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March 2015  Kavli IPMU has been nominated for a 5-year extension, as a 
“highly exceptional case whose achievements are far beyond the very high 
WPI standard”. 
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First IPMU workshop is on LHC  Dec 17 2007, even before “Opening 
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HOME JAPANESE

Focus week : Facing LHC data

Dates: Dec 17 to 21, 2007
Contact: Mihoko M. Nojiri (nojiri _at_ kek.jp)

(_a_ should be replaced by @)
 The meeting aims to discuss the issues related to the discovery of the 

new physics signature at LHC, ideas to measure the parameters,
identify 
experimental and theoretical reality that should be overcome by the 
start of the experiments. Following researchers are agreed to come.

Teruki Kamon (Texas A&M) 
Tomasso Lari (Milan)
Patrick Meade (Harvard)
Tilman Plhen (Edinburgh)
Giacomo Polesello (Pavia)
Maxim Perelstein (Cornell)
Steffen Schumann (Edinburgh)
Jay Wacker (SLAC)
C.-P. Yuan (Michigan State)

The format of the meeting is as follows. We have long seminars
by the invited speakers in the morning of Dec 17, 19, 20.
Afternoon of 17,19,20, and throughout 21th are reserved for discussions.
On the other hand, Dec 18th is "the workshop day", with many talks
throughout the day.

We call for participants to the focus week. If you are interested,
please send e-mail to Mihoko Nojiri (nojiri_at_post.kek.jp) to attend
morning talks and workshop on 18th,so that we can arrange the
meeting room of appropriate size.

We have a limited capacity (<25 person.) for the "office space"
in the afternoon discussion, so please tell us as soon as possible
if you are interested to attend the afternoon discussions.
If number of requests goes over our capacity,
we may choose the applicants who are working on the subject
directly related to LHC physics. We are sorry in advance if we
cannot accommodate you in the afternoon.

Location of the meeting:　The 6th floor of Research Center
Kashiwa Campus of Tokyo University.

**The building is connected to ICRR building**

Access from Narita airport to ICRR maybe found in 
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LHC Run I  achievement Higgs discovery  



8TeV achievement (cont)  
Ratios of κ’s 

•  Again,&results&in&agreement&with&SM&

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 31&

SM2pCvalue2
13%2

Similar&features&as&in&
σ&and&BR&ra=o&
parameteriza=on&
observed&here&

First ATLAS + CMS combined publication 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 5&

1D2scan&

MH&=&125.09&±&0.24&GeV&
&&&&&&&=&±&0.21&(stat.)&±&0.11(syst.)&GeV&mH=125.09 pm 0.24 

μ= 1.09 +0.11-0.11  

effective theory approach to parametrize statistical  
significance of each measurements  



consistency among the 
channels •  Nega=ve&couplings&would&change&sign&of&interference&

&
&
•  The&other&two&quadrants&are&symmetric&with&respect&to&(0,0),&&

all&physical&quan==es&only&depend&on&a&product&of&two&κ’s&

κV,2κF2contours 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 23&

Almost&5σ&&
exclusion&of&&
κF<0&&

Higgs coupling in future 

µ values 300 fb�1 3000 fb�1

CMS here CMS here
�� [ 6 , 12 ] [ 6.2 , 11.3 ] [ 4 , 8 ] [ 3.7 , 8.0 ]
WW [ 6 , 11 ] [ 7.6 , 12.7] [ 4 , 7 ] [ 5.2 , 11.9 ]
ZZ [ 7 , 11 ] [ 6.2 , 12.7 ] [ 4 , 7 ] [ 3.0 , 7.0 ]
bb [ 11 , 14 ] [ 13.6 , 16.7 ] [ 5 , 7 ] [ 4.7 , 8.6 ]
⌧+⌧� [ 8 , 14 ] [ 6.2 , 12.0 ] [ 5, 8 ] [ 2.8 , 7.2 ]
invis. [ 11 , 17 ] [11.2 , 16.6 ] [ 4 , 11 ] [ 4.1 , 10.9 ]
 values 300 fb�1 3000 fb�1

