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Large Hadron Collider (LHC) 
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26.7 km proton (heavy ion) Accelerator 

Detector 
Multi-purpose : ATLAS / CMS 
B physics : LHCb 
Heavy Ion : ALICE ＡＴＬＡＳ 検出器

Vertex detector EM calorimeter H calorimeter Muon system

x
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z

エネルギー、運動量が測れる 

粒子の種類がわかる。 ボトムは大体わかる。u, d, s, gの区別は難しい。



Detector 

2015/11/9-13 YITP-QFT Koji TSUMURA (Kyoto U.) 2 

Multi-layer structure ＡＴＬＡＳ 検出器
Vertex detector EM calorimeter H calorimeter Muon system

x

y

z

エネルギー、運動量が測れる 

粒子の種類がわかる。 ボトムは大体わかる。u, d, s, gの区別は難しい。

EM calorimeter Hadron calorimeter Muon System Vertex detector 



Collider Observable 
# of Events 

 N = σ(cross section) x L (luminosity)  

 
 
 
Distributions 

 dN/dM, dN/dΘ, … 
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QFT (+ Your model) + Energy 



Collider Observable 
# of Events 

 N = σ(cross section) x L (luminosity)  
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Too Many Data 
Signal is 10 orders of magnitude smaller than BG 
  Need to Reduce Data à Trigger, Selection Cut	

Function of Energy 

Experimental Challenge 

Phenomenologist Idea 



Energy 
2011     2012     2013     2014     2015 
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7TeV 8TeV 13TeV 

Run I Run II 

Hadron Collider レプトンコライダーよりとても複雑

陽子 p : 素粒子じゃない、複合粒子 

u, d, gluon, …でできた、混合ビーム

何が衝突したかわからない
衝突エネルギーがわからない

pp

x

y
z

px = 0
py = 0
pz moving横運動量は保存してる（気がする）

精密physicsは、統計によって可能
イベントbyイベントに完全にイベントを再構成することは不可能

強い相互作用（QCD） : PDF, jets など、QCDの理解が重要
8/45



Energy 
2011     2012     2013     2014     2015 
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7TeV 8TeV 13TeV 

Run I Run II 

x6 @ 1TeV 

x50 @ 3TeV 



Integrated Luminosity 
2011     2012     2013     2014     2015 
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Peak Luminosity 
2011     2012     2013     2014     2015 
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Peak Luminosity 
2011     2012     2013     2014     2015 
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7TeV 8TeV 13TeV 

Run II 

Month in 2010                          Month in 2011                          Month in 2012
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5 x 1033 cm-2s-1 



Electron Cloud 
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25 ns & electron cloud 

%%

5%eV%Beam%screen%

25%ns%  Typical e– densities1010–1012 m–3 

Possible%consequences:%
–  instabilibes,%emiIance%growth,%desorpbon%–%bad%vacuum%
–  excessive%energy%deposibon%in%the%cold%sectors%

Electron%bombardment%of%a%surface%has%been%proven%to%reduce%drasbcally%the%
secondary)electron)yield)(SEY))of%a%material.%This%technique,%known%as%scrubbing,%
provides%a%mean%to%suppress%electron%cloud%buildXup.%

Electron)cloud)significantly)worse)with)25)ns)
35%

SEY)

Synchrotron Rad. à Photo-elec. @ Beam Screen Wall 
            à Accelerate Electron by Bunch 
                 à Hit Wall & Emit Secondary Electron 
                     à Electron Cloud 

è Emittance growth, Unstable Beam, Heat Cryogenic System  



Electron Cloud 
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25 ns & electron cloud 

%%

5%eV%Beam%screen%

25%ns%  Typical e– densities1010–1012 m–3 

Possible%consequences:%
–  instabilibes,%emiIance%growth,%desorpbon%–%bad%vacuum%
–  excessive%energy%deposibon%in%the%cold%sectors%

Electron%bombardment%of%a%surface%has%been%proven%to%reduce%drasbcally%the%
secondary)electron)yield)(SEY))of%a%material.%This%technique,%known%as%scrubbing,%
provides%a%mean%to%suppress%electron%cloud%buildXup.%

Electron)cloud)significantly)worse)with)25)ns)
35%

SEY)

Scrubbing Run 



UFO (Undefined Falling Object) 
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UFOs 

T.)Baer)CERN>THESIS>2013>233)

A)nice)picture)
of)some)dust)

40%

UFOs (dust?) dropping from upper beam shield  
            à Hit the Beam (Collision outside Detector) 
                 à Beam Loss ?  
                     à Beam Bump (Need 8hrs for reboot) 



Next 20 years 
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And beyond 

31'

Splices'
fixed'

Injectors'
upgrade'

New'
LowDβ*'
quads'

30'jV1'

3000'jV1'

300'jV1'

FG'EPS'15'

further beyond23

LHCは最高エネルギー・最大Luminosityのコライダーで，
14TeV衝突・3000fb-1 の達成は mandatory                             Fabiola ( EPS15)

Now 

8à13TeV 
Lumi. x 2-2.5 

13à14TeV 
Lumi. x 1.2 

Run II ~100fb-1 

HL-LHC 
Lumi. x 2.5 



Physics Results 
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Timeline of Analysis 
2011     2012     2013     2014     2015 
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7TeV 8TeV 13TeV 

Run I Run II 
SM Discovery 

Simple New Phys. 
Higgs 

Complicated New Phys., Minor New Phys. 



Run II Prospects 
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Run I 

x6 @ 1TeV 

x50 @ 3TeV Run I ~25fb-1 

(analyzed) 
 
Run II ~ 3fb-1 

(collected) 
Run II ~ 100pb-1 

(partly analyzed) 



Run I ( 7/8 TeV ) 
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Dictionary 
l Discovery / Observation 

> 5σ [ 99.99994% ]  
l  Evidence 

> 3σ [ 99.7% ] 
l Anomaly ( Excess / Deficit / … ) 

> 2σ [ 95.5% ] 
 

l  Exclusion 
BG only > 2σ [ 95.5% ] 
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Discovery / Observation 

> 5σ 
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1/1744278 : Every 4776 years 
(Once in recorded history) 

99.99994% 



Re-Discovery of the SM 
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1960 

1963 
1974 

1977 

1983 

µ+

µ-

X	 mass	

: Di-Muon Invariant Mass 



Re-Discovery of W, top 
  

2015/11/9-13 YITP-QFT Koji TSUMURA (Kyoto U.) 12 

µ+

ν

W+	
MT	

lepton + Missing ET(v)  [ w/ pT conservation ] 

MW 

Mt 

p	 p	t	
t	



Higgs 

2015/11/9-13 YITP-QFT Koji TSUMURA (Kyoto U.) 



