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current status



current status

○ Observation in three bosonic channels
○ Strong evidence for fermion couplings
○ High precision mass measurement
○ Spin determined
○ Limits on CP mixing

○ No evidence for non-SM production or decay modes
○ No evidence for extended/modified scalar sector
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mass measurement

○ Free parameter in the SM: once known, all Higgs couplings can be
predicted

○ Use fully reconstructed final states: H→ γγ and H→ ZZ∗ → 4`
○ Extensive categorization in H→ γγ: ATLAS: photon conversions,
detector region, diphoton momentum. CMS: BDT based on kinematics,
photon ID/shower shape, and resolution, and (rarer) production modes

○ 2D/3D fit in H→ ZZ∗ → 4`: m4` vs. ZZ
∗ continuum rejection, and

per-event uncertainty on m4` (CMS)
○ First joint ATLAS and CMS paper: 0.2% precision (stat. limited)
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9

Total Stat. Syst.CMS and ATLAS
 Run 1LHC 						Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 
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mass measurement – understanding uncertainties

○ Extensive effort to understand systematic uncertainties: ∼200
individual theory and experimental systematic uncertainties!
○ Dominated by energy/momentum scale/resolution on γ, e, µ
○ Expected small interference between Higgs signal and continuum
background neglected
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signal strength
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○ Precise measurements of diboson
decay modes (theoretical uncertainties
become relevant!)

○ Some channels (e.g. H → bb̄)
dominated by exp. uncertainties

○ Rare decay modes statistics limited 6



coupling measurements

○ Interpret production and decay rates in leading-order tree level
coupling framework
○ Treat correlations between production and decay

○ Typically precision of 10% to 20% in generic benchmark models
○ Measurements very compatible with the SM prediction, e.g. scaling
of couplings with particle mass
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high-luminosity lhc …

Detector performance as good or better as today – key: trigger

Phase 1

○ ATLAS: Fast tracker (FTK), New Small
Whell (NSW), Calorimeter readout

○ CMS: Level 1 trigger, silicon pixel
detector, HCal photodetector and
electronics

Phase 2

○ Re-design of trigger system

○ Tracking

○ Calo electronics and forward region

○ Muon system 8



… as a higgs factory

Higgs boson candidates for 3000 fb−1 at 13 TeV (approximate
numbers, given LHCHXSWG cross sections)

ggF VBF WH ZH ttH bbH tH HH total

130M 11M 4.1M 2.6M 1.5M 1.5M 260k 120k 150M

Higgs boson physics goals
SM Higgs
○ High precision coupling
measurements

○ Rare decays
○ Spin and parity
○ Higgs boson pair production

BSM Higgs
○ Extended scalar sector: heavy
Higgs, charged Higgs, composite
Higgs, MSSM, …

○ Couplings to Dark Matter
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importance of rare production and decay modes

We need to understand all production and decay modes!
 see talk by Giovanni Marchiori

Example from ATLAS in run 1:

○ gg→ ZH cross section less than 10% of qq→ ZH cross section,
but: Z-t interference

○ tH cross section small in SM, but can become when constructive
interference at tree level: W-t interference

○ Sensitivity to relative sign between W and Z!
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experiments performance

ATLAS

○ Detector response based on full Geant4 simulations
○ Apply acceptance, efficiency, and resolution functions to physics
objects (“smearing simulation”)
○ µPU ∼ 50− 60 for 300 fb−1 – Includes IBL and LAr trigger updates
○ µPU ∼ 140 for 3000 fb−1 – Includes full upgrade of ID (ITK)

○ Study scenarios with current/half/no theoretical uncertainties

CMS

○ Studies scale run 1 analyses
○ Detector performance uses Delphes parametrization
○ Two scenarios for systematic uncertainties
1. Systematics remain the same as in run 1
2. Theoretical uncertainties reduced by 50%, others scale by 1/

√
L

 see talks by Markus Klute, Richard Polifka, Tim Scanlon
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higgs boson decays to dibosons



h→ γγ

Possibility to measure all production modes with 3000 fb−1

○ Interesting in particular ttH/tH(H→ γγ) owing to top-quark Higgs
Yukawa coupling in production and decay

○ Rates scales well with σ × L in general. Exception: selected VBF
candidates

○ Theoretical uncertainties become more and more relevant
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h→ zz∗ – atlas

High purity and fully reconstructable final state – Possibility to
measure all production modes with 3000 fb−1
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between 115 and 130 GeV. The total uncertainties on the corresponding estimates are also given. Fig-
ure 3 shows the invariant mass distributions of the lepton quadruplets coming from the various Higgs
production mechanisms and background for the di↵erent category selections.

