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Lagrangian in the Standard Model
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騙されないぞっ、と感じてしまうとこ

❖

⇒ need to be massless

❖ Fermion mass term
‣ Not necessarily massless

❖ 血の繋がっていない男女が一軒の家に住んでる
みたいに怪しい

m2AµAµ → m2(Aµ + ∂µΛ)(Aµ + ∂µΛ) �= m2AµAµ
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質量の違い

❖ 昆虫 0.7g  vs  人間 70kg  vs  象 7t
= 1 : 100,000 : 10,000,000

❖ Point-like (?) particle
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GWS模型
不自然過ぎ
しかし...



Gauge Cancellation

❖ ゲージ理論は正しいようだ
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Theoretical Framework 1.4. W-pair production at LEP
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Figure 1.1: The three Feynman diagrams, referred to as CC03, which contribute at tree
level to the process e+e−→W+W−. Two diagrams contain a triple gauge-boson vertex of
the type VWW, indicated by the shaded circles.

contribute at tree level to the process e+e−→W+W−, are referred to as CC03 diagrams.
They are shown in Fig 1.1. The matrix element for W-pair production at tree level is
the sum of the matrix elements for these three diagrams separately. Actually, a fourth
diagram exists at tree level in the SM where a Higgs boson is exchanged through the s-
channel, but its amplitude is proportional to the electron mass and can thus be neglected.
However, at very high energies this diagram needs to be taken into account to ensure a
proper behaviour of the cross section.

1.4.1 Helicity Amplitudes

To study the effect of anomalous couplings on the W-pair production process, it is instruc-
tive to express the matrix elements in terms of the helicity states of the two W bosons,
M(σ, λ, λ′). The helicities of the W− and W+ are given by λ and λ′, incoming e− and e+

helicities are σ/2 and −σ/2, with the assumption that the electrons are massless.
It is convenient to define reduced matrix elements by extracting some common factors:

M(σ, λ, λ′; Θ) =
√

2e2σM̃σ,λ,λ′(Θ)dJ0
σ,∆λ(Θ). (1.23)

The angle Θ is the production angle of the W− with respect to the incoming e−. The
leading angular dependence is given in terms of the d-functions dJ0

σ,∆λ [79], where J0 =
max(|σ|, |∆λ|) gives the lowest angular momentum contributing to a given helicity com-
bination. Two out of the nine possible helicity combinations give J0 = 2, with both W’s
oppositely, transversely polarised (±,∓) thus |∆λ| = 2. The other seven possible helicity
configurations all have J0 = 1. The explicit form of the d functions for all possible helicity
combinations is given in the last column of Table 1.2.

The reduced matrix elements are not partial wave amplitudes since they can still have
a Θ dependence due to partial waves with J > J0. The two s-channel diagrams only
contribute to the seven helicity contributions that have J0 = 1, since angular momentum
conservation in the decay of a spin-1 particle dictates that J = 1. The t-channel diagram
on the other hand, can form all nine possible helicity combinations and contributions from
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Another Gauge Cancellation
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Another Gauge Cancellation

8

WW-- WW++

ee-- ee++

νν



Another Gauge Cancellation
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Another Gauge Cancellation
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Another Gauge Cancellation

❖ Wrong helicity state ∝ me

❖ eeH coupling ∝ me

⇐ very well modeled? 出来過ぎ？
8
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実験が理論にインプットを与えたい



実験屋の観点から



Coupling to Higgs
❖ HWW
‣ Coupling

❖ HZZ
‣ Coupling

❖ Hff
‣ Coupling ＝ Yukawa (by definition)
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g2

2
v = gmW =

e

sin θW
mW

ḡ2

4
v =

gmZ

cos θW
=

2e

sin(2θW )
mZ

In any case, coupling proportional to mass

We will see in the course of this review that it will be appropriate to use the Fermi coupling

constant Gµ to describe the couplings of the Higgs boson, as some higher–order effects are

effectively absorbed in this way. The Higgs couplings to fermions, massive gauge bosons as

well as the self–couplings, are given in Fig. 1.2 using both v and Gµ. This general form of

the couplings will be useful when discussing the Higgs properties in extensions of the SM.
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Figure 1.2: The Higgs boson couplings to fermions and gauge bosons and the Higgs self–
couplings in the SM. The normalization factors of the Feynman rules are also displayed.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

