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Summary of the Standard Model

e Particles and SU(3) x SU(2) x U(1) quantum numbers:
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Yukawa interactions grESalal=aalely,

Higgs potential in progress




Why the Higgs boson? :
What can the Higgs boson tell us? | ey

Looking beyond it




A Phenomenological Profile
of the Higgs Boson

e First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **

CERN, Geneva
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A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previous experimental limits on the mass of

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson., unhke the
case with charm [3,4] and for not being sure of its coupling Byt
that they are probably all very small. For these reasong
big experimental searches for the Higgs boson, but we do I¢ De-oPHe-F mg
experiments vulnerable to the Higgs boson should know how it may turn up.
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It Walks and Quacks like a Higgs

e Do couplings scale ~ mass? With scale = v?

35.9-137 fb' (13 TeV)
III 1 1 lllllll T T Illllll T |l lllllll L

> £ CMS Preliminary
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B of hierarchy
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particle mass (GeV)
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Everything about Higgs is Puzzling

L = yHyy + (2| HI* = MNH|* — V||+ ...

e Pattern of Yukawa couplings y:

— Flavour problem

e Magnitude of mass term u:

— Naturalness/hierarchy problem

e Magnitude of quartic coupling A:

— Stability of electroweak vacuum
e Cosmological constant term V,;:

— Dark energy

Higher-dimensional terms due to heavy particles?




Naturalness of electroweak mass scale?

Loop Corrections to Higgs Mass?

* Consider generic fermion and boson loops:

f S
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e Each is quadratlcally divergent: ["d*k/k?

Amy, = y'{r 2A% + 6m7 In(A/my) + ...]
. Ag .. o
Amz, = 16;2 [A* — 2m%In(A/mg) + ...]

* Leading divergence cancelled if
As =12 x 2 Supersymmetry!



What lies beyond the Standard Model?

Supersymmetry

New motivations
e Stabilize electroweak vacuum from LHC

e Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

e Successful predictions for couplings

— Should be within few % of SM values

e Naturalness, GUTs, string, dark matter, 8, — 2, ...



Will the Universe Collapse?
Should it have Collapsed already?

ot if

infinite barrier:

Fluctuate over barrier

in the early Universe?

We are here

Supersymmetry?

_Z >
o

Tunnel through

barrier now?

The Big Crunch

Quantum fluctuations




Is “Empty Space” Unstable?

® Instability scale depends on masses of Higgs boson
and top quark, and strong coupling:

Log g = 10.5 - 1.3 (G’:fv _ 172.6) 411 (% _ 125.1)) +0.6 <

a(my) —0.1179
0.0009

Buttazzo et al, arXiv:1307.3536;

Franceschini et al, 2203.17197

® Particle Data Group values:
m, = 172.69 = 0.30 GeV
my = 12525+ 0.17GeV, a,(m,) =0.1179 = 0.0009

® Instability scale:

e Dominant uncertainties those in a, and m,




Is “Empty Space” Unstable?

Instablllty /

Depends on masses
of Higgs boson
and top quark
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Looking Beyond the Standard
I\/Iodel W|th the SI\/IEFT

¥ =

“_.the direct method may be used...but indirect methods ES
will be needed in order to secure victory....”

= | “The direct and the indirect lead on to each other in turn.
' It is like moving in a circle....”

' { Who can exhaust the possibilities of their combination?”

Sun Tzu



Effective Field Theories (EFTs)

a long and glorious History

e 1930’s: “Standard Model” of QED had d=4 : :
e Fermi’s four-fermion theory of the weak force
e Dimension-6 operators: form=S,P, V, A, T? ><

— Due to exchanges of massive particles?

e VV-A => massive vector bosons => gauge theory

e Yukawa’s meson theory of the strong N-N force
— Due to exchanges of mesons? = pions

e Chiral dynamics of pions: (0momn)mnmt clue = QCD



Standard Model Effective Field Theory

a more powerful way to analyze the data

e Assume the Standard Model Lagrangian is correct
(quantum numbers of particles) but incomplete

e Look for additional interactions between SM particles due
to exchanges of heavier particles

e Analyze Higgs data together with electroweak precision
data and top data

e Most efficient way to extract largest amount of
information from LHC and other experiments

e Model-independent way to look for physics beyond the
Standard Model (BSM)



JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Summary of Analysis Framework

e Include all leading dimension-6 operators?

