Standard Model and Beyond

ROBERTO FRANCESCHINI (ROMA 3 UNIVERSITY)

OCT. 4 2024, LNF FRASCATI

==ROMA
=ATRE (( INFN

Workshop on High Luminosity LHC and Hadron Colliders

1-4 Oct 2024
Laboratori Nazionali di Frascati (Rome), Italy



Standard Model and Beyond

FRIDAY, OCTOBER 4

LAY — 1:10 PM  Standard Model and Beyond

Conveners: Davide Pagani, Livia Soffi, Ramona Groeber, Roberto Di Nardo

COOPAYE  Introductory talk ®1h

Speaker: Roberto Franceschini ! \

10:00 AM Experimental: exotica + SMEFT(Higgs, Top, EW) ® 40m
Speaker: LIVIA SOFFI F

10:40 AM Coffee break ® 30m

Theory: SMEFT (Top and EW) ® 40m

Speaker: Victor Miralles

Theory: Higgs ®40m

Speaker: Giuseppe Degrassi nale di F I

EIEE

Theory: Exotica (ALPs, DM, Light states, ..) ® 40m

Speaker: Enrico Bertuzzo

pi<[ 1"l — 3:50 PM Machine Learning

Machine learning in high energy physics: from experiment to theory ® 40m

Speaker: Francesco Armando Di Bello

Machine learning in high energy physics: from theory to discovery ® 40m

Speaker: Marco Letizia

A

XISV — 4:10 PM

Workshop o ==

Final Discussion

| Hadron Colliders

Coffee break

1-4 Oct 2024
Laboratori Nazionali di Frascati (Rome), Italy



Short-Distance

BSM is widely associated with short-distance (high energy) because of the inherent prejudice that at the microscopic
scale we will understand the most fundamental aspects of Nature. The idea is that if you know the micro you can derive
the macro ... not trivial at all.

Explaining the macro using the micro has lead us a long way, and seemingly it does not stop to work. “To work™ means
that we understand new layers of Nature, but, even more important, the acquired knowledge raises ever deeper
questions on the next layer of understanding of Nature.

Atoms, that were the micro-physics BSM of the mid/late-19th century, opened up
guestions on the time-reversibility of the basic laws of physics. Maybe solved today,
maylbe not, | am not in position to judge.

Advocating for symmetry to explain the fundamental interactions worked out great.
We are now lead to the question “how the symmetry was broken?” .This is “the”
guestion about the next layer for our” generation, in my humble opinion, to be applied
to the electroweak gauge symmetry, flavor symmetry, accidental baryon/lepton
number, ... That is also the flip side of asking what role symmetry still has to play in
iIncreasing our understanding of the Universe, not trivial to answer.
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Given we want to explore the shortest distances, then pp machines fill many checklboxes of the ideal tools:

beams are relatively easy to handle (do not decay, do not annihilate, radiation is suppressed
, ... ) thus can reach the highest energies, which is nearly all we seem to care about.
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of course there Is an issue with luminosity it you get down to numbers
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Given we want to explore the shortest distances, then pp machines fill many checklboxes of the ideal tools:

LHC Pagel Fill: 1101
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Given we want to explore the shortest distances, then pp machines fill many checklboxes of the ideal tools:
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What kind of BSM can we look for at a pp machine?

sea-valence valence-valence colored sea weak sea

CMS-PAS-SMP-22-010

low-p LEP-style A}%, sin? Oy, ..

plus all the “precision”
that you can steal from
a typical e "e ™ machine

high-pr EFT-style
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For these kinds of searches we have a clear path ahead

FCC-hh / HE-LHC Simulation (Delphes)

T T 1 l T T 1 l L I L I T T 1 I

Q* —=jj
Vs =100 TeV
Vs =27 TeV
Lyc, —tt 5 o Discovery:
s =100 TeV 1 ab™ .
s =27 TeV 2.5ab’

' _
Z ssM > tt
Vs = 100 TeV
s =27 TeV

15 ab™
30 ab”
100 ab”

it
Gy —> W'W

(s = 100 TeV

Vs =27 TeV
Z'sgy —1I'T
Vs =100 TeV

Vs =27 TeV

' +-
L'soqy > T

Vs =100 TeV -

s =27 TeV

| B | l | I I | l | I I | | | I I | | | I I | I

0 10 20 30 40 50
Mass scale [TeV]

Roberto Franceschini - Oct. 4th 2024 - INFN Frascati LNF - https://agenda.infn.it/event/42594/

EEEEEEE

.....................................