CMS here CMS here
� [ 5 , 7 ] [ 5.7 , 9.0 ] [ 2 , 5 ] [ 2.9 , 6.5 ]
W [ 4 , 6 ] [ 4.2 , 5.4 ] [ 2 , 5 ] [ 1.6 , 3.3 ]
Z [ 4 , 6 ] [ 5.7 , 8.5 ] [ 2 , 4 ] [ 2.8 , 6.3 ]
g [ 6 , 8 ] [ 4.9 , 6.9 ] [ 3 , 5 ] [ 2.3 , 4.8 ]
b [ 10 , 13 ] [ 11.4 , 14.9 ] [4 , 7 ] [ 4.2 , 8.5 ]
t [ 14 , 15 ] [ 17.3 , 20.5 ] [ 6 , 8 ] [ 5.7 , 12.9 ]
⌧ [ 6 , 8 ] [ 5.8 , 9.5 ] [ 2 , 5 ] [ 2.7 , 6.5 ]
inv. [ 8 , 11 ] [ 6.3 , 8.0 ] [ 4 , 7 ] [ 2.0 , 4.0 ]

Table 2: Comparison of the results of fits with the inputs in Table 1 to the fit results given
in [7]. All numbers are given as 1 � uncertainties, in %. In expressions in brackets, the first
entry is for Scenario 2, the second is for Scenario 1.

to decrease the theory error in output Higgs couplings by relying increasingly on
measurements of Higgs production in these latter two modes. The evolution of the
µ and  accuracies reported by CMS from 300 fb�1 to 3000 fb�1 reflects increasing
reliance at higher luminosity on the vector boson fusion production mode. It is very
important to note this special role of vector boson fusion in any considerations of
the experimental program of the High-Luminosity LHC. The model I have presented
captures that this evolution to higher accuracies, at least in a qualitative way.

There are some defects in the agreement of my model with the CMS results.
The most serious is the constraint on the invisible modes of Higgs decay, which is
significantly stronger in my fit than that reported in [7]. This may be the result of
my treating correlated theoretical errors as uncorrelated, which sti↵ens the global
pattern of the constraints. The CMS analysis also uses a much larger number of
input measurements, with correspondingly larger errors, and takes proper account
of the correlations among these errors. Such a treatment is beyond the level of my
interpretation. Nevertheless, I hope that the information that I have given in Table 1
will su�ce for the purpose of estimating Higgs capabilities for experiments that will
be carried out in the future.

7

Peskin  1312.4974 

4% at 3000fb-1  
O(0.1)% at future e+e- 



•  Mass&is&measured&with&high&precision&channels&γγ&and&ZZ!4l&
Measurement in the individual channels 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 35&

γγ2 ZZ!4l2

Some&(opposite)&tension&between&the&two&channels&&
but&very&good&agreement&in&the&central&values&

ATLAS γγ 2σ away  from the best .   
ATLAS 4l best fit is  2σ  away from ATLAS 2γ 



 Is Effective theory always efficient way?

effective theory approach is often  useful to parametrize signal 
distribution, but the  care must be taken so that we do not misuse 
it.  

ex: Higgs width in pp→ ZZ using off shell amplitude 
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Constraints are presented on the total width of the recently discovered Higgs boson, ΓH, using its relative 
on-shell and off-shell production and decay rates to a pair of Z bosons, where one Z boson decays 
to an electron or muon pair, and the other to an electron, muon, or neutrino pair. The analysis is 
based on the data collected by the CMS experiment at the LHC in 2011 and 2012, corresponding to 
integrated luminosities of 5.1 fb−1 at a center-of-mass energy √s = 7 TeV and 19.7 fb−1 at √s = 8 TeV. 
A simultaneous maximum likelihood fit to the measured kinematic distributions near the resonance peak 
and above the Z-boson pair production threshold leads to an upper limit on the Higgs boson width of 
ΓH < 22 MeV at a 95% confidence level, which is 5.4 times the expected value in the standard model at 
the measured mass of mH = 125.6 GeV.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

The discovery of a new boson consistent with the standard 
model (SM) Higgs boson by the ATLAS and CMS Collaborations 
was recently reported [1–3]. The mass of the new boson (mH) was 
measured to be near 125 GeV, and the spin-parity properties were 
further studied by both experiments, favoring the scalar, JPC = 0++ , 
hypothesis [4–7]. The measurements were found to be consistent 
with a single narrow resonance, and an upper limit of 3.4 GeV at a 
95% confidence level (CL) on its decay width (ΓH) was reported by 
the CMS experiment in the four-lepton decay channel [7]. A direct 
width measurement at the resonance peak is limited by experi-
mental resolution, and is only sensitive to values far larger than 
the expected width of around 4 MeV for the SM Higgs boson [8,9].

