— — R

Riggs Physics
Beyond the LHC Era

S L

Giuliano Panico

¢ Universita di Firenze and INFN Firenze @
|| |

LFC24 — Trieste — 17/9/2024




Fundamental physics at colliders

The main goal of the collider program is to deepen our knowledge
of fundamental physics

In practical terms, this means testing the SM

looking for its possible failures -4 evidence of New Physics (BSM)



Testing the SM

Complementarity

devising different strategies to test the SM predictions
and to cover different types of new physics
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Complementarity

devising different strategies to test the SM predictions
and to cover different types of new physics

The Higgs plays a major role in testing the SM

and looking for new physics




Higgs properties

Higgs “pole” measurements
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Higgs properties

Higgs “pole” measurements o
| Higgs “pole
» Mass, width
measurements
4.

» Spin / CP properties

» Yukawas, couplings to gauge bosons

High-energy Higgs dynamics

» Restoration of EW symmetry /
Goldstone equivalence theorem

» Non-linear couplings

,' "

Higgs potential

» Higgs self-couplings




Relevance of Higgs properties

The Higgs Is connected to the most fundamental aspects of the SM




Relevance of Higgs couplings
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How to describe new physics?

Various approaches can be used to describe the effect of new physics
on the Higgs dynamics

+ Deviations in single couplings =
(.e. K-framework)

+ EFT parametrization

9>uapuadapul [apow
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+ Explicit new-physics models
(eg. Higgs portal models, extended Higgs sectors ...) v




Correlations in Higgs couplings

The EFT approach (and also explicit new-physics models) predicts
correlations between different Higgs couplings

Higgs “pole”
measurements

High-energy
Higgs dynamics




Higgs “pole” measurements



Low-energy e*e~ colliders

Low-energy ete™ colliders can test several Higgs “pole” properties

[FCC report ' 8]
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Low-energy e*e~ colliders

Coupling HL-LHC FCC-ee (240-365 GeV)
2 1Ps / 4 IPs
k(%] 1.5% 0.43 / 0.33
k2 |%) 1.3* 0.17 / 0.14
kg | %] 2% 0.90 / 0.77
K~ (0] 1.6* 1.3 /1.2
Kz~ [%)] 10* 10 / 10
ke [%0] — 1.3 /1.1
ke %] 3.2* 3.1/ 3.1
Ko (%] 2.5* 0.64 / 0.56
K [%) 4.4* 3.9 /3.7
kor %) 1.6* 0.66 / 0.55
BRiny (<%, 95% CL) 1.9% 0.20 / 0.15
BRunt (<%, 95% CL) 4* 1.0 / 0.88

[ Table from mid-term report, from C. Grojean, Corfu 24]

» Model-independent measurement of linear Higgs couplings

» Significant improvement with respect to HL-LHC in
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Low-energy e*e~ colliders

Coupling HL-LHC FCC-ee (240-365 GeV)
2 1Ps / 4 IPs
k(%] 1.5% 0.43 / 0.33
k2 |%) 1.3* 0.17 / 0.14
kg | %] 2% 0.90 / 0.77
K~ (0] 1.6* 1.3 /1.2 o
Kz~ [%)] 10* 10 /10
ke [%0] — 1.3 /1.1
ke %] 3.2* 31 /31
Ko (%] 2.5* 0.64 / 0.56
K [%) 4.4* 3.9 /3.7
kor %) 1.6* 0.66 / 0.55
BRiny (<%, 95% CL) 1.9% 0.20 / 0.15
BRunt (<%, 95% CL) 4* 1.0 / 0.88

[ Table from mid-term report, from C. Grojean, Corfu 24]

» Model-independent measurement of linear Higgs couplings

» Significant improvement with respect to HL-LHC in

i i 1 1 1 1
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» Exception: decay channels with low BR
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Muon collider