Category True Origin
ggF VBF WH ZH ttH Background

ttH-like 3.1 ±1.0 0.6 ±0.1 0.6 ±0.1 1.1 ±0.2 30 ±6 1.6 ±1.0
ZH-like 0.0 0.0 0.01 ±0.01 4.4 ±0.3 1.3 ±0.3 0.06 ±0.06
WH-like 22 ±7 6.6 ±0.4 25 ±2 4.4 ±0.3 8.8 ±1.8 13 ±0.8
VBF-like 41 ±14 54 ±6 0.7 ±0.1 0.4 ±0.1 1.0 ±0.2 4.2 ±1.5
ggF-like 3380 ±650 274 ±17 77 ±5 53 ±3 25 ±4 2110 ±50

Table 1: Mean expected number of events in each category assuming mH = 125 GeV and 3000 fb�1 of
data. For each category, the expected number of events from the various Higgs production mechanisms
is specified. Estimates are given in the lepton quadruplet mass interval between 115 and 130 GeV, along
with their total uncertainties.

The expected relative uncertainty on the combined signal strength, µ, along with that of di↵erent
production modes, is summarized in the Table 2. Results are shown for the 300 and 3000 fb�1 data
samples. The uncertainty on µggF is significantly reduced compared to the result using the 2011 and
2012 data and is dominated by theoretical uncertainties. With the HL-LHC a significant improvement in
the VBF and VH associated production modes is obtained and makes it possible to measure the signal
strength in the ttH production mode with a reasonable precision.

�µ/µ Total Stat. Expt. syst. Theory
Production mode 300 fb�1

ggF 0.152 0.066 0.053 0.124
VBF 0.625 0.545 0.233 0.226
WH 1.074 1.064 0.061 0.085
ttH 0.535 0.516 0.038 0.120
Combined 0.125 0.042 0.044 0.108

3000 fb�1

ggF 0.131 0.025 0.040 0.124
VBF 0.371 0.187 0.225 0.226
WH 0.390 0.375 0.061 0.085
ZH 0.532 0.526 0.038 0.073
ttH 0.224 0.184 0.034 0.120
Combined 0.100 0.016 0.036 0.093

Table 2: Expected relative uncertainties on the signal strength, for samples of 300 fb�1 and 3000 fb�1,
for the various Higgs production mechanisms and their combination.

5

○ ggF and VBF production
modes not anymore stat.
limited
○ VBF: exp. and theo.
systematics equally large

○ VH and ttH still stat. limited
14



h→ zz∗ acceptance

 [GeV]µ4 M
100 150 200 250 300

E
ve

nt
s/

1.
0 

G
eV

0

100

200

300

400

500
Phase II Detector - PU140 

 

µ 4 → ZZ* →Conf-3: H  
µ 4 → ZZ* →Conf-4: H  

 

µ 4 →Conf-3: Z/ZZ 
µ 4 →Conf-4: Z/ZZ 

CMS Simulation 2013  = 14 TeVs -1L = 3000 fb

Acceptance increases by 40% for
a detector with |η| < 4.0 coverage
compared to |η| < 2.5 coverage

|η|

0 0.5 1 1.5 2 2.5 3 3.5 4

A
cc

ep
ta

nc
e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Total acceptance assuming 100% efficiency

+ Analysis selection cuts

|>2.5η|<0.1 or |η with |µ1 ≤

|>2.5η|<0.1 or |η with |µ2 ≤

 = 14 TeVs
-1

Ldt = 3000 fb∫

ATLAS Simulation Preliminary

15



h→ ww∗

○ Dominant backgrounds from t̄t and WW production increase with
event pileup

○ Rise jet pT requirements (30/35 GeV at µPU = 50/140) to cope with
pileup and fakes
○ Threshold in VBF-enriched category increased further

○ Key: understanding systematic uncertainties
○ Dominant experimental systematics decrease

○ b-tagging, JES/JER
○ Background modeling improved through improved analysis design
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Figure 14: The mT distributions after all the selection cuts, but before the final mT window cut, in the
Njet = 0 (left) and Njet = 1 (right) final states for µpu = 140 with 3000 fb�1 of total integrated luminosity.
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-1 Ldt = 300 fb∫ = 14 TeV, s

 2j≥ + νeνµ/νµνe→WW*→H
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Figure 15: The mT distribution after all the selection cuts, but before the final mT cut, in the Njet � 2 final
state for µpu = 50 with 300 fb�1 of total integrated luminosity (left) and µpu = 140 with 3000 fb�1 of
total integrated luminosity (right) .

