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Standard Model
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Elementary particles: 

• Fermions: quarks & leptons.

• Vector Bosons (γ, W, Z, g): Force 
carriers.

• Scalar boson (H): Source of 
electroweak symmetry breaking & 
masses of the elementary particles.

From The Particle Adventure

• Higgs boson was the last missing 
piece in the Standard Model (SM), 
but was discovered in July 2012. 

• So, Are we done?                             
Or, what’s next? 
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Remaining Mysteries
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Atom
5%Dark Matter

27%
Dark Energy

68%

• With just the SM, the unification of forces would not occur. 

• Higgs mass. → Theoretically unstable with just the SM. Top partners? 

• Dark matter (DM) → Expected from astrophysical observations, but 
DM itself has not been detected yet. 

There are many indications that the SM is not the final theory!

nobelprize.org
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Beyond Higgs Discovery
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• Does the discovered Higgs boson really follow the SM? 

• How can we find signs of Beyond-the-Standard-Model (BSM) physics 
in the Higgs sector? 

• Precision measurements of the Higgs 
couplings.
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likely to be in this situation, in which the picture of the Higgs boson may be very di↵erent from that in the
SM but, since the other particles in the sector are heavy, it is di�cult to conclude this except by precision
measurement.

Typical sizes of Higgs boson coupling modifications are shown in Table 3-1. More details of these estimates
are given in [23].

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% < 1.5%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

Table 3-1. Generic size of Higgs coupling modifications from the Standard Model values in classes of new
physics models: mixing of the Higgs boson with a singlet boson, the two-Higgs doublet model, the Minimal
Supersymmetric Standard Model, models with a composite Higgs boson, and models with a heavy vectorlike
top quark partner. For these estimates, all new particles are taken to have M ⇠ 1 TeV and mixing angles
are constrained to satisfy precision electroweak fits.

Tests of the values of the Higgs couplings relative to the SM must take account of the theoretical uncertainty
in the comparison to the SM predictions. A potentially observable quantity is the partial decay width
�(h ! AĀ), related to A by

2
A = �(h ! AĀ)/(SM) . (3.10)

Currently, the SM predictions for the values of some Higgs partial widths have large uncertainties. The
uncertainty in the partial width �(h ! bb̄), which accounts for more than half of the SM Higgs total width,
is quoted as 6% [25]. A concerted program is required to bring the uncertainties in the SM predictions below
1%. This requires complete evaluation of the 2-loop electroweak corrections to the partial widths. It also
requires improvement of the uncertainty in the crucial input parameters ↵s, mb, and mc. Lattice gauge
theory promises to reduce the errors on all three quantities to the required levels [26]. Further methods for
improvement in our knowledge of ↵s are discussed in Section 3.6.

There are only a few cases in which the partial widths �(h ! AĀ) can be measured directly. More often,
the Higgs decay partial widths are measured from the rates of reactions that involve the Higgs boson in an
intermediate state. An example is the rate of �� production through gg fusion at the LHC. The rate of this
process is proportional to the Higgs boson production cross sections times the branching ratio of the Higgs
boson to ��,

�(gg ! h) ·BR(h ! ��) ⇠ �(h ! gg)�(h ! ��)

�T (h)
, (3.11)

where �T (h) is the total Higgs boson width. In terms of the A quantities, the measured rates are proportional
to

�(AĀ ! h)BR(h ! BB̄)/(SM) =
2
A

2
BP

C 2
CBRSM (h ! CC̄)

. (3.12)

The SM prediction for the total width of the Higgs boson is 4 MeV, a value too small to be measured directly
except at a muon collider where the Higgs boson can be produced as a resonance. At all other cases of hadron
and lepton colliders, the total width must be determined by a fit to the collection of measured rates. Such
fits entail some model-dependence to control the size of modes of Higgs decay that are not directly observed.

Community Planning Study: Snowmass 2013

Snowmass, 
Energy 
Frontier 
Report, 
2013

Deviation of Higgs Couplings by BSM Physics

• Search for BSM decays of Higgs.            
→ e.g. Invisible decay to dark matter. 

• Search for more/heavier Higgs bosons.
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Invisible Decay of Higgs
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• To search for invisibly decaying Higgs boson, we need “visible” particles 
produced along with the Higgs to search for such phenomenon. 

• ZH associated & vector-boson fusion channels are highly sensitive to 
the invisible Higgs decay. ZH especially has a “clean” signature.  

Dark Matter？

ZH Associated Production

BSM decay of Higgs boson to dark matter. Expected from Supersymmetry, etc.
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Analysis Strategy
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“Z(→e+e-,μ+μ-)+Missing ET”
Topology

Missing ET (ETmiss): Momentum imbalance 
in the plane perpendicular to the beam line.

Schematic view of ATLAS detector 
(transverse plane)
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Event Selection
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• Understanding of Missing ET & 
suppression of Z BG (cross section is 
O(104~105) higher than signals) are the key 
components. 