It was recently proposed [10] to constrain the Higgs boson 
width using its off-shell production and decay to two Z bosons 
away from the resonance peak [11]. In the dominant gluon fusion 
production mode the off-shell production cross section is known 
to be sizable. This arises from an enhancement in the decay am-
plitude from the vicinity of the Z-boson pair production threshold. 
A further enhancement comes, in gluon fusion production, from 
the top-quark pair production threshold. The zero-width approx-
imation is inadequate and the ratio of the off-shell cross section 
above 2mZ to the on-shell signal is of the order of 8% [11,12]. Fur-
ther developments to the measurement of the Higgs boson width 
were proposed in Refs. [13,14].

⋆ E-mail address: cms-publication-committee-chair@cern.ch.

The gluon fusion production cross section depends on ΓH
through the Higgs boson propagator

dσgg→H→ZZ

dm2
ZZ

∼
g2

ggH g2
HZZ

(m2
ZZ − m2

H)2 + m2
HΓ 2

H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to 
gluons and Z bosons, respectively. Integrating either in a small re-
gion around mH, or above the mass threshold mZZ > 2mZ, where 
(mZZ − mH) ≫ ΓH, the cross sections are, respectively,

σ on-shell
gg→H→ZZ∗ ∼

g2
ggH g2

HZZ

mHΓH
and σ off-shell

gg→H∗→ZZ ∼
g2

ggH g2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell 
and on-shell production in the H → ZZ channel provides direct in-
formation on ΓH, as long as the coupling ratios remain unchanged, 
i.e. the gluon fusion production is dominated by the top-quark 
loop and there are no new particles contributing. In particular, the 
on-shell production cross section is unchanged under a common 
scaling of the squared product of the couplings and of the total 
width ΓH, while the off-shell production cross section increases 
linearly with this scaling factor.

The dominant contribution for the production of a pair of Z 
bosons comes from the quark-initiated process, qq → ZZ, the dia-
gram for which is displayed in Fig. 1(left). The gluon-induced dibo-
son production involves the gg → ZZ continuum background pro-
duction from the box diagrams, as illustrated in Fig. 1(center). An 

http://dx.doi.org/10.1016/j.physletb.2014.06.077
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
SCOAP3.
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
off-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (ℓ) ≥ 10 GeV, |y(ℓ)| ≤ 2.5,
∆R(ℓℓ′) ≥ 0.4.

CMS have presented first results [18] using this strat-
egy, claiming Γh < 4.2 × ΓSM

h at 95% confidence level
by injecting a global Higgs signal strength µ ≃ 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) → h →
ZZ∗ → 4ℓ in the the Higgs on-shell region scales as3

σh,g × BR(h → ZZ → 4ℓ) ∼
g2ggh g

2
hZZ

Γh
, (2)

where we denote the relevant couplings by gX . The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg → ZZ∗ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass Γh/mh ∼ 10−4, we
can expand the Higgs Breit-Wigner propagator D(s) =

g

g

e

e

µ

µ

Z

Z

h

t, b, q

g

g

e

e

µ

µ

Z

Z

q q′

FIG. 2: Representative Feynman diagram topologies con-
tributing to gg → ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3We mainly focus on the final state e+e−µ+µ− in the following.
Generalizing our results to full leptonic ZZ decays is straightfor-
ward due to negligible identical fermion interference.

i/(s−m2
h + iΓhmh) away from the peak region s ≫ m2

h

|D|2 =
1

s2

(

1 +
m4

h

s4
Γ2
h

m2
h

)

+O
(

Γ4

s4

)

(3)

which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs off-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

dσh ∼
g2ggh(

√
s) g2hZZ(

√
s)

s
dLIPS×pdfs. (4)

Now, if there is a direct correspondence between gi(mh)
and gi(

√
s), measuring the signal strength µ in the off-

shell and on-shell regions simultaneously allows us to set
a limit on the width of the Higgs boson Γh. More ex-
plicitly, for Γh > ΓSM

h , we need to have g2gghg
2
hZZ >

(g2gghg
2
hZZ)

SM to keep µ = µSM fixed, which in turn im-

plies σh > σSM
h . Fig. 1 validates this line of thought and

qualitatively reflects the CMS analysis.

But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? And letting aside
the interpretation in terms of a constraint on the Higgs
width, what are the more general ramifications of a mea-
surement of the gluon-fusion ZZ and WW cross section
away from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg → V V ∗ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ≃ µSM the off-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
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FIG. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4ℓ) ≥
330 GeV.
It is known that the interference between the trian-

gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-

87654321
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1

0.1

0.01

CMS exclusion
tt̄ → ZZ Yukawa
tt̄ → ZZ Gauge

tt̄ → ZZ full

tt̄ → ZZ

√
s [TeV]

σ
[p

b
]

FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid and dashed;
the dashed line lies on top of the solid line), yielding a well-
defined SM cross section (orange). We also show the pa-
rameter choice that corresponds to the CMS-like exclusion
of Γh ≃ 5×ΓSM

h based on the strategy outlined in [2] and the
introduction.