µggF µVBF µggF+VBF

300 fb�1 1+0.18
�0.15 1+0.25

�0.22 1+0.14
�0.13

3000 fb�1 1+0.16
�0.14 1+0.15

�0.15 1+0.10
�0.09

Table 12: The precison on the signal strength measurement for µpu = 50 and 140, and for di↵erent Higgs
production modes. Njet = 0, = 1 and � 2 final states are combined.
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h→ ww∗ – atlas at hl-lhc

○ Large event yields
○ Need to understand systematic
uncertainties, especially theory

Projections

Process Rel. unc.
0-jet 2-jet

WW 1.5 10
VV 2 10
t̄t 7 10

tW/tb/tqb 7 10
Z+jets 10 10
W+jets 20 20
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Figure 14: The mT distributions after all the selection cuts, but before the final mT window cut, in the
Njet = 0 (left) and Njet = 1 (right) final states for µpu = 140 with 3000 fb�1 of total integrated luminosity.
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 2j≥ + νeνµ/νµνe→WW*→H

 [GeV]Tm

50 100 150 200 250 300

E
ve

n
ts

 /
 2

0
 G

e
V

100

200

300

400

500

600
  SM

 WW  Other VV

t t  Single Top
*γ Z/  W+jet

 ggF  vbf

ATLAS Simulation Preliminary
-1 Ldt = 3000 fb∫ = 14 TeV, s

 2j≥ + νeνµ/νµνe→WW*→H

Figure 15: The mT distribution after all the selection cuts, but before the final mT cut, in the Njet � 2 final
state for µpu = 50 with 300 fb�1 of total integrated luminosity (left) and µpu = 140 with 3000 fb�1 of
total integrated luminosity (right) .
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�0.22 1+0.14
�0.13

3000 fb�1 1+0.16
�0.14 1+0.15

�0.15 1+0.10
�0.09

Table 12: The precison on the signal strength measurement for µpu = 50 and 140, and for di↵erent Higgs
production modes. Njet = 0, = 1 and � 2 final states are combined.
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Run 1
Sample Total Stat. Expt. Theo.
0-jet error error syst. err. syst. err.

Nsig 16 - 6.7 15
Nbkg 2.5 1.5 1.2 1.7
NWW 4.2 2.4 2.3 2.6
Ntop 7.4 2.3 4.2 5.6
Nmisid 17 - 9.9 14
NVV 9.9 4.8 4.6 7.4
Nττ 34 1.7 33 7.2
Nee/µµ 30 14 26 5.5

Sample Total Stat. Expt. Theo.
1-jet error error syst. err. syst. err.

Nsig 13 - 6.8 12
Nbkg 9.2 4.7 6.4 4.5
NWW 32 - 14 28
Ntop 15 9.6 7.6 8.5
Nmisid 22 - 12 19
NVV 20 - 12 15
Nττ 40 25 31 2.9
Nee/µµ 19 11 15 -

17



combination of higgs analyses



input channels

ATLAS

○ γγ: 0/1-jet, VBF, WH, ZH, ttH tag

○ ZZ∗ → 4`: ggF, VBF, VH, ttH tag split
by final state leptons

○ WW∗ → `ν`ν : 0/1-jet, VBF tag

○ ττ : VBF tag

○ bb: WH, ZH tag

○ Zγ: inclusive

○ µµ: inclusive

CMS

○ γγ: untagged, VBF, VH, ttH tag

○ ZZ∗ → 4`: Njet < 2,Njet ≥ 2, split by
final state leptons

○ WW∗ → `ν`ν : 0/1-jet, VBF, WH tag

○ ττ : 0/1 jet (categorized by final
state and pτT ) 1-jet τh, VBF, ZH, WH
tag

○ bb: VH, ttH tag

○ Zγ: inclusive

○ µµ: 0/1-jet, VBF tag

 see previous talk by Lorenzo Bianchini
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precision on signal strengths – µ = σ × br/(σ × br)sm
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○ Categorization vital for measurement and understanding of limitations
○ Diboson channels measured at 10% (5%) precsion with(out) theory uncertainties

○ Improvement of factor 2-3 with increased luminosity
○ Rare decay modes benefit most from increased statistics 20



separation by production mode – atlas

○ Practically no improvement for ggF and VBF production modes
○ Theory uncertainties very important for ggF production
○ Remnant experimental uncertainties

○ Precision on other production modes scales with luminosity
○ Effect of theory uncertainties becomes relevant for ttH at HL-LHC

∆µ/µ
300 fb−1

All unc. No theory unc.

gg→ H 0.12 0.06

VBF 0.18 0.15

WH 0.41 0.41

qqZH 0.80 0.79

ggZH 3.71 3.62

ttH 0.32 0.30

3000 fb−1

All unc. No theory unc.