• dϕ(ETmiss,pTmiss) < 0.2
• dϕ(Z, ETmiss) > 2.6 

• ETmiss > 90 GeV
• |ETmiss - pTll| / pTll < 0.2

• e+e- or μ+μ- w/ 76 < Mll < 106 GeV;  3rd lepton veto (pT>7 GeV)

• dϕ(l,l) < 1.7 • Jet veto (w/ pT>25 GeV)
pTmiss: Missing ET 
reconstructed from ID 
tracks

• Event selection was carefully 
optimized to suppress the Z BG & 
still keep good signal acceptance. 
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Backgrounds

8

• ZZ(→l+l-vv): Difficult to distinguish 
from the signals. Estimated with 
Monte Carlo (MC) simulation. 

• WZ: Estimated with MC. Validated in 
a 3-lepton control region (CR). 

BG size
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February 27, 2013 – 11 : 38 DRAFT 9

1 Introduction355

The underlying structure of the electroweak sector of the Standard Model (SM) is the non-abelian356

S U(2)L ⇥ U(1)Y gauge group. This model has been very successful in describing currently available357

experimental data. Features like vector boson masses and their coupling to fermions have been precisely358

tested at LEP2 and Run II of the Tevatron. The SM predicts the ZZZ and ZZ� neutral triple gauge boson359

couplings (TGC) to be zero, however, they have not yet been determined with the same precision as other360

aspects of the electroweak sector.361

In the SM the TGC vertex is completely fixed by the electroweak gauge structure and so a precise362

measurement of this vertex, through the analysis of diboson production at the LHC, is essential to test the363

high-energy behavior of electroweak interactions and to probe for possible new physics in the bosonic364

sector. Any anomalous TGCs (aTGCs) will cause a significant enhancement to the production cross365

section of diboson states at high diboson invariant mass and high transverse momenta of the produced366

bosons. Apart from their value of probing new physics, ZZ events are also an important Higgs boson367

search channel via the H ! ZZ decay, especially for Higgs boson masses above ⇠ 2mZ .368

At the LHC, the dominant ZZ production mechanism is from quark-antiquark initial states and to a369

lesser extent from gluon-gluon fusion. Figures 1 and 2 shows the lowest-order Feynman diagrams for370

ZZ production with qq̄ and gg initial states.371

q̄

q Z

Z

(a) u�channel ZZ production.

q̄

q Z

Z

(b) t�channel ZZ production.

q̄

q Z

Z

Z/�⇤

(c) The ZZZ neutral TGC vertex
which does not exist in the SM.

Figure 1: The SM tree-level Feynman diagrams for ZZ production through the qq̄ initial state in hadron
colliders.

g

g Z

Z

Figure 2: Feynman diagram for gg! ZZ production.

This note presents a measurement of the ZZ production cross section using the `+`�`0+`0� decay372

channel with the ATLAS detector in LHC proton-proton collisions at
p

s = 8 TeV. The analysis and373

results are based on an integrated luminosity of 20344.3 pb�1 collected by ATLAS in 2012 with a fully374

operational detector and stable-beam conditions. Previously, ATLAS published a measurement of the ZZ375

cross section in the `�`+`�`+ channel in 5.8 fb�1 of data, measuring�ZZ = 9.26+1.06
�0.98(stat.)+0.36

�0.30(syst.)±0.33376

pb (lumi) [1].377

The note is organized as follows:378

• W+W-/tt&Wt/Z(→τ+τ-): Estimated with data using e-μ CR.   

• Z+jets: Estimated with data. 

• W+jets/multijet: Estimated with data. Almost negligible.    

Z BG is suppressed to 
this level due to 
optimized event selection
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Z Background
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Systematics uncertainties from the stability  
of NA/NB & NC/ND ratios, subtraction of 
non-Z backgroundNC/ND~0.1, α=1.07 (2011), 1.04 (2012)

Sideband 
Region D

Signal
Region A
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Z BG
2011 0.13 ± 0.12 (stat) ± 0.07 (sys)

2012 0.9 ± 0.3 (stat) ± 0.5 (sys)

Sideband 
Region B

Sideband 
Region    

C

Difficult to model with MC. Estimated with data. 
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WW/Top/Zτ+τ- Backgrounds
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2011 2012
WW/Top/Z(→τ+τ-) 0.5 ± 0.4 (stat) ± 0.1 (sys) 20 ± 3 (stat) ± 5 (sys)

• Make use of the lepton flavor symmetry (e+e-,μ+μ-,e±μ∓) in                            
W+W-/tt,Wt/Z(→τ+τ -) events.

NBG,est.
ee = 1

2 �Ndata,sub
eµ � k

NBG,est.
µµ = 1

2 �Ndata,sub
eµ � 1
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• NeμBG,est: estimated background yields.

• Neμdata,sub: events in the CR, but contributions from non-WW/Top/Z (→ττ) BG are subtracted with MC.

• k-efficiency factor & MC subtraction are the main source of systematics.
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WZ/ZZ Backgrounds
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• WZ/ZZ are both estimated with MC. WZ 
MC is validated in the 3-lepton CR. 

• NLO theory & ATLAS measurement 
agree well for the ZZ cross section. 

