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… but is it the Standard Model Scalar?  
Searching for Brout-Englert-Higgs boson to 

fermions at ATLAS
Victoria Martin, University of Edinburgh



LHC Run 1

proton-proton collisions at ATLAS and CMS  

‣ 2010 √s=7 TeV, 44 pb−1  

‣ 2011 √s=7 TeV, 6 fb−1 

‣ 2012 √s=8 TeV, 23 fb−1 

   Total ~30 fb−1

2

Physics results! 

‣422 submitted papers on 
collision data from ATLAS 

‣ (Another ~400 from CMS)

IN

OUT

need new atlas papers plot



Over 6,000 ATLAS and CMS physicists operating the detectors; collecting and 
analysing the data. 

CERN beam division team operating the whole LHC chain.
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MIDDLE



The Nobel Prize in Physics 2013 
François Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that 
contributes to our understanding of the origin of mass of 
subatomic particles, and which recently was confirmed 

through the discovery of the predicted fundamental 
particle, by the ATLAS and CMS experiments at CERN's 

Large Hadron Collider"
4
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BEH Boson Production at the LHC

•One in 1012 proton-proton interactions 
creates a BEH boson.
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BEH Boson Decay
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BEH Boson Results

All observations from the LHC 
consistent with a Standard Model 
BEH boson with mH ~ 125 GeV.
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➡It decays like a SM BEH boson

➡It’s produced like a SM BEH boson

➡ mH measured in ZZ and γγ final 
states consistent with 125 GeV. 

Phys. Rev. D. 90, 052004 (2014)

arXiv:1503.07589

5

 [GeV]Hm
123 124 125 126 127 128 1290.5−

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 

Figure 2: Summary of Higgs boson mass measurements from the individual analyses of AT-
LAS and CMS and from the combined analysis presented here. The systematic (narrower,
magenta-shaded bands), statistical (wider, yellow-shaded bands), and total (black error bars)
uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column
indicate the central value and the total uncertainty of the combined measurement, respectively.

for the prefit case and

dmHpostfit = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV (7)

for the postfit case, which are both very similar to the observed uncertainties reported in Eq. (3).

Constraining all signal yields to their SM predictions results in an mH value that is about
70 MeV larger than the nominal result with a comparable uncertainty. The increase in the
central value reflects the combined effect of the higher-than-expected H ! ZZ ! 4` measured
signal strength and the increase of the H ! ZZ branching fraction with mH. Thus, the fit
assuming SM couplings forces the mass to a higher value in order to accommodate the value
µ = 1 expected in the SM.

Since the discovery, both experiments have improved their understanding of the electron, pho-
ton, and muon measurements [16, 30–34], leading to a significant reduction of the systematic
uncertainties in the mass measurement. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the individual measurements and their com-
bination. The combined analysis incorporates approximately 300 nuisance parameters. Among
these, approximately 100 are fitted parameters describing the shapes and normalizations of the
background models in the H ! gg channel, including a number of discrete parameters that al-
low the functional form in each of the CMS H ! gg analysis categories to be changed [35]. Of
the remaining almost 200 nuisance parameters, most correspond to experimental or theoretical
systematic uncertainties.

Based on the results from the individual experiments, the dominant systematic uncertainties
for the combined mH result are expected to be those associated with the energy or momentum
scale and its resolution: for the photons in the H ! gg channel and for the electrons and
muons in the H ! ZZ ! 4` channel [14–16]. These uncertainties are assumed to be uncor-
related between the two experiments since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which are fully independent except for negli-
gible effects due to the use of the common Z boson mass [36] to specify the absolute energy and

ATLAS-CONF-2015-007

http://arxiv.org/abs/1406.3827
http://arxiv.org/abs/1503.07589
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/


BEH → Leptons
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H→bb ̅searches using WH and ZH
ATLAS-CONF-2012-161

Ben Kilminster, OSU

Moriond QCD ‘07

     p. 4
Higgs at the Tevatron

• For  low mass  Higgs :   3 main channels

• For high mass  Higgs : 1 main channel

WH ! l"bbZH ! ""bbZH ! llbb

gg ! H ! WW ! l"l"

ℓ
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-161/


VH→Vbb ̅Analysis Strategy 

zero lepton (ZH→ννb̅b)̅ 
- No electrons or muons 
- ETmiss > 120 GeV

one lepton (WH→ℓνbb ̅) 
- Exactly one high-pT lepton 
- ETmiss > 25 GeV 
- 40 < mTℓν / GeV < 120 

two leptons (ZH→ℓ+ℓ−bb)̅ 
- Exactly two high-pT leptons 
- opposite charge 
- ETmiss < 60 GeV  
- 83 < mℓℓ / GeV < 99

Three channels: based on exactly 0, 1 or 2 charged 
leptons, ℓ={e, µ} 
➡ Two or three jets with two b-tags 

➡ To improve sensitivity analysis performed in bins of 
vector boson pT (pTℓℓ/ℓν or ETmiss): 16 bins in total 

➡ mbb ̅used as discriminating variable

H→bb ̅ produced in association with leptonically decaying W or Z

Ben Kilminster, OSU

Moriond QCD ‘07

     p. 4
Higgs at the Tevatron

• For  low mass  Higgs :   3 main channels

• For high mass  Higgs : 1 main channel

WH ! l"bbZH ! ""bbZH ! llbb

gg ! H ! WW ! l"l"

ℓ
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ZH→νν ̅bb ̅candidate event 
• mbb ̅= 123 GeV   ETmiss = 271 GeV



VH→Vbb ̅Backgrounds and Systematics
•Background shapes from simulation, normalised using data  

•Multijet bkg determined by data-driven techniques 

•WZ(Z➞bb)̅ & ZZ(Z➞bb)̅ background normalisation and 
shape from simulation

0-lepton 1-lepton 2-lepton

Z+jetsW+jets  topZ+jets  W+jets  top

Main uncertainties:  
➡ b-/c-tagging ; jet energy scale & resolution ; MC statistics  

➡ Systematics are constrained by fitting mbb distributions to the data



mbb distributions at √s = 8 TeV
•Highest pT(W,Z) bins are the most sensitive to Higgs signal

