How Effective is the Standard Model?

Status of the Standard Model
Looking beyond the Standard Model
with Effective Field Theory (SMEFT)
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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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... to make an end is to make a
beginning.

The end is where we start from.
T.S. Eliot, Little Gidding
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Nothing (yet) at the LHC

No supersymmetry

Nothing else, either
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More of same?

Unexplored nooks?

Novel signatures?




Everything about Higgs is Puzzling

L = yHyy + p*|H? = MNH|* =V,

 Pattern of Yukawa couplings vy:

* Flavour problem
* Magnitude of mass term p:

* Naturalness/hierarchy problem
* Magnitude of quartic coupling A:

 Stability of electroweak vacuum
e Cosmological constant term V.

* Dark ener

Higher-dimensional interactions?
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Will the Universe Collapse?
Should 1t have Collapsed already?
|
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s Empty Space Unstable?

® Dependence of instability scale on masses of Higgs
boson and top quark, and strong coupling:

Logjgea = 10.5 - 1.3 ( ) +1.1 (— _ 125. 1)) +0.6 (“s(”’g)o'o(‘)’;”g )
Buttazzo et al, arXiv:1307.3536;
® New CMS value of m, :

= 171.77 £ 0.38 GeV

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

® [nstability scale:

e Dominant uncertainties those in a, and m,




Looking Beyond the Standard
I\/Iodel W|th the SI\/IEFT

“..the direct method may be used...but indirect methods
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)



Dimension-6 SMEFT Operators
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Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

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

e Global fit to dimension-6 operators using precision
electroweak data, W+W- at LEP, top, Higgs and diboson
data from LHC Runs 1, 2

— top EW
( ——Diboson —— j
e Search for BSM | Cu &
e Constraints on BSM (Cue (" Cown Cun Ch D\ Cn
Cus . €5 o | Cra|| G
e At tree level Cow | | gon g1 ¢ e | G| | €
CH(; ‘ q Hgq Hu iid/ CB.;
e At loop level o | \S——&wro |
341 measurements |es” Ce CL* C3s O35, C%,
included in g’“ Co O th?u C
. |
global analysis N Higgs —~




SU(3)°: EWPO + Diboson + Higgs

0.05

W 2018 data WM 2020 data
0.041 m no STXS ™ No Zjj

0.03

Dimension-6 Constraints .

000l H H ! H ” H H H (TR H i -r*’ | .; i H H

' Lo (1Tev)?
95%CL individual; C, B o

with Flavour-Universal o

-0.03
SU(3)> Symmetry
N F ) )
-0.05 - — — s
Bz o= = = 4 2 =T ®» I 0% i =
ST TITT S §d 539 ddadc
T T e - ) o T
S 2 8 1 2 = S
-
e o 2] T e e TR AT o 1o T m Ci=t4m
¢ |ndividual tammmmmm e M m il e
- I LR LI PO FE o i ! ! i i j—a=001
> HIEE L E I F I | F IR ] { | i [ - | m il
o 10'{ | (AEREEE " " O EE ] E .i E i i e
E oW th |r i i Hi
ope rator e | | |
5 A S ¥ = = 2 x 2 = (] i T x 3
ST TITT IS &858 &8 a3

coefficients

2018 data W 2020 data o (1TeV)? |
2.0!/m No sTXS - No Zj {QS%CL marginalised; C; e

e Marginalised : ’
over all other sl | B B L
operator

coefficients : 0 & A
10? | = (4m
No significant deviations from SM G T Com

JE, Madigan, Mimasu, Sanz & You,

Chris TR - omeas
ChBox e

arXiv:2012.02779 §89B T YT 3 & &8¢ 3 & & ¢



Single-Field Extensions of the Standard Model

Mass limits (in TeV)
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What about experimental
hints of new physics?



CDF Measurement of mw

compared with other measurements

e Stat.uncertainty B P [

—— Total uncertainty
LEP2 80376 + 33 ——— |
DO I 80375 + 23 | —
ATLAS 80370 + 19 e Update of ATLAS result
LHCb 80354 +32 gy |y = 80360 £ 16 MeV
CDF II 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
mw [MeV]

Tension: 7-o discrepancy with Standard Model?



SMEFT Operators that can
Contribute to W Mass

® Relevant SMEFT operators
Onws = HiT'HW}, B, Oyp = (H'D'H)" (H'D,H)

— — « —
Ou = (rvulr) (Er*t:) . O = (H'iDIH) (r'+¢,)

® Contributions to W mass

cos 0,

5m%,v _ sin26,, v2 [ cosb, sin 0,
sin 6,

_ 3) _
m%V ~ cos20,, 472 Chp + (4CHl 20”) + 4CHWB)

® Contributions to S and T oblique parameters

2 2
v 9192 v 9192
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2 (g3 + 92)




SMEFT Fit 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 Models that can
Contribute to W Mass
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Models Fitting the Mass of the W Boson

Spins Mass limits (in TeV)
V Wi e
S Iy e
V Bd | Y |
F N- —e—
= E - % o
3 4 5 6 7 8 9 10

68 and 95% CL ranges of masses assuming unit couplings,
mass range proportional to coupling

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



Quo Vadis my?

The jury is still out concerning the experimental measurement
® Tension with SM, previous measurements
“Extraordinary claims require extraordinary evidence”
Nevertheless, much theoretical speculation (> 90 papers!)
4 SMEFT operators can increase mw

3 SMEFT operators generated by single field extensions of the SM at tree
level

® Vector bosons W or B, scalar boson =, fermions N, E

Prospects for the LHC?



rom Dirac and Schwinger to Fermilab and Beyond




Possible Discrepancy with Theory?
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Hadronic Vacuum Polarization
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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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g, — 2 in Supersymmetry

® Muon i, 4 neutralinos y;, 2 smuons O (fpR)

1 — 1+
znt — wa 75 + sz 275 )¢z¢k + H.c.
_— . Most
® One-loop contributions from smuon/neutralino loops: .
Important
: . 11 m?” mj
® Left-right mixing: a; _ZSWQmZRe(KikL““)II(mZ? mf) —
12 m; 2 mi m;
® Unmixed: af = Zle? (IszI + | Lix|? )Iz( m? mf)

Ibrahim & Nath, hep-ph/9910553



e 2 in
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)
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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
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LHC vs Supersymmetry

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

® Does not exclude lighter electroweakly-interacting particles, e.g., sleptons
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Recent Lattice Calculations
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New CMD-3 Measurement of HVP

Comparison with Comparison with
radiative return (ISR) previous energy scan
measurements measurementss
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A task here for Belle II?

CMD-3 Collaboration, arXiv:2302.08834




New CMD-3 Measurement of HVP
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Update on Hadronic Vacuum
Polarization

BMW including “window” +

HVP  Bvw 20 Z extrapolations to small/large distances
Window contributions 52 = New lattice values of “window”
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Previous HVP world average
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Quo Vadis g, — 27

The jury is still out concerning the theoretical calculation: https://
muon-gm2-theory.illinois.edu/

Tension with experiment reduced by lattice calculations

Also by CMD-3 measurement of hadronic vacuum polarization
Still some scope for new physics

Prospects for the LHC?

New results 6pm today from Fermilab: https://fnal.zoom.us/j/
93860521626?pwd=K0JpMWFVMijlxbE1yRVA4a2NIWWdrZz09

J-PARC experiment in preparation, also MuonE at CERN
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