Higgs Discovery 
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PDG 2015 update 
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Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.09 ± 0.24 GeV

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.17 ± 0.17 (S = 1.2)
W W ∗ = 0.81 ± 0.16
Z Z∗ = 1.15+0.27

−0.23 (S = 1.2)

γγ = 1.17+0.19
−0.17

bb = 0.85 ± 0.29
µ+µ− < 7.0, CL = 95%
τ+ τ− = 0.79 ± 0.26
Z γ < 9.5, CL = 95%
t t H0 Production = 2.5+0.9

−0.8

p

H0 DECAY MODESH0 DECAY MODESH0 DECAY MODESH0 DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

invisible <58 % 95% –

HTTP://PDG.LBL.GOV Page 4 Created: 10/6/2015 12:18

Now, we can make precise predictions 

Official Combination 

New, Oct 2015 (cutoff 15th Jan) 



Higgs Production 
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Higgs Production 
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σ(pb) 
@7TeV 

σ(pb) 
@14TeV 

14TeV 
/7TeV 

Gluon Fusion 
(ggF) 15.3 50.0 3.3 

Vector Boson 
Fusion (VBF) 1.2 4.2 3.5 

Higgs-strahlung 
(WH, ZH) 0.6, 0.3 1.5, 0.9 2.5, 3.0 

ttH 0.1 0.6 6.0 
ttbar [BG] 170 830 4.9 



Higgs Decay 
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Higgs production and decay @ LHC 

2015/10/11 Higgs Physics Theory workshop 10 

Gluon Fusion(ggF) Vector Boson Fusion W/Z Associated  tt/bb Associated 

Process  8TeV  
σ [pb] 

14TeV 
σ [pb] 

Gluon Fusion  19.1 49.9 
Vector Boson Fusion 1.57 4.18 
W/Z Associated 1.11 2.39 

tt/bb Associated 0.128  0.611 

@125.5GeV 

8TeV @125.5GeV 
14TeV @125GeV 

Now we know the cross section and Branching ratio! 

bb (57%)

cc (2.9%)

ττ(6.2%) 
μμ(0.02%) 
γγ(0.23%) 
WW (22%)

ZZ (2.8%)

others

bb 

ττ 

WW 

ZZ 

ϒϒ 



Official Combination 
Individual Results 
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New, 15th Sep 2015 
Table 5: Overview of the decay and production channels analysed in this paper. To show the relative importance of the
various channels, the results from the combined analysis presented in this paper for mH = 125.09 GeV (see Tables 10
and 11 in Section 5.2) are shown as observed signal strengths µ with their uncertainties (the expected uncertainties
are shown in parentheses). Also shown are the observed statistical significances (the expected significances are
shown in parentheses) except for the H ! µµ channel which has very low sensitivity. For most decay channels,
only the most sensitive analyses are quoted as references, e.g. the ggF and VBF analyses for the H ! WW decay
channel or the V H analysis for the H ! bb decay channel. The results are nevertheless close to those from the
individual publications, in which, in addition, slightly di�erent values for the Higgs boson mass were assumed and
in which the signal modelling and signal uncertainties were slightly di�erent, as discussed in the text.

Channel References for Signal strength [µ] Signal significance [�]
individual publications from results in this paper (Section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS
H ! �� [51] [52] 1.15+0.27

�0.25 1.12+0.25
�0.23 5.0 5.6

(+0.26
�0.24) (+0.24

�0.22) (4.6) (5.1)
H ! Z Z ! 4` [53] [54] 1.51+0.39

�0.34 1.05+0.32
�0.27 6.6 7.0

(+0.33
�0.27) (+0.31

�0.26) (5.5) (6.8)
H ! WW [55, 56] [57] 1.23+0.23

�0.21 0.91+0.24
�0.21 6.8 4.8

(+0.21
�0.20) (+0.23

�0.20) (5.8) (5.6)
H ! ⌧⌧ [58] [59] 1.41+0.40

�0.35 0.89+0.31
�0.28 4.4 3.4

(+0.37
�0.33) (+0.31

�0.29) (3.3) (3.7)
H ! bb [38] [39] 0.62+0.37

�0.36 0.81+0.45
�0.42 1.7 2.0

(+0.39
�0.37) (+0.45

�0.43) (2.7) (2.5)
H ! µµ [60] [61] �0.7 ± 3.6 0.8 ± 3.5

(±3.6) (±3.5)

ttH production [28, 62, 63] [65] 1.9+0.8
�0.7 2.9+1.0

�0.9 2.7 3.6
(+0.72
�0.66) (+0.88

�0.80) (1.6) (1.3)
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Table 5: Overview of the decay and production channels analysed in this paper. To show the relative importance of the
various channels, the results from the combined analysis presented in this paper for mH = 125.09 GeV (see Tables 10
and 11 in Section 5.2) are shown as observed signal strengths µ with their uncertainties (the expected uncertainties
are shown in parentheses). Also shown are the observed statistical significances (the expected significances are
shown in parentheses) except for the H ! µµ channel which has very low sensitivity. For most decay channels,
only the most sensitive analyses are quoted as references, e.g. the ggF and VBF analyses for the H ! WW decay
channel or the V H analysis for the H ! bb decay channel. The results are nevertheless close to those from the
individual publications, in which, in addition, slightly di�erent values for the Higgs boson mass were assumed and
in which the signal modelling and signal uncertainties were slightly di�erent, as discussed in the text.

Channel References for Signal strength [µ] Signal significance [�]
individual publications from results in this paper (Section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS
H ! �� [51] [52] 1.15+0.27

�0.25 1.12+0.25
�0.23 5.0 5.6

(+0.26
�0.24) (+0.24

�0.22) (4.6) (5.1)
H ! Z Z ! 4` [53] [54] 1.51+0.39

�0.34 1.05+0.32
�0.27 6.6 7.0

(+0.33
�0.27) (+0.31

�0.26) (5.5) (6.8)
H ! WW [55, 56] [57] 1.23+0.23

�0.21 0.91+0.24
�0.21 6.8 4.8

(+0.21
�0.20) (+0.23

�0.20) (5.8) (5.6)
H ! ⌧⌧ [58] [59] 1.41+0.40

�0.35 0.89+0.31
�0.28 4.4 3.4

(+0.37
�0.33) (+0.31

�0.29) (3.3) (3.7)
H ! bb [38] [39] 0.62+0.37

�0.36 0.81+0.45
�0.42 1.7 2.0

(+0.39
�0.37) (+0.45

�0.43) (2.7) (2.5)
H ! µµ [60] [61] �0.7 ± 3.6 0.8 ± 3.5

(±3.6) (±3.5)

ttH production [28, 62, 63] [65] 1.9+0.8
�0.7 2.9+1.0

�0.9 2.7 3.6
(+0.72
�0.66) (+0.88

�0.80) (1.6) (1.3)
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μ = Observed / Expected 

Observation of gg, ZZ, WW 

Evidence of ττ, (tt) 

Need more data for bb (Run II) 
                   for µµ, Zγ (HL-LHC) 



Official Combination 
Individual Results                                  Combined Results 
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Parameter value
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bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±

Figure 12: Best-fit results for the decay signal strengths for the combination of ATLAS and CMS. Also shown for
completeness are the results for each experiment. The error bars indicate the 1� intervals.