A muon collider can improve the determination of some couplings

» Improvement in gHW (and gsz) with 10 TeV (and 125GeV) run

Higgs couplings

Higgs couplings
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improvement in gzﬁ;u

precision reach on effective couplings from SMEFT global fit

B HL-LHC S2 + LEP/SLD

(combined in all lepton collider scenarios)

Free H Width
no H exotic decay

Il CEPC Z100/WW6/24OGGV20
l CEPC +360GeV,

HILC +3SOGeV02+500GeV4
MILC +1TeVs N w/Giga-Z

Il CLIC 380GeV,
B CLIC +1.5TeV 5
W CLIC +3TeVs

B MuC 3TeV

Bl MuC 10TeV
. MuC 125GeV0,02+1OTeV10

Sw/FCC-ee

/ crlpts mte luminosity in ab™ ' Z & WW denote Z—- pole & WW threshold

[De Blas et al. 22]
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High-energy hadron collider

FCC-hh can test gﬁ_,ﬁfw, gHﬁM, glL_,ﬁZ7

[De Blas et al. 22]
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High-energy hadron collider

eff  eff eff
FCChhcan test 957y 91y 91z [De Blas et al. 2]
with high precision O e m e milic mineen, e
Ju‘i.g:ao,zmg SMEFTp fit Il HL+CLICs000 B HL+FCCeelenihn

gt =% 04%

69ilgil%]

FCC-hh can improve the

measurement of the top Yukawa

QHﬁZt -+ 1%

gﬁzz gﬁww gﬁyy gﬁZy gflgg gt g:lcc gflbb e gﬁlpp 5912 5Kv Az

(improvement also possible at HE-LHC and
CLIC 3TeV)
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The electron Yukawa

Low-energy ete™ colliders could also access the electron Yukawa
with a dedicated run at 125 GeV

[Jadach, Kycia "I 5]

Born

1.6
et X =W,Zb,g 14 16410
1.2
H o -
L = & 061 0.3 fb with 4.2 MeV
%0'85_ with ISR c.m.e. spread
e X =W.Zbyg 00 2
0.4;—
0.2F

e W W T N SR T TR S N S S ST S NN S S S S R R,
125.69 125.695 125.7 125.705 125.71
\'s [GeV]

» peak cross section o =~ 1.641{b

» significant reduction due to IRS and beam energy spread o ~ 0.31b



The electron Yukawa

Low-energy ete™ colliders could also access the electron Yukawa
with a dedicated run at 125 GeV

» precision ~[-20 could be
reached with ~5 years of data

20 ab/ year at \/S =125 GeV (notin baseline FCC-ee)

Monochromatization 65~ 1-2 xI'; ~ 6 to 10 MeV

107" £

Resonant ee — H production
Upper Limits / Precision on x,

Standard Model

CMS
Run1
ATLAS
Run2

HL-LHC

FCC-hh

[from C. Grojean, Corfu 24]



High-energy Higgs dynamics



High-energy Higgs probes
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Looking for the tall:  Indirect searches

even If we can not directly produce |
the new particles,

| wean test their indirect effects y ? ) CS
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High-energy Higgs probes

~

_

Looking for the tail:

Indirect searches

even If we can not directly produce
the new particles,
we can test their indirect effects

~

collider energy range

» new-physics effects tend to grow with energy

[“energy helps accuracy’, Farina et al. "1 6]




High-energy Higgs probes

s )

Looking for the tall:  Indirect searches

collider energy range

even If we can not directly produce |
the new particles, N

|
L ) o) // e phisICs
. we can test their indirect effects D ///’
SM / /

» new-physics effects tend to grow with energy __[////1,

[“energy helps accuracy’, Farina et al. "1 6]

» deviations are “universal”
* |imited number of behaviors dictated by symmetry
* can be parametrised by EFT

* can test large set of BSM scenarios



Testing the Higgs dynamics

Di-boson production Is a golden channel test
the high-energy Higgs dynamics

4+ can probe deviations in non-linear Higgs couplings

—

L= :

q L Ow = (H'o' D, H)(D"W)*
M/ Opw = (D, H)'e"(DVH)W},

7 Vi §

Challenging analysis

» energy-growing new physics effects confined to subleading helicity channels
(longitudinal) ~ ( —# interference resurrection via differential measurements)