2499
[/
LsmerT = Lsm + Z Foi
i=1

* Simplify by assuming flavour SU(3)° or
SU(2)2 X SU(3)3 symmetry for fermions

e Work to linear order in operator coefficients, i.e.

O(1/A?%)

e Use Gf, Mz, a as input parameters



Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

e Global fit to dimension-6 operators using precision
electroweak data, W+W- g op, Higgs and diboson
data from LHC Runs 1, 2 Bl

Diboson ﬁ top EW j

e At loop level

e Search for BSM contributions C.. .
e Constraints on BSM o CQ\ g
o At tree level Co| || oo omor ) Cy | | Cus
g:"’ \\\———EWPO _J CQJ
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JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779 Higgs —




SU(3)°: EWPO + Diboson + Higgs
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JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779 deviations from SM



CDF Measurement of mw

compared with previous measurements

e Stat.uncertainty B P [
—— Total uncertainty
LEP2 80376 £ 33 [ —
DO Il 80375 £ 23 [T —
ATLAS 80370 =19 ———i
LHCb 80354 + 32 | o-
CDF 1l 80434 +9 o=
World Avg. (w/o CDF) 80370 12 —e—
World Avg. (w/ CDF) 80411 +8 -
SM 80361 =7 FoH Indirect w/o my,
SM electroweak fit 80354 +7 -
SM + S,T fit 80378 =24
80100 80200 80300 80400 80500
my [MeV]

Tension: 7-o discrepancy with Standard Model?



SMEFT Fits with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs
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Non-zero coefficients for any of four operators can fit W mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Single-Field Extensions of the Standard Model

SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1)
1 0 Ay 5 1 2 —3
1 1 As 5 1 2 —3
Spin zero i 5 D 5 1 3 0
3 0 % 5 1 3 -1
3 1 U 5 3 1 2
1 0 D 5 3 1 —3
1 1 Q1 3 3 2 .
3 0 Qs : 3 2 —3
1 3 1 Q7 : 3 2 I
5 1 1 0 Ty 2 3 3 —3
E s 1 1 -1 Ty 5 3 3 2
T 5 3 1 g TB | 3 3 2 .

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Single-Field Models that can
Contribute to W Mass

1
Model m C) | Che | Cuo | Cowr | Conr | Com
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Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260




Models Fitting the Mass of the W Boson

Spins Mass limits (in TeV)
V Wi e
S =i tes
V B- B
F N —
FE o —
3 4 5 6 7 8 9 10

68 and 95% CL ranges of masses assuming unit couplings

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



HL-LHC Search for Triplet Vector Boson

HL-LHC, L ~ 3ab™! HL-LHC, L ~ 3ab™"
100+ VBF-DB, V* - WZ |- 100+ VBF-DB, V* - ww |1
::; “\
'¢‘ S
) b £ 1
= 2
% ATL-PHYS-PUB-2018-022 | X ATL-PHYS-PUB-2018-022 |
b - b “.:::::::.-
001+ 001+
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My« [TeV] Myo [TeV]

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.05091



W Mass in Supersymmetry?

Electroweak particles reach old world

average, but not CDF or new world average
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Contribution from stops?
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Heinemeyer, Hollik, Weiglein & Zeune, 2013

Bagnaschi, Chakraborti, Heinemeyer, Saha & Weiglein, arXiv:2203.15710



de Blas et al, arXiv:1905.03764

SMEFT Analysis of Future Colliders
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dawn of new physics or its sunset?
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Supersymmetry

® One-loop contribution from
smuon/neutralino loop

A(g — 2) = —ab(cos « sin a/41r2)(m /m )
X {1/(1 —n,) +2n,/(1 — n, )2
+[2n,/(1 —1,)°] IOénl — (@ 1y

® where 7n; =m2 [m)

Volume 116B, number 4
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SPIN-ZERO LEPTONS AND THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

John ELLIS, John HAGELIN and D.V. NANOPOULOS

CERN, Geneva, Switzerland

Received 14 June 1982

The anomalous magnetic moment of the muon (g — 2),, imposes constraints on the masses and mixing of spin-zero lep-
tons (sleptons). We develop the predictions of models of spontaneous supersymmetry breaking for the slepton mass matrix,
and show that they are comfortably consistent with the (g — 2),, constraints.