0.11 0.04

0.15 0.09

0.18 0.18

0.28 0.27

1.47 1.38

0.16 0.10

21



coupling measurements



framework to probe couplings

○ Coupling strengths g of the Higgs to other SM particles scale with
the particle mass
○ Fermions: gF =

√
2mF/v, Gauge bosons: gV = 2m2

V/v
○ Measure strength in units of SM expectation, κi = gi/gi,SM, in a
leading-order tree-level motivated framework

Example: gg→ H→ γγ

σ(gg→ H) ∝ κ
2
g ' 1.058κ2t + 0.007κ2b − 0.065κtκb

W±

W�

W+

�

�

H

W

�

�

H t

t̄

t

�

�

H

Γ(H→ γγ) ∝ κ
2
γ

' |1.26κW − 0.27κt|
2

Total decay width scales with κ
2
H =

∑
jj

κ
2
j Γ
SM
jj

Γ
SM
H

+ σ · BR(gg→ H→ γγ) = σSM(gg→ H) · BRSM(H→ γγ) ·
κ
2
g·κ

2
γ

κ
2
H

Assumptions: only one CP-even scalar
Higgs (mH = 125 GeV), narrow-width ap-
prox.: σ · BR(ii→ H→ ff ) = σii · Γff/ΓH

arXiv:1307.1427
[hep-ex]
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parametrizations and interference

Many relevant interference effects (numeric values from 7/8 TeV)

Production Loops Interference Expression in terms of fundamental coupling strengths

σ(ggF) X b− t κ
2
g ∼ 1.06 · κ

2
t + 0.01 · κ

2
b − 0.07 · κtκb

σ(VBF) - - ∼ 0.74 · κ
2
W + 0.26 · κ

2
Z

σ(WH) - - ∼ κ
2
W

σ(qq̄→ ZH) - - ∼ κ
2
Z

σ(gg→ ZH) X Z − t κ
2
ggZH ∼ 2.27 · κ

2
Z + 0.37 · κ

2
t − 1.64 · κZκt

σ(bbH) - - ∼ κ
2
b

σ(ttH) - - ∼ κ
2
t

σ(gb→ WtH) - W − t ∼ 1.84 · κ
2
t + 1.57 · κ

2
W − 2.41 · κtκW

σ(qg→ tHq′b) - W − t ∼ 3.4 · κ
2
t + 3.56 · κ

2
W − 5.96 · κtκW

Partial decay width

Γbb̄ - - ∼ κ
2
b

ΓWW - - ∼ κ
2
W

ΓZZ - - ∼ κ
2
Z

Γττ - - ∼ κ
2
τ

Γµµ - - ∼ κ
2
µ

Γγγ X W − t κ
2
γ ∼ 1.59 · κ

2
W + 0.07 · κ

2
t − 0.66 · κWκt

ΓZγ X W − t κ
2
Zγ ∼ 1.12 · κ

2
W + 0.00035 · κ

2
t − 0.12 · κWκt

Total decay width

ΓH X
W − t
b− t

κ
2
H ∼

0.57 · κ
2
b + 0.22 · κ

2
W + 0.09 · κ

2
g+

0.06 · κ
2
τ + 0.03 · κ

2
Z + 0.03 · κ

2
c+

0.0023 · κ
2
γ + 0.0016 · κ

2
Zγ + 0.00022 · κ

2
µ

Parametrization for gg→ ZH process, but also ggF process, have pT
dependence! 24



absolute coupling strengths

Need assumption on the Higgs
boson width to measure absolute
coupling strengths
○ No invisible or undetected
Higgs boson decay

○ κW < 1 and κZ < 1 holds for a
wide class of BSM models (e.g.
arbitrary number of Higgs
doublets); unitarity problem in
VBS

○ Coupling strengths in
on/off-shell Higgs boson
production are identical
○ Requires further assumptions

○ Assumptions yield very similar
results 2− 1− 0 1 2 3

ΓSM
H

ΓH

BR i.,u.

κZγ

κ�

κγ

κμ

κτ

κb

κ�

κZ

κW

Parameter value

ATLAS Preliminary
√s = 7 TeV,4.5 − 4.7 fb

−1 √s = 8 TeV,20.3 fb
−1

mH = 125.36 GeV

68% CL:
95% CL:

κV < 1 BRi. ,u. = 0κon = κof f
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precision on absolute coupling strengths (atlas)

Model
Cou-
pling
Parameter

25 fb−1 300 fb−1 3000 fb−1

All theory unc. Theory unc.: Theory unc.:
Obs. Exp. All Half None All Half None

1 κ 5.7 6.2 4.2 3.0 2.4 3.2 2.2 1.7

2
κV 6.4 6.5 4.3 3.0 2.5 3.3 2.2 1.7
κF 14 15 8.8 7.5 7.1 5.1 3.8 3.2

3

κZ 14 15 8.1 7.9 7.8 4.3 3.9 3.8
κW 16 14 8.5 8.2 8.1 4.8 4.1 3.9
κt 22 21 14 12 11 8.2 6.1 5.3
κb 53 33 23 22 22 12 11 10
κτ 21 23 14 13 13 9.8 9.0 8.7
κµ - - 21 21 21 7.3 7.1 7.0

4

κZ 14 16 8.1 7.9 7.9 4.4 4.0 3.8
κW 16 15 9.0 8.7 8.6 5.1 4.5 4.2
κt 26 40 22 21 20 11 8.5 7.6
κb 47 37 23 22 22 12 11 10
κτ 20 24 14 14 13 9.7 9.0 8.8
κµ - - 21 21 21 7.5 7.2 7.1
κg 19 21 14 12 11 9.1 6.5 5.3
κγ 17 19 9.3 9.0 8.9 4.9 4.3 4.1
κZγ - - 24 24 24 14 14 14