160 < pT(W,Z)/GeV < 200

1-lepton 1-lepton

1-lepton

95% CL limit on σ/σSM for mH=125 GeV:  

1.4 (measured); 2.6 (expected)
No observation of deviation 

from SM backgrounds



VH→Vbb ̅cross check: observation of VZ→Vbb ̅

•WZ, ZZ production with Z→bb ̅similar signature, but 5 × cross-section 

•Perform a separate fit to find Z→bb ̅and validate the analysis 
➡ Backgrounds - except VZ & VH are subtracted  
➡ Uses full pTW,Z range, performed individually for 0, 1, 2-lepton channels 

and for √s=7, 8 TeV  

Result: σ/σSM = µD= 1.09 ± 0.20 (stat) ± 0.22 (syst). Significance of 4.0σ



searchestt̄H,H � bb̄
arxiv:1503.05066

http://arxiv.org/abs/1503.05066


tt̄H,H � bb̄

• Discriminating variables are: 

• HThad, scalar sum of jet pT 

• neural net, NN

• t→Wb; W decays to 2 “light jets” or ℓν 

• Select events with 1 or 2 e or µ 

• Bins of number of b-tags and number of jets are 
used to characterise events. 



ttH, H→bb̅ candidate event

18

arxiv:1503.05066

http://arxiv.org/abs/1503.05066


background challenge

19

tt̄H,H � bb̄



Fitting

20

tt̄H,H � bb̄
•Systematics are 

constrained by fitting 
the distributions to the 
data 

•Normalisations and 
shapes are allowed to 
vary in NN and HThad.

Pre-Fit

Post-Fit

95% CL limit on σ/
σSM for mH=125 

GeV:  

3.4 (measured); 
2.2 (expected)



First Evidence for Weak Boson 
Scattering

21

‣Also observed Zjj production consistent with W+W−jj→Zjj 

arXiv:1405.6241arXi:1401.7610

•Same sign ee, eµ, µµ signature 

‣ATLAS observes 4.5σ evidence for 
W±W±jj production

4

Inclusive Region VBS Region
e
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±
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±
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±
e

±
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±
µ

±
µ

±
µ

±

Prompt 3.0 ± 0.7 6.1 ± 1.3 2.6 ± 0.6 2.2 ± 0.5 4.2 ± 1.0 1.9 ± 0.5
Conversions 3.2 ± 0.7 2.4 ± 0.8 – 2.1 ± 0.5 1.9 ± 0.7 –
Other non-prompt 0.61 ± 0.30 1.9 ± 0.8 0.41 ± 0.22 0.50 ± 0.26 1.5 ± 0.6 0.34 ± 0.19
W

±
W

±
jj Strong 0.89 ± 0.15 2.5 ± 0.4 1.42 ± 0.23 0.25 ± 0.06 0.71 ± 0.14 0.38 ± 0.08

W

±
W

±
jj Electroweak 3.07 ± 0.30 9.0 ± 0.8 4.9 ± 0.5 2.55 ± 0.25 7.3 ± 0.6 4.0 ± 0.4

Total background 6.8 ± 1.2 10.3 ± 2.0 3.0 ± 0.6 5.0 ± 0.9 8.3 ± 1.6 2.6 ± 0.5
Total predicted 10.7 ± 1.4 21.7 ± 2.6 9.3 ± 1.0 7.6 ± 1.0 15.6 ± 2.0 6.6 ± 0.8
Data 12 26 12 6 18 10

TABLE II: Estimated background yields, observed number of data events, and predicted signal yields for the three channels
are shown with their systematic uncertainty. Contributions due to interference are included in the W

±
W

±
jj electroweak

prediction.
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FIG. 1: The mjj distribution for events passing the inclu-
sive region selections except for the mjj selection indicated
by the dashed line. The black hatched band in the upper plot
represents the systematic uncertainty on the total prediction.
On the lower plot the shaded band represents the fractional
uncertainty of the total background while the solid line and
hatched band represents the ratio of the total prediction to
background only and its uncertainty. The W

±
W

±
jj predic-

tion is normalized to the SM expectation.

production, and the fiducial cross sections in the two re-
gions (�fid) are measured by combining the three decay
channels in a likelihood function. Systematic uncertain-
ties are taken into account with nuisance parameters.

The signal e�ciency in each fiducial region is defined
as the number of expected signal events after selections
divided by the number of events passing the respective
fiducial region selections at particle level. The e�ciency
accounts for the detector reconstruction, migration into
and out of the fiducial volume, identification, and trigger
e�ciency; it is 56%, 72%, 77% for the inclusive region and
57%, 73%, 83% for the VBS region in the e±e±, e±µ±,
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FIG. 2: The |�yjj | distribution for events passing all inclu-
sive region selections. The |�yjj | selection is indicated by a
dashed line. The W
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jj prediction is normalized to the

SM expectation.

µ±µ± channels respectively. The e�ciency also accounts
for the contribution of leptonic ⌧ decays, which are not
included in the fiducial cross-section definition: 10% of
signal candidates are expected to originate from leptonic
⌧ decays. The uncertainty on the signal e�ciency is dom-
inated by the jet reconstruction uncertainty of 6%.

The measured fiducial cross section for strong and elec-
troweak W±W±jj production in the inclusive region is
�fid = 2.1± 0.5(stat)± 0.3(syst) fb. The measured fidu-
cial cross section for electroweak W±W±jj production,
including interference with strong production in the VBS
region, is �fid = 1.3± 0.4(stat)± 0.2(syst) fb. The mea-
sured cross sections are in agreement with the respective
SM expectations of 1.52± 0.11 fb and 0.95± 0.06 fb.

Additional contributions to W±W±jj production can
be expressed in a model-independent way using higher-
dimensional operators leading to anomalous quartic
gauge boson couplings (aQGCs). The measured cross
section in the VBS fiducial region is used to set lim-
its on aQGCs a↵ecting vertices with four interacting
W bosons. The Whizard event-generator [39] is used

http://arxiv.org/abs/1405.6241
http://arxiv.org/abs/1401.7610


First Evidence for Weak Boson 
Scattering

22

arXiv:1405.6241

http://arxiv.org/abs/1405.6241


Indirect limit on BEH boson 
width

•In the SM, Γ(H125) = 4 MeV 

•The BEH boson prefers to decay into WW 
and ZZ. 

