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Higgs physics in run 2
Run 1:

Higgs boson discovered

Couplings and spin/parity compatible with
SM, constraints on total width

Mass known already with high precision
mH = 125.09± 0.24 GeV

Run 2:

σggH(13 TeV)/σggH(8 TeV) = 2.3
even factor 3.9 increase for σttH

Some improvements in detectors
(e.g. ATLAS IBL) and analysis techniques

So far: only ≈ 15% of int. luminosity at 8 TeV,
systematics still larger than in run 1

SM Higgs analyses presented here mostly
preparation for measurements with higher
luminosity
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Scope of this talk
This talk focuses on run 2 results about the 125 GeV boson

H→ γγ
ATLAS-CONF-2015-060: Fiducial cross section
CMS PAS HIG-15-005: SM search
ATLAS-CONF-2016-011: H→ γγ + MET

H→ ZZ→ 4l
ATLAS-CONF-2015-059: Fiducial cross section
CMS PAS HIG-15-004: SM search and fiducial cross section

Combination
ATLAS-CONF-2015-069: H→ γγ and H→ ZZ→ 4l

H→ invisible
CMS PAS HIG-15-008: in ZH
CMS PAS HIG-15-009: in VBF

ttH
CMS PAS HIG-16-004: ttH, H→ bb
CMS PAS HIG-15-008: ttH, H→ multilepton

Run 2 BSM Searches for: Higgs-like resonances, resonances decaying into
Higgs+X, Di-Higgs production presented tomorrow by Hass Abouzeid
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H→ γγ at ATLAS
ATLAS-CONF-2015-060

Important for H→ γγ analysis
Identification of isolated photons

Photon ID from EM shower shapes

Improved PU stability of photon
isolation in run 2

Good mass resolution

Primary vertex identification:
ANN to identify correct PV

Photon energy reconstruction:
improved with regression trees

Backgrounds

Dominated by diphoton production

Contributions from fakes measured
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H→ γγ at ATLAS

Unbinned fit of mγγ , no categorization

Obs. (exp.) significance: 1.5σ (1.9σ)

Fiducial cross section

σtot =
NS

ABCLint
=
σfid.

AB

Lint and efficiency C = 0.677± 0.033
dominated by experimental uncertainties,
mainly of photon selection efficiency

Acceptance A = 0.57 and branching ratio
B = 0.228% more theory dependent

Cross section result
σfid. = 52± 34 (stat.) +21

−13 (syst.) ± 3 (lumi.) fb
σSM

fid. = 66.1+6.8
−6.6 fb
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H→ γγ at CMS
CMS PAS HIG-15-004

Similar to run 1 analysis
Photon energy regression
83% vertex identification rate with BDT
Photon identification with BDT
All calibrated with Z decays

Categorization
ttH leptonic and hadronic category
Two VBF categories with BDT
Gluon fusion categories with different S/B
and resolution selected with BDT

Vertex probability estimate
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H→ γγ at CMS
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1.7σ significance (2.7σ expected)
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H→ ZZ∗→ 4l at ATLAS
ATLAS-CONF-2015-059

Fiducial cross section measurement at 7, 8, and 13 TeV
(high mass and dark matter search will be covered in BSM talk)

Event selection: two pairs of isolated muons or electrons

pT thresholds 6/7 GeV for
electrons/muons, |η| < 2.47/2.7
Electron and muon reconstruction and
selection close to run 1

Improved multivariate electron ID by
including d0 information
Calibration with Z events

Backgrounds:
Irreducible ZZ production from MC
Reducible: determined in several
control regions with inverted d0 and
isolation requirements

Example CR for muons
from B-decay

 [GeV]12m

50 60 70 80 90 100

E
v
e

n
ts

/4
 G

e
V

5

10

15

20

25

30

35

40
 Data

 Total

t t
 Z+heavy

ATLAS Preliminary

 CR0Inverted d
­113 TeV, 3.2 fb

Hannes Mildner – First Run 2 Standard Model Higgs Results May 3, 2016 8/20



H→ ZZ∗→ 4l at ATLAS
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-1 = 7 TeV,  4.5 fbs
-1 = 8 TeV,  20.3 fbs

-1 = 13 TeV, 3.2 fbs

Fit of m4l , no further kinematic
signal/background discrimination

Result of fit NS = 1.0+2.3
−1.5

Expected for SM: 4.6 events with
expected significance of 2.6σ)

Cross section results
σfid = 0.6+1.3

−0.9 fb (σSM
fid = 2.74± 0.28 fb)

σtot = 12+25
−16 pb (σSM

tot = 50.9+4.5
−4.4 pb)

Combined with γγ measurement
in ATLAS-CONF-2015-069

Combined cross section results
7 TeV 8 TeV 13 TeV
34+11

−10 pb 33.3+5.8
−5.5 pb 24+21

−18 pb
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H→ ZZ∗→ 4l at CMS
CMS PAS HIG-15-004

SM Higgs search and fiducial cross section (and DM and high mass search)