○ Significant improvement
in (κV , κF) with 3000 fb

−1

○ In more generic
benchmark models
improvements of factor 2

○ Large improvements on
κb

○ κµ stat. limited: factor 3
improvement

○ κZγ partially limited by
exp. uncertainties: factor
1.5 improvement
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precision on absolute coupling strengths (cms)

Parameter value
0 0.5 1 1.5 2 2.5

- 0.16
+0.17 = 0.98γκ

- 0.13
+0.15 = 0.75gκ

- 0.32
+0.34 = 1.60tκ

- 0.18
+0.18 = 0.82τκ

- 0.29
+0.28 = 0.64bκ

- 0.15
+0.14 = 0.96Vκ

68% CL

95% CL
CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL

95% CL

○ Typically improvements by a factor 2 to
3 at HL-LHC

○ Can reach uncertainties as low as 2%
for couplings to bosons, assuming half
theo. unc. and exp. scaling as 1/

√
L
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precision on absolute coupling strengths (comparison)

○ Similar precision for ATLAS and CMS
○ CMS H→ bb projections more optimistic
○ ATLAS H→ ττ less optimized

○ Important to improve on experimental and theoretical side

Int. lumi. [fb−1] Exp. κγ κW κZ κg κb κt κτ κZγ κµ

300 ATLAS [9,9] [9,9] [8,8] [11,14] [22,23] [20,22] [13,14] [24,24] [21,21]
300 CMS [5,7] [4,6] [4,6] [6,8] [10,13] [14,15] [6,8] [41,41] [23,23]

3000 ATLAS [4,5] [4,5] [4,4] [5,9] [10,12] [8,11] [9,10] [14,14] [7,8]
3000 CMS [2,5] [2,5] [2,4] [3,5] [4,7] [7,10] [2,5] [10,12] [8,8]

○ ATLAS: [no theo. unc. , full theo. unc.]
○ CMS: [reduced unc., run 1 unc.]
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invisible or undetected higgs boson decays

Two approaches:

1. Indirect using Higgs boson couplings

Model
Cou-
pling
Parameter

25 fb−1 300 fb−1 3000 fb−1

All theory unc. Theory unc.: Theory unc.:
Obs. Exp. All Half None All Half None

5

κg 11 14 8.9 7.1 6.3 6.7 4.1 2.8
κγ 12 13 4.9 4.8 4.7 2.1 1.8 1.7
κZγ - - 23 23 23 14 14 14

BRi.,u. <27 <37 <22 <20 <20 <14 <11 <10

2. Direct search using ZH or VBF production
○ Similar or better performance compared to SM combination

We will benefit from combining direct and indirect measurements.

CMS projections similar to ATLAS numbers
29



no assumption on the total width

)
Yκ
Xκ

(∆=XYλ∆

0 0.05 0.1 0.15 0.2 0.25

)Zγ(Zλ

Zγλ

gZλ

Zµλ

Zτλ

bZλ

tgλ

WZλ

gZκ

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

○ Can only measure ratios of coupling scale factors:
σ × BR(ii → H → ff ) ∼ λ

2
iY · κ

2
YY′ · λ

2
fY′ with λxy = κx/κy and κxy = κxκy/κH

○ Exp. and theo. uncertainties cancel in ratio, e.g. uncertainty on integrated
luminosity 30



numeric values

○ Good agreement between ATLAS and CMS estimate
○ High precision coupling strength measurements possible at the
HL-LHC – improvements of factor 2
○ 2% for electroweak bosons
○ 5% to 8% for gluons, second/third generation fermions

○ Further improvements include differential measurements of Higgs
boson production
○ E.g. transverse momentum and rapidity

Int. lumi. [fb−1] Exp. κgZ λγZ λWZ λbZ λτZ λgZ / λZg λtg λµZ κ(Zγ)Z

300 ATLAS [4,6] [5,6] [4,4] [17,18] [11,12] [10,13] [15,17] [20,20] [23,23]
300 CMS [4,6] [5,8] [4,7] [8,11] [6,9] [6,9] [13,14] [22,23] [40,42]

3000 ATLAS [2,6] [2,3] [2,2] [7,10] [8,9] [5,9] [5,9] [6,6] [14,14]
3000 CMS [2,5] [2,5] [2,3] [3,5] [2,4] [3,5] [6,8] [7,8] [12,12]

○ ATLAS: [no theo. unc. , full theo. unc.]
○ CMS: [reduced unc., run 1 unc.] 31



comparison to run 1 (atlas)