•However as BEH boson mass is 125 GeV, at 
least one of the W or Z must be off-shell. 

•The number of events at high mZZ, mWW 
depends on the actual width Γ(H) . 

•Look for events at high mZZ, mWW.

23

• Γ(H) observed < 6.5 × Γ(H) SM at 95% CL



BEH Boson Spin

24

ATLAS-CONF-2015-008

•“The results presented here exclude all of the alternative models in 
favour of the SM BEH boson hypothesis at more than 99% confidence 
level.”

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/


–Johnny Appleseed

“Type a quote here.” 

25
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BEH boson Rare DecaysBeyond Run 1



LHC → Run2 → HL-LHC

27

http://hilumilhc.web.cern.ch/about/hl-lhc-project

today: May 2015

√s = 13 TeV 
bunch spacing 25 ns

√s = 14 TeV 
LHC injector upgrade

New interaction 
region layout
Crab cavity

ℒ ~ 1.6 × 1034 cm−2s−1

Pile Up ~ 40
ℒ ~ 2 × 1034 cm−2s−1

Pile Up ~ 60

luminosity levelling
ℒ ~ 5 × 1034 cm−2s−1

Pile Up ~ 140

Integrated 
luminosity

new linac?


Linac 4 commissioned, will be added 
into LHC during LS2


http://hilumilhc.web.cern.ch/about/hl-lhc-project


The Challenge of Pileup
•Pileup = number of proton-proton collision per bunch crossing

28

Simulated pileup in ATLAS tracker

Run 1 
Pile up of 23

HL-HLC 
Pile up of 230



ATLAS Upgrades
•Long Shutdown 1  

•New beam pipe at r=25mm  

•New insertable b-layer at 31 < r/mm < 40 

•Refurbished pixel readout 

•More complete muon coverage: extended 
endcap installation complete 

•Fast Tracking for L2-trigger will come online 
during run 2 

•Long Shutdown 2  

•New muon small wheel forward 
spectrometer  

•Topological L1-trigger processors  

•New forward detectors   

•For HL-LHC 

•Completely new trigger architecture with 
new hardware at L0/L1  

•Completely new tracking detector  

•Calorimeter electronics upgrades 29



Run 2 Start Up
•First run 2 beam was on Easter Sunday, 5th April 2015! 

•100 days of collisions planned at √s = 13 TeV 

•bunching spacing: 25ns

30
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First Run 2 collisions in Atlas 

•First “physics” collisions planned for next week.32

•First 13 TeV “test” collisions on 20th May 2015.



33

ATLAS Run 2:  
BEH Boson Prospects



Physics Prospects for Run 2
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Near Future: Run-2 

14!

!  Increase in cross section by factor ~10 for M~2 TeV 
!  Discovery of TeV scale particles possible with a few fb-1 

!  Higgs measurement program enters new phase 
!  3x larger cross section and 5x more data 
!  Statistical precision improved by about a factor 4  

Huge increase in cross section for many 
interesting processes 

‣ but life is harder for states lighter than 2 
top quarks (t t̅ )

•Increase in cross section by factor ~10 for M~2 TeV  

➡ Discovery of TeV-scale particles possible with a few fb−1 !!
34



Projection for Run 2 and HL-LHC

•Projections from refining current analyses or designing new ones 

•Different systematic uncertainty scenarios often considered, in particular 
the different theoretical uncertainties on the signal cross section. 

•Results are presented for 300 fb−1 (2022) and/or 3000 fb−1 (2035?) 

•Many results are presented in the context of specific models.

35



Still the Golden Channel: H→ZZ*→4ℓ
•H→ZZ*→4ℓ: very clean signature and small backgrounds.   

•Large statistics will allow a probe of all main production modes. 

•BEH boson production cross-section uncertainty constrained to O(10%) 

•Allows measurement of CP properties of the BEH boson.

36
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Figure 3: Invariant mass distribution of the 4-lepton system for the ttH-like (a), VH-like (b), VBF-like (c)
and ggF-like categories (d).
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~30 t t̅H, H→4ℓ events

ATL-PHYS-PUB-2013-014

o(3000) gg →H→4µ events

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/


H→γγ and H→WW
•Clean signal of H→γγ can be used to look for different BEH boson production 

mechanisms. 

•Large statistics of H→WW can be used for differential cross section 
measurements

37

These final sum of non-Higgs background representations plus MC Higgs samples are used as PDFs to
generate toy-MC events used in this analysis.

A signal+background model is then fitted to the toy-MC generated events. The background model
used is an exponential function and the signal model is a Gaussian with mean set to 125 GeV and
width set to the value expected from MC simulation for each of the categories. Signal and background
yields are obtained by integrating the signal and background fits in the mass range 122 GeV < m�� <
128 GeV. Signal yields are also computed from MC expectations, integrating the signal-only di-photon
mass distribution in the same mass range and are in good agreement with those from the fit.

The systematic uncertainty on the parametrization of the background was estimated as the di↵erence
in the number of background events under the signal peak when fitting a high statistics (300 ab�1 equiv-
alent) toy-MC background-only distribution with an order-4 and order-6 Bernstein polynomial and the
nominal exponential function.
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Figure 3: Invariant mass distribution of the two isolated photons in the final state on the ttH-1` (top
left), ttH-2` (top right), WH (bottom left) and ZH (bottom right) categories. Small statistics background
simulation samples are replaced by toy MC generated distributions from exponential fits.

The resulting invariant mass distribution of the two isolated photons and the corresponding sig-
nal+background model fit is shown in Figure 3 for all four categories in the analysis. The background
subtracted mass distribution is also shown. The signal and background yields obtained from the fits are

5

t t̅H, H→γγ; 1 lepton

Large WW stats for 
dσ/dpT(H), dσ/dNjets



H→ bb̅ at Run 2
•Looking for pairs of b-quarks in the 

detector very challenging as b-quarks are 
ubiquitous. 