�NLO(ZZ) = 7.2+0.3
�0.2pb

�measured(ZZ) = 7.1+0.5
�0.4(stat.)± 0.3(syst)± 0.2(lumi.)pb

• Lepton scale & resolution: 1.0-1.5%.                              
Jet energy scale & resolution: 3-6%.

• PDF & scale uncertainty: ~5%.

• gg→WW/ZZ→l+l-vv diagram is also considered (~3% 
of qq→ZZ)。

ATLAS-CONF-2013-020
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Fig. 98: The difference between the central value of the cross section and the cross section computed with 3
different PDF sets and the total PDF+αs variation (blue markers) varying them by plus and minus 1σ for qq →
ZZ(∗) → 2e2µ (left) and for gg → ZZ(∗) → 2e2µ (right) as a function ofm2e2µ at 7 TeV from MCFM.
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Fig. 99: The cross section for qq → ZZ(∗) → 2e2µ (left) and for gg → ZZ(∗) → 2e2µ (right) as a function of
m2e2µ at 7 TeV from MCFM computed with the CT10 PDF and varying the QCD scale by a factor of two.
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Results
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No significant excess from the 
Standard Model expectation

4

Data Period 2011 (7 TeV) 2012 (8 TeV)
ZZ → !!νν 20.0 ± 0.7 ± 1.6 91 ± 1 ± 7
WZ → !ν!! 4.8 ± 0.3 ± 0.5 26 ± 1 ± 3
Dileptonic tt̄, Wt, WW , Z → ττ 0.5 ± 0.4 ± 0.1 20 ± 3 ± 5
Z → ee, Z → µµ 0.13 ± 0.12 ± 0.07 0.9 ± 0.3 ± 0.5
W + jets, multijet, semileptonic top 0.020 ± 0.005 ± 0.008 0.29 ± 0.02 ± 0.06
Total background 25.4 ± 0.8 ± 1.7 138 ± 4 ± 9
Signal (mH = 125.5 GeV, σSM(ZH), BR(H → inv.) = 100%) 8.9 ± 0.1 ± 0.5 44 ± 1 ± 3
Observed 28 152

TABLE I. Number of events observed in data and expected from the signal and from each background source for the 7 and 8
TeV data-taking periods. Uncertainties on the signal and background expectations are presented with statistical uncertainties
first and systematic uncertainties second.
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FIG. 2. Distribution of Emiss
T after the full selection in

the 8 TeV data. Data are indicated by the dots while
the filled stacked histograms represent the background ex-
pectations. The signal expectation for a Higgs boson with
mH = 125.5 GeV, a SM ZH production rate and BR(H →

inv.) = 100% is stacked on top of the background expecta-
tions. The inset at the bottom of the figure shows the ratio
of the data to the combined background expectations. The
hashed area in both figures shows the systematic uncertainty
on the combined background expectation.

and 8 TeV data-taking periods are shown in Table I. Fig-300

ure 2 shows the Emiss
T distribution after the full event se-301

lection for the 8 TeV data and the expected backgrounds.302

The normalization of the backgrounds is extracted from303

a maximum likelihood fit to the Emiss
T distribution. The304

signal expectation shown corresponds to a Higgs boson305

with mH = 125.5 GeV, a SM ZH production rate and306

BR(H → inv.) = 100%. No significant excess is observed307

over the SM expectation.308

Limits are set on the cross section times branching ra-309

tio for a Higgs-like boson anywhere in the mass range310

110 < mH < 400 GeV decaying to invisible particles.311

The possibility of more than one Higgs boson with a sig-312

nificant branching ratio for decays to invisible particles is313

not considered. The limits are computed using a maxi-314
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FIG. 3. 95% CL upper limits on σZH × BR(H → inv.) for a
Higgs-like boson with 110 < mH < 400 GeV, for the combined
7 and 8 TeV data. The full and the dashed lines show the
observed and the expected limits, respectively.

mum likelihood fit to the Emiss
T distribution following the315

CLs (signal confidence level) modified frequentist formal-316

ism [55] with a profile likelihood test statistic [56]. Fig-317

ure 3 shows the 95% CL upper limits on σZH ×BR(H →318

inv.) in the mass range 110 < mH < 400 GeV for the319

combined 7 and 8 TeV data. The expectation for a Higgs320

boson with a production cross section equal to that ex-321

pected for a SM Higgs boson and BR(H → inv.) = 100%322

is also shown.323

For the discovered Higgs boson an upper limit of 75%324

at 95% CL (63% at 90% CL) is set on the branching325

ratio to invisible particles. For this the predicted SM ZH326

production rate with mH = 125.5 GeV, is assumed. The327

expected limit in the absence of BSM decays to invisible328

particles is 62% at 95% CL (52% at 90% CL).329

Within the context of Higgs-portal dark matter (DM)330

scenarios [57], in which the Higgs boson acts as the me-331

diator particle between DM and SM particles, the limit332

on BR(H → inv.) can be interpreted to set an upper333

limit on the DM–nucleon scattering cross section [58].334

The formalism used to interpret the BR(H → inv.) limit335

• Obtained limits on the invisible 
branching fraction BR(H→inv) < 75% 
observed (63% expected) @ 95% 
confidence level.

