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HL-LHC will work until 2037.What after?
Main goals: Extend HL-LHC reach in pp and PbPb, probe new physics at high mass, diHiggs
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What’s expecting us <i
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HL-LHC will work until 2037.What after?

Main goals: Extend HL-LHC reach in pp and PbPb, probe new physics at high mass, diHiggs
HE-LHC: intermediate infrastructure between HL-LHC and FCC with a center of mass energy of 27TeV
* Using the same tunnel of HL-LHC, but FCC class magnets of 16T

* 8 years construction (post HL), ~20 years of operation
*5 times more integrated luminosity wrt HL-LHC (15ab-!), 2 IPs (CMS+ATLAS)
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The FCC (INFR
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Physics program <R
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Report on the Physics at the HL-LHC
and Perspectives for the HE-LHC

Collection of notes from ATLAS and CMS
CERN-LPCC-2019-01

The ATLAS and CMS Collaborations

February 26, 2019

Giacomo Ortona

The CMS, ATLAS, and FCC collaborations — "ST

Particles and Fields

SP»."'-.” ial Topics

performed a thorough investigation of the
future colliders physics potential

FCC-ee:The Lepton Collider

The final HL/HE-LHC report consists of
1377 pages,and FCC CDR of 4 volumes

Special Topics

Covering:

* Standard Model physics (top, W/Z,
FCNC, EWK fit,VBS)

* Higgs (couplings, width, x-sections,
H—light, self coupling, exotic Higgs
decays, top-Yukawa)

* BSM exploration (New resonances, dark matter, MET, Majorana v,...)
* Flavour physics (B decays, LFV, CP violation)

* Heavy ions (flow, Raa, jet quenching, quarkonia and HE...)

* Accelerator and detector performances
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EWK physics: EFT <R
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EWK and Higgs measurement can be used to set indirect constraints on BSM, using the formalism of
Effective Field Theories

'|
* SM Lagrangian is supplemented with dimension=6 operators Oi Lecx = Lsy 2 Y ciOp+ -

* Exploiting the fact that heavy BSM dynamics can still have an impact on processes at smaller energy, via
virtual effects.

50: HEP[T, ' LHC+LEP/SLD ® HL-LHC (S$1/S2) === Exclusive bound 14,1074
* Allows to systematically parametrize BSM | - 95% prob. bounds
effects and how they modify SM processes.
Global fit to observables in Higgs physics,as | A N
well as diboson and Drell- Yan processes. 3 5 Eiwtil Ul | 004 L
= | SRR K
: S | &
* The fit includes all operators generated by Lzr H B 3
new physics that only couples to SM bosons. 4| e I
» On:Anomalous H coupling via modified 0.5F - la
Higgs propagator. Sensitive to NP up to W
25TeV, compositeness up to 2TeV 01 I
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EWK physics: EFT <R
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EWK and Higgs measurement can be used to set indirect constraints on BSM, using the formalism of

Effective Field Theories

‘|
* SM Lagrangian is supplemented with dimension=6 operators Oi Lecx = Lsy 2 Y ciOp+ -

* Exploiting the fact that heavy BSM dynamics can still have an impact on processes at smaller energy, via

virtual effects.

* Allows to systematically parametrize BSM
effects and how they modify SM processes.

Global fit to observables in Higgs physics, as
well as diboson and Drell- Yan processes. C

-

C

* The fit includes all operators generated by %
new physics that only couples to SM bosons.

* On: Anomalous H coupling via modified
Higgs propagator. Sensitive to NP up to
25TeV, compositeness up to 2TeV
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SM physics: <R

Great importance to test the mechanism of

EW symmetry breaking:

* If the discovered Higgs boson contributes
fully to EWSB— the scattering of

longitudinal weak gauge bosons would not
grow strong at high energies

q

¢ If the |255 Gev nggs boson iS Onl)l VBS W, W, Same Sign Cross Uncertainty HL-LHC: 47% precision
. . ,- - | IF | Cl-hh ISiltmlllalrtionI (I.:)e{plzes)
partially responsible for EWSB, and the 16 — ni<25 Inl<45 Pi=30Gev | F F1 T S 000 Gev
) . m— || <4.0 |n|<6.0 P:>30GeV — i —— my > 500 GeV
rest is very heavy, then the VV scattering _ ., ni<40 |nl<60 Pi>socey | © 5[ m;>200GeV ] -
. X i — my+ > 50 GeV
could get strong for a range of energies 5 :
 Can signal the presence of anomalous g ‘i VBS - Wi W} E
couplings and NP at energy scales beyond £ ** :
. . P i .
the reach of direct resonance production. : °
2 61 —_— 2 —
FCC-hh will provide the chance to measure 4- :
. . . ‘  1= 1 ]
the VBS longitudinal component with a few . . . . . . S
. > 10 15 20 25 30 0.9 0.95 1 1.05 1.1
Percent precision. Integrated Luminosity ab~! Kw
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Search for new massive particles

<
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50 reach (TeV)
15 (30) ab™*

HE-LHC (FCC-hh)
Process 95%CL limit (TeV) | 50 reach (Tev)
15 (30) ab™" 1 (2.5)ab™"

samq— e e /ut T 13 (40) 10 (33)
ZosmM— T T 6 (14) 3 (12)
Zooa— - 4 (25) — (10)
7l t1 10 (28) 6 (16)
Grs = WW 8 (28) 5 (15)
Q" —ij 14 (43) 10 (36)