∆HH(q2) =
i

q2 − M2
H + iε

(1.49)
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ハドロンコライダーでの衝突物

❖ 軽い粒子生成ではグルーオン衝突
❖ 重い粒子生成ではクォーク衝突
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Figure 1: MSTW 2008 NLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2.

with broader grid coverage in x and Q2 than in previous sets.
In this paper we present the new MSTW 2008 PDFs at LO, NLO and NNLO. These sets are

a major update to the currently available MRST 2001 LO [15], MRST 2004 NLO [18] and MRST
2006 NNLO [21] PDFs. The “end products” of the present paper are grids and interpolation
code for the PDFs, which can be found at Ref. [27]. An example is given in Fig. 1, which
shows the NLO PDFs at scales of Q2 = 10 GeV2 and Q2 = 104 GeV2, including the associated
one-sigma (68%) confidence level (C.L.) uncertainty bands.

The contents of this paper are as follows. The new experimental information is summarised in
Section 2. An overview of the theoretical framework is presented in Section 3 and the treatment
of heavy flavours is explained in Section 4. In Section 5 we present the results of the global fits and
in Section 6 we explain the improvements made in the error propagation of the experimental data
to the PDF uncertainties, and their consequences. Then we present a more detailed discussion of
the description of different data sets included in the global fit: inclusive DIS structure functions
(Section 7), dimuon cross sections from neutrino–nucleon scattering (Section 8), heavy flavour
DIS structure functions (Section 9), low-energy Drell–Yan production (Section 10), W and Z
production at the Tevatron (Section 11), and inclusive jet production at the Tevatron and
at HERA (Section 12). In Section 13 we discuss the low-x gluon and the description of the
longitudinal structure function, in Section 14 we compare our PDFs with other recent sets,
and in Section 15 we present predictions for W and Z total cross sections at the Tevatron and
LHC. Finally, we conclude in Section 16. Throughout the text we will highlight the numerous
refinements and improvements made to the previous MRST analyses.
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p̂1 = (x1E; 0, 0, x1E), p̂2 = (x2E; 0, 0,−x2E),

ŝ2 = (x1 + x2)2E2 − (x1 − x2)2E2 = 4x1x2E
2

∴
√

ŝ =
√

x1x2
√

s (
√

s = 2E)

√
ŝ ∼ 100GeV

√
x1x2 ∼ 10−2⇒



Higgs Production at LHC
❖ Coupling ∝ mass 
‣ top the largest 

among fermions
❖ Gauge boson 

relatively larger
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q
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•

H

V

•
q

q
V ∗
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H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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associated 
production
of vector 
boson

associated 
production 
of heavy 
quark (t, b)

vector 
boson 
fusion 
(VBF)

gluon 
fusion 
(GF)

Table 2: Production cross-sections in pb of the Standard Model Higgs boson in pp collisions for different

centre-of-mass energies and Higgs boson masses. Cross-section uncertainties are estimated to be ∼ 10%

for gg→ H and ∼ 5% for VBF and W/ZH processes.
√

s = 7 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 19.8 18.1 16.6 14.1 12.1 10.5 8.35 7.76 6.76 5.92 5.27 2.42 2.03 .865 .336

VBF 1.38 1.32 1.25 1.14 1.04 .948 .840 .805 .736 .682 .628 .296 .159 .093 .056

WH .876 .757 .657 .501 .386 .300 .211 .188 .152 .125 .103 .020

ZH .473 .412 .360 .278 .217 .171 .123 .111 .089 .074 .061 .012√
s = 8 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 25.0 22.9 21.1 18.0 15.6 13.6 10.8 10.1 8.84 7.78 6.95 3.33 2.88 1.27 0.51

VBF 1.77 1.69 1.61 1.47 1.35 1.24 1.10 1.06 .970 .902 .833 .407 .226 .137 .086

WH 1.06 .919 .799 .611 .472 .368 .260 .233 .189 .156 .129 .026

ZH .579 .506 .443 .343 .269 .213 .154 .139 .112 .093 .077 .015√
s = 9 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 30.6 28.1 25.9 22.2 19.3 16.9 13.6 12.7 11.1 9.82 8.80 4.35 3.88 1.76 .723

VBF 2.19 2.09 2.00 1.83 1.68 1.55 1.38 1.33 1.23 1.14 1.06 .053 .304 .189 .122

WH 1.25 1.09 .945 .723 .561 .439 .311 .279 .227 .188 .156 .032

ZH .690 .603 .530 .412 .324 .257 .187 .169 .137 .114 .095 .019
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Figure 1: The cross-section of the most significant processes for Standard Model Higgs boson production

at the LHC. Details are in the text.
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Decay of Higgs