• First results at the LHC on the invisible 
decay of the Higgs boson! 

~20% better expected limit 
than CMS
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Dark Matter Interpretation
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Figure 65: Feynman diagrams for the decay of the Higgs boson into dark matter particles (a) and scat-

tering of dark matter particles off of a nucleon with the exchange of a Higgs boson (b). The Higgs-dark

matter interaction vertex has a coupling constant of λhχχ . In the scattering diagram the Higgs-nucleon

coupling strength is parameterized with a form factor, fN .

σScalarχN =
λ 2 Scalarhχχ

16πm4h

m4N f
2
N

(
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σVectorχN =
λ 2 Vectorhχχ
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(
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σMajoranaχN =
λ 2 Majoranahχχ

4πΛ2m4h

m2χm
4
N f
2
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(

mχ +mN
)2

(27)

The cross section has an additional dependence on the nucleon mass, mN and the form factor, fN1474

which quantifies the coupling strength between the Higgs boson and the Nucleon. This form factor is de-1475

termined using lattice calculations and suffers from large theoretical uncertainties [66]. These theoretical1476

uncertainties will not be included in the comparison plots.1477

Limits on both λhχχ vs mχ and σχN vs mχ will be calculated from the invisible branching ratio1478

limits shown and will be compared to the limits from direct detection experiments. In calculating the1479

limits all variables in Equations 22- 27 are constants except for mχ , λhχχ , and σχN . The inputs used1480

for the remaining variables are given in Table 46. Limits on λhχχ vs mχ are shown in Figure 66 for1481

the scalar (66(a)), vector (66(b)), and majorana (66(b)) hypotheses. All direct detection results incur1482

a large uncertainty from the Higgs-Nucleon form factor uncertainty. Figure 67 shows limits on σχN1483

vs. mχ . Direct detection results are published in this format and need no further interpretation. The1484

invisible branching ratio limits are shown for the scalar, vector, and majorana fermion hypothesis as1485

three curves. The hashed bands on the invisible branching ratio limits show the uncertainty resulting1486

from the systematic variation of fN .1487

It is evident from Figures 66 and 67 that the invisible branching fraction limits are complimentary1488

to the direct detection limits. Direct detection experiments provide the strongest limits at high mass, but1489

they loose all sensitivity below about 10 GeV. The invisible branching fraction limits are sensitive only1490

below mh/2 and provide exclusion below 10 GeV where the direct detection results do not reach. The1491

limits from the, scalar, vector, and fermion dark matter species depend differently on the dark matter1492

mass, but all exclude a large range of the coupling strength at low mass. Therefore, within the Higgs1493

portal model – which makes a generic assumption to test the higgs-dark matter coupling – the coupling1494

between dark matter and the higgs boson is strongly limited across a large range of dark matter mass.1495

Seach at the LHC Direct detection experiments

Higgs-DM Coupling

Higgs-portal model: Assume that the DM only interacts with the Higgs boson.                     
Predicts very small DM-nucleon cross section & matches with various experimental results. 

�N�⇔ ⇔
Higgs Invisible Decay Higgs-DM Coupling DM-Nucleon Cross Section

�(h� ��) �2
h��

BR(h� ��) =
�(h� ��)

�(h� ��) + �(h� SM)

13
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Higgs-portal Model

• Mapped the BR(H→inv) limit to Higgs-portal DM interpretation.

• LHC has very good sensitivity in mDM<mH/2 region & provides 
complementary results to the direct detection experiments.

Scalar

Majorana

Vector

The ATLAS bands show 
the uncertainties on the 
Higgs-nucleon form 
factor

14

Higgs-Portal Model
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• Searched for the Higgs boson decaying to dark matter with the ATLAS 
detector at the LHC using the full √s=7 & 8 TeV datasets. 

• No significant excess is observed for both years. Obtained limits of 
BR(H→inv.)<75% (observed), 63% (expected) with 95% confidence 
level. 

• BR(H→inv.) limit was interpreted with Higgs-portal dark matter 
scenarios. We have a very good sensitivity in mDM<mH/2 region & 
exceeds the limits from the direct detection experiments.  

• Prospects: 

• With 300 (3000) fb-1 of the 14 TeV LHC data, the ZH channel will 
have sensitivity of BR(H→inv.)~10, 20%. Combining with other 
channels would even enhance the sensitivity & will reach the 
interesting region for the supersymmetry. 
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Discovery of Higgs Boson (2012)
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Phys. Lett. B 716 (2012) 1

• In July 2012, we discovered a particle at ~125 GeV, consistent with a 
Standard Model Higgs boson.                                                                         
→ signal strengths in H→γγ,ZZ,WW,ττ,bb & spin/parity results later in 2013.