13 (43)

The cross-section for massive particles
production is strongly dependent on the
available center-of-mass energy

* At high mass, x-sections grow by several
orders of magnitude

* Expect to be able to exclude (or discover!)
particles up to O(10TeV) in the s-channel
at HE, and 3 times more at FCC

* SSM=Sequential Standard Model. Used as
benchmark to assess discovery potential
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WIMPs and DM <R
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HE-LHC roughly doubles the expected range of HL-LHC in the DM and new particles searches, like
WIMPs

*Search for missing tracks compatible with W-ino and Higgs-Iso

*Can be complementary to indirect probes (astronomical, cosmic rays). The combination of HE-LHC
and indirect measurement should probe a large part of the WIMP phase space

* FCC-hh should put the final word, probing O(TeV) masses for the WIMP (although is a moving target)
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Higgs physics: signature channels

<
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gg — H VBF WH ZH ttH HH
N1o0 24 x 10°] 2.1 x10°|  4.6x10% 33 x10°% 9.6 x10°% 3.6 x 10"
N1oo/N14 130 170 100 110 530 390
10° FCC-hh Simulation (Delphes) . HE-LHC Simulation (Delphes)
=l I I 1 1 1 1 1 1 L L 1 11 T T 1 o\o _""|""|""|""|'"'|""|""|""|""|_ °
§ I o orey | —H1Z O S —sarseom | Large H production (180xHL-LHC, |4xHE-
g 5000__ - -1 o -1 3 - — stat. + syst. - .
s L=30ab o L=15 ab” o LHC) cross-section at FCC-hh allows for a
S i 10% | ' — . ) )
§ 4000 = | significant production of rare events such as
H — I H
uu 1 f | Hpp
10 4 Excellent precision in the rare channels
2090 E _ _ FCC-hh Simulation (Delphes)
Houp ] HO e omlaton Qelpfes) @ T
1000 i | i | | | —lH(125) | 2 \s =100 TeV T e -
- s =100TeV o zz = stat. + syst
1= _| 9001~ L =30ab" - = N — stat. only
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300/~
Profiting of the boosted system, HZZ is almost |
- 1F
background free ** :
100f
Large systematics effects at low pt . -
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Higgs physics: Couplings at FCC <R

' m HLLHC+LEP2 = +FCCee ® +FCCeh = +FCChh '
100 [HEPITIREE

Better than 1% precision can be
reached for almost all couplings 01

i | s
ey i I 1 O
at | i 1 X
Large improvements at FCC-hh 3 1F ! |8
on Hupy, HZy, HHH i ; | ®
0.10 | .
R FCC-hh Simulation (Delphes) _ i
X T T T T T :
; (s = 100 TeV — stat. + syst. + lumi !
;_ 10 — stat. + syst. = 0.01 e e e e
w [ L=30ab’ _S:a: onlzt - OHuyy  9Hrr YHee  GHtt  GHbb ng\';v ng}:y ngéy gHZg gHHH Og1z Ok Az
1 Observable Parameter Precision (stat) Precision
n=oc(H) x BH— yy) SiL/ 0.1% 1.5%
u=ocH) x BH— puw) o/ 0.28% 1.2%
uw=ocH) x BH — 4n) S/ i 0.18% 1.9%
: | wn=o0H) xBH— yup) S/ 0.55% 1.6%
b 5b5™4b5 a0 a7 s sw o 4 = o (HH) x B(H — yy)B(H — bb) O /A % 7.0%

pH  [GeV]

Giacomo Ortona 10 journées de prospectives du LLR - Toulouse - 17-19/09/2019



Higgs physics: Ratios of BRs at HE-LHC
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gg— H

WH

/ZH

ttH

HH

Nar
Na7 /Nia4

2.2 x 10°
13

5.4 % 107
12

3.7 x 107
13

4 % 107
23

2.1 x 10°
19

* Target of few % uncertainty is feasible.

* | 5ab-! expected @ x10-x25 increase in Higgs
production modes (ttH, HH)

* |-5% precision on BR ratio for different processes

o Still statistically limited

HE-LHC Simulation (Delphes)
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Higgs physics: Ratios of BRs at FCC-hh
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Observable Parameter Precision (stat) Precision (stat+syst+lumi) o I %
R=BH — ppn)/BH — 4pn) SR/R 0.33% 1.3%

R =BH — yy)/B(H — 2e2p) SR/R 0.17% 0.8%

R=BH — yy)/B(H— 2n) SR/R 0.29% 1.4%

R=BH — ppny)/BH — pp) OR/R 0.58% 1.8%

R = o (ttH) x B(H — bb)/o (ttZ) x B(Z — bb) SR/R 1.05% 1.9%

B(H — invisible) B@95%CL 1 x 1074 2.5 % 1074

FCC-hh Simulation (Delphes)
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m n i
= [T~ ]
[ = E
L u -
C ~ _
s b i
ol BR(H = yy)
: BR(H — eeuu) :
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p' [GeV]