The rather large measured value of the combined µt tH leads to a tension between the observed ggF signal
strength and that for ttH production in cases such as the fit of the decay signal strengths, for which the
production cross sections are constrained to their SM values. This is mitigated to a certain extent by
a non-negligible pull of the gluon PDF nuisance parameter used for the Higgs boson signal, which is
anti-correlated between ggF and ttH production. This pull reduces the SM prediction of �ggF and, as a
consequence, the decay signal strengths of the channels mainly sensitive to ggF production are enhanced
for the combination of ATLAS and CMS. In the case of the H ! �� decay channel, which is mostly
sensitive to ggF production and for which the measurements of the two experiments are much closer to
each other than their overall uncertainty, this e�ect is most visible, but corresponds to only ⇠ 10% of the
total uncertainty. This explains the slightly larger measured combined value of µ�� compared to that of
the individual experiments.

From the combined likelihood scans it is possible to evaluate the significances for the observation of the
di�erent production processes and decay channels. The combination of the data from the two experiments
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Table 11: Measured signal strengths µ and their total uncertainties for di�erent Higgs boson decay channels. The
results are shown for the combination of ATLAS and CMS and separately for each experiment, for the combinedp

s = 7 and 8 TeV data. These results are derived assuming that the Higgs boson production process cross sections
at
p

s = 7 and 8 TeV are the same as in the SM.

Decay channel ATLAS+CMS ATLAS CMS
µ�� 1.16+0.20

�0.18 1.15+0.27
�0.25 1.12+0.25

�0.23

µZZ 1.31+0.27
�0.24 1.51+0.39

�0.34 1.05+0.32
�0.27

µWW 1.11+0.18
�0.17 1.23+0.23

�0.21 0.91+0.24
�0.21

µ⌧⌧ 1.12+0.25
�0.23 1.41+0.40

�0.35 0.89+0.31
�0.28

µbb 0.69+0.29
�0.27 0.62+0.37

�0.36 0.81+0.45
�0.42

Table 12: Measured and expected significances for the observation of Higgs boson production processes and decay
channels for the combination of ATLAS and CMS. Not included here are the ggF production process and the
H ! Z Z , H ! WW , and H ! �� decay channels, which have been already clearly observed. All results are
obtained constraining the decays to their SM values when considering the production modes, and constraining the
production modes to their SM values when studying the decays.

Production process Measured significance (�) Expected significance (�)
VBF 5.4 4.7
W H 2.4 2.7
Z H 2.3 2.9
V H 3.5 4.2
ttH 4.4 2.0
Decay channel
H ! ⌧⌧ 5.5 5.0
H ! bb 2.6 3.7

Assuming the SM values for the Higgs boson branching ratios, namely µf = 1 in Eq. 7, the five main
Higgs boson production processes are explored with independent signal strengths: µggF, µVBF, µWH ,
µZH and µt tH . A combined analysis of the ATLAS and CMS data is performed with these five signal
strengths as the parameters of interest and the results are shown in Table 10 for the combined

p
s = 7 and

8 TeV datasets. The signal strengths at the two energies are assumed to be the same for each production
process. Figure 11 illustrates these results with their total uncertainties. The p-value of the compatibility
between the data and the SM predictions is 24%.

Similarly to the production case, Higgs boson decays can be studied with five independent signal strengths,
one for each decay channel included in the combination, assuming that the Higgs boson production
cross sections are the same as in the SM. Unlike the production, these decay-based signal strengths are
independent of the collision centre-of-mass energy and therefore the

p
s = 7 and 8 TeV datasets can

be combined without additional assumptions. Table 11 and Fig. 12 show the best-fit results for the
combination of ATLAS and CMS and separately for each experiment. The p-value of the compatibility
between the data and the SM predictions is 60%.
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Parameter value
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 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS
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σ 1±
σ 2±

Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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Table 9: Measured (meas.) global signal strengths µ together with their total observed and expected (exp.) uncer-
tainties, and with the breakdown of these uncertainties into their four components as defined in Section 3.3. The
results are shown for the combination of ATLAS and CMS and separately for each experiment. These results are
derived assuming that the Higgs boson production cross sections and branching ratios are the same as in the SM.

Best-fit µ Uncertainty
Total Stat Expt Thbgd Thsig

ATLAS and CMS (meas.) 1.09 +0.11
�0.10

+0.07
�0.07

+0.04
�0.04

+0.03
�0.03

+0.07
�0.06

ATLAS and CMS (exp.) � +0.11
�0.10

+0.07
�0.07

+0.04
�0.04

+0.03
�0.03

+0.06
�0.06

ATLAS (meas.) 1.20 +0.15
�0.14

+0.10
�0.10

+0.06
�0.06

+0.04
�0.04

+0.08
�0.07

CMS (meas.) 0.98 +0.14
�0.13

+0.10
�0.09

+0.06
�0.05

+0.04
�0.04

+0.08
�0.07

Table 10: Measured signal strengths µ and their total uncertainties for di�erent Higgs boson production processes.
The results are shown for the combination of ATLAS and CMS and separately for each experiment, for the combinedp

s = 7 and 8 TeV data. These results are derived assuming that the Higgs boson branching ratios are the same as
in the SM.

Production process ATLAS+CMS ATLAS CMS
µggF 1.03+0.17

�0.15 1.25+0.24
�0.21 0.84+0.19

�0.16

µVBF 1.18+0.25
�0.23 1.21+0.33

�0.30 1.13+0.37
�0.34

µWH 0.88+0.40
�0.38 1.25+0.56

�0.52 0.46+0.57
�0.54

µZH 0.80+0.39
�0.36 0.30+0.51

�0.46 1.35+0.58
�0.54

µt tH 2.3+0.7
�0.6 1.9+0.8

�0.7 2.9+1.0
�0.9

the breakdown of the uncertainties into their four main components. Also shown for the combination of
ATLAS and CMS are the expected uncertainties and their breakdown.