» non-trivial complex final states

... but very interesting — can be used to test a large set of BSM theories

|7



WZ production: LHC

Estimate of the bounds on af) (3;7"1qx) (iH "D, H)
[Franceschini, GE Pomarol, Riva, Wulzer "1 /7]
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[TeV 2]

(3)
dg

0.10}
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ip\\\
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10% ¢ st. DAY

. — 14 TeV 300/fb

LHC Run 1

~
Y
\\[1‘0
~

Ly
Ry

%

1% syst.

0.2

05

M [TeV]

~ mass of new states

+ Non-trivial analysis: longitudinal channels small g exploit transverse zeroes

+ Big improvement with respect to LEP

18



WZ production: LHC

Estimate of the bounds on a(®) (7, 0%y q.)(iH oD, H)

[Franceschini, GE Pomarol, Riva, Wulzer "1 /]

new physics

“weak’ new physics
aé?)) - 92/M2

4 . P>
0% s Uy
5 7 P \\\\ . Oag
- LEP ~ S,
— '\\’ \\g\joo - -t | | d
cl; ol / \ ), LHC Run 1 \\\\ T strongly-couple
O s__ . :
~ 0.50- \\\' ) \\\ ]
d Lpe\\ ) : \<
— a& \\ T~ 1
< \&K\\
0.10 T _
005 Y i
| 14 TeV 300/fb K e
02 05 1 2 5
M [TeV]

~ mass of new states

+ Non-trivial analysis: longitudinal channels small g exploit transverse zeroes

+ Big improvement with respect to LEP

4+ Accuracy plays an important role for the BSM reach

> weakly coupled new physics only accessible with low systematics (< 100% )



W/ production: Future colliders

Estimate of the bounds on a(®) (7, 0%y q.)(iH oD, H)

0500 — I
N \{}‘o
Mo \?§}
N NS
N ip N
_0.100 5 v .
T
L0050 7
(D] L
)
2 .
0.010 | —
0.005| — 27 TeV 10/ab -

| —— 100 TeV 20/ab

5 10

05 1
M [TeV
[TeVl ™~ ~ mass of new states

+ additional improvement possible at future colliders

see [Ellis, Roloff, Sanz,You "I 7]

4+ reach at FCC-hh comparable with CLIC

19



WZ Production and Universal Theories

Test universal theories iIn WZ production channel  [Franceschini, GR Pomarol, Riva, Wulzer ' 17]

T T T T T T T T
F ]

/]
0.10 ~&——— 3/ab syst=5%

0.05 -

0.00 -

0K~

-0.05|- direction testable

— with Zh

-0.10 -

I | I I I | I I I | I I I | I I I | I
-0.04 -0.02 0.00 0.02 0.04

\ WV interaction

+ better determination on trilinear gauge couplings (g7 ) with respect to global
fit at LEP

20



WZ Production and Universal Theories

Test universal theories iIn WZ production channel  [Franceschini, GR Pomarol, Riva, Wulzer ' 17]

—————————— 0.006
0.10 - € 3/ab syst=5% | @
' | #
<
0.004 - %
L (@)]
*
0.05- " S@LEP1 marginalized
0.002F
A i _SeePp1f0 N
| o000 @ 0.000f
ug L L
G- S\ L LR N
2 . . -0.002 I Composite Higgs
-0.05 direction testable
— with Zh :
| -0.004 +
~0.10 -
I I | I I I | I I I I I I I I I I I _0006 xxxxxxxxxxxxxxxxxxxxxxxxx
~0.04 ~0.02 0.00 0.02 0.04 ~0.006 -0.004 -0.002 0.000 0.002 0.004 0.006
597 dg7

\ WV interaction

+ better determination on trilinear gauge couplings (g7 ) with respect to global
fit at LEP