T.min
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12

precision on almost all H
parameters

* Systematics important at low
pT, still statistically limited at

high pT
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Higgs and Top at FCC <R
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.
A
L
+ " H VS

x10’
! d;inN ‘ [Gé\/} optimalR + 1,/7,<0.4
8- 7 top-Yukawa can be measured at FCC-hh from the ratio O(ttH)/0(tt£)
: *In H/Z—bb decay in the boosted regime, semi-leptonic channel
- ttH ,
. * Simultaneous fit of double Z and H peaks
: * Most uncertainties cancel out in ratio
41 - : . .
: —_— \ * Assumes precision measurement of Higgs width and top-Z coupling
i from FCC-ee
T vas \ FCC-hh can probe the Higgs couplings and the top-Yukawa at 1% level
;:fﬁgéz"’z E of precision.
Ol.llll,Lli\i‘?hﬁxlz .
60 80 100 120 140
M, [GeV]
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Prospects for HH measurements

<
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. O(10)-0(2)

* Could detect large anomalous

coupling

2. HL-LHC
* O(l)

* Potential for evidence (30 precision)

3. HE-LHC

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined
Observed 22.2xSM

Expected 12.8x SM

CMS 359 (13 TeV)

gg—HH

—e— QObserved
- - Median expected

I 68% expected
95% expected

95% CL on o, /oM

* Potential for first observation (50 precision)

4. FCC-ee :single H couplings + indirect

measurement

* Potential for observation (50 precision)

5. FCC-hh : precision measurement

Giacomo Ortona
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Phys. Rev. Lett. 122 (2019) 121803

HH— bbbb

HH— bbt*t
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1.00+
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— 020}
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001
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https://arxiv.org/abs/1906. 02025

ATLAS Preliminary =~ —¢— Observed
\F TeV, 275-36.1f0" Expected
u 13Te B Expected = 1o
ggF M (pp — HH) = 33.4 fb Expected = 20
B Obs. Exp. Exp. stat. |
\ i 129 207 185
\ i 126 146 119
\ i 20.4 263 25.1
{ 6.7 104 9.2
..................................

0 10 20 30 40 50 60 70 80

95% CL upper limit on OgqF (pp — HH) normalized to o

1 14TeV—27TeV: x49x5% = x20
127TeV— 100TeV: x109x2% = x20



Higgs physics: HH production (INFX
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g - h 9 TOO0) ---h
; e’ . | ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV)
Y. b T~ L ~le— C |
’ Ay J 70000 h % I SM HH significance: 4o — Combination
ﬁ,w- 0.1 < k1 <2.3[95% CL] |
: o : T 0.5 < k1< 1.5[68% CL “=*~ bbyy
The measurement of the Higgs self coupling is one of the main : Mg L i
physics motivation for future colliders. 99.4%CL Pt} oL _ P
* The most straightforward way of measuring it is to measure the o bbbb
HH production cross section (warning: interference with F | [ Poes@
diagrams without self-coupling!) e e e A & M 410
* Very rare process, multi-channel approach o |
16 Py T L T o 68% CL E - f—\—~ - -- ~— -- - oo R
b HL-LHC/HE-LHC E - S
- HL-LHC combined 7]
1oF ~ {s=14TeV,3ab’ - K2
- __ HE-LHC combined - . .
_oF (s = 27 TeV, 15 ab” 1 *bbyy, bbTT are the most important channels for both experiments
—J - » . . . . .
2 VNN S 1% e Peculiar likelihood structure. k; affects the kinematic and cross-
LN E section of the HH production. Using several channels removes the
o NN E 1. degeneracy.
N3 10-20% precision 1 ° Potential for 30 evidence from both experiment at 3ab-!
ST | A S T N D B ° =40 combining

etz s 4 s 67 8 eDiscovery at HE with |5ab-!

Ky
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Higgs physics: Indirect self-coupling (INFN

Istituto Nazionale di Fisica Nucleare

t b > t

The Higgs self-coupling can be measured from higher-order 1 N |
corrections to the single Higgs production | o i e -—-_H

* K -dependent radiative corrections modify external Higgs boson

B f q B q

kinematics and single-Higgs production rates
*ttH is the most sensitive production mode CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)

» Caveat: degeneracies needs to be broken either assuming Bgsm=0 0 4 Stat+ exp. syst. + ggH+VH theo. uncert.
2 | Hadronic categories onl
o« o . . o) 21— 1 adronic categories only
or combining with double Higgs measurements S ,_H m | Loptonic categortes only
L. - | L | Expectation x, = 10
1% B T : IF P mmmmmmes ExZectation K, =-5
6CMS Phase-2 Simulation Preliminary 3ab' (14 TeV) = =2 | | EE M. ttH+tH theo. uncert.
— SN | L LA I L AL IR AL B AR T L
= - : w/ YR18 syst. uncert. ' . % 5
<] = i
o\ o | |V eeee-e Stat. uncert. only . . . cg Ll e S
TF 1 e*Projectionsto HL- = ¢ (9! > 350 GoV)150 GeV
_ - Hadronic categories only N . . 22 _ .
4= = LHC sensitive to 3 L
| 95% CL | Leptonic categories only / . . - YH <25 freeemeeees H -----------
- 1 differential cross- | Hory:ol > 20 GaV, Il < 25 ;
3 K, =1 . . o o >=2 jets: p_ > eV, | < 4, at least one b je : '
: | ] section precision and | rer e st asoen 1
_ N b . 197 45 80 120 200 350
21— - INNiNg Pt (GeV)
- 1 *Assuming 20-40% uncertainty on differential cross-section and all
1 o i ° °
- | 1 other couplings fixed to their SM value
ol Lo S e ] e Not really competitive with HH, but room for improvement
K
A
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Higgs trilinear coupling at FCC-ee (AR