ΓH<20MeV 
but the result 
comes from  

non-Unitarity of 
the amplitude 

C.Englert et al  1410.5440
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For small pcutT , the coe�cients �, ✏ are very small, modifying the cross section only by a few percent, which
is less than the uncertainty expected in the inclusive Higgs cross section measurements [116–118]. This is
what is expected due to the very good description of both the top and the new particle loop by the e↵ective
interaction. On the other hand, �, ✏ grow significantly as pcutT increases, and they become O(1) for pcutT > 300
GeV [45]. It means we can break the degeneracy by measuring the Higgs pT distribution while we cannot break
the degeneracy along ct + g = const. direction only by determining the inclusive cross-section.

III. EVENT GENERATION

A. Signal sample

In this paper we consider H+jet events with subsequent H decays to WW ⇤ ! `+`�⌫⌫̄ and ⌧+⌧� modes as a
signal. The signal events are generated with MadGraph5, version 1.5.15 [119] and showered with HERWIG++ [120–
122], where only WW ⇤ and ⌧+⌧� decays are specified.

We have used MadGraph5 to generate H+jet events using the ‘HEFT’ model with SM couplings which makes
use of the low energy theorem. The generated cross-section is proportional to |M(0, 1)|2 and does not take into
account finite top mass e↵ects which are crucial to our analysis. To obtain the correct weight of the events we
reweighted them by a weight factor

w(ct,g) =
|M(ct,g)|2
|M(0, 1)|2 (10)

making use of our own code, which is based on an implementation of the formulas for the matrix elements
given in [115] and also calculated in [123]. At present no finite top mass NLO computation of the SM Higgs pT
spectrum is available. An exact NLO prediction of SM Higgs pT spectrum would be very desirable and help to
exploit the full potential of this observable. Recent progress in the precision prediction of h+ jet can be found
in Refs. [124–126]. We will approximate the NNLO (+ NNLL) result of 49.85 pb [127–130] by multiplying the
exact LO result with a K factor of 1.71.

We reweight the events for points along the line ct + g = 1 for g 2 [�0.5, 0.5] with steps of 0.1, as shown
in the left panel of Fig. 1. This is consistent with the SM inclusive Higgs production cross-section. The size
of ct alone is only weakly constrained by the current tt̄H measurement. Although we only consider the most
di�cult points satisfying ct+g = 1 (i.e. an exactly SM-like inclusive cross-section), an analysis along di↵erent
ct + g = const. lines would be straightforward as a di↵erent choice essentially just corresponds to an overall
rescaling of the signal.
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More information in higgs 
distributions? 

Higgs boson pT, ttH… typically require high pT 

8

 [GeV]llm
50 100 150 200 250

N
or

m
al

iz
ed

 d
is

tri
bu

tio
n

0

0.1

0.2
Zj
tt
WWj

ττ→h
WW→h

reject

 [GeV]colM
100 200 300

 [f
b/

5G
eV

]
co

l
/d

M
σd

-210

-110

1

10

Zj
tt
WWj

ττ→h
WW→h

SR

>200GeVrec
T,H

p

 [GeV]rec
T,H

p
200 300 400 500 600 700

 [f
b/

10
0G

eV
]

re
c

T,
H

/d
p

σd

-310

-210

-110

1
Zj
tt
WWj

ττ→h
WW→h

ττ→for H

FIG. 2. Left panel: the invariant mass of the two leptons, m``, after cut 6. Central panel: The collinear mass M
col

after
cut 7, stacking the di↵erent processes. Histograms are normalized to the respective cross-sections. Right panel: stacked
distributions of the ‘Higgs’ transverse momentum pT,H (defined in Eq. (11)) after selection cut 8, with a logarithmic
scale.

p⌫1,col and p⌫2,col thus defined approximate the neutrino three-momenta. Promoting them to massless four-
momenta and adding them to the lepton four-momenta gives an approximate Higgs four-momentum, the mass
of which we refer to as the collinear Higgs mass:

p
col

= p⌫1,col + p⌫2,col + p`1 + p`2 , M2

col

= p2
col

. (15)

We apply one more cut before making use of the collinear mass variable: an upper limit for the dilepton mass,
m`` < 70 GeV. This cut reduces the tt̄+jets and WW+jets backgrounds very e�ciently while leaving most the
H+jets signal and Z ! ⌧⌧ background (see Fig. 2, left panel). At this stage Z ! ⌧⌧ becomes the dominant
background for extracting the H ! ⌧⌧ signal. The size of the tt̄ and WW backgrounds can be estimated in a
data-driven way by removing m`` < 70 GeV cuts. We discuss this in detail in Appendix A.