+ LHC and LEP probe independent operators

. correlations can exist in specific theories (eg, composite Higgs S ~ —dg?) 20



RHigh luminosity and rare channels

High integrated luminosity —# very rare but very clean channels

21



RHigh luminosity and rare channels

High integrated luminosity —# very rare but very clean channels

Example: VH production

Different decay channels:
» H — bb —¥ large cross section, but sizeable background

» H — yy - tiny cross section (only accessible at FCC-hh), but very clean

21



VH at FCC-hh

+ VH( — bb) and VH( — yy) provide
similar sensitivity

+ Bounds competitive with WZ

(3) -2
Coq [TeV~—4]

10_1;

1073

[Bishara, Englert et al. "22]

Vh(-bb) @FCC-hh (100TeV, 30/ab)

-- 1% Syst. — WZ @HL-LHC [1712.01310]

— 5% Syst. Vh(- yy) @FCC-hh
-~ 10% Syst. WZ @FCC-hh [1712.01310] |
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[ \\QQ o |
. N 2,
~ \ %
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VH at FCC-hh

+ VH( — bb) and VH( — yy) provide
similar sensitivity

+ Bounds competitive with WZ

4+ Combination of the two channels can
significantly improve the bounds

[Bishara, Englert et al. "22]

Vh(-bb) @FCC-hh (100TeV, 30/ab)

- 1% Syst.
1071 { — 5% Syst.
.. 10% Syst.

— WZ @HL-LHC [1712.01310]
Vh(- yy) @FCC-hh :
WZ @FCC-hh [1712.01310] |

N\
\

\
\
% %, |
%

\
9
N\

1073

0.004 -

0.002 -

0.000

WO —0.002 -

—0.004 A

—0.006 A

\ -

Wz @FCC
—— V(h - yy) @FCC-hh
—— V(h - bb) @FCC-hh
— WZ+ V(h - yy) + V(h - bb) @FCC-hh

—0.008

0.0000 0.0002 0.0004

6912

—0.0004 —0.0002
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VH at FCC-hh

[Bishara, De Curtis et al. "20]

FCC-hh 100 TeV 30ab™*, A =1 TeV
e e
|: | B EFCC-hh DVS
i BCLIC WLHC Global Fit EFCC-hh, 5% Syst. ]
10 BCEPC BHL-LHC BECC-hh, 10 % Syst. =
5 BMECC-ee —v— One Operator Fit ]
5 I
o 1 E
= E
=
5]
g 1
. 0.1- E
O
50 L
= 0.()]_? 4
0.001= |

LEIPi ILHC | FEPC |FCC-hh LHCl FEPC |FCC-hh LHC| FEPC |FCC-hh LHCl FEPC |FCC-hh

(3) (1)
Ceq Coq Cou Cipd

FCC-hh can match (or surpass) sensitivity at ete™ colliders
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Higgs trilinear coupling



Theoretical Motivations

Measuring the Higgs self-couplings
s essential to understand the structure
of the Higgs potential

1 2 2

L= ——m2h? — AaDhp3 _ \, Dhpa
5" 390 1802

» Current measurements only tested locally the

4

minimum of the Higgs potential

(Higgs mass and VEV, I.e. quadratic approximation of

the potential) ' i
V(H) =X ([H]* — %) "

> Directly measuring the Higgs self-interactions gives us direct evidence of the
full structure of the Higgs potential

25



Main sensitivity from gg — HH )

combination of several
decay channels

High-luminosity LHC

™~

bbyy
bbtt

bbbb
bbVV(Iviv)
bbzZ(4l)

combined

<
L.
>

ATLAS and CM 3000 fb' (14 TeV)
T | T 1 1 | T I T | 1 1 I 1 1 1 T I T | 1 1 I I 1 1 T I T T 1

K — I' HL-LHC prospects

o —— ATLAS
| —— CMS

HI H — —— Combination

H — H — Stat. uncertainty
F 4 —

| o : 41

;-//////////J_/////////////////////////////////- -
- —
F ' e

S
[ |

1 l 1 1 1 l 1 I 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 Il l 1 1 1

—2 0 2 4 6 8 10 12

14

LY

+ HL-LHC can test the Higgs trilinear with O(50%) precision  [see Di Micco etal. '19]

—0.43 < dr) <05 at 68% C.L
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Low-energy e*e~ colliders

Higgs self-interaction can be probed ) Qz
indirectly through one-loop corrections to
single-Higgs processes o 7 L .