Istituto Nazionale di Fisica Nucleare

0.025 The same indirect approach can be exploited at FCC-ee,

If all other SM coupling fixed (in particular HHVYV, HVV coupling):
* OKA = 12 % (2 IPs - baseline FCC-ee)
* OKA = 9 % (4 IPs)
Single Higgs cross section at loop level depends on HVV and HHVV:

250 300 350 400 450 500

JaiCeV At least two energy points needed to lift the degeneracy
S|[Le

FCC-ee, from EFT global fit

—  5/ab at 240 GeV -
— +0.2/ab at 350 GeV |

With baseline design, 2 IPs, 15 years at v/s=90+160+240+350+365 GeV 0.2

+ OKA =~ 42 % ( 34% combined with HL-LHC ) 0.01"
 To be compared with 30 years of ILC250+500

..... 350 GeV alone

)
With 4IPs and |5 years of running: © |
-0.01}
* OKA = 25 % ( 21% combined with HL-LHC) |
+ To be compared with |5 years of CLIC3g0+1500 -0.02;
-4 -2 0 2 4

50 sensitivity by 2050
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Higgs self coupling at the FCC-hh i
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Same approach used as for LHC analyses/HL-

LHC/HE-LHC studies
e Combination of several channels:

bbyy, bbrt, bb4l, bbbb, bBWW

|00 TeV: we can profit of boosted system to
reject background (for example 4b+|jet)

-2A In L

Projection based on Delphes simulations

*Several scenario on background rates,
background estimates, and systematics
uncertainties to account for large unknown
factors in the detectors

We are probing the region k;~|. Little
contribution from shape information

Giacomo Ortona

16

14

12

10

FCC-hh Simulation (Delphes)

AR = 2muy/ pt

FCC-hh Simulation (Delphes)

L | | | 1> N L B O I N B I B B D N B B B
8 - — HH(x=1.00)
Vs = 100 TeV — stat. only 10 35001 VS =100 TeV W iy + Jets =
stat + syst (sc. 1) 12 L =30ab’ vy + Jets -
L =30ab’ 1L VH
stat + syst (sc. Il) 1 S 3000 tH —
stat + syst (sc. Ill) 13 B goH
HH— bbtt (comb.) 7 2500 .
4 2000F -
_ —
d 1500 — _
o1 100k . o e
10 -
I = c== I ‘P18 120 122 124 126 128 130 132
0.9 0.95 1 1.05 1.1
m . [GeV]
kk = )\’obs/)\'SM
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Higgs self coupling at the FCC-hh <R

Istituto Nazionale di Fisica Nucleare

FCC-hh can reach dKa(stat) = 5% using double

Higgs production, via:
bbyy: 0K\ = 5-7%

bbtt: OKA = 5=-10% (using TiepThad and ThadThad)

‘bb4l: 0kx = 10-20%
bbbb: OkA = 20-30%
‘bbWW: 0k = 40%

Giacomo Ortona

19

-2A In L

16

14

12

10

Most aggressive systematic

scenario for bbTT
FCC-hh Simulation (Delphes)

| | | | | | |
B — bbbb i
| \lg =100 TeV — bbZzZ(4) |
i by ]
- L=30ab’ bbbt 3
— — combination ]
i ‘ \ II y -
— HH combination ]
B | i
- 20 "
‘ —]
— o

1 1.2 1.4
kk = 7\'obs/kSM
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Heavy ion and Higgs <R

7 [fm/c] Hydrodynamic freeze-out curves
(S. Florchinger)

FCC-AA: PbPb collisions at v/snn=39TeV (v/spn=63TeV)

* Larger and longer-lasting fireball (x2)

IS

time

10 { Pb-Pb 5.5 TeV

'Pb-Pb 39 TeV * Higher initial energy

* Shorter equilibration time

O ............................ r [fm]

Bringing LLRCMS together: Higgs suppression in QGP

» Higgs lifetime Tn ~50 fm/c > QGP lifetime T~15 fml/c © "
* Strong interaction with QGP gluons induces decay to gg (g+H S -

gg) depleting its decay channels to Yy and ZZ* «... R
* First estimate of absorption cross section: ~10 pb P .
* Would mean suppression by x2 in central Pb-Pb collisions et N >

First estimate of significance with FCC reference detector:
~5 (10) 0 in one Pb-Pb month with baseline (ultimate) Lin
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Conclusions (INFR

Istituto Nazionale di Fisica Nucleare

We are already looking at the post-HL-LHC era: HE-LHC, FCC-ee, FCC-hh

*Busy schedule for the construction of the different machines

*Challenging environments, lots of detector/magnet/accelerator research to start right after
HGCal

Physics goal for the moment lies on 3 main direction:

*Precision EWK sector measurements (Higgs, EFT, Z and top).
* Most important measurement for FCC-ee

*Extending the search for new massive particles.

*Double Higgs measurements and determination of the Higgs trilinear coupling
*Plus whatever we might find at LHC and HL-LHC

Both HE and FCC have compelling heavy ions programs
Lots of potential and complementarity in the physics programs of the 3 detectors.