Model
Cou-
pling
Parameter

25 fb−1 300 fb−1 3000 fb−1

All theory unc. Theory unc.: Theory unc.:
Obs. Exp. All Half None All Half None

5
κZZ 25 28 9.8 9.1 8.9 5.1 4.3 3.9
λWZ 13 14 4.3 4.0 3.9 2.3 1.8 1.6
λFZ 19 20 9.2 8.5 8.3 4.4 3.7 3.5

6
κuu 26 29 14 11 9.7 8.7 5.7 4.2
λVu 18 21 9.4 8.3 7.9 5.1 3.8 3.2
λdu 16 18 9.7 8.2 7.7 6.0 4.6 4.0

7
κqq 22 22 14 11 9.9 8.1 5.6 4.5
λVq 16 17 9.6 8.5 8.1 5.2 3.9 3.4
λlq 18 21 12 10 9.4 7.3 6.0 5.4

8

κgZ 13 14 6.4 4.4 3.5 5.7 3.3 2.0
λWZ 14 15 5.2 4.8 4.6 3.1 2.4 2.1
λtg 25 47 17 16 15 9.4 6.4 5.0
λbZ 45 32 18 17 17 9.8 8.1 7.4
λτZ 21 24 12 12 11 8.9 8.1 7.8
λµZ - - 20 20 20 6.3 6.2 6.1
λgZ 22 24 13 11 10 8.7 5.8 4.5
λγZ 17 18 5.5 5.2 5.1 2.6 2.0 1.8

λ(Zγ)Z - - 23 23 23 14 14 14

○ Improvements reduced when
including theory systematic
uncertainties

○ Some exp. uncertainties do not
scale down with luminosity

○ λγZ as a probe of new charged
particles contributing to
H → γγ decay loop as
compared to H → ZZ∗

○ λtg as a probe of new colored
particles contributing to ggF
production loop as compared
to ttH/tH production
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theoretical uncertainties



systematic uncertainties (example 1 – run 1)

Many efforts to quantify importance of systematic uncertainties, here ATLAS
H → WW∗ → `ν`ν

○ Dominating systematic uncertainties mostly related to theory, e.g. missing higher
order corrections, pdf+αs , modeling of WW background

○ Experimental systematic uncertainties, e.g. jet energy scale, flavour tagging, lepton
isolation

17
6

H
IG
G
S
BO

SO
N
D
EC
AY
S
TO

W
W

*

✓
+ � µ̂

�

µ̂

�µ̂ �µ̂ ±�µ̂
+ � + �

H �0.06 +0.06 �0.06 +0.06
H �0.05 +0.06 �0.05 +0.06

WW �0.07 +0.06 �0.05 +0.05
↵top +0.03 �0.03 +0.03 �0.03

µ ↵misid �0.03 +0.03 �0.03 +0.03
�0.03 +0.03 �0.03 +0.03

e ↵misid �0.03 +0.03 �0.02 +0.03
H �0.02 +0.02 �0.02 +0.02

⌘ �0.02 +0.02 �0.02 +0.02
H �0.02 +0.02 �0.02 +0.02
H ✏1 �0.01 +0.03 �0.01 +0.03

�0.02 +0.02 �0.02 +0.02
V V �0.02 +0.02 �0.02 +0.02

H �0.02 �0.02
H �0.02 +0.02 �0.02 +0.02

+0.02 �0.02 +0.02 �0.02
H +0.01 �0.02 +0.01 �0.02
H nj �2 �0.01 +0.02 �0.01 +0.02

↵top �0.01 +0.02 �0.01 +0.02
�0.02 +0.02 �0.02 +0.02

✓̂

✓̂ � �✓

�0.06 ±1
�0.05 ±1

0 ±0.7
�0.40 ±0.9

0.48 ±0.8
0.08 ±1
�0.06 ±0.9
�0.03 ±1

0.45 ±0.95
0.26 ±1
�0.10 ±0.95

0.13 ±1
0.09 ±1
0 ±0.9
0 ±1
0.21 ±1
0.10 ±1
�0.04 ±1
�0.16 ±1
�0.14 ±1
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systematic uncertainties (example 2 – run 1)

H → γγ: theo. and exp. contributions

-4 -3 -2 -1 0 1 2 3 4

Tt
pBackground modelling: Forward - low 

Yield (Theory) : PDF(qqH)

Yield (Theory) : Higgs pt (ggH)

Migration (Theory): UE+PS

Resolution (Exp): noise term

Yield (Exp): photon ID (2012)

Background modelling : VBF loose

Migration (Exp): JES (EtaInterCal)

Yield (Exp): photon isolation (2012)

Migration (Theory) : ggF two jets

Tt
pBackground modelling : Central - low 

Resolution (Exp) : sampling term

Yield (Exp): photon ID (2011)

Migration (Theory) : ggF three jets

Yield (Exp): luminosity (2012)

Resolution (Exp): material modeling

Yield (Theory) : scales (ggH)

