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•  CMS status & First results at 13TeV
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•  Prospective study for measuring Higgs CP using 
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What we learned from LHC run-1 ?  
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SM describes all 
observations very 
well

A fundamental scalar 
(aka Higgs boson)  
with mH = 125 GeV
that couples to mass 

No new physics 
(yet)

Direct search

-  the Higgs boson ?
-  First scalar of many ? 
-  Elementary or composite ?
-  Couples to Dark matter ?
-  etc…

Precise measurement of the  
Higgs properties 
(couplings, CP, exotic decays,…)



Run-2 might give us an answer 
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230 pb-1 (13TeV) = run-1 (20 fb-1, 8TeV) à Large benefit for NP search

8 fb-1 at 13TeV ~  
run-1 (20 fb-1, 8TeV)

σ(13TeV) / σ(8TeV)

System mass (GeV)



We are in run-2 (until 2018) 
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3 – 4 fb-1  

Lpeak = 1034 (1/cm2s)
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CMS detector 

Solenoid
Magnet Muon detector

γ

Neutral 
hadron

charged 
hadrone

µ

CMS : diameter 15m x length 22m
(ATLAS : diameter 25m x length 44m)

Strong B field (3.8T) + Total absorption type ECAL 
à Nice e/γ resolution (σmγγ/mγγ ~ 0.8%)
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Upgrade during long shutdown 

DAQ 
Trigger

4th muon  
station

New photo sensors for the 
Outermost HCAL

New beam pipe  
for 4th pixel layer

Commissioning crew of 
Hadron calorimeter
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L. Malgeri - LP2015 - CMS Run2 Results 12

Detector status

Several recovery campaigns have re-established an almost 
perfect status.
➡Please note that the scale starts at 90%!

96 – 100% eff.

1092 pb-1 (~35% with B = 0T)

13 TeV
(50 + 25ns run)

•  Magnet has been operated 
intermittently due to problems in 
cryogenic system (clogging effects 
of contaminants in compressor)

•  Magnet can be operated but 
continuous up-time is still limited

•  A strategy for complete component 
replacement or cleaning during the 
end of the year shutdown



Selected physics results @ 13TeV 
http://cms-results.web.cern.ch/cms-results/public-results/
preliminary-results/   (preliminary results)
http://cms-results.web.cern.ch/cms-results/public-results/
publications/   (publications)
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•  Charged hadron multiplicity v.s η (FSQ-15-001)
•  Di-jet bump search (EXO-15-001)
•  Ttbar cross-section

–  Di-lepton (TOP-15-003)
–  Semi-lepton (TOP-15-005)
–  Differential (TOP-15-010)

•  Single-top (TOP-15-004)
•  Ridge analysis (FSQ-15-002)
•  W, Z inclusive cross-section (SMP-15-004)
•  W’, Z’ search (DP-2015-037, DP-2015-039)

Soft-QCD
Hard-QCD
EWK

High mass  
EWK



Charged Hadron multiplicity v.s η 
•  First publication from LHC after 1.5h of data-taking
•  0.5% pp interaction per bunch crossing (clean), B = 0T
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dN/dη: first publication!
The dNch/dη was measured in CMS in a special early run @13 TeV taken on 
June 7th (~1h30’):

• 11.5M events with no magnetic field
• 0.2% - 5% PU (separated beam)
• Nch defined as: 

• all charged particles with |η|<2
• decay products with cτ<1cm included
• secondary interactions excluded as well as prompt leptons

Two main analyses with 
several cross check:

• tracklet-based
• track based

Counting experiment 
using pixel detector
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dNch/dη(|η| < 0.5) = 5.49 ± 0.01 (stat) ± 0.17 (sys) 
Track 
(Straight line)

Tracklet  
(pair of hits)

Relevant to tune theory / MC predictions at 13 TeV

11 arXiv:1507.05915

Relevant to the relative weight  
of soft / hard scattering



Resonance mass (GeV)
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Search for di-jet resonance 
12 

q, g

q, g

q, g

q, g

X

Run-1
8 TeV

σ(13TeV) / σ(8TeV)

CMS PAS EXO-15-001

•  One of the most beneficial 
analysis by jumping 8 à 13 TeV 

•  Quite simply analysis, hence 
suitable for an early analysis 

CMS EXO-12-059

Classical bump search

230 pb-1 (13TeV) ~ run-1



Search for di-jet resonance 
2 jets (pT > 60 and 30 GeV) and |Δηjj| < 1.3 (to kill t-channel prod.)

Background fitted by 

q* (4.5 TeV) à qg

For Mjj > 3.5 TeV, 
•  4 events obs.  

(4.6 Bkg. exp, 0.8 sig. exp)

Di-jet resonance search 

22August 31    2015                                         Paolo SPAGNOLO - INFN Pisa                                                     LHCP 2015                                                                                                             

• Above 3.5 TeV 
- ~5 background events are expected 

(from fit to data) and 
- ~1 events of signal from the 

considered q* model (4.5 TeV). 
-  4 events are observed in data.

• With the current integrated 
luminosity we expect to exceed the 
sensitivity of the 8 TeV Run1 analyses 
only for narrow resonances with 
masses greater than about 5 TeV.

