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Two recent colloquia at DESY HH
Halina Abramowicz
December 4th 

Andreas B. Meyer
November 27th 

“Physics at the HL-LHC”
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(Possible) Future colliders

Halina Abramowicz

In this colloquium: - not  arguing about choice of future collider
- prospects from the one project that is already approved (HL-LHC); the “baseline”
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We are here Major upgrades to LHC
and to the experiments

10x more luminosity than “original” LHC
(100x more than in 2016)
    [current results discussed today 
       are based on 2015+2016 data]

Unprecedented pile-up and event rates
→ need detector upgrades

Timescale consistent with
  - development of sophisticated analyses
  - improved theory calculations

The HL-LHC
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ATLAS detector upgrades 
for the HL-LHC phase

Full list of TDRs for ATLAS upgrades:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Upgrade_Projects_and_Physics_Pro

   New inner tracker
       - extended coverage (|η| < 4)
       - improved granularity

   Trigger/DAQ 
       - 10 kHz recorded

Small selection of highlights:

   Calorimeters
       - new front end electronics; 
         higher granularity of readout (40 MHz) for triggering
       - High Granularity Timing Detector;
         Separate vertices (in addition to z0)

    Muon system 
       - extended trigger coverage (|η| < 4)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Upgrade_Projects_and_Physics_Pro
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Upcoming CERN Yellow Report
HL-LHC prospects studies 
are a very active area these days:

    - aim for a Yellow Report 
      by the end of this year

    - first step for ATLAS: PUB notes !

    - now is the right time for this YR:

          - crucial input to the next update (2020) 
            of the
            European Strategy for Particle Physics

          - final CMS/ATLAS detector 
            optimisations for HL-LHC are available

Approach(es) for estimation of precision 
at 3000 fb-1:

    - Extrapolation based on current, 
      published results

    - Or use new analysis, based on 
      generator-level event samples
      plus parameterised model of expected detector performance

    - Present different scenarios for expected systematic uncertainties;
      Try not to be overly pessimistic.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/PUBnotes

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/PUBnotes
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Why look for New Physics ?
With the discovery of the Higgs boson, 
the Standard Model is now a

       complete

       coherent

       predictive

theory of particles and their interactions.

      Are we done ?

We are convinced that other particles 
and/or phenomena exist.

The Standard Model does not explain:

    - dark matter

    - matter/anti-matter asymmetry

    - neutrino masses

    - … and it has problems explaining 
        the light Higgs mass (hierarchy problem)

    - ...
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The Higgs sector
At LHC, finally have experimental 
access to the Higgs sector.
 → study it in detail,
      test SM predictions: couplings, …

  5% precision on couplings: 
  sensitive to BSM scales O(1 TeV).

  (sub-)1% precision → O(10 TeV)

Higgs is first scalar fundamental particle.
Is there an extended scalar sector ?

Origin of the Higgs potential ?

Postulated ad hoc in the SM.

Does it have a more profound
origin (analogy with 
Ginzburg-Landau theory 
of superconductivity)

Dynamical origin ?
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Higgs potential

A measurement of the Higgs self-coupling is the only way to experimentally reconstruct
the Higgs potential (reconstruct its shape close to the minimum).

Higgs potential in the standard model:

expansion around the minimum
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Electroweak baryogenesis
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An exciting theory paper
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Di-Higgs production at LHC
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[Di-Higgs production at LHC:
hypothetical new particles]

Not the focus of this talk.

The search for new resonances that decay to two Higgs bosons is an exciting topic 
of its own. Especially with the move to high energy (√s = 13 TeV) of the LHC.

Will briefly show an example of a search later when we discuss the current di-Higgs results.
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Di-Higgs production at LHC:
observables

Di-Higgs production cross section
strongly depends on self-coupling strength:

Kinematics of the HH events,
in particular m(HH),
depends on self-coupling strength:

On this slide, and in the remainder of this talk: express coupling strength in multiples
of Standard Model expectation (

SM
):
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Di-Higgs: channels

bbbb:

  “relatively”
  large signal

bbγγ:

  “relatively” 
  clean

bbττ:

  “good” 
  compromise

Single Higgs  branching fractions
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Existing, public projections

adapted from M. Kagan

Published HL-LHC projections 
suggest a very challenging future.

Coupling limits 

 ∈ [ -1 , 8 ] for single channel.
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The “50% claim”

Text on the left: 
from the paper on slide 11.

And this is Ref. [41]:



Jan Stark DESY colloquium, December 11th 2018 18

The latest measurements
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Latest Run 2 result: HH → bbbb
arXiv:1804.06174 [hep-ex], submitted to JHEPDominant backgrounds:

   - multi-jet production

   - t tbar

Event selection:

   - ≥4 b-tagged jets with p
T
 > 40 GeV

   - b-jets assigned to two H → bb candidates using angular information

   - requirement on Higgs candidate p
T
 dependent on m(HH)

   - veto events where Higgs candidate masses are not consistent with H → bb decay

   - veto events consistent with top quark decay

Analysis strategy:

  - Signal extracted from fit to m(HH) distribution

  - Shape of t tbar background taken from simulation

  - Mult-ijet background taken from data control region: events with ≥4 jets but only 2 b-tags.

        - reweighted to 4-b-tag data in sidebands

        - background model validated in  4-b-tag data in sidebands, close to the H → bb mass peaks
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Latest Run 2 result: HH → bbbb
arXiv:1804.06174 [hep-ex], submitted to JHEP
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Latest Run 2 result: HH → bbττ
Phys. Rev. Lett. 121, 191801 (2018)

Dominant backgrounds:

   - t tbar

Event selection:

   - Two categories:  τ
lep

 τ
had

  and  τ
had

 τ
had

   - Boosted Decision Tree (BDT) used in each category.
      Exploits masses, angular variables and missing transverse energy.