During the present resurgence of interest in super-
symmetry broken at low energies [1] new significance
is attached to the classical phenomenological play-
grounds of gauge theories such as the anomalous mag-
netic moments of the electron and muon [2], flavour-
changing neutral interactions [3;-5] parity [6] and
CP violation [7,8] in the strong interactions. The three
latter phenomena make life rather difficult [3,7] for
the most general form of soft supersymmetry breaking,
whereas simple models [9—11] of spontaneously bro-
ken supersymmetry naturally [3,4 7] respect the AF
#0, P and CP violation constraints. As for the anoma-
lous magnetic moments of the leptons, it has long been
known that they vanish in an exactly supersymmetric
theory [12], and Fayet [2] showed that in his model

of supersymmetry breaking (g — 2)” would be compat-

ible with experiment if the spin-zero muon (smuon)
masses were heavier than 15 GeV. Direct experimental
searches [13] now exclude the existence of lighter
smuons. Fayet’s analysis [2] was in the context of a
model with a very light photino ¥ (see fig. 1a), and
Grifols and Méndez [14] have recently made the inter-

' esting observation that his analysis is significantly al-

® and L=qa 2su£ILG +b\/§tuﬁRG

tered for massive gauginos (see figs. 1b, 1c). They
show that there are potentially nontrivial constraints
on the smuon masses in models of broken supersym-
metry.

S siL /N su
Pl A}
¥ \ BorZ
KL " H e
(a) (©)

Fig. 1. One-loop diagrams contributing to (g — 2)y: (a) essen-
tially massless photmo ('y) exchange, (b) ¥ and sneutrino (sv)
exchange, and (c) BorZe exchange.

right transition operator there is a GIM [15] -like can-
cellation between the smuon mass eigenstates in fig. 1c¢
which provides a potential suppression mechanism. We
analyze recent models [10,11] of spontaneous super-
symmetry breaking originating in the D and F sectors,
respectively. We show that in the former case (g 2),
is suppressed by near degeneracy between the smuon
mass eigenstates, while in the latter case (g — 2),, is
suppressed by small mixing angles between the left-
and right-handed smuons. We close with some remarks
about (g — 2), and about parity violation in the strong
interactions.

When they examined figs. 1a, 1b and 1c¢, Grifols
and Méndez [14] realized that there was a fundamen-
tal difference between the (almost ?) massless  dia-
gram of fig. 1a and the U diagram of fig. 1b as com-
pared to the massive BorZ diagram of fig. 1c. The



Fermilab Measurement

FNAL result: a,(FNAL) = 116592 040(54) x 10~ "' (0.46 ppm)

Combined result: a,(Exp) = 116592 061(41) x 10" (0.35 ppm)
Difference from Standard Model_a,.(Exp) — a,(SM) = (251 +59) x 10~

BNL g-2 " -
FNAL g-2 +4 @
< 4.20 >
& t @
Standard Model Experiment
Average

175 180 185 19.0 195 20.0 205 21.0 215

2, 10°~ 1165900
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Comparison of Calculations
<o, of Hadronic Vacuum Polarization
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Supersymmetry

® g, — 2-friendly scenario with light neutralino, chargino & slepton

1000 1000 guamsm s TN
800+
= _
600+
S 8
g 3
400-
® (9-2), ® (g-2),
A (g-2),+Qh? A (g-2),+0n?
200+ (g-2),+Qh+DD (g-2),+Qh%+DD
* (g-2),+QhZ+DD+LHC * (g-2),+Qh?*+DD+LHC
200 400 600 800 1000 200 400 600 800 1000
m.o (GeV) m}? (GeV)
1

® Red star points include all relevant LHC and direct scattering constraints

® Prospects for the ILC

Chakraborti, Heinemeyer & Saha, arXiv:2104.03287




LHC vs Supersymmetry

* LHC favours squarks & gluinos > 2 TeV (but loopholes)

* Does not exclude lighter electroweakly-interacting particles,
e.g., sleptons
PP~ B a Fine P+ UK, bino LSP March 2022 B oof, T

> ; 00— ATLAS Fraliminary
8 ATLAS Preliminary ~imsxssc [ ——omemiwdl  {5=13 TeV, 139 b, All imits at 95% CL
= 8-13T0V,203-130fo" = cos T

Cgn 500 S0 1403 5208, Fun 1 20

TSe Lo anOvA911.42608, Run 2 soh 20
20w 1 508 0K215, Fun 2 200

% — CONF-2022.008, Run 2 20, & ~ m(W)

600

400 500 600 700 800
m(ge g) [GeV]

* Most models have m- > m- butm- =~m- :relevant constraint
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How to Create the Matter in
the Universe?