❖ Γ(vector boson) ∝ mH3

❖ Γ(fermion) ∝ mH
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Fig. 6. Partial widths for the prominent decay modes of a heavy Higgs boson.
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Fig. 7. Higgs-boson total width as a function of mass.
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Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .
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What actually happens 
at hadron collider
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The structure of an event

Warning: schematic only, everything simplified, nothing to scale, . . .

p
p/p

Incoming beams: parton densities
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p
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W+

d

Hard subprocess: described by matrix elements
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Resonance decays: correlated with hard subprocess
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Initial-state radiation: spacelike parton showers
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Final-state radiation: timelike parton showers
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Multiple parton–parton interactions . . .
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p
p/p

u
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W+
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c s

. . . with its initial- and final-state radiation
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Beam remnants and other outgoing partons
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Everything is connected by colour confinement strings

Recall! Not to scale: strings are of hadronic widths
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The strings fragment to produce primary hadrons
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Many hadrons are unstable and decay further



Real Event at Dzero
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Experimental Difficulty

❖ Underlying Event

❖ Multiple Interactions
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Experimental Difficulty

❖ Underlying Event

❖ Multiple Interactions

❖ Low S/N



Can you distinguish?
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Can you distinguish?

29

6jets 4jets

ttbar
e+jet

ttbar
e+jet



We have to fight for 
huge backgrounds in 
complicated event 

structure



Clue Experimentalist Needs

❖ Majority of backgrounds
‣ quark/gluon (=jet) production

⇒ we need something else
๏ isolated lepton or special topology
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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•
q

q
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•
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Q •

g
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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Vector Boson Fusion

❖ Two forward jets
‣ propagator ~1/(q2-mV2)

❖ No jet activity in central
‣ no color connection

32

Vector Boson Fusion

大きなpT（交換に寄与するボ
ソンの質量くらいまで）を
持ったジェットが前方に放出
される (=forward jet)
ゲージボソンの交換なので
colorless ⇒ rapidity gap
特徴的なtopology ⇒ BGをお
さえるのに役立つ
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decay into muon and neutrinos, or Z/W bosons directly decay into muons. This avoids any bias in the jet175

reconstruction produced by the presence of electrons. A reconstructed jet is considered to be matched if176

the corresponding generator-level jet is within !R ≤ 0.15 for jets with a cone size of 0.4. The matching177

cone size was chosen to avoid a single generator-level jet being matched to more than one reconstructed178

jet; with the given parameters this effect is at the order of 10−3.179

The jet reconstruction efficiency in different |" | regions and two different clustering algorithms is180

shown in Fig. 3 as a function of the generator-level jet pT and " . The reconstruction efficiency rises181

over 95% for jets with pT above 50 GeV. On the other hand, the efficiency drops at |" | ∼ 1.5 and |" |182

∼ 3.2 for jets in the range of 20-30 GeV of pT . This drop in efficiency is due to the crack region in the183

calorimeter or large amounts of dead material in the corresponding " region. The jet collections based on184

calorimeter towers show a drop in efficiencies in the forward region due to a higher seed threshold, while185

the jet collections based on TopoClusters do not show this loss of efficiency [35,36]. For this reason, jets186

based on TopoClusters have been chosen for this analysis.187
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Figure 2: Pseudorapidity of the highest pT (a) and the second highest pT (b) jets for the Cone jet al-
gorithm based on TopoClusters with R = 0.4 in VBF H → $$ → µµ (mH=120 GeV) and background
events. Only pT cuts were applied to jets. Solid (black) histogram is for signal, dashed (red) histogram
is for tt̄→WW → (µµ), and dotted (blue) histogram is for Z→ µµ+n jets.