Resolution (Exp): constant term

Yield (Theory): branching ratio

Yield (Theory): PDF (ggH)

tot
µ∆/µ∆

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

θ∆)/0θ - θ(
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Pull

µPrefit Impact on 

µPostfit Impact on 

ATLAS

 = 7 TeVs, 
-1

Ldt = 4.5 fb∫
 = 8 TeVs, 

-1
Ldt = 20.3 fb∫

 = 125.4 GeVHm, γγ→H

H → bb̄: experimentally limited

-4 -2 0 2 4 6

 normalisationV

T
ttbar high p

b-jet tagging efficiency 4

Jet energy scale 1

 normalisationbZ+b

 shape (2-jet) V

T
W+HF p

 normalisationtDilepton t

Jet energy resolution

 shapejj mc, Z+cbZ+b

b-jet energy resolution

 normalisation (2-jet)bZ+bl to Z+b

Signal acceptance (parton shower)

 shape (3-jet) V

T
W+HF p

 normalisationbW+b

 > 120 GeV)V

T
    (p

 normalisationbW+bl to W+b

 > 120 GeV)V

T
    (p

 shapejj mc, W+cbW+b

µ∆

-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

θ∆)/0θ - θPull: (

Normalisation

µ Postfit Impact on σ+1

µ Postfit Impact on σ-1

ATLAS
-1 Ldt = 20.3 fb∫ = 8 TeV, s

=125 GeVHm
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theory uncertainties

○ Approximate required reduction of theory systematic uncertainty
such that its effect is small
○ Less than ∼30% of the total experimental systematic uncertainty

○ Insufficiently detailed model of the underlying theory
uncertainties and their correlatations in different phase space
regions

Scenario Status Deduced size of uncertainty to increase total uncertainty
2014 by .10% for 300 fb�1 by .10% for 3000 fb�1

Theory uncertainty (%) [10–12] gZ �gZ ��Z gZ ��Z �gZ �⌧Z �tg

gg! H
PDF 8 2 - - 1.3 - - - -
incl. QCD scale (MHOU) 7 2 - - 1.1 - - - -
pT shape and 0j! 1j mig. 10–20 - 3.5–7 - - 1.5–3 - - -
1j! 2j mig. 13–28 - - 6.5–14 - 3.3–7 - - -
1j! VBF 2j mig. 18–58 - - - - - 6–19 - -
VBF 2j! VBF 3j mig. 12–38 - - - - - - 6–19 -

VBF
PDF 3.3 - - - - - 2.8 - -

tt̄H
PDF 9 - - - - - - - 3
incl. QCD scale (MHOU) 8 - - - - - - - 2

Table 6: Estimation of the deduced size of theory uncertainties, in percent (%), for di↵erent Higgs
coupling measurements in the generic Model 15 from Table 5, requiring that each source of theory
systematic uncertainty a↵ects the measurement by less than 30% of the total experimental uncertainty
and hence increase the total uncertainty by less than 10%. A dash “-” indicates that the theory uncertainty
from existing calculations [10–12] is already su�ciently small to fulfill the condition above for some
measurements. The same applies to theory uncertainties not mentioned in the table for any measurement.
The impact of the jet-bin and pT related uncertainties in gg ! H depends on analysis selections and
hence no single number can be quoted. Therefore the range of uncertainty values used in the di↵erent
analysis is shown.

tt̄H and VBF production also contribute. Other uncertainties, such as the parametric mb or H ! �� and
H ! Z� theory uncertainties entering the branching ratio calculation, increase the total uncertainty on the
measurements by only 5–10% and are hence already below the goal of an increase by 10%. Therefore
they are not explicitly mentioned in Table 6. However, there are several of these smaller sources so
improved calculations in these areas will help to improve the ultimate precision of future LHC Higgs
measurements.

In some cases where the experimental uncertainty is very small, such as gZ = g ·Z/H , the inclusive
missing higher order uncertainty (MHOU) on gg! H, estimated from QCD scale variations, would need
to be reduced by up to a factor of ⇠6 in order to increase the total uncertainty by less than the goal of
⇠10%. Such a reduction seems very ambitious so this uncertainty may remain significant for Higgs
measurements at the HL-LHC.

Finally, it should be noted that the -framework is itself an approximation as discussed in the begin-
ning of Sec. 3. Currently there are no theory uncertainties assigned for these approximations, although
they could become significant at the HL-LHC.

4 Conclusions

Several new Higgs boson production and decay modes can be observed by the ATLAS detector with
3000 fb�1 at the HL-LHC compared to a sample of 300 fb�1 that will be accumulated before the Phase-II
upgrades, and the precision of all channels can be improved. Compared to previous studies, analyses in
the H ! Z� and VH/ttH ! �� channels have been refined, and the VH ! bb̄ channel has now been

14

○ Recent developments: ggF production in N3LO QCD (Anastasiou et
al.) – scale uncertainties reduced by factor 3!
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bonus: eft

Big combinationWidth mea-
surement

Rate CP
Differential:
pT , y, etc.