5.2. Signal strengths of individual production processes and decay channels

The global signal strength is the most precisely measured Higgs boson coupling-related observable,
but this simple parameterisation is very model dependent, since all Higgs boson production and decay
measurements are combined with the assumption that all their ratios are the same as in the SM. The
compatibility of the measurements with the SM can be tested in a less model-dependent way, by relaxing
these assumptions separately for the production cross sections and the decay branching ratios.
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Figure 23: Top: negative log-likelihood contours of  fF versus  fV for the combination of ATLAS and CMS and for
the individual decay channels as well as for their global combination (F versus V shown in black), assuming that
all coupling modifiers are positive. Bottom: negative log-likelihood contours of F versus V on an enlarged scale
for the combination of ATLAS and CMS and for the global fit of all channels. Also shown are the contours obtained
for each experiment.
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Table 15: Fit results for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and
 j � 0. The measured results with their measured and expected uncertainties are reported for the combination of
ATLAS and CMS, together with the measured results with their uncertainties for each experiment. The uncertainties
are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
 j � 0 Measured Expected uncertainty Measured Measured
Z 1.00+0.10

�0.11
+0.10
�0.10 0.98+0.14

�0.14 1.04+0.15
�0.16

W 0.91+0.09
�0.09

+0.09
�0.09 0.91+0.12

�0.13 0.92+0.14
�0.14

t 0.89+0.15
�0.13

+0.14
�0.13 0.98+0.21

�0.18 0.78+0.20
�0.16

⌧ 0.90+0.14
�0.13

+0.15
�0.14 0.99+0.20

�0.18 0.83+0.20
�0.18

b 0.67+0.22
�0.20

+0.23
�0.22 0.65+0.29

�0.30 0.71+0.34
�0.29

µ 0.2+1.2
�0.2

+0.9
�1.0 0.0+1.4 0.5+1.4

�0.5
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Figure 18: Fit results for the combination of ATLAS and CMS in the case of the parameterisation with reduced
coupling modifiers yV , i =

q
V , i

gV , i

2v =
p
V , i

mV , i

v for the weak vector bosons, and yF, i = F, i
gF, ip

2
= F, i

mF, i

v for
the fermions, as a function of the particle mass. The dashed line indicates the predicted dependence on the particle
mass for the SM Higgs boson.
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Example: Monojet Event
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Collider strategies to search for DMCollider strategies to search for DM
● DM searches involve events with SM particle(s) and large MET

● SM particle is produced in interaction or comes from ISR

● Examples:

● Collider searches produce limits comparable with direct and indirect 
DM detection experiments
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            DM + mono-jet DM + mono-jet ((arXiv:1502.01518arXiv:1502.01518))

● Select events with high pT jet(s) and large transverse momentum

● Veto electrons/muons/(taus) to reject leptonic W/Z decays.

● Cut and count experiment at different pT and MET thresholds.

● Main backgrounds: Z(vv)+jets, W(lv)+jets

● Other backbrounds: Diboson (WW,WZ,ZZ), multijets, Z/ϒ --> (l+l-) + jets  
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            DM + mono-jet DM + mono-jet ((arXiv:1502.01518arXiv:1502.01518))

● Results are interpreted in terms of exclusion limits on WIMP-nucleon cross 
section

 

Results are interpreted as σ bound 

> 100GeV 

ET
miss 
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Collider strategies to search for DMCollider strategies to search for DM
● DM searches involve events with SM particle(s) and large MET

● SM particle is produced in interaction or comes from ISR

● Examples:

● Collider searches produce limits comparable with direct and indirect 
DM detection experiments
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Figure 10. Exclusion limits for direct production of (case (a) – top left) gluino pairs with decoupled

squarks, (case (b) – top right) light-flavour squarks and gluinos and (case (c) – bottom) light-flavour squark

pairs with decoupled gluinos. Gluinos (light-flavour squarks) are required to decay to two quarks (one

quark) and a neutralino LSP. In the bottom figure (case (c)) limits are shown for scenarios with eight

degenerate light-flavour squarks (q̃L + q̃R), or with only one non-degenerate light-flavour squark produced.

Exclusion limits are obtained by using the signal region with the best expected sensitivity at each point.

The blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1σ

excursions due to experimental and background-only theory uncertainties. Observed limits are indicated by

medium dark (maroon) curves, where the solid contour represents the nominal limit, and the dotted lines

are obtained by varying the signal cross-section by the renormalisation and factorisation scale and PDF

uncertainties. Previous results from ATLAS [16] are represented by the shaded (light blue) areas and light

blue dotted lines. The black stars indicate benchmark models used in figures 4–6.
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Figure 5. Observed meff(incl.) distributions for the medium and tight 4-jet (top), 5-jet (middle-left) and

6-jet (middle-right and bottom) signal regions. With the exception of the multi-jet background (which is

estimated using the data-driven technique described in the text), the histograms denote the MC background

expectations prior to the fits described in the text, normalised to cross-section times integrated luminosity.

In the lower panels the light (yellow) error bands denote the experimental systematic and MC statistical

uncertainties, while the medium dark (green) bands include also the theoretical modelling uncertainty. The

arrows indicate the values at which the requirements on meff(incl.) are applied. Expected distributions

for benchmark model points are also shown for comparison (masses in GeV). See text for discussion of

compatibility of data with MC background expectations.– 19 –
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Figure 10. Exclusion limits for direct production of (case (a) – top left) gluino pairs with decoupled

squarks, (case (b) – top right) light-flavour squarks and gluinos and (case (c) – bottom) light-flavour squark

pairs with decoupled gluinos. Gluinos (light-flavour squarks) are required to decay to two quarks (one

quark) and a neutralino LSP. In the bottom figure (case (c)) limits are shown for scenarios with eight

degenerate light-flavour squarks (q̃L + q̃R), or with only one non-degenerate light-flavour squark produced.

Exclusion limits are obtained by using the signal region with the best expected sensitivity at each point.

The blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1σ

excursions due to experimental and background-only theory uncertainties. Observed limits are indicated by

medium dark (maroon) curves, where the solid contour represents the nominal limit, and the dotted lines

are obtained by varying the signal cross-section by the renormalisation and factorisation scale and PDF

uncertainties. Previous results from ATLAS [16] are represented by the shaded (light blue) areas and light

blue dotted lines. The black stars indicate benchmark models used in figures 4–6.
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Figure 8. Exclusion contours at 95% CL in the scenario where both top squarks decay exclusively
via ˜t ! t ˜c0

1

and the top quark decays hadronically. The blue dashed line indicates the expected
limit, and the yellow band indicates the ±1s uncertainties, which include all uncertainties except
the theoretical uncertainties in the signal. The red solid line indicates the observed limit, and the
red dotted lines indicate the sensitivity to ±1s variations of the signal theoretical uncertainties.
The observed limit from the all-hadronic

p
s = 7 TeV search [32] is overlaid for comparison.