• Further investigations are needed to confirm whether there is a sign of  
physics beyond the Standard Model (BSM) in the Higgs sector. 
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ATLAS-CONF-2014-042
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Source of systematic uncertainties 95% CL on µoff−shell
QCD scale for gg→ ZZ 7.9

QCD scale for the gg→ (H∗ →)ZZ interference 7.7
QCD scale for qq̄→ ZZ 7.6

PDF for pp→ ZZ 7.2
EW for qq̄→ ZZ 7.1
Parton showering 7.1
Z BG systematic 7.4

Luminosity 7.3
Electron energy scale 7.1
Electron ID efficiency 7.1

Muon reconstruction efficiency 7.1
Jet energy scale 7.1

Sum of remaining systematic uncertainties 7.1
All systematic 9.9
No systematic 7.1

Table 6: The expected 95% CL upper limit on µoff-shell in the 2!2ν channel, with a ranked listing of
each systematic uncertainty individually, and comparing to including no systematic uncertainty or all
systematic uncertainties. The upper limits are evaluated using the CLs method, assuming RB

H∗=1.

Observed Median expected Alternative hypothesis
RB

H∗ 0.5 1.0 2.0 0.5 1.0 2.0

µoff-shell 5.6 6.7 9.0 6.6 7.9 10.7 RB
H∗ = 1, µoff-shell = 1

ΓH/ΓSM
H 4.1 4.8 6.0 5.0 5.8 7.2 RB

H∗ = 1, ΓH/ΓSM
H = 1, µon-shell = 1.51

ΓH/ΓSM
H 4.8 5.7 7.7 7.0 8.5 12.0 RB

H∗ = 1, ΓH/ΓSM
H = 1, µon-shell = 1

Table 7: The observed and expected 95% CL upper limit on µoff-shell and ΓH/ΓSM
H within the range of

0.5 < RB
H∗ < 2, combining the ZZ → 4! and ZZ → 2!2ν channels. The bold numbers correspond to the

limit assuming RB
H∗ = 1. The upper limits are evaluated using the CLs method, including all systematic

uncertainties, with the alternative hypothesis as indicated in the last column. The two measurements
of ΓH/ΓSM

H differ only in the choice of the alternative hypothesis. In particular, µon-shell is treated as an
auxiliary measurement in both cases in the fit and hence takes a value close to the observed value of
µon-shell ∼ 1.5.
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�i�H�f �
�2

i �2
f

�H

• σi→H→f: Cross section of Higgs produced with production 
process i & decays process f.

• κi: Higgs coupling to particle i

• κf: Higgs coupling to particle f

• ΓH: Higgs width
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LHC 13-14 TeV (2015-2022)

HL-LHC 14 TeV (2025-2030s)

• √s=13-14 TeV.  

• Will surpass the 
design luminosity in 
Run 2. Twice the 
design lumi. in Run 3.

• Expected integ. lumi. 
~300 fb-1

• √s=14 TeV.

• The luminosity will increase by a factor 5 from the initial design. Expected 
integ. lumi.~250-300 fb-1/year & ~3000 fb-1 after a decade of operation. 

σ(Higgs@LHC)   > 50 pb w/ √s=14 TeV,                                          
cf. σ(Higgs@e+e-)~ 0.2-0.3 pb w/ √s=250-500 GeV

2009
2010
2011
2012
2013
2014
2015
2016 
2017
2018
2019
2020
2021
2022
2023
2024
2025

2035

LS1

LS2

LS3

Run 1

Run 2

Run 3

Run 
4,5,...

LHC start-up, √s=900 GeV

√s=13 TeV commissioning

~25 fb-1

~75- 
100 fb-1

~300 fb-1

~3000 
fb-1

√s=7-8 TeV, L~6×1033 cm-2s-1, bunch spacing=50 ns

HL-LHC upgrade; interaction region, 
crab cavities?

LHC Injector upgrade

√s=14 TeV, L~5×1034 cm-2s-1

√s=14 TeV, L~2×1034 cm-2s-1, bunch space=25 ns

√s=13-14 TeV, L~1.6×1034 cm-2s-1, bunch space=25 ns

Towards the design energy & luminosity

LHCC open meeting, Dec. 2013
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F.Bordry, LHCC Open Meeting, Dec. 2013

CERN Courier, Aug. 2013

L =
f · N2

4 · � · ��

f: Bunch crossing frequency, N: number of protons in a bunch,
ϵ: emittance, β*: amplitude function

and   β* ≤ 0.5 m

Luminosity
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Phase-0 upgrade (2013-2014)
• ATLAS: Insertable B-layer (IBL), Level-1 topological trigger, Fast Track Trigger (FTK)

• CMS: 4th muon end-cap station, new detector consolidation

Phase-1 upgrade (2018-2019)
• ATLAS: High granularity Level-1 calorimeter trigger, New small wheel for Level-1 

muon trigger

• CMS: New Level-1 trigger system, new pixel detector, new photo-detector & 
electronics for HCAL 

Phase-2 upgrade (2023-2025)
• ATLAS: New silicon tracker & forward calorimeter & electronics, level-1 track trigger

• CMS: New tracker with Level-1 capability, DAQ/HLT upgrade, replace end-cap & 
forward calo; possibly extension of muon coverage & EM preshower system