MMMMM -0.001669
- oy

| RMSy 0.03495

- gluon jet

30 TeV RS—g

% — quark jet

-03 02 01 O 01 02 03
A

s v b a b b aan s Lo Lo aa laan
03 02 01 0 01 02 03
Ad

What kind of BSM can we look for at a pp machine?

up to non-negligible challenges in
dealing with the reconstruction
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further challenges in dealing with broad or non-resonant signals?

it IS far less studied so far.

1706.03068vI - Alioli, Farina, Pappadopulo, Ruderman - for LHC

the reach does not necessarily require using mass
reconstruction, need to keep an eye on angular resolution

as well, but seems less of an iIssue
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What kind of BSM can we look for at a pp machine?
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What kind of BSM can we look for at a pp machine?

A main driver for the physics program of (HL)-LHC and beyond

More nuanced questions, e.g. is the Goldstone-
Gauge-Higgs sector SO(4) invariant?
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Precision physics ata pp machine?

. L 4 Too small to
If the LHC has not found any evidence of new physics it is observe. due to
reasonable to assume that new physics is heavy. systematic New physics from
uncertainties. contact interactions is
Then it can be encapsulated in contact interactions. enhanced by high-energy
The effect of contact interactions, like the Fermi 4-
fermion interaction, grows with energy.
A pp machine can exploit this effect! e
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Precision physics ata pp machine?

Marginalised 95 % C.L. intervals, NLO O (A~?)
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Eflects of the size of the Higgs boson

STRONGLY INTERACTING LIGHT HIGGS
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Eflects of the size of the Higgs boson
© 1| STRONGLY INTERACTING LIGHT HIGGS
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Eflects of the size of the Higgs boson
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Higgs compositeness

Composite Higgs, 20
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Higgs mildly less composite than QCD pion
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Higgs compositeness

Composite Higgs, 20
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Precision physics ata pp machine?
SMEFT PDFs from high-mass Drell-Yan Lifting the PDF/BSM Degeneracy

& Published Run Il DY data: EFT vs PDF interplay negllglble ¢ Assume a BSM scenario with an extra W’ gauge boson with My = 13.8 TeV

¢ Generate HL-LHC pseudo-data (NC & CC Drell-Yan) for this model and include in global PDF fit
¢ HL-LHC projections: strong constraints on large-x antiquark PDFs,

may be reabsorbed into SMEFT PDFs ¢ Data-theory agreement unchanged, but the gg luminosity shifts far beyond PDF uncertainties.

¢ Why? Because anti-quark PDFs at large-x poorly constrained, “fitting away” BSM signals
¢ Bounds based on SM-PDFs overly optimistic as compared to

those obtained from SMEFT-PDFs

¢ Miss BSM signals in SMEFT analysis & spurious effects in *"SM” processes (e.g. diboson)

High-mass Drell-Yan: A. Greljo, S. Iranipour,

Z. Kassabov, M. Madigan, J. Moore, JR, M. . . . . uél + dd lumino sity SM
Ubiali, C. Voisey, JHEP 2021 ¢ Emphasises importance of SMEFT-PDF interplay at the HL-LHC VS =14 TeV 10 s
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W(xlO“) Hammou, Madigan, Mangano, Mantani, Morales, Ubiali, arXiv:2307.10370

https://indico.cern.ch/event/1253590/contributions/5814396 :
¢ Need accurate low-energy measurements constraining large-x PDFs to robustly disentangle

QCD from BSM effects and break this degeneracy

¢ Including DIS neutrino measurements from the LHC (FASER, SND@LHC, FPF) removes this
PDF/BSM degeneracy, fixing the large-x PDFs independently from high-prt data

¢ Essential input to realise the full BSM search potential of the HL-LHC
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Precision physics ata pp machine?

