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It Walks and Quacks like a Higgs

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

Ratio to SM

35.9-137 fb' (13 TeV)
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The end is where we start from.

T.S. Eliot, Little Gidding




Everything about Higgs is Puzzling

L = yH + | 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

Cosmological constant term V,;:

— Dark energy

Higher-dimensional interactions?




Is “Empty Space” Unstable?
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Will the Universe Collapse?
Should it have Collapsed already?

ot if

infinite barrier:

Fluctuate over barrier

in the early Universe?

We are here

Supersymmetry?
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Tunnel through

barrier now?

The Big Crunch

Quantum fluctuations




Is “Empty Space” Unstable?

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

am,) —0.1179
Log e = 10.5 - 1.3 (Gev _172. 6) + 11 <— 125, 1)) +0.6 ( 2 )
Buttazzo et al, arXiv:1307.3536;
® New CMS value of m, :

= 171.77 £ 0.38 GeV

® Particle Data Group values:
my = 125.25£0.17GeV, a(m,) = 0.1179 = 0.0009

® Instability scale:

® Dominant uncertainties those in a, and m,



Looking Beon te Standrd
I\/Iodel W|th the SIVIEFT

...the d/rect method may be used but
indlrect methods will be needed in order to
secure victory....”

“The direct and the indirect lead on to each B& A

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



Dimension-6 SMEFT Operators
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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
C

Q
.

b Ce Cgy Co Co. Cou
- C. C:, C& C°
\__ tt |

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




w Operators included in Global Fit

® 20 operators in flavour-universal SU(3)5 fit
EWPO: (Onws, Onp. Ou. 0% D04, O, 0%, 0%) . Oa, Ona )

Bosonic: | Opgr, ,
Yukawa: r OTHa O[I.H 9 ObHa OI,H}

-

Indicating which

sectors constrain

®* 34 operators in top-specific SU(2) which operators

r

EWPO: Opwg, Oup, Ou, OES’,) , 022 , OHe OSZI, (92,)1, Omnd, OHu
Bosonic:  Ogno, Ogg, Ouw, Ous, Ow, Og,

Yukawa: Org, Oun, Op, Otw ,

Top 2F: O, O%), One, O, Oy, Oi5

3,1 3,8 1,8
Top 4F:  Op., 050 s 05 s Obu» Oda» Oig» Oy s O (2.12)

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



Data included in Global Fit

EW precision observables I e H ] = LTI r r ,
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SU(3)°: EWPO + Diboson + Higgs
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Model-Independent BSM Survey

Switch on random subsets of 2, 3, 4 or 5 operators

e Top-less sector
fits SM very well

e Top sector does
not fit so well

e Mixed set
intermediate

e Overall, pulls not
excessive

e No hint of BSM

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779
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RESEARCH | RESEARCH ARTICLES
CDF Collaboration, Science 376 (2022) p170

High-precision measurement of the W boson mass with the CDF Il detector
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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?



Theoretical

Interpretations
of W Mass

taking CDF
measurement
at face value

90 papers and counting!

3667 DM

3693 Inert H

3797 EWPO

3996 Relation to g-2
4183 Axion, chameleon
4191 EWPO

4202 SUSY

4204 EWPO

4286 SUSY GMSB
4356 SUSY NMSSM
4514 non-standard H
4559 RH neutrinos
4710 SUSY NMSSM

5031 Seesaw triplet
5085 2HDM

5260 SMEFT

5267 Custodial symm
5269 2HDM

5283 S&T

5284 Higgs physics
5285 FlexibleSUSY
5296 S&T, SMEFT
5302 D3-Brane
5303 2HDM

5728 2HDM

5760 Georgi-Machacek
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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
—C ==——-5 , —Cgp=
A2VHWB = e A2 VHD

2 (g3 + 92)




SMEFT Fit with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs
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Chws

Non-zero coefficients for any of four operators can fit W mass

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



SMEFT F|ts with the IVIass of the W Boson

Crws 80385 + 5 Fo  He — S

Chip 80408 = 7 e my world avg.

Cy 80386 =5 = B —— SMEFT no my,

i 80390 + 6 M — SMEFT 2022

CHWB,CHD 80409 + 7 I & |-@-

CHWB,CII 80389 + 6 - HAH

Crws.C} 80392 +6 o~  HeH

Chbp, C// 80412 + 8 .

Chp, CH/ 80410+8 ! e

Ci.C 80390 +6 B

Chws,CHp, C// 80412 + 8 =

Chwa,CHp, C,.,, 80410+ 8 : A

Chwa.Ci, C3,.,, 80392 +6 M

Chp.Ci,.CY) 80412 +8 o

Crws.Crp,Cii,.C{j) 80412 +8 o

20- parameter fit 80412 + 8 o o

80200 80300 80400 80500

my [MeV]

Subsets 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

Model m C) | Che | Cuo | Cowr | Conr | Com
S 1
3 T
% X is T
2 \ 16 %
7 SE
1 s
E /i i
B; D U 77 73 R
—Yr | Yt | Y
= 5l ov | v | ow
1 s
Wi - 8 -1 -5 1%
774 ' -5 | —yr | —w | —w

Operators
contributing to my

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



Searching for Models Fitting the
Mass of the W Boson

W: Isotriplet vector boson, mass ~ 3 TeV x coupling, electroweak production,

accessible at LHC?