Selection similar to run 1, pT > 5/7 GeV, |η| < 2.4/2.5 muons/electrons

Additional cuts of invariant masses to supress backgrounds

Lepton efficiency and momentum recalibrated in run 2
Backgrounds

ZZ: MC with NNLO k-factor for mZZ

Reducible: dilepton events with additional loose SS or OS leptons
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H→ ZZ∗→ 4l at CMS
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Fit of m4l for fiducial cross section result
2D-fit of m4l and matrix element discriminant Dkin

bkg in a VBF (0 events found
so far) and ggH category to extract signal strength

Fiducial cross section
2.48 +1.46

−1.13 (stat) +0.28
−0.18 (syst) +0.01

−0.04 (model) fb
2.39± 0.25 fb predicted by SM

Different phase space definition compared
to ATLAS: lepton isolation on particle level

Signal strength

µ = 0.82+0.57
−0.43, obs. (exp.)

sign.: 2.5σ (3.4σ)

Lower than expected due
to low Dkin

bkg in data
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H→ γγ + MET at ATLAS
ATLAS-CONF-2016-011

Search for
Decay of heavy scalar (2mH < M < 2mt )
into SM Higgs and dark matter
DM production by heavy vector boson

Z
′

Z
′

q̄

q

χ̄

χh

Fit for 125 GeV
Higgs in 4 regions
with different MET
and Higgs pT

Limits
275 GeV scalar
decaying into
60 GeV DM:
σ × BR < 29.6 fb

2 TeV mediator:
σ × BR < 1.73 fb
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ZH with H→ invisible at CMS
CMS PAS HIG-16-008

Search for Higgs decays in LSP, DM, Graviscalars, ...

Selection
Z-boson candidate
Balanced by
Emiss

T > 100 GeV

Background
ZZ Production
WZ with
missing lepton

Fit of mT to extract signal

Limit
SM Higgs: B(inv.) < 1.25 (1.23 exp.)

Also limit on
addditional inv.
Higgs bosons:
mH = 125 GeV
σ × B(inv.) < 1.1 pb
(1.1 pb expected)
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VBF with H→ invisible at CMS
CMS PAS HIG-16-008

Selection
Forward backward jet pair
Emiss

T > 200 GeV, ∆φ(Emiss
T , j) > 2.3

No lepton

Improved background estimation:
combined fit in signal and 5 control
regions

Z(µµ) to control Z(νν)
W (eν), W (µν), and W (τν) regions
QCD control region:
∆φ(Emiss

T , j) < 0.5

Observed (expected) limit:
σ × BR(H → inv.)/σSM < 0.69 (0.62)

In combination with ZH and run 1
mono-jet, hadronic VH: 0.32 (0.26)
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ttH Introduction
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Main search channels:
H→ bb̄: high statistics, large background
and systematics, combinatorics
H→ γγ: low background and low statistics
H→ WW /ZZ /ττ with same sign or ≥3
leptons: fake lepton and ttV background

Run 1: ttH signal strengths > 1, esp. in multilepton final states
Recent ATLAS publication with all-hadronic ttH and combination
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ttH with H→ bb (CMS)
CMS PAS HIG-16-004

Categorization according to jet and b-tag multiplicity
5 dilepton and 8 lepton+jets categories
Signal and heavy flavor background increase with jet and b-tag multiplicity
Best S/B: 1 lepton, ≥6 jets, ≥4 b-tags and dilepton, ≥4 b-tagged jets

New: Boosted category

Two C/A 1.5
“fat jets”

Substructures
compatible with
boosted top
(HEP top-tag v2)
and Higgs

Simplified
combinatorics
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MVA analysis in all
categories with

MEM discriminant:
using b-jet
kinematics to
discriminate
ttH vs. ttbb
BDT: Exploiting
b-tags, jet and
lepton kinematics,
event shape
New: combination of
both techniques
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ttH with H→ bb (CMS)
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ttH with multileptons (CMS)
CMS PAS HIG-15-008

Event selection
2 same sign / ≥ 3 leptons (selected with BDT, trained with iso and ID variables)
4 / 2 jets, b-tags, additional MET and mll cuts

Irreducible backgrounds
ttV, Diboson
From simulation

Reducible backgrounds
B-hadron decays, fakes, charge flip
From data with fake rate method

Constructing 2D discriminator of BDTs trained against the two backgrounds
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Summary

First Higgs boson signals at 13 TeV, significance so far below 3σ
0.6σ (2.4σ expected) in H→ ZZ→ 4l by ATLAS
2.5σ (3.4σ expected) in H→ ZZ→ 4l by CMS
1.5σ (1.9σ expected) in H→ γγ by ATLAS
1.7σ (2.7σ expected) in H→ γγ by CMS
1.4σ (3.6σ expected) by ATLAS combination

First measurements of 13 TeV cross sections
in 4 lepton and diphoton final state

Limits on H→ γγ + MET by ATLAS

CMS improved limit on invisible Higgs: B < 32% (26% exp.)

No large excess over SM found in ttH production,
CMS combination: µttH < 2.1 (1.9 expected)

Experiments ready to measure Higgs properties with more precision
with additional 13 TeV data in 2016
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