Analysis strategy:

  - Signal extracted from fit to distribution of BDT score

  - t tbar background with true τ
had

 taken from simulation

  - t tbar component with jets: faking had: MC + data-driven methods for fake rate
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Latest Run 2 result: HH → bbττ
Phys. Rev. Lett. 121, 191801 (2018)

single most stringent limit on
non-resonant HH production
to date.
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Latest Run 2 result: HH → bbγγ
JHEP 11 (2018) 040

Dominant backgrounds:

   - bb and cc non-resonant continuum background

   - various single Higgs (H → ) processes: Hbb, ttH, ZH, ...

Event selection:

   Very simple event selection:

       - acceptance requirements (p
T
,...)

       - di-jet mass consistent with H → bb

       - two categories: one or two b-tags

Analysis strategy:

  - Signal extracted from fit m() distribution
           → continuum backgrounds from sidebands

  - “Peaking” single Higgs backgrounds from simulation
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Latest Run 2 result: HH → bbγγ
JHEP 11 (2018) 040
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Latest Run 2 combination: HH

ATLAS-CONF-2018-043 (September 2018)
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Hot off the press:
New HL-LHC projections
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Updated HL-LHC projections

The new projections for 
bbbb and bb τ τ are extrapolations
based on the measurements
that we just discussed.

The new projections for 
bbγγ are based on a new analysis
that uses more sophisticated
techniques that the current measurement.
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Updated HL-LHC projections:
HH → bbγγ

Analysis proceeds
in two steps:

Simple preselection

  after preselection:

  39000 events from 
             continuum background

  180 events from single Higgs
         Boson background

Boosted Decision Tree (BDT)
for background rejection, 
21 variables
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After BDT requirement
and 123 < m(γγ) < 127 GeV:

   3.7 events continuum
         background

   3.2 events single Higgs
         background
         (ttH, ZH, Zbb, ...)

   6.46 di-Higgs signal 
           events for κ

λ
 = 1.

Updated HL-LHC projections:
HH → bbγγ
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Updated HL-LHC projections:
combination of channels, extraction of κ

λ
These plots assume a signal as predicted by the SM (κ

λ
 = 1).

Stat uncertainties only Including systematic uncertainties

Projected measurement uncertainties:
κ
λ
 = 1.0 +0.9 

–0.8
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For the future: even more observables 
in the extraction of κ

λ

And this is Ref. [41]:

From slide 17:

An analysis that is based on the
same log-likelihood ratios
that are mentioned in this paper
(on the right) would be the matrix
element method.
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Higgs self-coupling 
at (possible) future colliders

ILC at √s = 500 GeV, 2 ab-1: σ(κ
λ
) = 44%

ILC at √s = 1 TeV, 2 ab-1: σ(κ
λ
) = 18%

FCC-hh:  σ(κ
λ
) = ~5%

(from 
 FCC CDR)

Question: so what about the quartic
Higgs self-coupling ?

FCC-ee:  σ(κ
λ
) = 44%

Very indirect: 
measuring centre-of-mass-energy-dependent 
effects on single Higgs observables
(such as the HZ and ννH production cross sections)

√s = 240 GeV and √s = 365 GeV
(from 
 FCC CDR)

(from ILC TDR and LC-REP-2013-003)



Jan Stark DESY colloquium, December 11th 2018 33

Summary
At LHC, finally have experimental access to the Higgs sector.

Studying the Higgs sector in detail:

    - Additional Higgs bosons ?

    - Measurements of the properties of the Higgs boson: mass, couplings, …

Measuring the Higgs self-coupling is key test of the Standard Model.

    - Hope to learn more about the origin of the Higgs potential

    - Implications for Electroweak baryogenesis

The measurement of the self-coupling is notoriously difficult and will require very large
datasets.

In this talk, showed, for the first time in public, updated projections for the HL-LHC phase
from the ATLAS collaboration.

In the past: “Can we discover di-Higgs at the LHC ?”.
We are moving towards the new question: “When will we discover di-Higgs at the LHC ?”
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Additional
material
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Current HH combination: acceptances
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Measuring the Higgs self-coupling 
in e+ e- collisions

Figure extracted from: J. Tian, LC-REP-2013-003.
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Measuring the Higgs self-coupling 
in e+ e- collisions

Figure extracted from: J. Tian, LC-REP-2013-003.

At s = 500 GeV:                 (dilution due to presence 
                                              of diagrams without trilinear coupling)
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Measuring the Higgs self-coupling 
in e+ e- collisions

Figure extracted from: J. Tian, LC-REP-2013-003.

At s = 1 TeV:                      (dilution due to presence 
                                              of diagrams without trilinear coupling)



Jan Stark DESY colloquium, December 11th 2018 39

Di-Higgs at HE-LHC
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Higgs cross sections and couplings
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Differential cross section
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Example of a rare decay: H → μμ
ATL-PHYS-PUB-2018-006

Based on projected HL-LHC detector
performance

Current limits: ~3 times SM cross section

Study Higgs coupling to 
second-generation fermions

http://cdsweb.cern.ch/record/2319741
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M. Kagan, Moriond EW 2018
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M. Kagan, Moriond EW 2018
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M. Kagan, Moriond EW 2018
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M. Kagan, Moriond EW 2018
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