To cope with the radiation damage of detector components, 
limitation of bandwidth, improve granularity & coverage
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Signal Strengths
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ATL-PHYS-PUB-2013-014
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ATL-PHYS-PUB-2013-014, CMS NOTE-13-002

Nr. Coupling 300 fb�1 3000 fb�1

Theory unc.: Theory unc.:
All Half None All Half None

1  3.2% 2.7% 2.5% 2.5% 1.9% 1.6%
2 V = Z = W 3.3% 2.8% 2.7% 2.6% 1.9% 1.7%
F = t = b = ⌧ = µ 8.6% 7.5% 7.1% 4.1% 3.5% 3.2%

Z 8.4% 7.3% 6.8% 6.3% 5.0% 4.6%
W 8.0% 6.7% 6.2% 6.1% 4.8% 4.3%

3 t 11% 9.0% 8.3% 7.0% 5.6% 5.1%
d3 = ⌧ = b 18% 14% 13% 14% 11% 10%

µ 22% 20% 20% 10% 8.1% 7.5%
Z 8.0% 7.0% 6.6% 5.2% 4.3% 4.0%
W 7.7% 6.8% 6.5% 4.9% 4.2% 3.9%
t 19% 18% 18% 7.7% 6.7% 6.3%

4 d = ⌧ = µ = b 16% 13% 12% 11% 8.2% 7.2%
g 8.9% 7.9% 7.5% 4.3% 3.8% 3.6%
� 13% 9.3% 7.8% 9.3% 5.9% 4.2%
Z� 79% 78% 78% 30% 30% 29%
Z 8.1% 7.1% 6.7% 6.2% 4.9% 4.4%
W 7.9% 6.9% 6.5% 5.9% 4.8% 4.4%
t 22% 20% 20% 10% 8.4% 7.8%

5 d3 = ⌧ = b 18% 15% 13% 15% 11% 9.7%
µ 23% 21% 21% 11% 8.5% 7.6%
g 11% 9.1% 8.5% 6.9% 5.5% 4.9%
� 13% 9.3% 7.8% 9.4% 6.1% 4.6%
Z� 79% 78% 78% 30% 30% 29%

Table 18: Expected precision on Higgs coupling scale factors with 300 and 3000 fb�1 at
p

s = 14 TeV
for selected parametrizations, assuming no new contributions to the Higgs total width beyond those in
the Standard Model. The Higgs total width can still di↵er from its expected value in the Standard Model
in the absence of any new decay modes if any of its couplings to SM particles di↵er from their expected
values. Additional parametrizations explicitly including the b-quark coupling scale factor b are possible
in principle, but are not studied at the moment in the absence of H ! bb̄ projections at high luminosity.
The coupling scale factor V represents the gauge bosons W and Z, F all fermions, and d and d3 all,
respectively third generation, down-type fermions.
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4.5 Spin-parity 17

Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are obtained
at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are

% uncertainties on couplings for [Scenario 2, Scenario 1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.

L (fb�1) k

g

kW kZ kg kb kt k

t

kZg

k

µµ

BRSM
300 [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [23, 23] [14, 18]
3000 [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [8, 8] [7, 11]
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Figure 14: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time
of the pre-approval. Uncertainties are 1/2). The projections assume

p
s = 14 TeV and an

integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right). The projections are obtained with the
two uncertainty scenarios described in the text.

where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.

CMS

ATLAS
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ATL-PHYS-PUB-2013-014
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Y: Yukawa coupling, f: fermion, V: weak boson, 
m: mass
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ATL-PHYS-PUB-2013-014, 
CMS NOTE-13-002

18 5 Discovery Potential: Supersymmetry

Table 4: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time of
the pre-approval. Uncertainties are 1/2). These values are obtained at

p
s = 14 TeV using

an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are % uncertainties on the
measurements estimated under [scenario2, scenario1], as described in the text.

L (fb�1) kg · kZ/ kH k

g

/kZ kW/kZ kb/kZ k

t

/kZ kZ/kg kt/kg k

µ

/kZ kZg

/kZ
300 [4,6] [5,8] [4,7] [8,11] [6,9] [6,9] [13,14] [22,23] [40,42]
3000 [2,5] [2,5] [2,3] [3,5] [2,4] [3,5] [6,8] [7,8] [12,12]

Projections of the expected �2 lnL values from the fits assuming 300 fb�1 and 3000 fb�1 are
shown in Fig. 15. A 68% (95%) CL limit on the contribution of fa3 can be achieved at the level
of 0.07 (0.13) with 300 fb�1 and 0.02 (0.04) with 3000 fb�1. The analysis is limited by statistical
uncertainties up to a high luminosity, but all sources of systematic uncertainties are preserved
in the projections.

Figure 15: Distribution of expected �2 lnL for fa3 for the projection to 300 fb�1 (green, dotted)
and 3000 fb�1 (magenta, dot-dashed).

5 Discovery Potential: Supersymmetry
After the observation of a Higgs boson at the LHC, the question about the large quantum
corrections to its mass are more pressing than ever. A natural solution to this hierarchy problem
would be the cancellation of these corrections from new particles predicted by supersymmetry
(SUSY), which have the same quantum numbers as their SM partners apart from spin. No
evidence for supersymmetric particles has been found with the data taken at the LHC withp

s = 8 TeV, but the energy upgrade to 14 TeV together with higher luminosities will open the
possibility to access a new interesting mass window in the next years.