The collinear mass is shown in the central panel of Fig. 2. Note that any particle decaying to ⌧`⌧` with
enough boost that the two ⌧ are not back-to-back will have its mass reconstructed by this process; indeed
the most striking feature of the collinear mass distribution is the Z mass peak from the large irreducible
Z ! ⌧`⌧` background. A peak due to the signal is visible at M

col

⇠ mH = 125 GeV. By selecting events in the
window |M

col

�mH | < 10 GeV we achieve a S/B ⇠ 0.4 with S/
p
B > 9 for 300 fb�1. The signal is taken to

include the H ! WW ⇤ contribution, which contributes about ⇠10% the H ! ⌧⌧ selection. We estimate the
statistical error of the high pT cross-section measurement with

p
S +B/S. We obtain uncertainties of 12% for

�(pT,H > 200 GeV), 22% for �(pT,H > 300 GeV), and 41% for �(pT,H > 400 GeV), respectively. Assuming we
can achieve the same e�ciencies for high-luminosity run of the LHC (HL-LHC) at 3 ab�1, we obtain ⇠ 4% for
�(pT,H > 200 GeV), ⇠ 7% for �(pT,H > 300 GeV), and ⇠ 13% for �(pT,H > 400 GeV).

As seen in the central panel of Fig. 2 the smooth side-band distribution can be used for estimating the
background contribution. We show in Appendix A that these side-bands are available even after hard precT,H
cuts. We therefore expect that a data-driven strategy for background estimation will be available, and take the
statistical errors as a background uncertainty estimate. There will of course be further systematic uncertainties
induced by MC background modeling.

In this analysis we mostly use the recoiling fat jet to remove the tt̄+jets background. It could be beneficial
to make use of the di↵erence between the jet substructure of gluon and quark jets [152–156] since the dominant
background at the last stage is Z+jets, which gives a di↵erent fraction of gluon and quark jets than the H+jets
signal. We leave this for future work.

C. H ! W`W
⇤
` analysis

Our selection criteria for extracting H ! W`W ⇤
` from the background begin with those described in Sec-

tion IVA. In Section IVB we required that the /pT
vector be inside the two lepton momenta, after which the
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new physics: the Higgs coupling to a top-quark loop is both central to the question of natural electroweak
symmetry breaking, and the chief source of gluon fusion. Due to the low energy theorem however, the details
of this loop-induced process are entirely obscured unless one can access the boosted Higgs regime.

We have shown boosted Higgs signal isolation in the dilepton channel via H ! ⌧⌧ and H ! WW . The boost
enhances the e�ciency of the collinear approximation for mass reconstruction in the H ! ⌧⌧ mode, giving a
peak atmH visible above the dominant Z+jets background. Z+jets provides its own peak for this reconstructed
mass distribution; using the sidebands around the mH peak we expect a relatively precise background estimate.
In the end we achieve S/B ⇠ 0.4. For H ! WW mode, we can also achieve S/B ⇠ 0.4 but with fewer events.
This is nevertheless a helpful addition to the statistical significance. We expect a 12% error for the cross-
section measurement for pT > 200 GeV, 22% for pT > 300 GeV, and 41% for pT > 400 GeV with an integrated
luminosity of 300 fb�1.

A direct measurement of the top Yukawa coupling in the tt̄H channel is also instrumental for breaking the
degeneracy concerning the coupling of the Higgs to gluons and to the top quark, and the H+jets mode provides
a complementary determination. We have shown that we can distinguish several new physics models in an
e↵ective field theory approach using the reconstructed Higgs pT distribution. With an integrated luminosity
of 3000 fb�1 at the 14 TeV LHC, we can exclude g < �0.4 and g > 0.3 along the line ct + g = 1 at 95%
confidence level assuming the systematic uncertainty of 10%.
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h->ττ ->leptonic only 

3

where

�t ⇡ m2

t

4

 
1

m2

˜t1

+
1

m2

˜t2

� (At � µ/ tan �)2
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˜t1
m2
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!
(3)

quantifies the deviation from the SM value and can vanish due to the relative minus sign. A 125 GeV Higgs
can easily achieved by extending the MSSM by additional D- or F-terms which should, of course, not have a
major impact on the couplings of the SM-like lightest Higgs.