•Instead search for BEH bosons produced 
along with a W or Z boson or top quarks: 

• WH→eν bb̅  , µν bb̅ 

• ZH→e+e− bb̅  , µ+µ− bb̅, νν̅ bb̅ 

• ttH→t t  ̅  b b̅ → e ν qq̅ bb̅
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WH, H→bb̅ 
Run 2 projections, compared to run 1 data 

ATL-PHYS-PUB-2014-011
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H→ bb̅ at Run 2
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ZH, H→bb̅ 
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One-lepton Two-lepton One+Two-lepton
Stat-only Significance 15.4 11.3 19.1

µ̂Stats error +0.07 � 0.06 +0.09 � 0.09 +0.05 � 0.05
Theory-only µ̂Theory error +0.09 � 0.07 +0.07 � 0.08 +0.07 � 007

Significance 2.7 8.4 8.8
Scenario I µ̂w/Theory error +0.37 � 0.36 +0.15 � 0.15 +0.14 � 0.14

µ̂wo/Theory error +0.36 � 0.36 +0.14 � 0.12 +0.12 � 0.12
Significance 4.7 - 9.6

Scenario II µ̂w/Theory error +0.23 � 0.22 - +0.13 � 0.13
µ̂wo/Theory error +0.21 � 0.21 - +0.11 � 0.11

Table 14: Expected signal sensitivity as well as the precision on the signal strength measurement for
mH = 125 GeVfor the one-lepton, two-lepton and combined searches with 3000 fb�1 with hµipu = 140
after including the perspective of a more performant analysis.

come 3.9� and �µ̂ =+0.27
�0.26 for 300 fb�1 (for hµipu = 60) and 8.8�, �µ̂ = ±0.14 for 3000 fb�1 (for

hµipu = 140).

21

WH, H→bb̅

VH, H→bb̅ expected 
significance in 3000 fb−1 

One-lepton Two-lepton One+Two-lepton
Stat-only Significance 7.7 7.5 10.7

µ̂Stats error +0.13 � 0.13 +0.14 � 0.13 +0.09 � 0.09
Theory-only µ̂Theory error +0.09 � 0.07 +0.07 � 0.08 +0.07 � 0.07

Significance 1.8 5.6 5.9
Scenario I µ̂w/Theory error +0.56 � 0.54 +0.20 � 0.19 +0.19 � 0.19

µ̂wo/Theory error +0.54 � 0.54 +0.18 � 0.18 +0.18 � 0.17
Significance 3.2 - 6.4

Scenario II µ̂w/Theory error +0.33 � 0.32 - +0.18 � 0.17
µ̂wo/Theory error +0.32 � 0.32 - +0.16 � 0.16

Table 12: Expected signal sensitivity as well as the precision on the signal strength measurement for
mH = 125 GeVfor the one-lepton, two-lepton and combined searches with 3000 fb�1 with hµipu = 140.

One-lepton Two-lepton One+Two-lepton
Stat-only Significance 5.5 4.6 7.1

µ̂Stats error +0.18 � 0.18 +0.23 � 0.22 +0.14 � 0.14
Theory-only µ̂Theory error +0.08 � 0.05 +0.08 � 0.06 +0.09 � 0.06

Significance 1.8 3.5 3.9
Scenario I µ̂w/Theory error +0.57 � 0.57 +0.30 � 0.29 +0.27 � 0.26

µ̂wo/Theory error +0.56 � 0.57 +0.29 � 0.29 +0.26 � 0.26
Significance 2.1 - 4.1

Scenario II µ̂w/Theory error +0.48 � 0.47 - +0.26 � 0.25
µ̂wo/Theory error +0.46 � 0.46 - +0.25 � 0.24

Table 13: Expected signal sensitivity as well as the precision on the signal strength measurement for
mH = 125 GeVfor the one-lepton, two-lepton and combined searches with 300 fb�1 and hµipu = 60 after
including the perspective of a more performant analysis.

to be +0.27
�0.26. With an integrated luminosity of 3000 fb�1 it can be observed with an expected significance

of 8.8� and �µ̂ = ±0.14.

11 Conclusion

A study of Higgs boson production in association with leptonically decaying W and Z bosons using
parameterised functions to model the behaviour of the upgraded ATLAS detector at the high-luminosity
LHC with

p
s = 14 TeV has been performed.

Following the analysis strategy described in Ref. [11], and using only the decay modes of the W and
Z bosons leading to a high energy electron or muon in the final state, we obtain expected sensitivities
to observe the Standard Model Higgs boson production with mH = 125 GeV of 2.6� and to measure
the signal strength with a precision of �µ̂ =+0.39

�0.38 for 300 fb�1 for a pile-up of hµipu = 60 and of 5.9�,
�µ̂ = ±0.19 for 3000 fb�1 for a pile-up of hµipu = 140.

Extrapolating the expected improvements to our understanding of systematic errors and of already demon-
strated improvements due to b-tagging and the use of a multivariate selection, the significance will be-
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VH, H→bb̅ expected 
significance in 300 fb−1 
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Jet Reconstruction at Run 2

•High mass final states and high collision 
energy lead to highly boosted and close 
objects e.g. W→jj, Z→jj, t→Wb→jjb 

•Jet substructure techniques will be key 
to reconstruct some of these signals; 
may be crucial for new high-mass 
objects.

40

Jet Substructure

High Pileup 

High pileup requires 
improved algorithms 
e.g. primary vertex 
reconstruction, b-
tagging, pileup jet 
rejection.

With pileup correction 



Jet Substructure - Grooming

41

Groomers

� Three grooming techniques are
currently used for Run II boosted
W boson tagging:

Pruning - jets are re-clustered,
cutting on the angular distance
between two sub-jets and the
fraction of the pT carried by

8

fraction of the pT carried by
the lighter sub-jet. These should
do well since the boson pT
spectrum is expected to be
symmetrical between sub-jets.

BDRS (or mass drop filtering) – jets are unclustered using
the reverse of the initial clustering steps into 3 sub-jets.
The mass drop (mass of the hardest sub-jet as a fraction of
the jet's mass) and momentum balance between the sub-
jets and jet is calculated. If there is a large mass drop or
the momentum balances, the sub-jet is presumed to be a
hard structure and is returned as a jet.

