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Challenges ahead




The LHC

The LHC is in a mature stage, already providing precision tests for
the SM in most channels (excl the Higgs)

Standard Model Production Cross Section Measurements
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Absence of excesses:
interpreted as new
physics exclusions
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exclusions: rather impressive, many at the TeV

searches: outstanding coverage of possible topologies
any hints: (like in flavor) extremely tempting




This 1s just the beginning

HL-LHC (High-Luminosity) LHC approved, to deliver 3000 inverse fb of data.
Funding ensured until 2035.
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Plus other collider experiments testing SM
at high precision e.g. super-B factory




So here we are
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aiming fora UNIFIED FRAMEWORK



So here we are again, post-LLHC Runl
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T'he Higgs as a key to new physics




A cosmological Higgs
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The LHC provides the most precise, controlled way of studying
the Higgs and direct access to TeV scales
Exploiting complementarity with cosmo/astro probes

Similar story for Axions and ALPs, scalars are versatile



The Higgs at the 1LHC




LLHC Higgs in a nutshell (I

{ The Higgs is produced in |
{ goF VBE VHand ttH |
decays to channels with
¢ photons, leptons (e, mu),
missing energy, tagged b’s §
' and taus -‘

%, gluon-fusion PRODUCTION
i

ST H DECAY

2
H easy to difficult
= diphotons
N 77 to 4L
WW to 2L
di-taus
10-4¢ bb
¥ "’7‘“ \ mass=125 GeV
03— i 16%) - 15&0\‘ 00

Higgs Mass (GeV/<)




LLHC Higgs in a nutshell (1)

QUANTUM NUMBERS

using kinematic distributions in
27, WW, ...
determine the spin and parity
as well as possible CP
admixtures
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SM Higgs

Runl (and now Run2) indicates a SM-like Higgs
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but precision is poor (20-30%)



The low-hanging fruits:
SUSY and Composite Higgs




SUSY Higgs (I

SUSY Higgs: loop corrections compete with
gluon fusion and Higgs to diphotons
Main effect stop contributions

ESPINOSA, GROJEAN, V§, TROTT. 1207.7355

indirect searches for stops
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SUSY Higgs (11

Higgs data vs direct searches for stops
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Composite Higgs (1)

Usual paradigm:
potential generated via Coleman-Weinberg contributions

e.g. GAUGE
Georgi-Kaplan (80’s)

Ver(h) = __-_Q____ : @ gauge-top does not trigger EWSB

need new fermionic resonances
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pheno: New, light (below TeV) techni-baryons
should couple to the Higgs, W, Z




Composite Higgs (11
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Composite Higgs after Run2
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The EF'T approach

Looking for small deviations from the SM



KT approach

Well-defined theoretical approach

Assumes New Physics states are heavy
Write Effective Lagrangian with only light (SM) particles
BSM etfects can be incorporated as a momentum expansion
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Beyond the kappa formalism

Kappa-formalism is useful when new physics effects are very simple
Just change the overall rates

squarks non-linear, CHM

EWinos singlet mixing
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Models offer richer kinematics, and EFT approach captures them
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KT approach

THEORY

Model-independent
parametrization deformations
respect to the SM

Well-defined theory
can be improved order by order in
momentum expansion

consistent addition of higher-
order QCD and EW corrections

Connection to models is
straightforward

EXPERIMENT

Beyond kappa-formalism: Allows
for a richer and generic set of
kinematic features

Higher-order precision in
QCD/EW

The way to combine all Higgs
channels and EW production




EE'T: Matching with UV theories




Extended Higgs sectors

GORBAHN, NO, V8. 1502.07352

To combine direct/indirect and evaluate the validity of the EFT
approximation, matching of the EFT with a UV model is required

We did the matching to UV theories with extended Higgs sectors

éu || ér | éw | @ | Eaw | Cup | Gaw | & | &

Higgs Portal (G) L|L| X | X | X X X | X | XX

Higgs Portal (Spontaneous () T | L|IRG|RG|RG| X X | X X

Higgs Portal (Explicit () T | T|RG|RG|RG| X X X | X | X

2HDM Benchmark A (cg-«=0) | L | L | L L L L L L |L|X

2HDM Benchmark B (cg_o#0) | T | T | L L L L L L |L | X
Radion/Dilaton T | TI(RG| T | T T T L |T|T |

combined EWPTs, direct searches and Higgs limits from the EFT
50 pages of gory details...



MatChlng prOCedure GORBAHN, NO, VS. 1502.07352
Matching EFT: unbroken phase
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Matching to UV theories

Within the EFT, connection to models is straightforward
EFT
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EFT: Global analyses




Global analyses using EF'T's

EFTs induce effects in many channels

ideal framework for combination

L4, Counplings vs SU(2);, x U(1)y (D < 6) Wilson Coefficients
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Global analyses using EF'T's

EFTs induce effects in many channels
ideal framework for combination

TGCs, QGCs

L Couplings vs SU(2);, = U(1)y (D < 6) Wilson Coefficients
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Global analyses using EF'T's

Although the EFT has many parameters, the LHC is
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sensitive to a handful of them

State of the art:
Global fit

ELLIS, VS, YOU. 1410.0773

LEP and LHC Runl data



Events / 5 GeV

Global analyses using EF'T's

sensitivity relies on combination of channels and on use of
differential information

WW production Dependence on EFT
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theorists are working closely with the experiments
to bring this to higher precision in the 13 TeV runs



EE'T: Precision




Precision in the EF'T

Within the EFT approach
o incorporate higher-order QCD and EW effects
higher-order EFT effects (dimension-8)
check validity of the approach

¢

¢

Need to exploit differential information

simulate cuts and detector effects in analysis
MC tools should match the level of SM BGs

we started incorporating the EFT at QCD NLO
NLO EW & dim-8 underway



Monte Carlo EFT@NIL.O QCD

At LO there are a handful of EFT implementations, incl SM NLO

WHIZARD, JHU, VBENLO, AMC@NLO, POWHEG
Largest collection of EFT operators in one MC (39 operators)
ALLOUL, FUKS, VS. 1310.5150
written in the SILH basis, we link to Rosetta for change of basis
MIMASU, VS ET AL. 1508.05895
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we started incorporating QCD
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Conclusions

» The Higgs may be the key to discover new physics: lightness and association
with the origin of mass

» The discovery of the Higgs in 2012 opened a new way to look for new physics
via quantum effects (indirect). With Run2 at 13 TeV, the LHC is approaching a
precision stage for Higgs measurements

» The EFT approach to interpret Higgs data is a theorist-friendly procedure and
with a well-defined procedure for systematic improvement. It is motivated by
the absence of excesses in direct searches

» To reach the precision needed for discovery, theorists are developing NLO
MC tools to facilitate the communication with experimentalists. Expect to
reach scales into the TeV