Since the At-dependent parts of the production cross-section are less sensitive to the boost of the Higgs than
the At-independent ones, the aforementioned degeneracy gets broken in the boosted regime. Therefore the
non-SM nature of the Higgs production can be revealed by looking at the boosted production. Moreover this
can make light stops [85–96][97, 98] accessible which are hidden in the stealth region and challenging to extract
given the similarity to the top background [99–103]. An outline showing this sensitivity and taking vacuum
stability constraints into account has been presented in [45].

C. E↵ective description

It is useful to parametrize our ignorance of new physics in terms of an e↵ective Lagrangian. Out of the 59
dimension six operators one can add to the SM [104, 105], only four can a↵ect the Higgs production through
gluon fusion [106–108]. These four operators as well as the other dimension six operators involving the Higgs
are already constrained to some extent by LHC data [108–113]. We will focus on CP-conserving e↵ects and
omit the CP-violating operator containing the dual of the QCD gauge field strength. The remaining three
important operators are

Oy =
yt
v2

|H|2 Q̄L
eHtR, OH =

1

2v2
@µ |H|2 @µ |H|2 , and Og =

↵S

12⇡v2
|H|2 Ga

µ⌫G
aµµ. (4)

After adding them to the SM Lagrangian and extracting the terms relevant for the gluon fusion process we
obtain

L
e↵

= �ct
mt

v
t̄tH + g

↵S

12⇡

h

v
Ga

µ⌫G
aµ⌫ + L

QCD

, (5)

where ct = 1� Re(Cy) � CH/2 scales the top Yukawa coupling which enters the process via the top loop and
g = Cg controls the direct gluon-Higgs interaction. The Ci are the coe�cients of the corresponding operators
in (4) and the coe�cients are chosen such that for ct = 1 and g = 0 the SM Lagrangian is obtained.

The full matrix element for boosted Higgs production is then given by1

M(ct,g) = ctMIR + gMUV (6)

where MIR is the matrix element taking the full top mass dependence into account [115] and MUV is the one
obtained from MIR in the heavy top limit or equivalently from the tree-level diagram generated by Og. From
Eq. (6) we see that the di↵erential cross-section, normalized by the SM value, can be described as

�(pcutT )

�SM (pcutT )
=

R1
pcut
T

dpT d⌦|ctMIR(mt) + gMUV |2
R1
pcut
T

dpT d⌦|MIR(mt)|2
= (ct + g)

2 + �(pcutT )ctg + ✏(pcutT )2

g, (7)

where

�(pcutT ) =
2
R1
pcut
T

dpT d⌦Re(MIR(mt)M⇤
UV )R1

pcut
T

dpT d⌦|MIR(mt)|2
� 2, (8)

✏(pcutT ) =

R1
pcut
T

dpT d⌦|MUV |2
R1
pcut
T

dpT d⌦|MIR(mt)|2
� 1. (9)

1 In the SM the e↵ects of the bottom loop are within a few percent if the boost of the Higgs exceeds O(50GeV) [39, 48, 114] and
are therefore neglected.
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Figure 5: Background fit results for the SRtN1 shape fit. In this fit, the t  t and W+jets backgrounds are
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shown in this plot is only for illustration purposes, since the fit used for the limits uses all 15 signal and
control bins simultaneously, which allows to constrain the uncertainties in the signal bins.

16

exclude up to the region  
where mstop~mLSP+mt +30GeV  

In reality there are  
no region with  

S/N>0.1 in this plot

 ttbar distribution  
filling the gap 



Theory needs to prepare  
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Hints at 8 TeV? ATLAS

search for strongly produced SUSY with a Z boson
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Hints at 8 TeV? CMS
search utilizing kinematic edge in dilepton system with jets: target strong production
mechanism
high precision of SM backgrounds estimated from data
cut&count and kinematic fit approaches
2.6� excess in detector central region at low M``

but no excess in a corresponding ATLAS search
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can be compared with the p-value distributions obtained from data. The e↵ect of bin-by-bin correlations
is taken into account in the generation of pseudo-experiments.

The distribution of the local p-values observed in data for each event class, compared to the expec-
tation from the SM hypothesis as obtained from the pseudo-experiments, are shown in Figures 12, 14
and 16 for the minv, me↵ and Emiss

T distributions, respectively. These figures also show for comparison
the expected p-value distributions obtained when neglecting correlations in the pseudo-experiment gen-
eration. This treatment leads to smaller p-values. The probability that a single deviation occurs at very
low p-values is less a↵ected. Agreement is observed between data and the expectation from correlated
systematics.