Extrapolations of several searches for SUSY by CMS [34–39] are performed by scaling the lu-
minosity and taking into account the change of cross section with higher energy accordingly.
The projections are made based on 8 TeV Monte Carlo samples and without optimizing the
selections for searches at higher energies and higher luminosities. In “Scenario A” the signal

Nr. Coupling 300 fb�1 3000 fb�1

ratio Theory unc.: Theory unc.:
All Half None All Half None

1 VV 7.6% 7.1% 6.9% 4.1% 3.3% 3.0%
�FV 8.5% 7.7% 7.5% 3.7% 3.2% 3.0%
ZZ 10% 9.3% 8.9% 6.1% 4.7% 4.1%

2 �WZ 4.7% 4.0% 3.7% 2.8% 2.0% 1.6%
�FZ 9.4% 8.6% 8.4% 4.5% 3.9% 3.6%
uu 13% 11% 10% 6.3% 5.0% 4.5%

3 �Vu 10% 8.9% 8.5% 4.6% 3.8% 3.5%
�du 11% 9.1% 8.2% 7.1% 5.6% 4.9%
⌧⌧ 22% 18% 16% 17% 14% 12%

4 �V⌧ 12% 11% 9.8% 9.3% 7.2% 6.4%
�q⌧ 12% 9.6% 8.7% 9.1% 7.0% 6.1%
�µ⌧ 24% 22% 21% 12% 9.6% 8.8%
gZ 6.4% 4.4% 3.5% 4.6% 2.9% 2.0%
�WZ 5.1% 4.6% 4.4% 3.0% 2.3% 2.1%
�tg 18% 18% 17% 7.0% 6.1% 5.8%

5 �⌧Z 13% 11% 11% 10% 7.6% 6.6%
�µZ 22% 21% 20% 9.2% 7.2% 6.3%
�gZ 12% 11% 11% 5.9% 5.0% 4.7%
��Z 11% 6.9% 5.1% 7.1% 3.9% 1.8%
�(Z�)Z 78% 78% 78% 30% 29% 29%

6 �� 22% 16% 13% 14% 8.3% 5.4%
�Z� 11% 6.9% 5.1% 7.1% 3.9% 1.8%
�W� 11% 7.3% 5.6% 7.4% 4.2% 2.2%
�t� 27% 23% 21% 14% 9.7% 7.7%
�⌧� 15% 12% 11% 10% 7.7% 6.7%
�µ� 21% 20% 20% 7.2% 6.6% 6.3%
�g� 18% 13% 11% 11% 6.8% 5.0%
�(Z�)� 77% 76% 76% 29% 29% 29%

Table 19: Expected precision on ratios of Higgs coupling scale factors with 300 and 3000 fb�1 at
p

s =
14 TeV for selected benchmark parametrizations without assumptions on the Higgs total width. In model
Nr. 5 (6), the ratio of the b-quark coupling to the Z boson (photon) coupling, bZ (b�), is not determined
due to the absence of H ! bb̄ projections at high luminosity. However this does not a↵ect the other
parameters in the models shown.
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Higgs invisible decay Higgs-DM coupling DM-nucleon xsec

99

16 Dark Matter Interpretation of Branching Ratio Limits1437

One possible interpretation for an enhanced branching fraction to invisible particles is that the Higgs1438

boson decays to the dark matter particles that are expected to comprise approximately 24% of the energy1439

density of the universe [52, 53]. From cosmological observations a well motivated description of dark1440

matter is that it is weakly interacting and massive (WIMP). If the Higgs boson does decay to the dark1441

matter particle, then by virture of its interaction with the Higgs it would satisfy the WIMP hypothesis.1442

Many experiments have searched for dark matter by observing atoms recoiling from possible scatters of1443

dark matter particles. Direct detection experiments are sensitive to both the mass of the dark matter parti-1444

cle and its interaction cross section with nucleons in the atom and results are presented as a limit on these1445

paramters. Exclusion limits have been provided by a number of experiments including XENON [54, 55],1446

CDMSII [56], EDELWEISS [57, 58], ZEPLIN-III [59], COUPP [60], and SIMPLE [61]. Some experi-1447

ments have reported an observation of a dark matter signal, including CRESST [62], DAMA [63], and1448