The resulting exclusion contours for the scenario where both top squarks decay via
˜t ! t ˜c0

1

are shown in figure 8, demonstrating an expected sensitivity to potential top
squark signals of 275 < m

˜t < 700 GeV for m
˜c0

1

< 30 GeV. The combination of SRA1 or SRA2

with SRC1 tends to be most sensitive for smaller ˜t– ˜c0

1

mass differences, while the com-
bination of SRA3 or SRA4 with SRB is most sensitive at larger mass differences. Assum-
ing B

⇣
˜t
1

! t ˜c0

1

⌘
= 100%, top squark masses in the range 270–645 GeV are excluded for

m
˜c0

1

< 30 GeV.

Since the top squark is assumed to decay via either ˜t
1

! t ˜c0

1

or ˜t
1

! b ˜c±
1

! bW (⇤)
˜c0

1

,
the results are also presented for different values of the branching fraction of ˜t

1

! t ˜c0

1

. The
mass of the chargino is assumed to be twice the mass of the neutralino. The resulting ex-
clusion contours are shown in figure 9 (a), demonstrating an expected sensitivity to poten-
tial top squark signals of 260<m

˜t < 565 GeV for m
˜c0

1

< 60 GeV and B
⇣

˜t
1

! t ˜c0

1

⌘
= 50%. The

grey filled area corresponds to the ˜c0

1

mass region excluded by the LEP limit on the light-
est chargino mass, taking into account m

˜c±
1

= 2m
˜c0

1

[66, 97–100]. For B
⇣

˜t
1

! t ˜c0

1

⌘
= 50%,

top squark masses in the range 250–550 GeV are excluded for m
˜c0

1

< 60 GeV. Figure 9 (b)

shows the expected and observed contours for a range of B
⇣

˜t
1

! t ˜c0

1

⌘
values: 100%,

75%, 50%, 25%, and 0%, where 0% indicates that both top squarks decay exclusively via
˜t ! b ˜c±

1

, ˜c±
1

! W (⇤)
˜c0

1

. The excluded top squark mass ranges are summarized as a func-
tion of B

⇣
˜t
1

! t ˜c0

1

⌘
in table 12.
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Stop 
Different Decay chains 
 è Different Bounds 

Degenerate Spectrum 
 è Difficult (Soft) 

Many Loopholes 
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1TeV 



Evidence / Anomaly ( Excess / Deficit / …) 

> 3σ (2σ) 
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1/370 : Yearly 
99.7% 

1/22 : Every 3 weeks 
95.5% 

2.5σ = 1/81 : Quarterly 

Phenomenologists Start To CHASE 



Rules of The Game 
Criteria is dependent on the ‘strangeness’ of Anomaly 
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l  Very Exotic Anomaly  
- Stay tuned 
- Interpretation by a minimal model à Make Predictions 
 

l  Exotic Anomaly  
- Interpretation by popular / favorite models (SUSY, ED, TC, ...) 
- Interpretation by a model & relate to New Physics (Neutrino, DM, ...) 
- Interpretation by a model & relate to other Anomaly (g-2, ...)	
	



Evidence of Anomalies 
l h à τμ 
l WR 
l SUSY 
l Diboson Excesses  
l … 
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Higgs production and decay @ LHC 

2015/10/11 Higgs Physics Theory workshop 10 

Gluon Fusion(ggF) Vector Boson Fusion W/Z Associated  tt/bb Associated 

Process  8TeV  
σ [pb] 

14TeV 
σ [pb] 

Gluon Fusion  19.1 49.9 
Vector Boson Fusion 1.57 4.18 
W/Z Associated 1.11 2.39 

tt/bb Associated 0.128  0.611 

@125.5GeV 

8TeV @125.5GeV 
14TeV @125GeV 

Now we know the cross section and Branching ratio! 

bb (57%)

cc (2.9%)

ττ(6.2%) 
μμ(0.02%) 
γγ(0.23%) 
WW (22%)

ZZ (2.8%)

others

bb 

ττ 

WW 

ZZ 

ϒϒ 

Lepton Flavor Violating Higgs Decay 

13

), %τµ→95% CL limit on B(H
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 %-0.62
+0.660.87  

, 0 Jetseτµ

 (8 TeV)-119.7 fbCMS

Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The simulated Higgs signal shown
is for B(H ! µt) = 0.84%. The bottom panel shows the fractional difference between the
observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.

2.6σ Excess in CMS 

ATLAS 

Lepton flavor violation
h e±

μ∓
h μ±

!∓

Stringent constraints on Yμe 
from μ→eɣ measurements. 

Indirect limit: 
BR(H→μe)<O(10-8)

JHEP 1303 (2013) 026

h e±
!∓

Significant input on Yμ! and Ye! from 
direct searches for H→μ! and H→e!. 

Indirect limit: BR(H→"!)<O(10%)
15

Not so small fraction 

1.3σ 
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Lepton Flavor Violating Higgs Decay 

Lepton flavor violation
h e±

μ∓
h μ±

!∓

Stringent constraints on Yμe 
from μ→eɣ measurements. 

Indirect limit: 
BR(H→μe)<O(10-8)

JHEP 1303 (2013) 026

h e±
!∓

Significant input on Yμ! and Ye! from 
direct searches for H→μ! and H→e!. 

Indirect limit: BR(H→"!)<O(10%)
15

Interpretations 

l  2HDM [ 2nd Higgs doublet ] 
      à Misaligned-Yukawa coupling 

SM-like doublet Mixing 

è  Prediction : Large LFV in 2nd doublet (very exotic) 
è Relate to the g-2 anomaly (exotic) 

3

µL τR τL µR

mτ

h, H, A

γ

ρµτe ρτµe

FIG. 1: A Feynman diagram for neutral Higgs boson contributions to the muon g-2. A photon is attached somewhere in the
charged lepton line.

!h"4.1MeV
mh"126GeV
mA"300GeV
mA"mH#

$
3Σ$
2Σ$
1Σ

1Σ
ΡΜΤ"0.1

ΡΜΤ"0.03

ΡΜΤ"0.05

$200 $100 0 100 200
0.995

0.996

0.997

0.998

0.999

1.000

mH$mA!GeV"

#s
Β
Α
#

FIG. 2: The neutral Higgs contributions to the muon g-2 (δaµ) induced by the lepton flavor violating couplings ρ
µτ(τµ)
e as

functions of |sβα| and mH − mA. Here we assume ρ̄µτ = ρµτe = ±ρτµe where the sign of the ρτµe is fixed to induce the
positive contribution to δaµ and the value of ρ̄µτ is determined to explain the CMS excess of BR(h → µτ ). We have taken
mA = mH+ = 300 GeV. The cyan (light blue) region is the one within |1σ| (|2σ|) range for the muon g-2 anomaly with the
1σ uncertainty of the CMS h → µτ excess. The dashed is −3σ line. The thick dashed lines correspond to ρµτ = 0.1, 0.05 and
0.03 with BR(h → µτ )=0.84%, respectively.