LLR is already at the forefront of these programs
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INFN
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BACKUP
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What’s expecting us <i
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AP
i SR N
PO e s
P A =]
o

LHC / HL'LHC Plan ; Luminosity

y LHC

Run 1 Run 3
LS1 14 TeV
[ energy
splice consolidation injector upgrade . . 5107 X
7Tey 8TeV button collimators cryo Point 4 fn'{eﬁg’g'iton HL-LHC installation e
R R P ] RzE pl'Olect C|V" Eng. P1'P5 e ions : umir Ity

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2024 2025 2026

radiation
damage

2 x nominal luminosity F

75% experiment nominal luminosity 1 | experiment upgrade experiment upgrade

nominal beam pipes |/—— phase 1 phase 2

luminosity I
/ integrated
luminosity

2 scenarios: baseline ¥ = 5x1034cm-2s-1, ultimate ¥ = 7.5x1034cm-2s-!
At least|0 years of operations: 2026-2037

Total luminosity delivered to CMS of 3ab-! (4ab-! in the ultimate scenario)
Expect 140-200 interactions per bunch crossing
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CMS upgrade <i

Barrel calorimeters: CMS-TDR-015 CMS DETECTOR
« ECAL and HCAL new Back-End boards. , STEEL RETURN YOKE
» ECAL crystal granularity readout at 40 MHz with precise timing lc;‘;t::avl‘l’e;f:r;eter ’ ig’ggg ronnes 12,500 fonnes iILII ﬁ?oNl;l;RA(;KiR§ 66M channel
. . ixe X pum) ~16m* ~ channels
for e/y at 30 GeV. _ Overalllength  :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels
- Lower ECAL operating temperature (80 C). Magnetic field  :3.8 T

Trigger/DAQ: CMS-TDR-017, CMS-TDR-018

- Two-level L1/HLT trigger strategy

« L1: output of 750 kHz, 12.5 ps latency, include tracking and
high granularity calorimeter Pflow-like information.

« HLT output at 7.5 kHz

Endcap calorimeters: CMS-TDR-019
« 3D showers and precise timing.

* Si, Scint+SiPM in Pb/W-SS at -300 C.

- Rad tolerante — high granularity.

 Extend eta

coverage
* Improve
trigger

system

* Computing:

CPU and

storage
challenges

Giacomo Ortona

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

.. FORWARD CALORIMETER
MIP T|m|ng deteCtOI‘: CERN-LHCC-2017-027 Steel + Quartz fibres ~2,000 Channel
 Reconstruct the timing of particles (30 ps resolution).
* Sensitive to minimum ionizing particles MIP.

- Barrel layer: Crystals + SiPMs

- Endcap layer: Low Gain Avalanche Diodes

Muons: CMS-TDR-016 CRYSTAL
 Replace DT & CSC with new FE/BE readout. ELECTROMAGNETIC

« Complete with new GEM/RPC for 1.6<n<2.4. ~76,000 scintillating PbWO, crystals

- Extended coverage to n<3.

Traclker: CMS-TDR-014 HADRON CALORIMETER (HCAL)
o Sl'Strlp and Pixels hlgh granularity with less Brass + Plastic scintillator ~7,000 channels
material.

* Design for tracking in L1-Trigger.

- Extended coverage to n<4.
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Treatment of Systematic uncertainties <R

Istituto Nazionale di Fisica Nucleare

Systematics uncertainties are a crucial component of the projections shown today. 2 main scenarios:

S| “Run2 systematics”

* assumes the same uncertainties of Run2, independently of luminosity
52 “YRI8 systematics”

* Theoretical uncertainties reduced by a factor of two with respect to the current knowledge
* Thanks to both higher-order calculation as well as reduced PDF uncertainties (from projections of what LHC will be able to constrain)

e Statistical uncertainties reduced by a factor 1/sqrt(&£) with respect to the reference Run 2 analysis.

* With a cut-off to a reasonable expected limit on uncertainty considering the upgrades

Limited number of simulated events
* Neglected under the assumption that sufficiently large simulation samples will be available.

Detector limitations
* Left unchanged (or revised according to detailed simulation studies of the upgraded detector)

Uncertainties on experimental methods

* Kept at the same value as in the latest public results available = assuming that the harsher HL-LHC conditions will be
compensated by method improvements.

Uncertainty on the luminosity
* ~ |% level (understanding of the calibration methods, new capabilities of the upgraded detectors)
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Great importance to test the mechanism of
EW symmetry breaking:
eIt is still unknown whether the discovered

Higgs boson preserves unitarity of the Process WEW=  WZ WV ZZ | WWW WWZ WZZ
. . — . Fnal state (= (=] RIAN am 4073 3(3v 402v Sty
longitudinal VV (V=W,Z) scattering Drecision 6% 6% 65% 1040% | 11%  27%  36%
amp]itude at all energies or if other new Significance | >5¢ >5¢ >56¢ >50 | >50 300 3.00
PhySiCS Prccesses a‘re inVO|ved (dela‘yed - 3CMS Phase-2 Simulation Preliminary (14 TeV) R 3CMS Phase-2 Simulation Preliminary (14 TeV)
unitarization scenario) g | 2 | o whun 2eyet uncert ggzz 10%
“— | a w/YR18 syst. uncert., ggZZ 10% - AW syst. uncert., %
» Can signal the presence of anomalous N B $ wsawnany
couplings and NP at energy scales beyond ¢ 2. ® 2 =3
- . = A VBS Z Z — 4l
the reach of direct resonance production. z:sf - 15
: : s T VBS Z,Z, —> 4
HL-LHC will provide the chance to measure ¢ | N
the VBS longitudinal component | §
O“~000 7000 3000 4060 6000 6000 00602006 3000 4000 5060 6000
Luminosity [fo™ Luminosity [fb™
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EWK physics: EFT <R

Istituto Nazionale di Fisica Nucleare

EWK and Higgs measurement can be used to set indirect constraints on BSM, using the formalism of
Effective Field Theories

*SM Lagrangian is supplemented with dimension-6 operators Oi Lci = Lsn - 22 Z iO; +

* Exploiting the fact that heavy BSM dynamics can still have an impact on processes at smaller energy,
via virtual effects.