These wrinkles from contaminations can be ironed out with more data in PDF {its.
In general the strategy seems very robust, as it requires “‘some” control over systematics, but
completely within feasibility
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Precision obtained by leveraging high-p to see the magnified effect of small
new physics couplings can tolerate relatively large systematics
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Low-p, precision physics ata pp machine?

LHC has demonst
This hingesonas

0,b
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SLD: A,
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Such control over systematics is far from guaranteed for a future pp machine. Today is too early to say
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rated that a pp machine can reach precision
pectacular control of systematic uncertainties.
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if we can tackle BSM scenarios via low-py precision measurements. A cleaner £~ machine would

Make things easier.
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2310.13687, 2404.17574, 2301.04407, 2312.09794

Search and Measure (SM) at a pp machine?

SMEFT

circa— p.
sub — electroweak electroweak supra — electroweak
> Mgy
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2310.13687, 2404.17574, 2301.04407, 2312.09794

Search and Measure (SM) at a pp machine?

Well Calibrated Data

4—>

SMEFT

circa— p.
sub — electroweak electroweak supra — electroweak
> Mgy,
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Search and Measure (SM) at a pp machine?

Well Calibrated Data

' SM Measurements '

~ log N

SMEFT

circa— p.
sub — electroweak electroweak supra — electroweak
> Mgy,

Roberto Franceschini - Oct. 4th 2024 - INFN Frascati LNF - https://agenda.infn.it/event/42594/



2310.13687, 2404.17574, 2301.04407, 2312.09794

Search and Measure (SM) at a pp machine?

Well Calibrated Data

' SM Measurements ' "hard" new physics

where everyone is looking

SMEFT

circa— p.
sub — electroweak electroweak supra — electroweak
> Mgy,
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Search and Measure (SM) at a pp machine?

Well Calibrated Data

' SM Measurements ' "hard" new physics

where everyone is looking

SMEFT

circa— p.
sub — electroweak electroweak supra — electroweak
> Mgy,
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Search and Measure (SM) at a pp machine?

My, analysis .
W Y circa— pf

sub — electroweak electroweak supra — electroweak
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Search and Measure (SM) at a pp machine?

SEARCH o
| Measure |6, 'light" new physics
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Search and Measure (SM) at a pp machine?
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Search and Measure (SM) at a pp machine?

.
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https://arxiv.org/abs/2404.17574
https://arxiv.org/abs/2310.13687
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Search and Measure (SM) at a pp machine?
S EARCH
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Search and Measure (SM) at a pp machine?
EARCH

A pp machine has 1ts Achille’s heel in the electroweak
searches. You have to expect gaps in the coverage for
models that predict new non-colored states

“precision’” can come in rescue, but can a future pp machine
deliver such “precision” program as the (HL-)LHC?



https://arxiv.org/abs/2404.17574
https://arxiv.org/abs/2404.17574
https://live.staticflickr.com/3106/3143051693_321b839f01_b.jpg

EXOtlca? Why? First of all because we know that strange things happen in Nature

You have to look for them, not assume they do not exists (Forbes 1843)

Not Secure — seasky.org

1843
Speculation on Deep Sea Life

British naturalist Edward Forbes states his
belief that life cannot exist below 300 fathoms
(1,800 feet or 548 meters) in the deep sea.
This declaration begins a 20-year debate about
the possible existence of a lifeless zone in the
ocean known as an azoic zone. This idea is
known as Azoic hypothesis and the Abyssus

theory and has long since been disproven. L
Wikipedia Public Domain Image

1849
Continental Shelf

Coast Survey soundings in support of Gulf Stream investigations result in
the discovery of the continental shelf break and the continental slope.

1853

Discovery of Deep Sea Life

Edward Forbes' theory of on deep sea life is called into question when
Louis F. de Pourtales of the U.S. Coast Survey examines Coast Survey
sounding operations that find indications of life in depths over 1,000
fathoms (6,000 feet or 1,830 meters).