Fig. 2 shows the numerical result of δaµ induced by the lepton-flavor-violating couplings ρµτ (τµ)
e as functions of

|sβα| and a mass difference between H and A, mH − mA. Here we have assumed ρ̄µτ = ρµτe = ±ρτµe where the
sign of ρτµe is chosen to realize the positive contribution to δaµ and the value of ρ̄µτe is determined to explain the
CMS excess of BR(h → µτ). We have taken mA = mH+ = 300 GeV. In the cyan (light blue) region of Fig. 2, the
anomaly of the muon g-2 can be explained within |1σ| (|2σ|) with the 1σ uncertainty of the CMS h → µτ excess.
The −3σ line for the muon g-2 anomaly is also shown. Here we adopt the value of the muon g-2 anomaly from
Ref. [20], δaµ = (26.1 ± 8.0) × 10−10. In Fig. 2, the thick dashed lines correspond to ρ̄µτ = 0.1, 0.05 and 0.03 with
BR(h → µτ) = 0.84%, respectively.
In order to explain the anomaly of the muon g-2, the Higgs mixing parameter |sβα| should be close to one, which

is consistent with the current Higgs coupling measurements at the LHC experiment. Note that the non-degeneracy
among neutral Higgs bosons induces the larger δaµ. Although the non-degeneracy also generates the extra contribu-
tions to Peskin-Takeuchi’s T-parameter [21–24], we have found that the small Higgs mixing parameter cβα suppresses
the extra contributions in the current scenario when mA is very close to mH+ .

As pointed out in Refs. [5, 25], the Yukawa couplings ρµτ (τµ)
e would also induce significant contributions to τ → µγ
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Lepton Flavor Violating Higgs Decay 

Lepton flavor violation
h e±

μ∓
h μ±

!∓

Stringent constraints on Yμe 
from μ→eɣ measurements. 

Indirect limit: 
BR(H→μe)<O(10-8)

JHEP 1303 (2013) 026

h e±
!∓

Significant input on Yμ! and Ye! from 
direct searches for H→μ! and H→e!. 

Indirect limit: BR(H→"!)<O(10%)
15

Interpretations 

l  2HDM [ 2nd Higgs doublet ] 
      à Misaligned-Yukawa coupling 

H~U H~D
~
W H~U H~D

H~U H~D
~
B

~
W

B
~

ν~L
~

~

(a)

(c) (d)

(b) HU
*

HU
*HU

*

HU
*

L

E~ E~

E

EE

E
L

R

RL

R

E

E

ERL

L

E

E

ERL

L

Figure 1: Diagrams that contribute to ϵ2. The crosses on the internal slepton lines represent
LFV mass insertions due to loops of νR.

diagonalize YE and the ϵ2YEY †
ν Yν term1, just as in Ref. [11]; as ϵ2 → 0, LFV in the Higgs

sector will disappear.
The diagrams which contribute to ϵ2 are shown in Fig. 1. Each diagram contains a

single insertion of ∆m2
L̃

which introduces LFV into the process. Without this insertion,
these diagrams would have a trivial flavor structure and would not contribute to ϵ2 or to
LFV. But the ∆m2

L̃
insertion introduces a Y †

ν Yν into the diagram, yielding a contribution
to ϵ2. We can approximate the contributions of the diagrams in Fig. 1 by inserting a single
∆m2

L̃
mass insertion onto each of the internal ẼL lines. We will also treat the higgsinos

and gauginos as approximate mass eigenstates. For diagram 1(a), the contribution to ϵ2

is

ϵ2a ≃
α′

4π
ξµM1f2

(

M2
1 , m2

ℓ̃L
, m2

τ̃L
, m2

ℓ̃R

)

(8)

where ℓ̃ = µ̃ or ẽ. Diagram 1(b) provides a contribution given by

ϵ2b ≃ −
α′

8π
ξµM1f2

(

µ2, m2
ℓ̃L

, m2
τ̃L

, M2
1

)

. (9)

Diagram 1(c) yields

ϵ2c ≃
α2

4π
ξµM2f2

(

µ2, m2
ν̃ℓ

, m2
ν̃τ

, M2
2

)

. (10)

Finally, the contribution of diagram 1(d) is found to be

ϵ2d ≃
α2

8π
ξµM2f2

(

µ2, m2
ℓ̃L

, m2
τ̃L

, M2
2

)

. (11)

In these equations, M1,2 are the U(1) and SU(2) gaugino masses, ξ is defined in Eq. (5),
and the function f2 is defined such that

− f2(a, b, c, d) ≡
a log(a)

(a − b)(a − c)(a − d)
+

b log(b)

(b − a)(b − c)(b − d)
+ (a ↔ c, b ↔ d). (12)

1There are additional terms which can be written, but these are either L-conserving or subleading in
the LFV calculation that follows.

4

SUSY interpretation (slepton mixing) 
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Figure 2: Distribution of the invariant mass Meejj (left) and Mµµjj (right) for events in data
(points with error bars) with M`` > 200 GeV and for background contributions (hatched
stacked histograms) from data control samples (tt) and simulation. The signal mass point
MWR = 2.5 TeV, MN`

= 1.25 TeV, is included for comparison (open red histogram, and also
as a dotted line for the unbinned signal shape). The numbers of events from each background
process (and the expected number of signal events) are included in parentheses in the legend,
where the contributions from diboson and single top quark processes have been collected in
the “Other” background category. The data are compared with SM expectations in the lower
portion of the figure. The total background uncertainty (light red band) and the background
uncertainty after neglecting the uncertainty due to background modeling (dark blue band) are
included as a function of M``jj for M``jj > 600 GeV (dashed line).
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Figure 2: Distribution of the invariant mass Meejj (left) and Mµµjj (right) for events in data
(points with error bars) with M`` > 200 GeV and for background contributions (hatched
stacked histograms) from data control samples (tt) and simulation. The signal mass point
MWR = 2.5 TeV, MN`

= 1.25 TeV, is included for comparison (open red histogram, and also
as a dotted line for the unbinned signal shape). The numbers of events from each background
process (and the expected number of signal events) are included in parentheses in the legend,
where the contributions from diboson and single top quark processes have been collected in
the “Other” background category. The data are compared with SM expectations in the lower
portion of the figure. The total background uncertainty (light red band) and the background
uncertainty after neglecting the uncertainty due to background modeling (dark blue band) are
included as a function of M``jj for M``jj > 600 GeV (dashed line).
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R-Parity Violating SUSY 

slepton 

neutralino 
(no longer DM) 

squark 

Dangerous for the proton decay in general,  
but some couplings can be introduced.	
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(R-parity conserving) 