Correctly identifying the quark-initiated tagging jets from the VBF process is very important for188

the measurement of Higgs boson spin and CP properties and for making precise correspondence with189

theoretical calculations [8]. Typically, the tagging jets are found in opposite hemispheres, but there are190

two approaches to incorporating this requirement in the analysis. One option is to define the tagging jets191

as the two highest pT jets in the event, and reject the event from the signal candidates if they are in the192

same hemisphere (e.g. require " j1×" j2 ≤ 0). A second option is to define the first tagging jet to be the193

highest pT jet in the event and the second tagging jet to be the highest pT jet in the opposite hemisphere.194

In this second approach it is not required that the second tagging jet is the second highest pT jet in the195

event. These two strategies were compared, and it was found that the first method more reliably matched196

the quark-initiated tagging jets from the hard process.197

The generator-level jets match the hard-scattered quarks nearly 100% of the time above a certain198

pT threshold. To estimate the purity of the tagging jets, we define the efficiency with respect to the199

generator-level jets. The reconstructed tag jets have a high purity over the entire pT and " range and200

do not show a strong dependence on the jet algorithms. Integrated efficiencies and purities for jets with201

pT ≥ 20 GeV indicate that the TopoCluster-based algorithm has better performance for this analysis.202
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HIGGS BOSON: H→ ττ DECAY MODE IN VECTOR BOSON FUSION
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Experimental Strategy

❖ Light
‣ GF (+VBF) H → γγ
‣ VBF H → ττ
‣ W/Z + H → bb

❖ Heavy or wide mass range
‣ GF (+VBF) H → WW(→ll+X), ZZ(→llll)

33

Table 2: Production cross-sections in pb of the Standard Model Higgs boson in pp collisions for different

centre-of-mass energies and Higgs boson masses. Cross-section uncertainties are estimated to be ∼ 10%

for gg→ H and ∼ 5% for VBF and W/ZH processes.
√

s = 7 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 19.8 18.1 16.6 14.1 12.1 10.5 8.35 7.76 6.76 5.92 5.27 2.42 2.03 .865 .336

VBF 1.38 1.32 1.25 1.14 1.04 .948 .840 .805 .736 .682 .628 .296 .159 .093 .056

WH .876 .757 .657 .501 .386 .300 .211 .188 .152 .125 .103 .020

ZH .473 .412 .360 .278 .217 .171 .123 .111 .089 .074 .061 .012√
s = 8 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 25.0 22.9 21.1 18.0 15.6 13.6 10.8 10.1 8.84 7.78 6.95 3.33 2.88 1.27 0.51

VBF 1.77 1.69 1.61 1.47 1.35 1.24 1.10 1.06 .970 .902 .833 .407 .226 .137 .086

WH 1.06 .919 .799 .611 .472 .368 .260 .233 .189 .156 .129 .026

ZH .579 .506 .443 .343 .269 .213 .154 .139 .112 .093 .077 .015√
s = 9 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 30.6 28.1 25.9 22.2 19.3 16.9 13.6 12.7 11.1 9.82 8.80 4.35 3.88 1.76 .723

VBF 2.19 2.09 2.00 1.83 1.68 1.55 1.38 1.33 1.23 1.14 1.06 .053 .304 .189 .122

WH 1.25 1.09 .945 .723 .561 .439 .311 .279 .227 .188 .156 .032

ZH .690 .603 .530 .412 .324 .257 .187 .169 .137 .114 .095 .019
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Figure 1: The cross-section of the most significant processes for Standard Model Higgs boson production

at the LHC. Details are in the text.

3

Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .
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LHCの現状
❖ 2010年から3.5+3.5TeVで物理データ収集
‣ >40pb-1 delivered (~35pb-1 for physics)
๏陽子の速度 = 0.999999964 x 光速

❖ LHCが設計通りに動いた場合（7TeV+7TeV）
‣ 陽子の速度 = 0.999999991 x 光速

❖ これまでの世界最高（米国フェルミ研究所）
‣ 陽子の速度 = 0.999999560 x 光速

40
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‣ 陽子の速度 = 0.999999560 x 光速

40

= 光速 - 10km/h
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Data Collection
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Data Collection
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運転計画

❖ 今までのデフォルト
‣ 2011年は√s=7TeVで~1fb-1 貯める

2012年から2013年初めまでシャットダウン
（エネルギー増強のため）

❖ 有力なオプション
‣ 2012年まで走り続ける(8 or 9? TeV)

その後シャットダウン
‣ 今日からの会議で決定

42



Expected Sensitivity

❖ √s = 7TeV, 1fb-1
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Figure 12: Top: The multiple of the cross-section of a Standard Model Higgs boson which can be

excluded using 1 fb
−1

of data at 7 TeV. At each mass, every channel giving reporting on it is used. The

plot at the bottom is the same as the top except truncated to 200 GeV. The green and yellow bands

indicate the range in which we expect the limit will lie, depending upon the data.
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色々な運転シナリオ