* Allows to systematically parametrize BSM ol [EEEri LHC4LEP/SLD  ® HL-LHC (S1/52) === Excusiesouns lgqos
- [ - 95% prob. bounds
effects and how they modify SM processes. | “ Anp> 0TeV
Global fit to observables in Higgs physics, as L N
. 10 i1 1o = {0.01
well as diboson and Drell- Yan processes. ] R SR = I
2 5 ISR - ¥ looa &
2 HIEIH = | >
* The fit includes all operators generated by Ii (R e
new physics that only couples to SM 3 H M i 3
bosons. 1 : o 1
, , , 0.5
* OH:Anomalous H coupling via modified [ | 1
Higgs propagator. Sensitive to NP up to I \ 1
20TeV, compositeness up to |.6TeV 0.1

Osw Occ Oww Oge Ouw Ous Owe Owp w O, Ozw O28 O
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Higgs and Top at FCC

top-Yukawa can be measured at FCC-hh from FCC-hh Simulation (Delphes)

FCC-ee +FCC-ee +HL-

: G A RAAAY RAAA] bAAL) LAAA) AR RALA) LAAL BN N %
the ratio O(ttH)/0(ttZ) O PN ° 240 GeV 365 GeV
P . stat. + syst. E
*In H/Z—bb decay in the boosted < L=30 ab’ _M‘o:,z Sgnzz  0.25 0.22 0.21

-
o
TTT

regime, semi-leptonic channel 1.3 0.47 0.44

1.4 0.68 0.58
1.8 1.23 1.20
1.7 1.03 0.83

* Simultaneous fit of double Z and H peaks

* Most uncertainties cancel out in ratio

* Reach [% sensitivity!  rcc-hh simulation (Delphes)

>70000F " T r T T =
O F Vs=100Tev . : 1.4 0.8 0.7
N - ! . ttZ ) =
~60000[~ L =30ab -
E : ’ N Y YV PYTTY PYETE PYUTY PUTTY YT ITTTE fTTeY Peem 69Huu 0.6 8.6 3.4
- - 107" 00 200 300 400 500 600 700 800 900 1000
: . : oGV | 3QHy 4.7 3.8 1.3
- 6)’1;/ Yt <| % ;
40000} - OQgHtt 3.3
30000 - OlH 2.8 1.56 1.3
20000F- FCC-ee can probe the Higgs couplings ~7% level of precision.
10000 Further contributions from FCC-hh for rare/statistically
F limited channels (MH)
0

0 90 100 150 200 250 300
m,(H) [GeV] Can also measure dependence from energy and pt
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Heavy ions physics <i

ISy = 5.02 TeV pp + PbPb
10 nb-! of PbPb collisions are expected during the HL-LHC 16 CMS S o e50.Gev) 02 b
. ab Projection (pOT>50 GeV), 10 nb™ )
operations z T
Large samples of charmonia and bottomonia o " Neprompt Jig, 1015

*x3 reduction of systematics due to larger control samples
* Potential for first observation of Y(3s)

X1 03 vSN7N = 5.02 TeV Pbe 1 O nb-1 L l L I L I I l ]Plb]PlbI |1|O| lr]lbl-11 (15|.IO|2] Tlelvl)
I | | | | I | I I I I | I | | | | I | I | | - uu 1 _
i o ] 1 21 p. <30 GeV/c CMS +— — -
050 — CMS PijeCthn ¢ Data | - |yT'u'u| <24 Projection T - 0.2 Centrality 0-100%

- 1.6<ly"1<24 — Total fit ] i ) Cont - entrality O- o
. otal fi ent. -
C\{\) i 3 < p:.“ <30 Gev/cP . Background | 1 ------ K—r—oh_p-pé’-ét—ri-c—kl-ah-d- - = ;- _Y—({é)- - T = -110:1_0_0-0/:)—_: O | 11 l| | | L1 111 ll | | 1| 1 1 11 ll ; 1 | | |
> 200 cent. 0-100% T~ ] '\ i dm n/s=1 1 ] 1 ) (GeV)
8 B * S 66000 — 4 ]]/8—2 _——_ —— pT
g 150 - (564000:- _____ ¢ H Igh StatIStICS — RAA
o i = o000l 1 ] .
S t] 5= - measurement up to high
9 100 B :>jsoooo 1 |
s :’-"”) 35 36 37 38 3.232 i — — PT
T - My, (GEVIE) | ® ] . .
e | 1 *low pT relies on trigger

; ] . improvements and large

0 e b L B 0_11111111111111[111111111]11111111i1111ﬁr—'1—_ | | o o
25 3 35 4 45 0 50 100 150 200 250 300 350 400 MinBias sample
M (GeV/&) Npart
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Higgs physics: couplings

