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LHC Measurements
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All results at: http://cern.ch/go/pNj7
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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?




Naturalness of hierarchy of mass scales

Loop Corrections to Higgs Mass?2

e Consider generic fermion and boson loops:
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* Each is quadratically divergent: [d4k/k2

)2
Amy = — lgf 5 2A% + 6mF In(A/my) + ...]
| T
Am3, = \s [A* —2m3In(A/mg) + ..]
, g = 16—/T2 J. M g 4 'S

e Leading divergence As = y% X 2

Supersymmetry!




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




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, ...



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

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
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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?



W Mass in Supersymmetry?

Assuming supersymmetric dark matter:

electroweak sparticles reach old world
average, but not CDF or new world average

Contribution from stops?
80.44 —
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Bagnaschi, Chakraborti, Heinemeyer, Saha & Weiglein, arXiv:2203.15710

Heinemeyer, Weiglein & Zeune, 2013



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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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
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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 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



Models Fitting Mass of the W Boson

Model || Pull || Best-fit mass | 1-0 mass 2-0 mass 1-o coupling?
Spins (TeV) range (TeV) | range (TeV) range
Vv Wi 6.4 3.0 2.8, 3.6 2.6, 3.8] 10.09, 0.13]
S B 6.4 8.6 8.0, 9.4 7.4, 10.6] 0.011, 0.016
Vv = 6.4 2.9 2.8, 3.1 2.7, 3.2 0.011, 0.016
F N 5.1 4.4 4.1, 5.0 3.8, 5.8 0.040, 0.060
F E 3.5 5.8 5.1, 6.8 4.6, 8.5 0.022, 0.039
Best-fit, 68 and 95% CL ranges 68% CL ranges
of masses assuming of couplings for
unit couplings 1 TeV

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



LHC Search for Triplet Vector Boson

LHC, L ~ 140" ] : LHC, L ~ 140fb~" |]

1000 [VBF-DB, vE WZ]E 1000 [VBF-DB, VO WW ]
ATLAS 2004.14636 -
100 ATLAS-CONF-2022-005 100
- CMS 2109.06055 ] - 3
= CMS 2109.08268 =, :
= ~  10¢

[an)] m E N\ :
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1 CMS 2109.06055
0.10¢
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Baker, Martonhelyi, Thamm & Torre, arXiv:2207.05091



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+
10~ : : 10~4 .
0 2 4 6 8 0 2 4 6 8
My« [TeV] Myo [TeV]

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.05091



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




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




LHC vs Supersymmetry

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

® Does not exclude lighter electroweakly-interacting particles, e.g., sleptons

pp = [}, p A7 p @ — pX3, bino LSP March 2022 @ ey’ 1
< 600 o T s 80— ATLAS Preliminary
& | ATLASPreliminary = 2w S — omeveatme’,  (5=13 TeV, 139 fb", Alllimits at 95% CL
O, - 8-13TeV,20.3-139 fp~! == Observed & — " osemeatmig,
—~ 500~ arXiv:1403.5294, Run 1 2¢ g 250{— - - - ExpeciedLimit,
?>; [ arXiv:1911.12606, Run 2 soft 2¢ it

arXiv:1908.08215, Run 2 2£0J 4
B CONF-2022-006, Run 2 22, Am ~m(W) _
400 [— wen LEP fig excluded y 200
— a3USY+10=(25+0.6)x10°

[~ (tanB, p [TeV], M:[TeV])
=1 (60, 0.5, 0.5)

I LEP &, excluded -

[ ATLAS &_soft lepton excluded
ATLAS &, soft lepton excluded
ATLAS 8 TeV & excluded
[ ATLAS 8 TeV &, exclu

m

300

E= (60, 3.0, 1.0)
E= (60, 1.0, 1.0)
=3 (5, 30, 1.0)
E= (5, 1.0, 1.0)
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e Most models havem- > m- butm-. ~ m. : relevant constraint
1238 HR MR €R



g//t - 2 |n Phenomenologlcal pMSSM1I1 _— LHC13,w/ (9 —2), —— LHC13,w/o(g—2),

——-- LHCS,w/(g—2),

--—- LHC8,w/o (g9—2),
Supersymmetry d g
:\\Can accommodate ;|
(pMSSM11) | A\ i
No relation between squark/gluino masses N
and slepton/neutralino masses <y
— LHC13,w/(9—2), —— LHC13, wlo(g—2), ,
PMSSMI11 ___. 1Hcs w/(g—2), ---- LHCS8, who(g—2), 2
! . 1 0 1 2 3 4 5 6
': ‘ Neutralino DM A (9=2 x 10~
6- |: 1 ( 2 )'LL
U l‘ — LHC13,w/(9—-2), —— LHC13,w/ (g9-2),
Dl PMSSMI11 ___. 1HC8,w/(g-2), ---- LHCS, wih(g—2),
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 6
0 500 1000 1500 2000 2
mu[GeV] Lyl
No problem accommodating BNL/FNAL result

Neutralino DM, smuon masses ~ 300/400 GeV 2
compatible with SUSY dark matter

MasterCode, E. Bagnaschi, ..., JE et al, arXiv:1710.11091




Supersymmetry

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

1000 1000 psamms i
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),+Qh?+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, dark matter density and
direct scattering constraints

Chakraborti, Heinemeyer & Saha, arXiv:2104.03287
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