1857

First Deep Sea Canyon
Discovered

James Alden, commanding officer of
the Coast Survey Steamer Active,
discovers a deep submarine valley, or
"gulch," in the center of Monterey Bay
off the coast of California. Alden had
discovered the first known deep sea canyon, now known as Monterey
Canyon. This canyon extends 95 miles (153 kilometers) into the Pacific
Ocean and reaches a depth of 11,800 feet (3,596 meters).

Wikipedia Public Domain Image
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2212.02479

Exotuca? Why? Long lived particles!

\
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"Ordinary" Long Lived Particles
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Wolfram Particle Data

Long lifetime can be associated to
either some symmetry breaking effect (nearly degenerate particles)
or very weak couplings.

Both are generic ingredients of BSM models. For instance an ultra-weak
coupling could be behind the “freeze-in” of Dark Matter, or be the sign of
the existence of a secluded/hidden sector (do you remember gauge-
mediated SUSY-breaking?)

0
QA2 ' ' 10° l
X 2212.02479

0.1

WIMPless DM

10-5 1 1 1 ] ]

10® 1074 1072 10° 102 10*
my [GeV]

Exotica is not the “non-SUSY”,
“non-Higgs”, “non-SM” stuff ...




Outlook

LHC and it experiments provided the first platform to study spontaneous

symmetry breaking and Higgs physics. Future pp machine promise to do
the same. The Higgs boson has a serious chance to show us signs of new

pohysics and we should pursue this direction with full strength.

There Is no guarantee for discoveries with the next generation of colliders,
but we should not be worried about that. We will learn plenty of lessons by

doing our job ... back to regular science exploration!

The breadth of the physics program is very important, especially
because we do not know what to expect. In this respect a pp machine is
an excellent tool.
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Critacal points

The jump In luminosity for the next machine Is as critical as the jump in energy.
deally one wants & ~ E?, thatis Zrec, = S0xZ 17— e =~ 150ab~!

M. Mangano on Wed.

L T T R

39 (50, levid) 10

initial L nb-1s-

initial pile up 580 2820 955 590 732 141 (135) 27
opt. run time h 3.8 3.3 6.3 3.8 3.4 4.2 (18-13) ~10
A I T N A
ideal [ L dt /day fb-1 17.1 10.8 (1.9)0.4

[ Ldt /year fb- 950 2000 1300 920 920 370 240 (55)

The reach for non-colored states struggles. Precision physics at pp and

possible inputs from & T~ machines may come to rescue.

Table 3. 56 discovery reach for WIMP DM particles at HL-LHC, HE-LHC and FCC-hh [7]. Columns 4 and 5 present the CR
extrapolations from HL-LHC to HE-LHC, and from HE-LHC to FCC, respectively. Column 6 gives the extrapolation from HE-LHC to

LE-FCC, augmented by a factor 1.3, as discussed in the text.

M(GeV) | HL-LHC HE-LHC| FCC E-LHC (CR) FCC (CR) ,LE-FCC (1.3xCR)
wino 550 1500 4500 1100 3500 2300
higgsino 200 450 1250 420 950 650

M. Mangano on Wed.
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Open Questions on the “bigpicture™ on fundamental physics as 0f 2020s

— _

ER L What 1S the dark matter 1n the Umverse"

e ———— e — — — — —— —_— — —

WEAK INTERACTIONS

e —— e e

‘ . Why QCD does not Vlolate CP" )

e "ﬂ
1 !
‘ ~* how have baryons orlgmated in the early Umverse" ‘

?:

_l - -

NEED SOME COSMOLOGY
INPUTS

@ . What orlgmates flavor mlxmg and fermlons masses"

Q e what gives mass to neutrinos?

EFT ‘ ° Why aV1ty and Weak 1nteract10ns are so d1fferent‘7

- - e _‘il
et @

‘; e what f1xes the cosmolog1cal constant" |

= _ _ I s e e——— — — —
— — — p— — — _— — — — o — —— = — e

The biggest strategic issue in my opinion is that we need to evaluate the
Importance of these two critical points against:

the absence* a forthcoming energy/mass threshold in the above open questions
the ubiquity of weak interactions as central aspect of the above open questions
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Thank you!

Thank you!