❖ Different integrated luminosity
❖ Different beam energy

44

Figure 13 (left) shows the effect of increasing the integrated luminosity from 0.5 fb
−1

to 5 fb
−1

at

7 TeV. The lower expected exclusion limit reduces by about 7 GeV with each doubling of the integrated

luminosity, meeting the LEP bound for 5 fb
−1

. The 2 fb
−1

line can be taken as indicative of what might

be achieved by combining the results of 1 fb
−1

analysed by each of ATLAS and CMS.
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Figure 13: Combined sensitivity for different integrated luminosity scenarios. Left shows the 95% CL

median sensitivities and right gives the 3σ sensitivity. Public limits from LEP [39] and the Tevatron [38]

are shown for comparison.

The 3σ sensitivity is illustrated in Fig. 13 (right). There is a region, extending from Higgs boson

masses of 139 to 180 GeV, where 1 fb
−1

would be expected to lead to evidence at this level. If 2 fb
−1

becomes available then this region extends down to 131 GeV, and in addition there is close to 50% chance

of 3σ evidence for a Higgs boson with mass between 200 and 430 GeV.

The effect of raising the collision energy to 8 or 9 TeV is shown in Fig. 14, where results at 1 and

2 fb
−1

are contrasted. The expected excluded region for 1 fb
−1

at 8 TeV is 127 to 525 GeV. There is

a small but significant increase in sensitivity at low mass, while there is a particularly clear gain at the

upper mass limit, because of the increased phase-space for the production of heavy objects. This effect

can be seen in the bottom plot.

The aggressive analyses which have been mentioned with each channel summarise the potential to

make more sensitive searches if various conditions can be met. This has been included by applying

scaling factors to the sensitivity of some of the channels (15% for H → ZZ, 50% for H → γγ, and 30%

for each of H → τ+τ− and H → bb̄.) The H → WW channel has had the systematics decreased to

10% as described in Ref. [1]. The expected limits in this optimistic scenario using 2 fb
−1

at 8 TeV are

also shown in Fig. 14, where it can be seen that under these assumptions there is at least 50% exclusion

probability from the LEP bound to well over 500 GeV.

The amount of integrated luminosity at 8 or 9 TeV which gives the same median sensitivity as 1 fb
−1

at 7 TeV as a function of Higgs boson mass is shown in Fig 15. This is estimated by first fitting the

gain in sensitivity from 1 to 2 fb
−1

to a function of the form σ ∝ 1/Lα. The exponent α would be

0.5 in a background dominated regime with no systematics. In fact it varies from 0.6 to 0.3, with the

minimum at 170 GeV where the systematic errors are important. This expression is used to find the

integrated luminosity at 8 or 9 TeV which matches the sensitivity seen for 1 fb
−1

at 7 TeV. For masses

below 200 GeV approximately 750 to 800 pb
−1

at 8 TeV or 600 to 650 pb
−1

at 9 TeV is as powerful as

1 fb
−1

at 7 TeV. The required integrated luminosity is lower for higher mass Higgs bosons.
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Figure 14: Combined sensitivity for different centre-of-mass energies. The top two plots compare the

evolution at 1 and 2 fb
−1

. The top right also shows the impact of an aggressive analysis strategy explained

in the text. Bottom plot shows the 1 fb
−1

result over the full mass range. Public results from LEP [39]

and the Tevatron [38] are shown for comparison.
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Figure 15: The amount of integrated luminosity at 8 or 9 TeV which gives the same median sensitivity

as a function of Higgs boson mass as 1 fb
−1

at 7 TeV.
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色々な運転シナリオ

❖ Different integrated luminosity
❖ Different beam energy
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Figure 13: Combined sensitivity for different integrated luminosity scenarios. Left shows the 95% CL

median sensitivities and right gives the 3σ sensitivity. Public limits from LEP [39] and the Tevatron [38]

are shown for comparison.

The 3σ sensitivity is illustrated in Fig. 13 (right). There is a region, extending from Higgs boson

masses of 139 to 180 GeV, where 1 fb
−1

would be expected to lead to evidence at this level. If 2 fb
−1

becomes available then this region extends down to 131 GeV, and in addition there is close to 50% chance

of 3σ evidence for a Higgs boson with mass between 200 and 430 GeV.