[McCullough "I 3]

0 0K, Oswm

. ) (D
— | sx,=0 @s a function of Vs )

0.020:*

0.015

Good sensitivity at low energy
in HZ (and vvH) channels

0.010"
0.005"

0.000-

—0.005;




Low-energy e*e~ colliders

Expected precision from |-parameter fit (16 bounds)

collider 1-parameter
CEPC 240 18%
FCC-ee 240 21%
FCC-ee 240/365 21%
FCC-ee (41P) 15%
ILC 250 36%
ILC 250/500 32%
ILC 250/500/1000 29%
CLIC 380 117%
CLIC 380/1500 72%
CLIC 380/1500/3000 49%

[Di Micco et al.’|9]

—

CECP and FCC-ee

provide fair
sensitivity

collider Full £ [ab™1]
CECP 240 5.6
FCC-ee 240 5.0
FCC-ee 365 1.5
FCC-ee (4IP)  12.0 + 5.5
ILC 250 2.0
ILC 500 4.0
ILC 1000 8.0
CLIC 380 1.0
CLIC 1500 2.5
CLIC 3000 5.0
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Low-energy e*e~ colliders

Expected precision from global fit (16 bounds)

collider l-parameter full SMEFT
CEPC 240 18% -
FCC-ee 240 21% -
FCC-ee 240/365 21% 44%
FCC-ee (41P) 15% 27%
ILC 250 36% -
ILC 250/500 32% 58%
ILC 250/500/1000 29% 52%
CLIC 380 117% -
CLIC 380/1500 72% -
CLIC 380/1500/3000 49% -

runs at single energy

do not provide
significant bounds

[Di Micco et al.’|9]

collider Full £ [ab™1]
CECP 240 5.6
FCC-ee 240 5.0
FCC-ee 365 1.5
FCC-ee (41P) 12.0 + 5.5
ILC 250 2.0
ILC 500 4.0
ILC 1000 8.0
CLIC 380 1.0
CLIC 1500 2.5
CLIC 3000 5.0

28



Low-energy e*e~ colliders

Expected precision from global fit (16 bounds)

collider l-parameter full SMEFT
CEPC 240 18% - « runs at single energy
FCC-ee 240 21% i «— donotprovide
significant bounds
FCC-ee 240/365 21% 44%
FCC-ee (41P) 15% 27%
ILC 250 36% - determination can
IL.C 250/500 32% 58% reach 2/7% at FCC-ee
with 4 interaction
IL.C 250/500/1000 29% 52% boints
CLIC 380 117% - . -
CLIC 380/1500 72% : e
FCC-ee 240 5.0
CLIC 380/1500/3000 49% - PO S U
[Di Micco et al."19] fLCCC_zzi)(ﬂP) S
1ILC 500 4.0
ILC 1000 8.0
CLIC 380 1.0
CLIC 1500 2.5
CLIC 3000 5.0




Righ-energy e*e~ colliders

Two main channels
ZHH and vvHH

1
2000 3000

29



High-energy e*e~ colliders

T

Q)
+

° |

N

=

=
L

| lllllll

Two main channels
ZHH and vvHH

| lllllll

I 1 I 1 1 1 I I
400 600 1000 2000 3000
Vs [GeV]

Double Higgs-strahlung (DHYS)
dominant below | TeV
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High-energy e*e~ colliders