® Need a difference between matter and antimatter

observed in the laboratory
® Need interactions able to create matter
predicted by theories

not yet seen by experiment

® Need the expansion of the Universe

a role for the Higgs boson? KAALRYER ] ICRIe NI E1L=
Decays of heavy neutrinos? Jhatakk= laboratory data?




JE, Lewicki, Merchand, No & Zych, arXiv:2210.16305

Example of Baryogenesis Model Testable at LHC

Simplest extension of the Standard Model: singlet scalar

1 1 1 1
Vo(H,s) = —p2 HTH+ M, (HTH)?— 2 N§82+Z)\334+§Ah3HTHsz+uhSHTHs— 5/1,383
Exhibits first-order cosmological phase transition

Introduce dimension-5 term breaking CP, Z, symmetry

LD th(i)tR (’L ° ) + h.c.
Acp

Constrain with LEP and LHC measurements



JE, Lewicki, Merchand, No & Zych, arXiv:2210.16305

Phenomenological Constraints

on mass and mixing of singlet boson

From top-Higgs measurements From other measurements
700
, e “ — u=+100 GeV . ;
: —— u=+200 GeV" 600 [
o —— u=1300GeV :
05 500 -
,:"I’ . \ 0 \‘3 %‘ 400?
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<° 0.0 Frvveeme e b ! 9 i )
3 ] u<0 { £ 300"
Y oy 200F
—05 ':l|l ‘\ ’/' ,/"' -1 : —
|:|‘| \‘ "¢ ”, ,'1 : 100 [
P IR || 5 & T oL i
~1.0 -05 0.0 0.5 1.0 107 106 105 10* 102 102 107! 100
Sin 6 |Sin 6|
Higgs signal strength Electroweak measurements

——— Limit on CP-violation LHC and LEP searches



Ahs

JE, Lewicki, Merchand, No & Zych, arXiv:2210.16305

Results for Baryon Asymmetry
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The Dark Matter Hypothesis

* Proposed by Fritz Zwicky, based on observations of the
Coma galaxy cluster

* The galaxies move too quickly
* The observations require a
stronger gravitational field
than provided by the visible matter




The Rotation Curves of

CEIEY R

Measured by Vera Rubin

The stars also orbit ‘too quickly’ | e
Her observations also required a ! | o8 3
stronger gravitational field
than provided by the visible matter e

Also:
—Structure formation, cosmic background radiation,



Searches for Dark Matter Particles

Higgs
Known particle masses: neutrino electron proton

B N
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Oliver Buchmueller
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‘Ultra-Light’ dark matter ‘Massive’ dark matter
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Quo Vadis Supersymmetry?
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R.K.Ellis et al (European Strategy Briefing Book)

arXiv:1910.11775

Quo Vadis Supersymmetry?

HL-LHC

HE-LHC

FCC-hh

LE-FCC

Hadron Colliders: gluino projections N\
(R-parity conserving SUSY, prompt searches) BroP e %
Model JLdtab™] Vs [Tev] Mass limit (95% CL exclusion) Conditions

—— ; > e e e I ey sy ——
22, —qat, 3 14 1.5 TeV m(g) ~ m(¥})+10 GeV
22, gt 3 14 2.5TeV m(?)=0
55, gt 3 14 2.6 TeV m(¥})=500 GeV
2%, B—q50, 15 27 5.7 TeV m(¥1)=0
38, g5 15 27 2.6 TeV m(z) ~ m(¥})+10 GeV
NUHM2, g— 15 27 5.9 TeV m(¥1)=0
3%, —q7 30 100 17.0 TeV m(1)=0
%8, §—rq¥ 30 100 7.5 TeV m(z) ~ m(¥})+10 GeV (%)
33, gt 30 100 11.0 Tev m(E1)=0
22, B—qG¥) 15 375 7.4 TeV m(¥})=0 (**)
3, E—qgt 15 375 3.6 TeV m(z) ~ m(¥))+10 GeV (**)
73, B0, 15 375 . 7BTeV m()=0 (*)

(*): extrapolated from HL- or HE-LHC studies 10 Mass scale [TeV]

(**): extrapolated from FCC-hh prospects

Dark Matter strips can be explored by FCC-hh




Summary
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