CoGeNT [64]. The most recent observation from the CDMS collaboration [65] provides compelling1449

evidence an 8.6 GeV dark matter particle. Not all of the observations are consistent with each other and1450

some results are disputed by the community. Direct detection experiments make no a priori assumption1451

about the mechanism by which dark matter particles interact with Standard Model particles, but it is1452

possible that the interaction is through the exchange of a Higgs boson. If dark matter couples to the Stan-1453

dard Model through the Higgs boson and the mass of the particle is less than half the Higgs mass then1454

decays to the dark matter particle will enhance the invisible branching fraction. Under the assumption1455

that dark matter couples to the Standard Model only through the Higgs boson we aim to place limits1456

complimentary to the direct detection results on the mass and interaction cross section of the dark matter1457

particle.1458

Higgs Portal models [66, 67, 68] make a simple, ad-hoc extension to the Standard Model by intro-1459

ducing a new particle that couples to only the Higgs boson. The interaction strength is introduced with1460

a coupling constant, λhχχ . Within this model the scattering and decay process can be compared by ex-1461

pressing the limits in terms of this coupling constant. Figure 65 shows feynman diagrams for both the1462

decay and scattering processes where λhχχ appears in both diagrams. Using the feynman rules for these1463

diagrams the Higgs partial width and scattering cross section are determined in terms of λhχχ . The Higgs1464

partial width for the decay to dark matter particles for the scalar, vector, and fermion cases is given in1465

Equations 22, 23, and 24 respectively.1466

ΓScalar(h→ χχ) =
λ 2 Scalarhχχ v2

64πmh

[

1−
(

2mχ

mh

)2
]1/2

(22)

ΓVector(h→ χχ) =
λ 2 Vectorhχχ v2

256πm4χmh

[

m4h−4m2χm2h+12m4χ
]

[

1−
(

2mχ

mh

)2
]1/2

(23)

ΓMajorana(h→ χχ) =
λ 2 Majoranahχχ v2mh

32πΛ2

[

1−
(

2mχ

mh

)2
]3/2

(24)

The partial width is a function of only the Higgs boson mass, the dark matter mass, the vacuum1467

expectation value, and the coupling constant. Note the introduction of a cutoff scale, Λ in the fermionic1468

case. In this case the Higgs interaction operator has dimension five and is non-renormalizable. A cutoff1469

scale is added that assumes the presence of new physics at a higher energy scale which would produce a1470

renormalizable theory. This model does not purport to be a complete model, so the addition of this cutoff1471

scale does not invaidate the model. For the scattering process the dark matter-nucleon cross section is1472

given for the for the scalar, vector, and fermion cases in Equations 25, 26, and 27 respectively.1473

100

h

χ

χ

λhχχ

(a)

h

N

χ

N

χ

λhχχ

fN

(b)

Figure 65: Feynman diagrams for the decay of the Higgs boson into dark matter particles (a) and scat-

tering of dark matter particles off of a nucleon with the exchange of a Higgs boson (b). The Higgs-dark

matter interaction vertex has a coupling constant of λhχχ . In the scattering diagram the Higgs-nucleon

coupling strength is parameterized with a form factor, fN .

σScalarχN =
λ 2 Scalarhχχ

16πm4h

m4N f
2
N

(

mχ +mN
)2

(25)

σVectorχN =
λ 2 Vectorhχχ

16πm4h

m4N f
2
N

(

mχ +mN
)2

(26)

σMajoranaχN =
λ 2 Majoranahχχ

4πΛ2m4h

m2χm
4
N f
2
N

(

mχ +mN
)2

(27)

The cross section has an additional dependence on the nucleon mass, mN and the form factor, fN1474

which quantifies the coupling strength between the Higgs boson and the Nucleon. This form factor is de-1475

termined using lattice calculations and suffers from large theoretical uncertainties [66]. These theoretical1476

uncertainties will not be included in the comparison plots.1477

Limits on both λhχχ vs mχ and σχN vs mχ will be calculated from the invisible branching ratio1478

limits shown and will be compared to the limits from direct detection experiments. In calculating the1479

limits all variables in Equations 22- 27 are constants except for mχ , λhχχ , and σχN . The inputs used1480

for the remaining variables are given in Table 46. Limits on λhχχ vs mχ are shown in Figure 66 for1481

the scalar (66(a)), vector (66(b)), and majorana (66(b)) hypotheses. All direct detection results incur1482

a large uncertainty from the Higgs-Nucleon form factor uncertainty. Figure 67 shows limits on σχN1483

vs. mχ . Direct detection results are published in this format and need no further interpretation. The1484

invisible branching ratio limits are shown for the scalar, vector, and majorana fermion hypothesis as1485

three curves. The hashed bands on the invisible branching ratio limits show the uncertainty resulting1486

from the systematic variation of fN .1487

It is evident from Figures 66 and 67 that the invisible branching fraction limits are complimentary1488

to the direct detection limits. Direct detection experiments provide the strongest limits at high mass, but1489

they loose all sensitivity below about 10 GeV. The invisible branching fraction limits are sensitive only1490

below mh/2 and provide exclusion below 10 GeV where the direct detection results do not reach. The1491

limits from the, scalar, vector, and fermion dark matter species depend differently on the dark matter1492

mass, but all exclude a large range of the coupling strength at low mass. Therefore, within the Higgs1493

portal model – which makes a generic assumption to test the higgs-dark matter coupling – the coupling1494

between dark matter and the higgs boson is strongly limited across a large range of dark matter mass.1495

�(h� ��) �2
h��

BR(h� ��) =
�(h� ��)

�(h� ��) + �(h� SM)

We consider three DM types: scalar, vector, majorana fermion
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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