- eTe” — Zhh

e
o= —_——
-

Two main channels
ZHH and vvHH -

—_—
— -,

N

beam polarization
can enhance
cross-section

<~
TS ——e
\\\
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| |
400 600

Double Higgs-strahlung (DHYS)
dominant below | TeV

\ CB

1 I
1000 00
Vs [GeV]

3000

Vector Boson Fusion (VBF)
dominant above | TeV

-
>

»
>
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Precision reach at ILC and CLIC

Expected precision from HH production channels

(1o bounds)
collider excl. from HH
HL-LOC 50%
ILC 500 27%
ILC 1000 10%
CLIC 1500 36% \ Can reach the 10%

threshold

CLIC 3000  [-7%, 11%] «—



FCC-hh

Exclusive fit on 0k,

Vs=100TeV L =30ab*

bbyy

bbrt 1~

bbZZ* (4¢)

bbWW™ (2j¢v)

bbbb +jet

61(1 6%

8%

14%

40%

30%

» precision likely to be limited by systematics
(theory systematics dominant for Ag 2 2.5%, leading to dry >~ 2A5s)

» ultimate FCC-hh reach in the 3.4 - /.8% range

» olobal fit could affect the prediction
(strong dependence on top Yukawa coupling)

[Di Micco et al."|9]

[Mangano et al. 2004.03505]
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18+
16 ¢
14+
12}
10 ¢

okl [70)

Muon collider

S N A~ O O

16%

[Snowmass reports

2203.07256,2203.07261]

CLIC

FCC-hh

3.7%

2.5%

energy  Full £ [ab™}]
3 TeV ~~2

10 TeV 10

14 TeV ~20

30 TeV 90

- 1.9%

3

1l pld 30

» High-energy muon collider can be competitive with FCC-hh
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Conclusions



Conclusions

Future colliders can provide big quantitative and qualitative improvements in
our understanding of the Higgs boson

Important to exploit complementarity of different machines

low-energy lepton colliders

» “pole” properties (mass, width, ...)
> (most) linear Higgs couplings

high-energy lepton/hadron colliders

» top Yukawa, effective coupling to photon and Z

» non-linear couplings (+ Goldstone equivalence)
» Higgs potential

34
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HL and HE LHC

HELHC Vs=27TeV L =15ab*

[See Di Micco et al. ‘19]

ATLAS and CMS 3000 fb (14 TeV) 21' 16" A
N IR N I LA I B ' = - -

— . HL LHC prospects £ - HL-LHC/HE-LHC ]

bbyy r | - — é-II\-/ILSAS < 14: HL-LHC combined ]
—_— C — -1 ]

_ — vmmm—  —— Combination 1o I‘LIEE_:LL“CTGV’ 3ab -
bbtt H —— — H »—4_' Stat. uncertainty N — s <07 T(;(i/mgzlbq ]
bbbb M : H 8i """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" N

_ ;-7////////J,////////////////////////////////f -eni - -

bbVV(lviv) il : - 60 B
_ ////////////!///////////////////////////////; - . o5

bbzz(4l)| . - A\ E

| . 21 =
combined N T N T J1o

] i

1 I | — | L I 1 | I — | | — l | I — l I — l I — I L1 | O 111 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | 111 I_

—2 0 2 4 6 8 10 12 14 1 0 1 2 3 4 5 6 7 8

K K,

+ HL-LHC can test the Higgs trilinear with O(50%) precision
—0.43 < 5/1)\ < 0.5 at 68% C.L

+ HE-LHC could test the Higgs trilinear with O(10-20%) precision

(depending on systematics)
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Sensitivity to Higgs self-coupling

The two channels provide complementary information
+ / H H gives stronger constraints on oky > 0

+ vivH H gives stronger constraints on okxy < 0
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> dependence on 0k) decreases with energy In vvH H, but compensated
by large Increase In cross section



Help from differential distributions

The Higgs trilinear coupling strongly modifies the distributions
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> differential analysis can help to exclude large deviations form the SM