Large pT object + Large Missing ET + dilepton 
11
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Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape
is shown as a blue, solid line. The individual fit components are indicated by dashed lines.
The flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan
(DY) background is displayed with a red dashed line. The extracted signal component is
displayed with a green dashed line. The lower plots show the pull distributions, defined as
(Ndata � Nfit)/sdata.
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Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape
is shown as a blue, solid line. The individual fit components are indicated by dashed lines.
The flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan
(DY) background is displayed with a red dashed line. The extracted signal component is
displayed with a green dashed line. The lower plots show the pull distributions, defined as
(Ndata � Nfit)/sdata.
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Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape
is shown as a blue, solid line. The individual fit components are indicated by dashed lines.
The flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan
(DY) background is displayed with a red dashed line. The extracted signal component is
displayed with a green dashed line. The lower plots show the pull distributions, defined as
(Ndata � Nfit)/sdata.
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Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape
is shown as a blue, solid line. The individual fit components are indicated by dashed lines.
The flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan
(DY) background is displayed with a red dashed line. The extracted signal component is
displayed with a green dashed line. The lower plots show the pull distributions, defined as
(Ndata � Nfit)/sdata.
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Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape
is shown as a blue, solid line. The individual fit components are indicated by dashed lines.
The flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan
(DY) background is displayed with a red dashed line. The extracted signal component is
displayed with a green dashed line. The lower plots show the pull distributions, defined as
(Ndata � Nfit)/sdata.
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Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape
is shown as a blue, solid line. The individual fit components are indicated by dashed lines.
The flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan
(DY) background is displayed with a red dashed line. The extracted signal component is
displayed with a green dashed line. The lower plots show the pull distributions, defined as
(Ndata � Nfit)/sdata.
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Figure 9: The observed and expected dilepton mass distributions in the o↵-Z SR-loose (top), SR-2j-bveto (middle),
and SR-4j-bveto (bottom). The vertical dashed lines indicate the 80 < m`` < 110 GeV region, which is used to
normalise the Z + jets background and is thus not treated as a search region. Example signal models (dashed lines)
are overlaid, with m(q̃)/m(g̃), m(�̃0

2)/m(�̃±1 ), m( ˜̀)/m(⌫̃), and m(�̃0
1) of each benchmark point being indicated in the

figure legend. The last bin contains the overflow. All uncertainties are included in the hatched uncertainty band.
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Figure 9: The observed and expected dilepton mass distributions in the o↵-Z SR-loose (top), SR-2j-bveto (middle),
and SR-4j-bveto (bottom). The vertical dashed lines indicate the 80 < m`` < 110 GeV region, which is used to
normalise the Z + jets background and is thus not treated as a search region. Example signal models (dashed lines)
are overlaid, with m(q̃)/m(g̃), m(�̃0

2)/m(�̃±1 ), m( ˜̀)/m(⌫̃), and m(�̃0
1) of each benchmark point being indicated in the

figure legend. The last bin contains the overflow. All uncertainties are included in the hatched uncertainty band.
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Figure 6: The dilepton mass (top) and Emiss
T (bottom) distributions for the electron (left) and muon (right) channel

in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss
T ) > 0.4. All uncertainties are included in the

hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the Emiss
T distributions,

the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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at µ = 120 GeV, where it is 2 mm, decreasing to c⌧NLSP < 0.1 mm for µ � 150 GeV. The finite NLSP
lifetime is taken into account in the MC signal acceptance and e�ciency determination.

All simplified models are produced using MadGraph5 1.3.33 with the CTEQ6L1 PDF set, interfaced with
Pythia 6.426. The scale parameter for MLM matching [51] is set at a quarter of the mass of the lightest
strongly produced sparticle in the matrix element. The SUSY mass spectra, gluino branching fractions and
the gluino decay width for the GGM scenarios are calculated using Suspect 2.41 [52] and Sdecay 1.3 [53].
The GGM signal samples are generated using Pythia 6.423 with the MRST2007 LO⇤ [54] PDF set. The
underlying event is modelled using the AUET2 tune for all signal samples. Signals are normalised to
cross sections calculated at next-to-leading order (NLO) in ↵s, including the resummation of soft gluon
emission at next-to-leading-logarithmic accuracy (NLO+NLL) [55–59].

A full ATLAS detector simulation [60] using GEANT4 [61] is performed for most of the SM background
MC samples. The signal and remaining SM MC samples use a fast simulation [62], which employs a
combination of a parameterisation of the response of the ATLAS electromagnetic and hadronic calorimet-
ers and GEANT4. To simulate the e↵ect of multiple pp interactions occurring during the same (in-time)
or a nearby (out-of-time) bunch-crossing, called pile-up, minimum-bias interactions are generated and
overlaid on top of the hard-scattering process. These are produced using Pythia8 with the A2 tune [63].
MC-to-data corrections are made to simulated samples to account for small di↵erences in lepton identi-
fication and reconstruction e�ciencies, and the e�ciency and misidentification rate associated with the
algorithm used to distinguish jets containing b-hadrons.

Figure 1: Decay topologies for example signal processes. A simplified model involving gluino pair production, with
the gluinos following two-step decays via sleptons to neutralino LSPs is shown on the left. The diagram on the right
shows a GGM decay mode, where gluinos decay via neutralinos to gravitino LSPs.

4. Physics object identification and selection

Electron candidates are reconstructed using energy clusters in the electromagnetic calorimeter matched
to ID tracks. Electrons used in this analysis are assigned either “baseline” or “signal” status. Baseline
electrons are required to have transverse energy ET > 10 GeV, satisfy the “medium” criteria described in
Ref. [64] and reside within |⌘| < 2.47 and not in the range 1.37 < |⌘| < 1.52. Signal electrons are further
required to be consistent with the primary vertex and isolated with respect to other objects in the event,

5

On-Z analysis 

3σ 
Different Excess 

Missing ET 

Mll ≈ MZ 
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.
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6 5 Interpretation of the results
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Figure 3: Dijet mass spectra (points) in different b-tag multiplicity bins compared to a fit
(solid curve). The vertical error bars are statistical only and the horizontal error bars are the
bin widths. For comparison, signal distributions are shown for an excited b quark of mass
1800 GeV, a Z0 of mass 2200 GeV, an RS graviton of mass 2800 GeV, and a Z0 of mass 3200 GeV.
The bin-by-bin fit residuals scaled to the statistical uncertainty of the data, (data � fit)/sdata,
are shown at the bottom of each plot.