The effect of raising the collision energy to 8 or 9 TeV is shown in Fig. 14, where results at 1 and

2 fb
−1

are contrasted. The expected excluded region for 1 fb
−1

at 8 TeV is 127 to 525 GeV. There is

a small but significant increase in sensitivity at low mass, while there is a particularly clear gain at the

upper mass limit, because of the increased phase-space for the production of heavy objects. This effect

can be seen in the bottom plot.

The aggressive analyses which have been mentioned with each channel summarise the potential to

make more sensitive searches if various conditions can be met. This has been included by applying

scaling factors to the sensitivity of some of the channels (15% for H → ZZ, 50% for H → γγ, and 30%

for each of H → τ+τ− and H → bb̄.) The H → WW channel has had the systematics decreased to

10% as described in Ref. [1]. The expected limits in this optimistic scenario using 2 fb
−1

at 8 TeV are

also shown in Fig. 14, where it can be seen that under these assumptions there is at least 50% exclusion

probability from the LEP bound to well over 500 GeV.

The amount of integrated luminosity at 8 or 9 TeV which gives the same median sensitivity as 1 fb
−1

at 7 TeV as a function of Higgs boson mass is shown in Fig 15. This is estimated by first fitting the

gain in sensitivity from 1 to 2 fb
−1

to a function of the form σ ∝ 1/Lα. The exponent α would be

0.5 in a background dominated regime with no systematics. In fact it varies from 0.6 to 0.3, with the

minimum at 170 GeV where the systematic errors are important. This expression is used to find the

integrated luminosity at 8 or 9 TeV which matches the sensitivity seen for 1 fb
−1

at 7 TeV. For masses

below 200 GeV approximately 750 to 800 pb
−1

at 8 TeV or 600 to 650 pb
−1

at 9 TeV is as powerful as

1 fb
−1

at 7 TeV. The required integrated luminosity is lower for higher mass Higgs bosons.
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Figure 14: Combined sensitivity for different centre-of-mass energies. The top two plots compare the

evolution at 1 and 2 fb
−1

. The top right also shows the impact of an aggressive analysis strategy explained

in the text. Bottom plot shows the 1 fb
−1

result over the full mass range. Public results from LEP [39]

and the Tevatron [38] are shown for comparison.
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Fig. 15, where it can be seen that under these assumptions a complete coverage from the LEP bounds to393

well over 500 GeV should be possible.394

The amount of luminosity at 8 TeV which gives the same median sensitivity as 1 fb−1 at 7 TeV as395

a function of Higgs mass is shown in Fig 16. This is estimated by first fitting the gain in sensitivity396

from 1 to 2 fb−1 to a function of the form σ ∝ 1/Lα. The exponent α would be 0.5 in a background397

dominated regime with no systematics. In fact it varies from 0.6 to 0.3 at 170 GeV where the systematics398

are important. This expression is then used to find the luminosity at 8 TeV which matches the sensitivity399

seen for 7 TeV. The error bars indicate one measure of uncertainty on this rescaling. The increase at400

170 GeV comes from the importance of systematics in the WW channel when the contribution from ZZ401

is suppressed, and its would therefore not be as pronounced if more aggressive systematic uncertainties402

were assumed. Overall approximately 750 pb−1 at 8 TeV is as powerful as 1 fb−1 at 7 TeV. The required403

luminosity is lower for the higher mass Higgs bosons.404
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Figure 16: The amount of luminosity at 8 TeV which gives the same median sensitivity as a function of

Higgs mass as 1 fb−1 at 7 TeV.

6 Conclusions405

The estimated ATLAS sensitivity to the Standard Model Higgs boson using between 0.5 and 5 fb−1 of406

7 TeV 8 TeV or 9 TeV LHC data have been presented. At a running energy of 8 TeV, 750 pb−1 gives407

approximately the same exclusion sensitivity for a Higgs boson as 1 fb−1 at 7 TeV.408

The expected exclusion range is 128 to 460 GeV if 1 fb−1 at 7 TeVis available. It covers 114 to well409

over 500 GeV if 1 fb−1 at 8 TeV is available to two experiments like ATLAS and expected or planned410

analysis improvements are implemented. These results improve over our previous studies [1] through411

the inclusion of more channels and updated theoretical cross-section calculations.412



SUSY, Extra Dimension
探索の現状
見せられないものだらけです…



SUSY探索

❖ LSP探索 = Missing ET のテールを見る
‣ ピークを作らないので検出器を含めた事象

（underlying event含む）の理解が重要

46

missing ET の図



オフィシャルな結果（70nb-1）

❖ Missing ETの理解はまぁまぁ程度
❖ 今はもっと良くなりました
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ThemT2 andmCT distributions4) for this selection are shown in Figure 5 after requiring missing trans-
verse momentum greater than 40GeV. Again the data are in agreement with the Monte Carlo prediction
given the current size of the systematic uncertainties. For both distributions a SUSY signal would be
expected to be present at high values of these variables.