Trimming - Jets are un-clustered
into sub-jets, where each one has a
certain fraction of the total jet
momentum. This uncovers hard
substructure independently of
pileup.

arXiv:0802.2470arXiv:0912.1342, arXiv:1306.4945

https://cds.cern.ch/record/1577417

Tim Bristow, Institute of Physics High Energy 
Particle Physics meeting, Manchester, April 2015 



Jet Substructure - New Variables
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Substructure variables

¾ N subjettiness ( N): The degree
to which the substructure
resembles ≤N sub-jets. This is the
pT weighted ∆R between each

� Energy correlation variables
(EEC): Angular separation
weights are used for each sub-jet
multiplied by the sum of the sub-

¾Variables describing the substructure within a jets helps identify if
boosted jets are from a single particle

11

pT weighted ∆R between each
constituent and its nearest sub-jet
axis. The ratio 21 , 2 1 ,gives
good two body sub-jet
identification.

multiplied by the sum of the sub-
jet momenta. Variations of ratios
of these functions offer good two
body identification.

β=1; k over all
constituents; ΔR is
rapidity between
subjet axis a and k; R0
characteristic radius

β=0.5 or 1; I, k over
all jet constituents; ΔR
is rapidity between
clusters.

http://arxiv.org/abs/1411.0665http://arxiv.org/pdf/1410.4227v1.pdf

Tim Bristow, Institute of Physics High Energy 
Particle Physics meeting, Manchester, April 2015 



H→τ+τ− at Run 2
•WW, ZZ fusion production of the BEH boson best for H→τ+τ− 
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•Number of signal and background events in 3000 fb−1

ATL-PHYS-PUB-2014-018

•Uncertainty on SM 
BEH production of 
µ=1 with 3000 fb−1

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/


BEH Boson Decay Sensitivity

44

ATL-PHYS-PUB-2014-016

3000 fb−1

300 fb−1

Dashed band includes 
current theory unc.

http://www.apple.com


BEH Boson Couplings Fit
•Assuming ΓH is sum of SM widths, calculate uncertainties on BEH boson couplings. 

•Deviations from the SM are quantified using κ multiplier, in SM κi = 1, e.g.:
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(� · BR)(gg � H � ��) = �SM(gg � H) · BRSM(H � ��) ·
�2

g · �2
�

�2
H

ATL-PHYS-PUB-2014-016
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BEH Boson Coupling Fit
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yVi =
�

�Vi gVi
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=
�
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mVi
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yFi =
�Fi gFi�

2
= �Fi

mFi

v

Parameterise in y, linear 
relationship in Standard 
Model

For vector bosons:

For fermions:



BEH CP Studies
•H→ZZ→4ℓ used to reconstruct the full angular decay 

structure. 

•Very sensitive to non-SM (CP = 0+) contributions.
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SM tree processes loop CP-even 
contributions

CP-odd 
contributions 

(BSM)

{ { {

�ai = arg
�

ai

a1

�
fai =

|ai|2�i

|a1|2�1 + |ai|2�i

A(H � ZZ) = v�1
�
a1m

2
Z��

1�
�
2 + a2f

�(1)
µ� f�(2),µ� + a3f

�(1)
µ� f̃�(2),µ�

�

•Fit fraction of event (fai) and phases (ϕi) to observed decay:

1 Introduction

The invariant amplitude describing the interaction of a spin-0 particle and and two spin-one gauge bosons
can be presented through the polarisation vectors of the gauge bosons ✏1 and ✏2:

A(H ! VV) ⇠ (a1M2
Hgµ⌫ + a2(q1 + q2)µ(q1 + q2)⌫ + a3✏µ⌫↵�q↵1 q�2)✏⇤µ1 ✏

⇤⌫
2 . (1)

Here the q1 and q2 are the four momenta of the gauge bosons. Two out of the three couplings a1, a2 and
a3 can in general be complex numbers. The couplings a1 and a2 describe the tree-level and loop-induced
interaction of a CP-even particle with two gauge bosons. The coupling a3 describes the corresponding
interactions of a CP-odd particle. The CP-conserving tree-level Standard Model is given by a1 = 1 and
a2 = a3 = 0. The CP violation in the Higgs sector can be generated requiring the simultaneous presence
of the a3 and either a1 or a2. The observation of a significant a2 in HZZ decay, on the other hand, will
demonstrate the presence of higher order loop processes beyond those predicted by the Standard Model.

The first experimental constraint on the contribution of the a3 coupling was published in the Ref. [1].
In this analysis a parametrisation where three independent tensor couplings are represented by two cross
section fractions fa3 and fa2 and two phases �a3 and �a2 was used. The corresponding definitions were:

fai =
|ai|2�i

|a1|2�1 + |ai|2�i
; �ai = arg

 
ai

a1

!
, (2)

where �i are the e↵ective cross sections of the processes H ! ZZ⇤ ! 4` corresponding to ai =

1 and a j,i = 0. The fractions fai may be interpreted as fractions of event yields corresponding to
each anomalous coupling independently, while the experimental measurement of �ai would provide the
information about the complex structure of couplings, and provide sensitivity to interferences of di↵erent
amplitudes when used in conjunction with fai .

An alternative approach to study the tensor structure of the amplitude (1) is the direct experimental
measurement of couplings a1, a2 and a3, or their ratios. This approach is free of assumptions on the size
of the interference e↵ects and its results can be expressed in terms of ( fai , �ai) parametrisation.

Another form of the amplitude (1) can be found in Refs. [2] and [3]. Here four couplings g1, g2, g3
and g4 are introduced with the following momentum-dependent relation to a1, a2 and a3:

a1 = g1
m2

V

m2
H
+

s
m2

H

✓
2g2 + g3

s
⇤2

◆
; a2 = �

✓
2g2 + g3

s
⇤2

◆
; a3 = �2g4, (3)

where mV is the mass of the gauge boson, s = q1q2 and ⇤ is the new physics scale. Up to the normalisa-
tion factor, the Standard Model at tree-level corresponds to g1 = 1 and g2 = g3 = g4 = 0.