<
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IJVY

IJWW
“ZZ
“bb
“TT

“UU

3000 fb (13 TeV

C M S w/ Run 2 syst. uncert. (S1)
PrO 'eC tiOn w/ YR18 syst. uncert. (S2)
j w/ Stat. uncert. only
———
0.01 (Stat); 0.03 (S2); 0.05 (S1)
- —
0.01 (Stat); 0.03 (S2); 0.04 (S1)
— —
0.02 (Stat); 0.03 (S2); 0.05 (S1)
— —
0.02 (Stat); 0.05 (S2); 0.07 (S1)
-
0.02 (Stat); 0.03 (S2); 0.04 (S1)
—_—
0.09 (Stat); 0.10 (S2); 0.13 (S1)
0 (.1 0.2 0.3 0.4

Expected uncertainty

ggH

VBF

WH

ZH

ttH

3000 fb (13 TeV

CMS

w/ Run 2 syst. uncert. (S1)
w/ YR18 syst. uncert. (S2)

PrOj eCthn w/ Stat. uncert. only

———

0.01 (Stat); 0.03 (S2); 0.06 (S1)
—

0.03 (Stat); 0.04 (S2); 0.05 (S1)
—t —

0.05 (Stat); 0.06 (S2); 0.08 (S1)

i

0.04 (Stat); 0.06 (S2); 0.07 (S1)
—

0.02 (Stat); 0.06 (S2); 0.10 (S1)

01 02 0

Expected uncertainty

3000 b (13 TeV)
C M S w/ Run 2 syst. uncert. (S1)
] : w/ YR18 syst. uncert. (S2)
Projection
w/ Stat. uncert. only
Bgsy =0
—t—t—
0.01 (Stat); 0.02 (S2); 0.03 (S1)
—
0.01 (Stat); 0.02 (S2); 0.03 (S1)
—t——
0.01 (Stat); 0.02 (S2); 0.02 (S1)
e——t——
0.01 (Stat); 0.02 (S2); 0.04 (S1)
-
0.01 (Stat); 0.03 (S2); 0.06 (S1)
S—
0.02 (Stat); 0.04 (S2); 0.06 (S1)
—t—t—1
0.01 (Stat); 0.02 (S2); 0.03 (S1)
0.05 (Stat); 0.05 (S2); 0.07 (S1)
0 0.05 0.1 0.15 0.2

Expected uncertainty

* Target of few % uncertainty at end of LHC seems feasible in S2, even for ky,
* Theory uncertainties become dominant at high lumi for most channels
*Beware: high correlations arise at 3 ab-!
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Higgs physics: couplings <i
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300 fb ! uncertainty [%] 3000 fb ' uncertainty [%]

dJotal - Staf. - Siolh - Bkolh: . Fxp dofal -Stat - Siglh . bkodh @ FBxp

P B R 4.8 0.3 4.8 46 13 3.5 0.3 6
}' ST R Y 03 26 31 13 21 03 17
ww Sl 71 32 4.9 1.8 3.5 ) {0 3.7 1.0 1.4
}' 59 5D 3D 9.7 1.4 2.8 2.8 1.0 D 0.9 i1
W i B 5.1 0.4 4.5 50 16 3.5 1.9 2.5
F 2 64 51 29 03 27 33 16 2.1 0.7 17
w S 122 66 4.8 7.0 5.6 79 0 5.4 3.6 2.3
; 89 102 66 2.4 5.6 4.9 47 1 2.5 2.9 1.7
. Bl B B0 5.1 0.9 5.0 90 {5 2.6 1.5 1.9
} g v e jda o g ae o W
i 8. 450 10 57 0.8 5.9 150 91 5.2 0.8 7.6
g9 59 45 gy 0.8 2.6 96 9.1 2.6 0.8 1.7

* Target of few % uncertainty at end of LHC seems feasible in S2

* Theory uncertainties become dominant at high lumi (apart from PH)
*Beware: high correlations arise at 3 ab-
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Higgs physics: width

<
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Reminder: direct width measurement is dominated by the experimental resolution

* “Impossible” to perform at an hadron collider

* LHC results have precision of O(|GeV), we don’t expect them to be different at HL-LHC

gg—-h(125 GeV)-»yy

6 | | | 1 ] || 1 1 1 Ik 1 1 1 1 ]
L A e
- - == ! L R
;) ! .
i h ro\ oo “'/\'. { |
4 |- R roy '. iy
— . , \ _g. | Interference "o i
> : — Full.Int / \ Z i
@) / \ ' i
g h / V%002 Zo01 0 ool 002
\9," 2 - 0 IIHIXIO / \ ’ ' ’ i
S0 -
g |
N l
o)
0
_2 —l 1 L 1 l 1 1 1 1 1 | l 1 1 | I—
-0.02 -0.01 0 0.01 0.02
ST —my, (GeV
Solution: indirect measurements ™ " GeV)
. causing a mass shift (ATLAS). Precision

~8-22xSM
* Indirect measurement from k-framework, assuming kV <1,

BBSM=0. 5% precision
* Off-shell / on-shell ratio. Assuming no new particles in the HZZ

loop. ~25% precision.
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15

10

3000 fb™' (13 TeV)

—

LIII]lIIII'IIIIIIIII|IIII|IIIIL
- CMS Projection _

w/ YR18 syst. uncert. (fai=0) '
w/ Run 2 syst. uncert. (fai=0) '

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

95% CL

L1 1 |

4
I, (MeV)
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Prospects for HH measurements

<
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.