Figure 6 shows the difference in azimuthal angle between the jet and the missing transverse mo-
mentum vector for the leading and second jet. The distributions are shown after the cut on the missing
transverse momentum. If the missing transverse momentum is consistent with the mismeasurement of
one jet, this value is close to zero. Both distributions are in agreement with the Monte Carlo prediction
which is again dominated by the QCD processes.

The distributions of the quantities sensitive to the angular distributions of the produced jets in the
transverse plane are shown in Figure 7. Both transverse sphericity and transverse thrust (defined in
equations (7) and (8) respectively in Appendix A) are described by the Monte Carlo prediction. The
distributions are shown after the cut on the missing transverse momentum. Due to the back-to-back
configuration of QCD dijet events these values are peaked towards zero, consistent to what is seen in
data. The more spherical SUSY signal or events from tt̄ production show higher values in these two
quantities.

Another important quantity used in supersymmetry searches is the ratio f of the missing transverse
momentum to the effective mass. The distribution of this quantity is shown in Figure 8. The QCD
background is dominant at low values. Processes with real missing transverse momentum show higher
values of this quantity. The data distribution is described by the Monte Carlo prediction.

Figure 9 shows the distribution of the effective mass after the cuts on the ratio f > 0.3 and the cuts
on the difference in azimuthal angle !φ(jet, �EmissT ) are applied. Four data events are found, consistent
with the expectation of 6.6±3. Note that the Standard Model expectation at high Meff values are due to
vector boson plus jets production.
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Figure 4: Distributions of the missing transverse momentum (a) and the effective mass (b) for events in
the two-jet channel. Only the jet selection cuts have been applied.

Three jet channel Distributions of the missing transverse momentum and the effective mass after
the EmissT cut are shown for three-jet events in Figure 10. Both distributions are reasonably well de-
scribed by the Monte Carlo predictions, given the systematic uncertainties. Each of the two events with
4)Formulae for mT2 and mCT can be found in Appendix A, equations (4) and (6) respectively.
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Figure 10: Distributions of the missing transverse momentum and the effective mass for events in the
three-jet channel. The cut requiring EmissT > 40 GeV has been applied in Figure (b).
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Figure 11: Distribution of the effective mass for events in the three-jet channel. The cuts on EmissT ,
the azimuthal difference !φ(jet, �EmissT ) and on the ratio of the missing transverse momentum over the
effective mass have been applied.
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去年の夏に見せたもの



7TeV 2fb-1 での感度予想

48

❖ 実験初期統計が少ない時はno leptonが優勢
‣ O(1fb-1)でlepton modeが優勢になる
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UED探索

❖ γγ + Missing ET (3.1pb-1)
‣ 実験的にはSUSY探索とほぼ同じ

49

4

TABLE I. For various Emiss
T ranges, the number of observed γγ candidates, as well as the expected SM backgrounds and

expected UED signal for 1/R values of 500 and 700 GeV. The uncertainties listed are statistical only. The first row, for
Emiss

T < 20 GeV, is the control region used to normalize the QCD backgrounds to the number of observed γγ candidates.

Emiss

T Range Data Predicted Background Events Expected UED Signal Events
(GeV) Events Total QCD W → eν 1/R = 500 GeV 1/R = 700 GeV
0 - 20 465 465.0 ± 9.1 465.0 ± 9.1 - 0.28± 0.06 0.02± 0.01
20 - 30 45 40.5± 2.2 40.41 ± 2.17 0.11± 0.07 0.45± 0.07 0.03± 0.01
30 - 50 9 10.3± 1.3 10.13 ± 1.30 0.16± 0.10 1.60± 0.12 0.08± 0.01
50 - 75 1 0.93± 0.23 0.85 ± 0.23 0.08± 0.05 2.84± 0.16 0.14± 0.01
> 75 0 0.32± 0.16 0.28 ± 0.15 0.04± 0.03 40.45 ± 0.62 4.21± 0.06
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FIG. 3. Emiss
T spectrum for the γγ candidates, superimposed

on the total SM background prediction. Also shown are the
expected UED signals for 1/R = 500 GeV and 700 GeV.
Variable sized bins are used.