The couplings g1, g2 and g3 correspond to the interaction with the CP-even and g4 to the interaction
with the CP-odd boson respectively. The term corresponding to g3 is expected to be small [3] and thus
set to zero in this study and excluded from the following discussion. The coupling notation g1, g2 and g4
is used throughout the rest of this note. Similarly to the ( fai , �ai) parametrisation proposed in the Ref. [1],
the ( fgi , �gi) parametrisation introduced in the Ref. [3] is used:

fgi =
|gi|2�i

|g1|2�1 + |g2|2�2 + |g4|2�4
; �gi = arg

 
gi

g1

!
. (4)

In the current analysis g2 and g4 are measured separately, assuming the simultaneous presence of
only g1 and of the coupling under study, this corresponds to set g2 = 0 (g4 = 0) in the expression of fg4

( fg2 ) in (4). It should be noted that with these assumptions the fg4 is equivalent to the fa3 and thus the
direct comparison of respective experimental limits is possible.

2



BEH CP Studies

•Extra contributions constrained to |f| ~ 10 % with 3000 fb−1.
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Loop-induced CP-even contribution

ATL-PHYS-PUB-2013-013

CP-odd contribution

1 Introduction

The invariant amplitude describing the interaction of a spin-0 particle and and two spin-one gauge bosons
can be presented through the polarisation vectors of the gauge bosons ✏1 and ✏2:

A(H ! VV) ⇠ (a1M2
Hgµ⌫ + a2(q1 + q2)µ(q1 + q2)⌫ + a3✏µ⌫↵�q↵1 q�2)✏⇤µ1 ✏

⇤⌫
2 . (1)

Here the q1 and q2 are the four momenta of the gauge bosons. Two out of the three couplings a1, a2 and
a3 can in general be complex numbers. The couplings a1 and a2 describe the tree-level and loop-induced
interaction of a CP-even particle with two gauge bosons. The coupling a3 describes the corresponding
interactions of a CP-odd particle. The CP-conserving tree-level Standard Model is given by a1 = 1 and
a2 = a3 = 0. The CP violation in the Higgs sector can be generated requiring the simultaneous presence
of the a3 and either a1 or a2. The observation of a significant a2 in HZZ decay, on the other hand, will
demonstrate the presence of higher order loop processes beyond those predicted by the Standard Model.

The first experimental constraint on the contribution of the a3 coupling was published in the Ref. [1].
In this analysis a parametrisation where three independent tensor couplings are represented by two cross
section fractions fa3 and fa2 and two phases �a3 and �a2 was used. The corresponding definitions were:

fai =
|ai|2�i

|a1|2�1 + |ai|2�i
; �ai = arg

 
ai

a1

!
, (2)

where �i are the e↵ective cross sections of the processes H ! ZZ⇤ ! 4` corresponding to ai =

1 and a j,i = 0. The fractions fai may be interpreted as fractions of event yields corresponding to
each anomalous coupling independently, while the experimental measurement of �ai would provide the
information about the complex structure of couplings, and provide sensitivity to interferences of di↵erent
amplitudes when used in conjunction with fai .

An alternative approach to study the tensor structure of the amplitude (1) is the direct experimental
measurement of couplings a1, a2 and a3, or their ratios. This approach is free of assumptions on the size
of the interference e↵ects and its results can be expressed in terms of ( fai , �ai) parametrisation.

Another form of the amplitude (1) can be found in Refs. [2] and [3]. Here four couplings g1, g2, g3
and g4 are introduced with the following momentum-dependent relation to a1, a2 and a3:

a1 = g1
m2

V

m2
H
+

s
m2

H

✓
2g2 + g3

s
⇤2

◆
; a2 = �

✓
2g2 + g3

s
⇤2

◆
; a3 = �2g4, (3)

where mV is the mass of the gauge boson, s = q1q2 and ⇤ is the new physics scale. Up to the normalisa-
tion factor, the Standard Model at tree-level corresponds to g1 = 1 and g2 = g3 = g4 = 0.

The couplings g1, g2 and g3 correspond to the interaction with the CP-even and g4 to the interaction
with the CP-odd boson respectively. The term corresponding to g3 is expected to be small [3] and thus
set to zero in this study and excluded from the following discussion. The coupling notation g1, g2 and g4
is used throughout the rest of this note. Similarly to the ( fai , �ai) parametrisation proposed in the Ref. [1],
the ( fgi , �gi) parametrisation introduced in the Ref. [3] is used:

fgi =
|gi|2�i

|g1|2�1 + |g2|2�2 + |g4|2�4
; �gi = arg

 
gi

g1

!
. (4)

In the current analysis g2 and g4 are measured separately, assuming the simultaneous presence of
only g1 and of the coupling under study, this corresponds to set g2 = 0 (g4 = 0) in the expression of fg4

( fg2 ) in (4). It should be noted that with these assumptions the fg4 is equivalent to the fa3 and thus the
direct comparison of respective experimental limits is possible.

2
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BEH boson Rare DecaysBEH Boson Rare Decays



H→µµ
•SM prediction is BR(H→µµ)= 2.19 × 10−4 

•Observation of H→µµ gives access to BEH 
coupling to 2nd generation of fermions. 

•Run 1 limit is 7 × SM 

•With 3000 fb−1:  

‣Observation at ~7σ   

‣ uncertainty of 20-25 % on signal strength 
(~8% on κµ)
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Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.

8.3 Signal and Background Modelling

The final discriminating variable in the H ! µ+µ� searches is the µ+µ� invariant mass distribution.
The shape and normalisation of the total background is estimated from data by fitting the signal and
background parametrisation introduced in Ref. [18] to the invariant mass distribution.

A binned likelihood fit of the total µ+µ� invariant mass distribution is performed in the mass range of
100 GeV to 160 GeV to estimate the free parameters of the background model. The resulting fit param-
eters define the background estimate. Uncertainties on the shape and normalisation of the background
estimate are obtained from the fit uncertainties of the individual model parameters. A negligible system-
atic uncertainty in the background model is assessed by using alternative functions, either an exponential
together with a 4th order Bernstein polynomial, or the model from the 2011 MSSM h/A/H ! µ+µ�.

Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.
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Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.

8.3 Signal and Background Modelling

The final discriminating variable in the H ! µ+µ� searches is the µ+µ� invariant mass distribution.
The shape and normalisation of the total background is estimated from data by fitting the signal and
background parametrisation introduced in Ref. [18] to the invariant mass distribution.

A binned likelihood fit of the total µ+µ� invariant mass distribution is performed in the mass range of
100 GeV to 160 GeV to estimate the free parameters of the background model. The resulting fit param-
eters define the background estimate. Uncertainties on the shape and normalisation of the background
estimate are obtained from the fit uncertainties of the individual model parameters. A negligible system-
atic uncertainty in the background model is assessed by using alternative functions, either an exponential
together with a 4th order Bernstein polynomial, or the model from the 2011 MSSM h/A/H ! µ+µ�.

Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.
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L [fb�1] 300 3000
NggH 1510 15100
NVBF 125 1250
NWH 45 450
NZH 27 270
NttH 18 180
NBkg 564000 5640000
�

sys
Bkg (model) 68 110
�

sys
Bkg (fit) 190 620
�stat

S+B 750 2380
Signal significance 2.3� 7.0�
�µ/µ 46% 21%

Table 13: Numbers of expected signal and background events in a mass window of ±3 GeV around
the mH = 125 GeV benchmark point for the HL-LHC scenarios. The uncertainty from the background
estimation of the fit is shown. The signal significance and the precision on the combined signal strength
µ are obtained accounting for the full shape information using the invariant mass distributions in a mass
range of 100 GeV to 160 GeV.

8.5 t tH, H ! µµ
A study of this rare channel has two motivations. First, it allows a direct measurement of the product
of the top- and the µ-Yukawa coupling, neither of which are accessible through the standard Higgs
channels. Second, this channel could be valuable for the determination of the CP nature of the resonance
at 125 GeV. The CP odd component could be supressed with a vector boson coupling in the initial or
final state, but there are only fermion Yukawa couplings in this channel. The result has not been updated
from the inputs to the European Strategy discussion [1].

The method chosen follows the a1, a2, b1-b4 CP variable definitions [19]. Signal samples with CP
even (H) or CP odd (A) Higgs bosons are generated using Madgraph5 and Pythia 8. The events must
have at least two muons with opposite charge and pT > 35 GeV, no more than four leptons, at least 4 jets
and a Higgs candidate mass, formed from the two muons, between 120 and 130 GeV. The distribution
of the di-muon mass is shown in Fig. 17. The expected number of events after all the selections is 33 for
signal and 22 for background, allowing this channel to be observed with the HL-LHC.
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Figure 17: The invariant mass of the di-muon system in the ttH, H ! µµ channel.
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H→Zγ

51

‣Run 1 limits are 10 × SM 

‣At 3000 fb−1 a precision of 20-30% on the signal strength (~10% on κZγ)

SM

e.g. new scalar contribution

•SM prediction is BR(H→Zγ)= 1.54 × 10−3 

•H→Zγ sensitive to potential new particles in loop



Di-BEH Boson Production
•We want to probe the shape of the BEH potential 

•Observation of di-BEH production is a first step…  
but very challenging

52

•Production dominated by box diagram, negative 
interference with self-coupling diagrams

ATL-PHYS-PUB-2014-019

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

!  Only)way)to)investigate)the)higgs)potential))
!  deviation)from)the)SM)expectations)are)hint)of)new)physics)

)
!  Destructive)interference)between)two)diagrams:)

)

!  Small)cross;section)at)Mh=125 GeV,)σ = 40 ± 3 fb-1 
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Figure 1. Sample Feynman graphs contributing to pp → hh+X.

We begin with a discussion of some general aspects of double Higgs production, before

we review inclusive searches for mh = 125 GeV in the pp → hh+X channel in section 2.3.

We discuss boosted Higgs final states in pp → hh + X in section 2.4 before we discuss

pp → hh + j +X with the Higgses recoiling against a hard jet in section 3. Doing so we

investigate the potential sensitivity at the parton- and signal-level to define an analysis

strategy before we apply it to the fully showered and hadronized final state. We give our

conclusions in section 4.

2 Higgs pair production at the LHC

2.1 General remarks

Inclusive Higgs pair production has already been studied in refs. [33–37] so we limit our-

selves to the details that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as the LHC via a range of partonic

subprocesses, the most dominant of which are depicted in figure 1. An approximation

which is often employed in phenomenological studies is the heavy top quark limit, which

gives rise to effective ggh and gghh interactions [42]
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1

4
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aµν log(1 + h/v) , (2.1)

which upon expansion leads to

L ⊃ +
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3πv
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aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (2.2)

Studying these operators in the hh + X final state should in principle allow the Higgs

self-coupling to be constrained via the relative contribution of trilinear and quartic inter-

actions to the integrated cross section. Note that the operators in eq. (2.2) have different

signs which indicates important interference between the (nested) three- and four point

contributions to pp → hh+X already at the effective theory level.

On the other hand, it is known that the effective theory of eq. (2.2) insufficiently

reproduces all kinematical properties of the full theory if the interactions are probed at

momentum transfers Q2 ! m2
t [28] and the massive quark loops are resolved. Since our

analysis partly relies on boosted final states, we need to take into account the full one-loop

contribution to dihiggs production to realistically model the phenomenology.
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Di-BEH Boson Production
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ATL-PHYS-PUB-2014-019

•With 3000 fb−1: 8 events, significance of ~1.3 σ

HH→γγbb̅

http://arxiv.org/abs/arXiv:1401.7340
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BEH boson Rare DecaysBEH beyond the Standard 
Model



Additional Heavy BEH bosons
•Additional BEH doublets predicted in many models, including Supersymmetry. 

•e.g. A two-BEH doublet (2HDM) model includes four new BEH bosons: 

• tanβ is the ratio between the vev of the BEH doublets
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Figure 5: Expected 95% confidence level upper limits for an integrated luminosity of 300 fb−1 (dashed

line) and 3000 fb−1 (solid line) on the gluon-fusion production cross section of a CP-odd Higgs boson A

times its decay branching ratio to A → Zh → llbb are presented as a function of the A boson mass, mA.