In Figures 13, 15 and 17 we show the fraction of pseudo-experiments that have at least one, two, or
three deviations below a given p-value (pmin).

No event class is found with a local p-value below 10�4, corresponding roughly to a 4 � deviation.
This is consistent with the expectation from pseudo-experiments. At least one class with a local p-value
below 10�4 is expected to be found in less than 10% of the pseudo-experiments in the invariant mass
distributions, in about 10% of the pseudo-experiments in the scan of the e↵ective mass distributions and
about 5% of the pseudo-experiments in the scan of the Emiss

T distributions. One event class is found in
the e↵ective mass distribution with a p-value smaller than 10�3, corresponding to a probability of about
60%. The smallest p-value obtained from the scan of the Emiss

T distribution is 0.013. Pseudo-experiments
would predict a slightly larger number of excesses indicating a possible overestimation of the systematic
uncertainties.

The largest deviation has a local p-value of 7 · 10�4 and is found in the e↵ective mass distribution of
a class with one electron, one muon, one photon and two jets.

Extensive checks have been carried out to understand how the p-value distribution changes when
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di-boson search 

excess of  pp-> W’ Z’-> WW, WZ, ZZ (boosted)  

Jet substructure plays important role  

tension between width and cross section  

current excess point would be excluded for 10fb^-1 at 13TeV 
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Figure 6: Upper limits, at 95% C.L., on the section times branching ratio limits for the WZ window selection as a
function of mW0 , and for the WW window selection and the ZZ window selections as a function of mGRS . The solid
red line in each figure displays the predicted cross section for the W 0 or GRS model as a function of the resonance
mass.

the WZ channel, and an excited bulk graviton GRS to represent resonances decaying to WW and ZZ. A
W0with EGM couplings and mass between 1.3 and 1.5 TeV is excluded at 95% CL.
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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.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Figure 11. The distributions in the number of charged tracks nch and the jet mass mj plane
for signal (mW 0 = 1800 GeV and �tot(W 0) = 25 GeV) and dijet background. All cut except
for nch and mj are applied, and we required mjj > 1500 GeV. The ATLAS signal regions are
marked by squares.

that mass drop and grooming cuts used in ATLAS study can be applied for the jets. We
apply the cluster track matching algorithm of Delphes3 so that information of tracks
inside jets can be used, otherwise default ATLAS card is used.

Boosted object reconstruction using jet substructure is originally proposed in Refs. [55,
56]. See recent developments in Refs. [57, 58]. In our simulation, we closely follow the
ATLAS analysis. For jet clustering, Cambridge-Aachen algorithm with R = 1.2 is
used [59, 60]. Then, pT1 > 600 GeV, pT2 > 540 GeV, (pT1 � pT2)/(pT1 + pT2) < 0.15,
|y1 � y2| < 1.2, |⌘1| < 2 and |⌘2| < 2 are required to the jets. In addition, we require
ETmiss < 350 GeV, and veto events with isolated electrons and muons with pT > 20
GeV. For each jet, the pair of subjets which satisfies subjet momentum balance criteriap
y >

p
yf = 0.45 are selected, where

p
y = min(pTj1 , pTj2)

�R(j1,j2)

m0

. (56)

Here, pTj1 and pTj2 are the transverse momenta of subjets j1 and j2, �R(j1,j2) is the
distance between subjets j1 and j2, and m0 is the mass of the parent jet. Then the
constituents of the selected pair of subjets is filtered. Namely the constituents are
clustered with radius parameter R = 0.3, and up to the highest 3 jets are taken to
calculate the groomed jet mass and momentum. We require |mV � mj| < 13 GeV,
where mV is mZ or mW , and mj is an invariant mass of the groomed jet. Finally, the
number of charged-particle tracks which are associated with the jet is required to be
nch < 30. In Fig. 11, we show the distribution in nch and mj plane for the events with
mjj > 1500 GeV where all cuts except for nch and mj are applied. The ATLAS signal
regions are marked by squares. The figure shows very good separation between signal
and background events.
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Figure 11. The distributions in the number of charged tracks nch and the jet mass mj plane
for signal (mW 0 = 1800 GeV and �tot(W 0) = 25 GeV) and dijet background. All cut except
for nch and mj are applied, and we required mjj > 1500 GeV. The ATLAS signal regions are
marked by squares.

that mass drop and grooming cuts used in ATLAS study can be applied for the jets. We
apply the cluster track matching algorithm of Delphes3 so that information of tracks
inside jets can be used, otherwise default ATLAS card is used.