SM: EWPD,
aTGV

LEP, TGCsOperators
in EFT

Physics

motivated

Complement

Constraint

Challenges: Basis, samples, experimental design, …
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summary

○ HL-LHC provides excellent environment for Higgs precision
measurements – in particular rare processes

○ Upgrade of ATLAS and CMS detector essential to cope with
conditions

○ Coupling precision 2% to 10%
○ Potential strong benefit from reduced theoretical uncertainties,
but also remnant experimental systematics

○ HH processes (Higgs self couplings) are very important for a more
complete understating of the EWSB mechanism ( see talk by
Aram Apyan)

○ EFT approach not discussed in detail but important for the HL-LHC
data analysis
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new physics

D
ar
k
M
at
te
r

O
ri
gi
n
o
f
EW

SB

N
at
u
ra
ln
es
s

U
n
ifi
ca
ti
o
n

O
ri
gi
n
o
f
m
at
te
r

O
ri
gi
n
o
f
fl
av
o
r

C
o
m
p
o
si
te
n
es
s

MCHM

EWS

2HDM

SUSY (MSSM)

Higgs portal

E
x
te
n
d
e
d

H
iggs

sector

40



higgs portal model

○ Conservative assumption: Higgs boson decays to WIMP pairs
account entirely for BRi.,u.

○ Partial width for decays to dark matter particles depends on the
spin of the dark matter particle

 [GeV]χm
1 10

210
3

10

]
2

 [
c
m

N
χ

σ

57
10

55
10

5310

5110

4910

4710

4510

4310

4110

3910

DAMA/LIBRA (99.7% CL)
CRESST (95% CL)
CDMS (95% CL)
CoGeNT (90% CL)
XENON10 (90% CL)
XENON100 (90% CL)
SuperCDMS (90% CL)
LUX (95% CL)

Scalar WIMP
Majorana WIMP

Vector WIMP

ATLAS

Preliminary

Simulation

Higgs portal model:

ATLAS (95% CL) in

1
dt = 3000 fbL∫ = 14 TeV,  s

,νlνl→WW*→4l, h→ZZ*→, hγγ→h

µµ→bb, h→, hττ→, hγZ→h
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minimal composite higgs model

Higgs boson may be a composite
pseudo Nambu-Goldstone boson

○ Couplings to vector bosons and
fermions reduced wrt. SM

○ Scaling of Higgs-fermion
couplings depends on
representation in which SM
fermions are embedded

V
κ

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15

F
κ

0.8

0.9

1

1.1

1.2

1.3
: All unc.

1
Ldt = 300 fb∫ : All unc.

1
Ldt = 3000 fb∫

: No theo.
1

Ldt = 300 fb∫ : No theo.
1

Ldt = 3000 fb∫
Standard Model

ATLAS Simulation

Preliminary

 = 14 TeVsExp. 95% CL at 

Combined

, ZZ*, WW*γγ →h 

b, bττ, µµ, γ Z→h 

=0.1ξ

=0.2ξ

=0.3ξ

=0.0ξ

=0.1ξ

MCHM 4

MCHM 5

gMCHM4,5hVV = gSMhVV
√
1− ξ with ξ = v2/f 2

gMCHM4hff = gSMhff
√
1− ξ and gMCHM5hff = gSMhff

1− 2ξ√
1− ξ

Model
25 fb−1 300 fb−1 3000 fb−1

Obs. Exp. All unc. No theory unc. All unc. No theory unc.

MCHM4 710 GeV 460GeV 620GeV 810 GeV 710 GeV 980GeV
MCHM5 640GeV 550 GeV 780GeV 950GeV 1000GeV 1200GeV
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2hdm (example: type ii)

Two neutral CP-even bosons h and H, one neutral CP-odd boson A,
and a pair of charged scalars H±

○ Identify discovered particle with light CP-even state:
κV = sin(β − α), κu = cosα/ sinβ, κd = κ` = − sinα/ cosβ

)αβcos(

β
ta

n
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β
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10

0.1− 0 0.1

ATLAS Simulation
Preliminary = 14 TeVsExp. 95% CL at 

Combined

,ZZ*,WW*γγ →h 

b,bττ,µµ,γ Z→h 

SM
: All unc.1Ldt = 300 fb∫
: No theo.1Ldt = 300 fb∫

: All unc.1Ldt = 3000 fb∫
: No theo.1Ldt = 3000 fb∫

2HDM Type II
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hmssm

Measured Higgs boson mass fixes radiative corrections to the mass
squared mixing matrix of the neutral, CP-even Higgs bosons

κV = sd(mA, tanβ)
1√

1+ tan2 β
+ su(mA, tanβ)

tanβ√
1+ tan2 β

κu = su(mA, tanβ)

√
1+ tan2 β
tanβ

and κd = sd(mA, tanβ)
√
1+ tan2 β

with su = sinα and sd = cosα diagonalizing the CP-even neutral
states
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