The structures in the limit seen near 260 and 370 GeV are a result of the background shape, which can

be seen in the left of Fig. 4.

in the region where the gluon-fusion production cross section for a h boson followed by the decay into

vector bosons differs from the expectation for a SM Higgs boson by less than 0.1%. The reach in the

2HDM parameter space for 300 fb−1 deteriorates to cos(β−α) ∼ 0.005 for mA ∼ 340 GeV and tan β ∼ 1.

Similar conclusions can be drawn for the 5 σ discovery potential, where the maximum discovery reach

in cos(β − α) is about 0.009 for mA ∼ 340 GeV. The sensitivity and the discovery potential with 3000

fb−1 are increased significantly at higher tan β with respect to 300 fb−1 due to the rapid drop of the

gluon-fusion cross section as tan β increases (Fig. 1).

7

A→Zh → ℓℓbb reconstruction (2HDM)

h0 A0HH0H

125 GeV CP odd

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-016/
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Prospects for ϕ→µµ production
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Figure 15: The 5 σ contours of the expected significance of an excess of events over the background for

the φ→ µµ search in the MSSM parameter space in the (a) b-veto and (b) b-tag categories.
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Figure 16: The 5 σ contours of the expected significance of an excess of events over the background for

the φ → µµ search in the MSSM parameter space for the statistical combination of the b-tag and b-veto

categories.
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5 Projected sensitivity for H → ZZ → 4l

An estimate of the sensitivity of the search for a heavy Higgs boson decaying to ZZ → lll′l′, where

l, l′ = e or µ, is obtained by projecting the current ATLAS results described in Ref. [3] to 300 and 3000

fb−1 at
√
s = 14 TeV.

The selection described in [3] is applied to a heavy SM-like Higgs boson with a mass in the range

200 – 1000 GeV. The same systematic uncertainties as in [3] are assumed. The natural width of the

Higgs boson is considered to be the same as for a SM-like Higgs boson with the same mass. The quoted

cross sections for the gluon-fusion (ggF) and vector-boson-fusion (VBF) mechanisms, as well as the

Higgs boson line-shapes, have been calculated with the complex-pole-scheme [40]. The interference

with the SM continuum ZZ cross section is taken into account implicitly, by assuming an additional

uncertainty in the ZZ production prediction as in Ref. [41]. Background cross sections where scaled to

the higher
√
s accordingly to predictions obtained with MCFM [42,43].

Expected 95% confidence level CLs limits are calculated for the ggF and VBF production mecha-

nisms separately and are shown in Fig. 17. The limit plots assume that the Higgs boson is produced

only through ggF production mechanism in Fig. 17 (a) and only through VBF production mechanism in

Fig. 17 (b). In both plots the SM Higgs boson production cross section times branching ratio to 4ℓ is

shown for comparison.

The expected upper limits are ∼ 0.01–0.1 fb for ggF and ∼ 0.008–0.04 fb for VBF production for the

mass range from 200 to 1000 GeV assuming 3000 fb−1 of integrated luminosity. Even with 300 fb−1 the

expected 95% confidence level exclusion in the absence of signal is about 4 – 40 times better than the

prediction for an assumed SM Higgs boson in the same mass range.
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Figure 17: Expected 95% confidence level upper limits on the production cross section times branching

ratio of a SM-like H → ZZ → lll′l′ (l, l′ = e or µ) for (a) ggF and (b) VBF production as a function

of the Higgs boson mass. The black line corresponds to the expected exclusion assuming an integrated

luminosity of 3000 fb−1, while the blue line corresponds to 300 fb−1. The expected SM cross sections

times branching ratio are also presented (red dashed line).

6 Conclusions

The studies reported here have investigated the ATLAS sensitivity to various signatures for beyond-

SM Higgs bosons using datasets corresponding to integrated luminosities of 300 fb−1 and 3000 fb−1 at√
s = 14 TeV. A 2HDM-motivated scenario has been examined, in which a gluon-fusion produced CP-

19

ATL-PHYS-PUB-2013-016 Prospects for H’→ZZ→4ℓ production

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-016/
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Some letters…



Some emails...
<< The theories and science are for me a 
source of inspiration and to thank Peter 
Higgs with this portrait.>>

How to find a fitting name, was rather a challenge. Until my 
husband suggested your’s : this boat was our divine particle, the 
missing part in our life.



More emails…
Dear Sirs,

We are a craft beer micro company (Ca l'Arenys- 
GUINEU  BEER),  and  we  would  like  to  make  a 
Brewing Special Edition (10hl) as an Homage to 
Mr. Higgs

First of all we would like to know if there is 
any concern about it.

The idea is absolutely NON lucrative

-We  would  like  to  know,  if  possible,  if  Mr. 
Higgs likes beer and what styles does he prefer 
in order to adapt our receipt.

Best Regards

Xavier Serra

info@calarenys.com

Ca l'Arenys brewing Manager

Valls de Torruella ( Barcelona )

Spain

mailto:info@calarenys.com


Belgians also know how to 
party!
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Outlook:  
BEH boson measurements at run 2 & beyond

•We’ve come a long way baby, but there’s still far to go… 

•With 300 and 3000 fb−1 the LHC will offer a comprehensive BEH physics 
programme:

63

Precision BEH physics: 
measure production rates 

to a few %

Discovery of additional BEH 
bosons up to O (1 TeV)

Theory uncertainty dominant 
for many analyses

di-BEH boson triple-BEH bosonH→cc̅

•Some analyses do remain challenging, event at HL-LHC: 

Observation of 
H→Zγ and H→µ+µ−

Observation of 
H→bb
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Run 1 BEH Mass Combination
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Figure 4: Summary of likelihood scans in the 2D plane of signal strength µ versus Higgs boson
mass mH for the ATLAS and CMS experiments. The 68% CL confidence regions of the individ-
ual measurements are shown by the dashed curves and of the overall combination by the solid
curve. The markers indicate the respective best-fit values.
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