.
ee e*e™H,in progr.
HH 5% ? — from HH — bb yy
BRexo 0.48% < |06? — for specific channels, like H—=ep, ... |4
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w==Muon Collider (in LHC tunnel)

% Since we are dreaming: HE muon'collidénl

The discovery potential of a muon
collider running at an energy >10TeV
and L=10%*cm2s' is amazing.

14TeVutu~ 100TeV pp.
30TeVutu. beyond
imagination.

But we don’t know yet
how to build it.

shkent
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Conclusion N

The discovery of the Higgs boson has opened a new era in physics.

From now on the hunt for physics beyond the standard model will proceed
along two deeply connected lines of research:

— a) direct searches based on the study of collisions at the largest possible energy
— b) indirect searches based on precision measurement of the Higgs properties and couplings

While we’ll continue looking for new particles and new interactions at LHC, we
have already entered the era of Higgs precision measurements.

Ultimate precision on key parameters for Higgs physics will be achievable only
with new powerful accelerators.

Time to take strategic decisions.
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