B: Singlet vector boson, mass ~ 8 TeV x coupling, phenomenology depends
on fermion couplings, too heavy for LHC?

= Isotriplet scalar boson, mass ~ 3 TeV x coupling, detectable in LHC

searches for heavy Higgs bosons?

N: Isosinglet neutral fermion, mass ~ 4 TeV x coupling, similar to (right-

handed) singlet neutrino

E: Isosinglet charged fermion, mass ~ 6 TeV x coupling, similar to (right-

handed) singlet electron

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 myy
3 SMEFT operators generated by single field extensions of the SM at tree level
® \ector bosons W or B, scalar boson =, fermions N, E
Prospects for the LHC?

Could also be important loop effects (supersymmetry?)

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



Known knowns (= SM)
Known unknowns (e.g., DM)
Unknown unknowns |
Lepton flavour universality violation in B decays?




Lepton Flavour
Universality Violation

inB —> K¢~
Decays?

BdecaystoeTe™ > utu~

Prima facie violation of lepton
universality

SM interactions flavour-
universal

Except for Higgs couplings
masses

LHCb Collaboration, arXiv:2103.11769

BaBar

B+/0 to K+/O
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New LHCDb
BR(BS — Iu"'lu_)
Measurement

Rare decay induced by loop
diagrams in SM

Measured value < SM
prediction

Further evidence for new
physics associated with the
muon?
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Other Previous Measurements

[JHEP06(2014)133]
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Flavour Anomalies in b=>s Decays

* Parametrize using effective dimension-6 operators:
4G
_ SM F bsll Nbstl 1bstl N1bsbl
Heg = Hog — ViV, “162 §j Ej (CP0P™ + CP**0**) + h.c.

\/_ l=e,p i=9,10,S,P
* Operators appearing in analysis:
Og** = (57,PLb)(€y"8), 0y°* = (57,Prb)(£1"2),
075" = (57, Prb)(€y"5¢) 015" = (57, Prb) (Ev"58) ,
O%% = my(5Pgb) (¢0), O = my(3PLb) (24)
o OBY = my(3Pgb)(fys0), 0% = my(5PLb)(Lys) .

(s
* Evidence for non-zero coefficient of Of = (3 ,‘P, b) (fiy* 1)
* Maybe also non-zero coefficient of  O%y = (87.PLb) (A" ys1)

* No evidence of operators with electrons



Putting Measurements Together bl

2.

By — pp lo
— < RK & RK* 10'7 20
b— sup lo, 20

159 — rare B decays 1o, 20

» Combination all b — s¢™¢/~ measurements

1.0 1

> Consistent set of measurements

> > 60 from SM gbg 0

» But B — K" utyu~ BF and angular .
observables potentially suffer from / \
underestimated hadronic uncertainties _0'5 g sy
related to cC loop contributions | ———
— Bs — putpu~ and LFU observables have S o
very clean theory predictions. -

» Measurements point to new vector coupling c y

(G)



Model-Independent BSM Survey

Switch on random subsets of 2, 3, 4 or 5 operators

10? 10°
2 parameters

3 parameters

m Only tt ops.
" No tt ops.
M Rest

10* -

Nominal significance of B
decay anomalies

Nominal significance of

g, —2

# Combinations

10° -

4 parameters

# Combinations

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779
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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)
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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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Possible Discrepancy with Theory?
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Abstract
t B _ 5 0 > 0 ‘We combine the constraint suggested by the recent BNL E821 measurement of the anomalous magnetic moment of the muon
an - ? l'l on the parameter space of the constrained MSSM (CMSSM) with those provided previously by LEP, the measured rate of
1500 T T v T T T b — sy decay and the cosmological relic density QXhZ. Our treatment of £2 12 includes carefully the direct-channel Higgs
I mh = 117 GeV poles in annihilation of pairs of neutralinos x and a complete analysis of y — £ coannihilation. We find excellent consistency
! 7 between all the constraints for tan 8 2 10 and u > 0, for restricted ranges of the CMSSM parameters mq and my 5. All the
- preferred CMSSM parameter space is within reach of the LHC, but may not be accessible to the Tevatron collider, or to a
’ /
i first-generation et e~ linear collider with centre-of-mass energy below 1.2 TeV. © 2001 Published by Elsevier Science B.V.
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Does the magnet look familiar?
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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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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, ...
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LHC vs Supersymmetry

® LHC does not exclude (relatively) light electroweakly-interacting
particles, e.g., sleptons
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g, — 2 in Phenomenological

Supersymmetry
(pPMSSM11)

pMSSM11 _
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