Thank you!
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I'W phase transition



Electroweak phase transition

Modifications of the Higgs potential = Out of Equilibrium transition from one vacuum to a new energetically favorable one

4 V(H)

high T

T=Te+/A

4 V(H)

» H

t V(H)

Vthe{n"’_l—z
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Singlet loop makes
V(O,v) deeper



Electroweak phase transition

*  We need to study all possible new states that induce a change
in the Higgs boson potential.

For these new state to have sizable effects in the early Universe
they must be light, around 1 TeV at most.

All searches tor new Higgs bosons (or general electroweak
particles) probe such fundamental 1ssue of the origin of matter
in the early Universe!




ppor T~ — hh Electroweak phase transition
COLLIDER T:TC+A _l_:_l_C

» High-Energy lepton collider has ¢ V(H) ¢ V(H) t V(H) ‘
large flux of “partonic” W bosons |

O~ |
. H - H 7 -
Viherm~ 12

H A f! H 5"%% '- 4 H kﬁ % 5 H
A S %1%%5 ;‘ 'Y P il!
o + == -+ 4 Y
éd % ? L\ %

/ \ 3&%{ kx / &O' “\
? H H H TR

Singlet tree and loop makes V(0,v) deeper
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DIRECT & INDIRECT INTERPLAY
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EW phase transition
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strong First Order EW phase transition on all points
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strong First Order EW phase transition on all points

EW phase transition oo o
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2101.10469

EW phase transition

DIRECT & INDIRECT INTERPLAY
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EW phase transition .

iwy
DIRECT & INDIRECT INTERPLAY ‘v
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EW phase transition -
&

pp = hy — K(129p125)
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EW phase transition -
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Dark Matter atthe
weak scale




1810.10993, 2212.11900

ppor Y6 — ff, WHW-

PRECISION TOTAL CROSS-SECTION

v 1s light new physics

% 1s heavy new physics

* fiducial cross-sections are significantly
affected by off-shell new physics heavier
than the collider kinematic reach
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1810.10993, 2212.11900

fiducial cross-sections are significantly °
affected by off-shell new physics heavier
than the collider kinematic reach

ppor Y6 — ff, WHW-

PRECISION TOTAL CROSS-SECTION

v 1s light new physics

Roberto Franceschini - Oct. 4th 2024 - INFN Frascati LNF - https://agenda.infn.it/event/42594/

Can probe valid dark matter candidates!

x / my |TeV] | DM | HL-LHC | HE-LHC | FCC-100 CLIC-3 Muon-14
(1,2,1/2)pr | 1.1 - - - 0.4 0.6
(1,3,6)@3 1.6 - - - 0.2 0.2
(1,3, €)pr 2.0 - 0.6 1.5 | 0.8 & [1.0,2.0] | 2.2 & [6.3, 7.1]
(1,3,0) 2.8 - - 04 |0.6& [1.2, 1.6] 1.0
(1,5,€)cs” 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1,5,€)pr* | 6.6 1.5 2.8 7.1 3.9 11
| % 18 heavy new physics (1,5,0)mF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
— — (1,7, €)cs 54 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
+ Xz f (1,7, €)MF 48 2.1 4.0 11 6.4 18

 Comprehensive tool to explore new electroweak particles




Direct Dark Matter production pp — yy

Disappearing charged track analyses M. Mangano on Wed.

(at ~full pileup)
K. Terashi, R. Sawada, M. Saito, and S. Asai, Search for WIMPs with disappearing
track signatures at the FCC-hh, (Oct, 2018) . https://cds.cern.ch/record/2642474.