• b tagging scale factors (⇠5% for heavy and ⇠10% for light-flavor jets) [44], applied
only in the dedicated b-jet search.

• uncertainties due to the choice of the background fit function are taken into account
by the marginalization procedure described below.

Using studies based on simulations, the dependence of the signal mass shapes on the number
of pileup interactions is found to be negligible. Similarly, no appreciable difference in the signal
acceptance is observed when different PDF sets are used.

For setting upper limits on signal cross sections a Bayesian formalism [55] is used, with a uni-

8 5 Modelling of background and signal

expected background events than the electron channel due to the lower cut pmiss
T and the worse

momentum mass resolution at high transverse momenta.

Table 1: Observed and expected yields. The yields are quoted in the range 700 < mWH <
3000 GeV. The expected background is quoted from the sideband procedure. The uncertainties
in the background prediction from data are statistical in nature, as they depend on the number
of events in the sideband region.

µn+H-jet en+H-jet
Observed yield 16 9

Expected background 14.9 ± 4.6 11.5 ± 4.4

Figure 4 shows the final observed spectrum in mWH of the selected events in the two lepton
categories. The highest-mass data event is from the electron category and it has mWH ⇡ 1.9 TeV.
The observed data and the predicted background in the muon channel agree with each other.
In the electron channel an excess of 3 events are observed with mWH > 1.8 TeV, where less
than 0.3 events are expected, while in the muon channel no events with mWH > 1.8 TeV are
observed. The measured pseudo-rapidity values of the CA8 jet in the 3 electron channel events
with highest mWH are 0.44, 0.84, 1.87, while for a W0 resonance less than 2% of the events are
expected to have a pseudo-rapidity above 1.8. The significance of this excess is discussed after
the description of the systematic uncertainties.
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Figure 4: Final distributions in mWH for data and expected backgrounds for both the muon (left)
and the electron (right) categories. The 68% error bars for Poisson event counts are obtained
from the Neyman construction as described in Ref. [54]. Also shown is a hypothetical W0 signal
with mass of 1500 GeV, whose cross sections are given in Section. 7.

5.2 Modelling of the signal mass distribution

The shape of the reconstructed signal mass distribution is extracted from the signal MC sam-
ples. In the final analysis of the mWH spectrum, the discovery potential and exclusion power
both depend on an accurate description of the signal shape. We adopt an analytical description
of the signal shape, choosing a double-sided Crystal-Ball (CB) function (i.e. a Gaussian core
with power law tails on both sides) [55] to describe the CMS detector resolution. To take into
account differences between muon and electron pT resolutions at high pT, the signal mass dis-
tribution is parametrized separately for events with electrons and muons. The typical width of
the Gaussian core is about 4%–6% .

2TeV in Other Channels? 
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‣ Analysis similar to WV→�ν Vjet 

• Background estimate from lower Mjet sideband region

• Extrapolation of MWH shape to signal region (α method)

‣ See 3 events at MWH ~ 1.8 TeV (< 0.3 expected)

• nothing in μ channel
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Evidence of Anomalies 
l h à τμ	(2nd H) 

l WR (RPV SUSY) 

l SUSY (Edge, on-Z) 
l Diboson Excesses (WZ, WW, ZZ) 

l  Dijet Excess 
l WH search 
l … 
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2.6σ 

2.8σ 

2.6σ 3σ 

3.6σ 

2.5σ 

2.2σ 

3σ = 1/370 : Yearly 
2.5σ = 1/81 : Quarterly 
2σ = 1/22 : Every 3 weeks 

Different SUSY 

Evidence of New Physics !! 
We can’t say No New Physics  

2.6σ 2.9σ 
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Re-Discovery of the SM 
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X	 mass	

: di-lepton Invariant Mass 

Nicola Orlando (AUTh, HKU) XLV International Symposium on Multiparticle Dynamics

Muons
Consolidated understanding of muon 
performance already with less than 100 pb-1

First insitu calibrations are already available

Based on J/ψ and Z control samples

Uncertainties are already at per-cent level
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Re-Discovery of W, top 
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Z’ search 
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X	 mass	

: di-lepton Invariant Mass 

Run I highest evts 

Run II 

~3fb-1 @ Run II 
Beyond Run I Sensitivity 

1evt 
Run II highest evts 

1TeV 
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Dijet (q*, Z’, W’) search 
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Run II 
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X	 mass	

The Highest Mass event 
Need more statistics 

5TeV 



Dijet (q*, Z’, W’) search 
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Run II 

  

~3fb-1 @ Run II (Mar 2016???) 

Now 



Ready for SUSY search 
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Meff = ET
miss+Σ|pT

jet| 

No bound is obtained so far 
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Figure 10. Exclusion limits for direct production of (case (a) – top left) gluino pairs with decoupled

squarks, (case (b) – top right) light-flavour squarks and gluinos and (case (c) – bottom) light-flavour squark

pairs with decoupled gluinos. Gluinos (light-flavour squarks) are required to decay to two quarks (one

quark) and a neutralino LSP. In the bottom figure (case (c)) limits are shown for scenarios with eight

degenerate light-flavour squarks (q̃L + q̃R), or with only one non-degenerate light-flavour squark produced.

Exclusion limits are obtained by using the signal region with the best expected sensitivity at each point.

The blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1σ

excursions due to experimental and background-only theory uncertainties. Observed limits are indicated by

medium dark (maroon) curves, where the solid contour represents the nominal limit, and the dotted lines

are obtained by varying the signal cross-section by the renormalisation and factorisation scale and PDF

uncertainties. Previous results from ATLAS [16] are represented by the shaded (light blue) areas and light

blue dotted lines. The black stars indicate benchmark models used in figures 4–6.
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300fb-1, ~2023 

3000fb-1, ~2037 

3fb-1, ~2015 
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Summary 
l  LHC Status 

l  Run I Summary and Run II Early Data 

2015/11/9-13 YITP-QFT Koji TSUMURA (Kyoto U.) Fin. 

And beyond 

31'

Splices'
fixed'

Injectors'
upgrade'

New'
LowDβ*'
quads'

30'jV1'

3000'jV1'

300'jV1'

FG'EPS'15'

further beyond23

LHCは最高エネルギー・最大Luminosityのコライダーで，
14TeV衝突・3000fb-1 の達成は mandatory                             Fabiola ( EPS15)

Run I 
x6 @ 1TeV 

x50 @ 3TeV 

l  Energy Upgraded 
l  Some Troubles (EC, UFO) 
l  Next 20 years Plan 

l  SM Re-Discovery incl. Higgs 
l  BSM Non-Discovery / Exclusion 
l  Evidence / Anomalies 

l  Analysis Ready 
l  Need More Data 



Stay Tuned 
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