ables (1% per photon), as well as the need to extrap-268

olate these studies to the higher ET values (see Fig. 1)269

typical of the UED photons (1% per photon). Compar-270

ing the impact of the photon quality cuts between data271

and MC leads to a 5% systematic uncertainty. Vary-272

ing the energy scale of the photons introduces an uncer-273

tainty of 3% for 1/R = 400 GeV, decreasing to 0.7% for274

800 GeV. Uncertainties in the detailed material compo-275

sition of the detector contribute 1.4%, and the influence276

of pileup gives 1.6%. Finally, systematic effects on the277

Emiss
T reconstruction, including pileup, varying the clus-278

ter energies within the current uncertainties, and vary-279

ing the expected Emiss
T resolution between the measured280

performance and MC expectations, combine to give a 2%281

uncertainty on the signal efficiency for 1/R = 400 GeV,282

decreasing to 0.1% for 800 GeV. Adding in quadrature,283

the total systematic uncertainty on the signal is 13.1%284

(12.6%) for 1/R = 400 GeV (800 GeV).285

TABLE II. Systematic uncertainties for the 1/R = 700 GeV
UED signal. For more details, as well as a description of the
1/R dependence, see the text.

Source of Uncertainty Uncertainty
Integrated luminosity 11%
Photon identification variables (1% per photon) 2%
Extrapolation to high Eγ

T
(1% per photon) 2%

Photon quality cuts 5%
Photon energy scale 1%
Detector material description 1.4%
Effect of pileup 1.6%
Emiss

T reconstruction and scale 0.2%
Total 12.6%

Given the good agreement between the measured Emiss
T286

spectrum and the expected background, we set a limit287

on excess production of γγ events with large Emiss
T . We288

adopt a Bayesian approach to calculate a limit based289

on the number of observed and expected events with290

Emiss
T > 75 GeV. A Poisson distribution is used as the291

likelihood function for the expectation of the number of292

signal events, and a flat prior is used for the signal cross293

section. Gaussian priors are used for the various sources294

of uncertainty, which are treated as nuisance parameters.295

It was verified that the result is not very sensitive to the296

detailed form of the assumed priors. Fig. 4 depicts the297

resulting 95% CL upper limit within the context of the298

UED model, with the leading order (LO) UED cross sec-299

tion as a function of 1/R. The LO cross section is used,300

since higher order corrections have not been calculated301

for the UED model. The width of the theory curve band302

represents the parton distribution function uncertainty303

on the signal cross section, which is 8%, essentially inde-304

pendent of 1/R. The observed 95% CL exclusion region305

is 1/R < 728 GeV. The result is statistics limited, and306

would only increase to 732 GeV without systematic un-307

certainties. The result is stable: for example, changing308

the Emiss
T cut to 60 or 90 GeV would change the limit309

by only a few GeV, and requiring both photons pass the310

tight identification cuts produced a consistent result.311
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FIG. 4. 95% CL upper limits on the UED production cross
section as a function of 1/R.

In conclusion, a search for γγ events with large Emiss
T312

has been conducted using a 3.1 ± 0.3 pb−1 sample of313

7 TeV pp collisions produced by the LHC and recorded314

by the ATLAS detector. No evidence of an excess of315

such events above the SM prediction was found. Upper316

limits at the 95% CL were set on the production cross317

section for a one UED model with gravity-induced decays318

of the LKP, as a function of the compactification radius319

of the UED. These data exclude at the 95% CL values of320

1/R < 728 GeV, significantly surpassing the only existing321

experimental limit on this model.322
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TeVスケール重力探索

❖ High q2 事象を探す
‣ 夏の結果はジェットのみ
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Dileptonの共鳴探索

❖ 解析は単純です
‣ Mll 分布上にピークがあるかどうか
‣ Z’ 探索などと共通
‣ Drell-Yanとあってるかどうか
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Conclusions

❖ ヒッグス発見（楽観的な）シナリオ
‣ 2012年いっぱい走ることを仮定
‣ 5σ discovery possible for mH > 130 GeV
๏ 5 fb-1 for both ATLAS & CMS

❖ SUSY, Extra Dimension 探索進行中
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