FCC-hh, Vs =100 TeV, 30

ab™ FCC-hh, Ys =100 TeV, 30 ab™
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=> coverage beyond the upper limit of the thermal WIMP g 2
mass range for both higgsinos and winos !! M,y S2TeV | —
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Saito, Sawada, Terashi, Asai,

Disappearing Chal‘ged track analyses (at ~full pileup)  pupssrarxivorg/abs/1901.02987 w. 80 TeV study by Saito
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s=channel resonances

FCC-hh Simulation (Delphes), s = 100 TeV

Q* —jj
L', —tt
L'y — tt

G, > WW

' -
L'y —1'1

U + -
L'y — T

T T 71 l T T 71 l T T 7T l T T I l T T T I

5 chiscoveryE
25 ab’
B 30 ab™
100 ab’’

0

1 1 1 | - | I I | l | I | l | I l
10 20

30 40 50
Mass scale [TeV]

M. Mangano on Wed.

ColliderReach ECM extrapolation of 50
30ab-! discovery reach

100 TeV 80 TeV

120 TeV

® |0-15% reach increase at 120 TeV
® |5-20% reach loss at 80 TeV
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High-mass reach

HE-LHC Simulation (Delphes), s =27 TeV

WIMP DM reach

\
B 14 TeV, 3 ab™ 1
27 TeV, 15 ab™ !
[ 100 TeV, 30 ab~1 -

] —— 20% bkag.
] —-—- 500% bkg. |

O T T T T T
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Wino Mass my [GeV]
Figure 3: Sensitivity reach for wino-like DM
WIMP candidates.

=> loss of yes/no answer to
WIMP DM scenarios

2018 costs as documented in the FCC CDR

LI | L l [ | [ I L | | | LI I [ |
it - n
5 o Dlscovery
- sy 3
Gas >WW e
Zian 1 i
YA U
s oo 1 1 1 | | L\JL\_ILJ 1 1 1 | 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 |
0 2 4 6 8 10 12 14 16
Mass scale [TeV]
HE-LHC | Domain Cost in MCHF
Collider 5,000
Injector complex 1,100
Technical infrastructure 800
Civil Engineering 300
TOTAL cost 7,200
FCC-ee | Dpomain Cost [MCHF]
Collider and injector complex 3,100
Technical infrastructure 2,000
Civil Engineering 5,400
TOTAL cost 10,500

assumes 2.3 MCHF/dipole ~2.9 BCHF
4« (cfr ~ | MCHF/ LHC dipole)

~— includes SC SPS

NB: FCC-ee new estimate (2024) ~13B.
No update available for HE-LHC

NB: If no 90km tunnel built, HE-LHC to be
compared with LEP3 for prioritization:
a different talk. ..



Thank you!
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open questions




Open Questons on the “big picture™ on

HISTORY OF THE UNIVERSE

Structure
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Accelerators ; is visible
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Nothing we have measured in high energy physics
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fundamental physics circa 2020

The observable Universe is made of matter, plus about 5 times as
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MECHANICS FAILS?

Pertect in our “neighborhood”
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A puzzle we have no 1dea how to solve

A number of observations (including CMB from early Universe) suggest

a new form of matter must exist

It may well be not of the kind we are used to:

* |t may have only weak interactions (even possible it feels only gravity)

* There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not nhecessarily material for particle physics and accelerators

Roberto Franceschini - Oct. 4th 2024 - INFN Frascati LNF - https://agenda.infn.it/event/42594/



A puzzle we have no 1dea how to solve

We know the scope of the search for Dark Matter 1s huge
In principle, 1t can be very elusive (to all experiments)

The simplest history of the early Universe suggests the
“TeV” mass range

Accelerators are the only way to go see 1t and study 1t in
detail




Open Questions on the “bigpicture™ on
fundamental physics circa 2020

e what 1s the dark matter in the Universe?
e why QCD does not violate CP?

* how have baryons originated in the early Universe?

e what originates tflavor mixing and fermions masses?
* what gives mass to neutrinos?

 why gravity and weak interactions are so different?

* what fixes the cosmological constant?

EACH of these 1ssues one day will teach us a lesson



A puzzle (today) we know how to solve
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New symmetry (particle-antiparticle) which
brought a new particle: the positron

We learned a lesson on physics at the
same mass scale as where the puzzle

arises:
mpositron — Myjectron < melectron/ Kem
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A puzzle (today) we know how to solve

Similar arguments would require a contribution of the
electric filed to the mass of the charged pion

In that case the solution 1s not an antiparticle, but a **heavy

photon”, the p meson, somewhat heavier than the pion

In the grand picture, both the positron and the p meson
appear at the same scale where the problem arises.