Boosted object reconstruction using jet substructure is originally proposed in Refs. [55,
56]. See recent developments in Refs. [57, 58]. In our simulation, we closely follow the
ATLAS analysis. For jet clustering, Cambridge-Aachen algorithm with R = 1.2 is
used [59, 60]. Then, pT1 > 600 GeV, pT2 > 540 GeV, (pT1 � pT2)/(pT1 + pT2) < 0.15,
|y1 � y2| < 1.2, |⌘1| < 2 and |⌘2| < 2 are required to the jets. In addition, we require
ETmiss < 350 GeV, and veto events with isolated electrons and muons with pT > 20
GeV. For each jet, the pair of subjets which satisfies subjet momentum balance criteriap
y >

p
yf = 0.45 are selected, where

p
y = min(pTj1 , pTj2)

�R(j1,j2)

m0

. (56)

Here, pTj1 and pTj2 are the transverse momenta of subjets j1 and j2, �R(j1,j2) is the
distance between subjets j1 and j2, and m0 is the mass of the parent jet. Then the
constituents of the selected pair of subjets is filtered. Namely the constituents are
clustered with radius parameter R = 0.3, and up to the highest 3 jets are taken to
calculate the groomed jet mass and momentum. We require |mV � mj| < 13 GeV,
where mV is mZ or mW , and mj is an invariant mass of the groomed jet. Finally, the
number of charged-particle tracks which are associated with the jet is required to be
nch < 30. In Fig. 11, we show the distribution in nch and mj plane for the events with
mjj > 1500 GeV where all cuts except for nch and mj are applied. The ATLAS signal
regions are marked by squares. The figure shows very good separation between signal
and background events.
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←large uncertainty in MC prediction for gluon jet  
 

←theoretically calculable  and MC prediction stable

tail distributionn

Still something need to be done  
to understand the cut flow

mjj>1500GeV 
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8TeV→Toward original design 

Accident on Sep 19 2008 →half 
recovered in 2010→ trying to achieve  
the original design 

4TeV, 50 ns 1380 bunch → 25ns to avoid pile up(experimental 
request )  2500~2800 bunchs/ring 1.15 10^11 p per bunch  

Higher energy→strong B　 

It is not trivial:  Electronic cloud: more radiation-> more electrons-
> more electron acceleration-> more secondary electrons -> heat 
to cryogenic system-> (><) 

beam scrubbing ( long beam operation to reduce electron clouds)  Many 
ideas are tried



UFOs

T. Baer CERN-THESIS-2013-233

A nice picture 
of some dust
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Some issues of machine and 
experiments  

Unidentified Falling Objects (UFO)  

microparticle falling to the beam, ionized -> beam 
dump and quench  

… ULO,  Earth faults …  

Experimental side: CMS magnet system (I think having 
two sound experiments are important )

UFOs - strategy
• No. of UFO events have been seen to exceed 10+/hour with notable increases 

after long shutdowns and or with a decrease in bunch spacing

BLM Dose in Arc,
Jan 2011-Dec 2012.

N
o.

 A
rc

 U
FO

s/
ho

ur

16/hr

• Beam loss monitor thresholds have been set judiciously 
• Essentially relying on conditioning
• Other variables: total beam intensity, beam size, defender bunches



Run 2
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• EYETS – Extended Year End Technical Stop – 19 weeks – CMS pixel upgrade
• Start LS2 at the end of 2018

Run 2 performance
• Start 2016 in production mode

– 6.5 TeV, machine scrubbed for 25 ns operation
– Beta* = 40 cm in ATLAS and CMS
– New injection protection absorbers
– Peak lumi limited to 1.7e34 by inner triplets
– Reasonable availability assumed – usual caveats apply –

really need to gain experience with 25 ns operation
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Peak lumi
E34 cm-2s-1

Days proton 
physics

Approx. int
lumi [fb-1]

2015 ~0.5 65 3
2016 1.2 160 30
2017 1.5 160 36
2018 1.5 160 36

2015 Lum is  
not as large  as we  

hoped 

Very intersting results already and will be reviewed tomorrow 

Longer break in 2017 



And beyond
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Splices 
fixed

Injectors
upgrade

New
Low-β*
quads

30 fb-1

3000 fb-1

300 fb-1

FG EPS 15



Overview 

New stage (factor 2 energy and factor 5  
luminosity) is ahead.   

Meantime, Theory have gone from 
fundamental theory to effective theory.   

3000fb-1 ahead? and 100TeV or ILC? 
Particle physics need to answer big 
question to justify its costs. 