* O(10)-O(2)

* Could detect large anomalous
coupling

2. HL-LHC
* O(l)
* Potential for evidence (30 precision)

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined
Observed 22.2xSM
Expected 12.8x SM

CMS

6 78910

Phys. Rev. Lett. 122 (2019) 121803

35.9 fb™ (13 TeV)

HH— bbbb
gg—-HH
—e— Observed HH— bbt*t
- —-- Median expected
68% expected =
- P HH— bbyy
BN _____EEm 95% expected _ |
Combined
| | | | | | | | | |
30 40 506070 100 200 300 400

3. FCC-ee :single H couplings + indirect

measurement

* Potential for observation (50 precision)

4. FCC-hh : precision measurement

Giacomo Ortona
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95% CL on o, /oM

https://arxiv.orq/abs/1906.02025

ATLAS Preliminary
Vs=13 TeV, 27.5-36.1 fb™
ogg'}"F (pp — HH) =33.4 fb

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T
—e— Observed
------ Expected
Expected =+ 10
Expected + 20

i _ Obs. Exp. Exp. stat.
\ i 129 207 185
\i 126 146 119
\ i 20.4 263 25.1
{ i 6.7 104 9.2
L1 |F|| PR N N T T T TN AN U N S N N TN T T AN S T SN T AN S ST S N N N N
0 10 20 30 40 50 60 70 S'\E/|3O

95% CL upper limit on OgqF (pp — HH) normalized to S o

3ab' (14 TeV)

)
I I‘L,P’r LI L ' LI I LI

——— —

95% CL g} _ _ = £
i :
2
68% CL [t s _3\__
-l 1 11 l l%l‘.l‘l:I‘ i
%3 o

ATLAS and CMS HL-LHC prospects

SM HH significance: 4o

0.1 < k2 <2.3[95% CL]
0.5 < k1< 1.5[68% CL]

- - .
-

— e e s - - ww- - w— - - - - = w— —

.
--------
o“-
-'

’

e o e — -

- Combination

bbyy
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Higgs physics: HH production

g h 9 TEOO -k o CMS Phase-2 3000 fb' (14 TeV)
! v. h *. A | = Simulation Preliminary Assumes SM HH signal
g t ~h g o000 ---h - | — — |
- 5 || o bbbb .
A - bbrr
* The measurement of the Higgs self coupling is one of the main £ E%VV('V'V) :
: N L+ «— bbyy
physics motivation for HL-LHC. S \ bbzZ*(4l) |,
* The most straightforward way of measuring it is to measure the v 4, +| —= Combination It
HH production cross section (warning: interference with o \ ‘ [
diagrams without self-coupling!) 4 -4 ' /"_ 95%
. . L .
* Very rare process, multi-channel approach 3 £ .
? 8: T T | T | . 2 » ) ..00’... a
Q _F ATLAS Preliminary E Lo\te » T
e 7t Simulation and Projections from Run 2 data . 1 -\t VST st W ; . 68%
S : (s =14 TeV, 3000 fb™ - ", " sesese. e
g 6; Systematic urffré)abint;igsincluded é 0 ) —5 AO "”‘ "'"‘““ 5 8. 0
O 5 _ - .
: —~— bbyy { *bbyy, bbTT are the most important channels for both K,
I +gb“b. t. 1 experiment
| —— Combination ] ] . ] ]
SF 4 *Peculiar likelihood structure. k; affects the kinematic and cross-
i:

the degeneracy.
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section of the HH production. Using several channels removes

* Potential for 30 evidence from both experiment at 3ab-!

X, — 40 combining, 4.60 in the 4ab-! scenario!!
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Higgs physics: Indirect self-coupling (INFN
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* The Higgs self-coupling can be measured from higher- g ‘ q
order corrections to the single Hisac nradurtian -~
SR - CMS Phase-2 Simulation Prelimi 3ab’ (14 TeV
» k) -dependent radiative correcti - aser® Siurafon reTmhayy ARl
. . . . o —&—— Stat + exp. syst. + ggH+VH theo. uncert. ’
boson kinematics and single-Hig 5 s} | | Hadronic categories oy :
. o, o = _ — I Leptonic categories only
* ttH is the most sensitive produc &= H .. |ﬂ ... . Expectaton x, = 10 f ; . f.
. g - ! ’ § "owesaa Expectation x;, = -5 _ l
» Caveat: degeneracies needsto t = | i ------ i H+1H theo. uncer " .
_ . : T [ ---H -—-®-----H
Bssm=0 or combining with doub = - ;
- : i , W : ,_ ,, .,
 Preliminary computations @QLH < T LE —
z . CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
to HH measurement. iz [ T A LA e e e e o e A4 AR i
© - = - : w/ YR18 syst. uncert. 7
— Y <25 <] - -
5 H—>*/*/:p}'>20 GeV, '] <2.5 N 5__ ------- Stat. uncert. only ]
>=2 jets: p_ > 25 GeV, || < 4, at least one b jet _ : . N
T | | - ——— Hadronic categories only —
. . . 0% z}ls 30 120 200 4"_95°W | | _ i
* Projections to HL-LHC sensitive to differential cross- - Leplonic categories only /
section precision and binning 3 =1 e
* Assuming 20-40% uncertainty on differential cross-section £
and all other couplings fixed to their SM value - :
* Not really competitive with HH, but room for e E
Improvement N N
-10 -5 0 S 10 15 20
K
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