Dijet Mass Spectrum and Fit

z Dijet mass in predefined bins with 
resolution width
Î Compared to QCD MC & fit

z Data is fit with a 3 parameter 
function inspired by QCD:

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗

= 𝑝𝑝0
(1− 𝑥𝑥)𝑝𝑝1
𝑥𝑥𝑝𝑝2 , 𝑥𝑥 = 𝑑𝑑𝑗𝑗𝑗𝑗

√𝑠𝑠

z Data well described by fit
Î χ2 /ndf = 25/34 (with empty bins)
Î χ2/ndf = 24/27 (without empty bins)

z Residuals are all less than 2σ

Robert Harris, Fermilab 19

PAS

3.3 Dijet mass spectrum 3

Figure 1: Dijet mass spectrum from wide jets (points) compared to a smooth fit (solid) and to
predictions [31] including detector simulation of QCD (dashed) and an excited quark signal
(histogram). The QCD prediction has been normalized to the data. The uncertainty bars are
statistical only. The bin-by-bin fit residuals, (data-fit)/sdata, are shown at the bottom.

CMS PAS EXO-15-001

DRAFT
CMS Physics Analysis Summary
The content of this note is intended for CMS internal use and distribution only

2015/08/26
Head Id: 301484
Archive Id: 301485P
Archive Date: 2015/08/26
Archive Tag: trunk

Search for narrow resonances using the dijet mass spectrum
with 42 pb�1 of pp collisions at

p
s = 13 TeV

The CMS Collaboration

Abstract

A search for narrow dijet resonances in proton-proton (pp) collisions at
p

s = 13 TeV
is presented. The dijet mass distribution of the two leading jets is measured with
the CMS detector. The data used correspond to an integrated luminosity of 42 pb�1

from Run 2 of the LHC. The pseudorapidity separation of the two jets is required to
satisfy |Dhjj| < 1.3 with each jet inside the region |h| < 2.5. The highest observed
dijet mass is 5.4 TeV. The spectrum is well described by a smooth parameterization
and no significant evidence for new particle production is observed. Upper limits at
the 95% confidence level are set on the resonance cross section. By comparing these
generic limits with theoretical predictions for the cross section of several models of
new particles, lower limits are set on the mass of string resonances, excited quarks,
axigluons, colorons, scalar diquarks and color octet scalars. For resonance masses
greater than 5 TeV this search is expected to be more sensitive than those in Run 1 of
the LHC at

p
s = 8 TeV. A lower mass limit of 5.1 TeV is set for string resonances

which extends previous exclusions from Run 1.

13 CMS PAS EXO-15-001

37 pb-1
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•  Opposite-sign e + muon  
with pT > 20 GeV

•  ≥ 2 jets with pT > 30 GeV

σtt (eµ) = 722 ± 60 (stat) ± 62 (sys) ± 93 (lum) pb
σtt (l+j) = 836 ± 27 (stat) ± 84 (sys) ± 100 (lum) pb

cf) σtt
NNLO = 832+40
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14 CMS-PAS-TOP-15-003, TOP-15-005



W’, Z’ : early look at 13TeV 
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W’ à µν
1 muon (> 55 GeV), 
Δφ (µ, ν) > 2.5 rad

P. Sphicas
Experimental Summary

Wc, Zc: Early look at 13 TeV

Aug 31-Sep 5, 2015
LHCP2015 54 27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity
And just as people were packing to come to St. Petersburg…

Z’ à µµ

2 muons (pT > 48 GeV)
Opposite-sign

2 muons (> 48 GeV)
Opposite-sign

Z’ à ee

Electrons are not affected  
by miss-alignment

Early alignment data used
42 pb-1

2.9 TeV

DP-2015-037

2 electrons  
(ET > 35 GeV) Exp. Bkg (M > 2 TeV) ~ 0.007



Spectacular ee event 
16 

Energy balanced (resonance-like)

Back-to-back

•  Run-1 upper limit : σ = 4.4 fb @ 13TeV
•  If this is signal, 1event @ 42pb-1 à σ = 24 fb  

(we are just lucky ?)

Negative Colins-Soper angle (DY bkg peaks towards positive)

DP-2015-039
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Tau ID plays an important role 
18 
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High tau ID eff. up to high pT (for heavy Higgs analysis) is needed

•  Tau ID efficiency : 50 – 60% @ 1% fake rate 
•  Tau energy scale : 0.95 – 1 

Run-1

Large background due to jet à tau fake



∆κ

κ
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τ− → π−π0π0ν (11%) (40)
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τh identification @ CMS run-1 

3. To separate real taus from QCD jets, require the energy deposit 
    in isolation annulus < 2 GeV
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1. Reconstruct π0 from observed γ, e± 
within a fixed-size window (strip)

2. Calculate m(π- + strip), 
See compatibility with tau



Limitation of run-1 τh ID 
•  e+/e- sometimes goes outside strip 
•  This will produce energy deposit in 

the isolation annulus, causing 
isolation cuts (< 2GeV) to fail 

•  The effect is more pronounced at 
higher tau pT, as the decay product 
becomes higher pT 

γπ- 

Isolation  
annulus

e+ 

e- 

∆κ

κ
<∼ 5%/Λ2 (Λ in TeV) (32)

1

Γ

dΓ(h → π+π− + 2ν)

d∆φ
(33)

gg : 1.514+0.551
−0.476 (34)

ZZ : 1.549+0.953
−0.661 (35)

WW : 0.623+0.593
−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)

τ− → π−π+π−ν (10%) (41)

(42)
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Z à ττ
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Δφ (tau, e)

Better τh Identification for run-2 
The extent by which e+/e- goes outside strip depends on pT(e) 
à low pT electron can easily go outside strip
à Dynamically change the strip size as a function of pT(e)

Δη (tau, e)

Dynamic size

size determined 
by the simulation

γπ- 

e+ 

e- 

Run-1
(fixed)

Dynamic strip

Run-1 size

Dynamic size

21 



Performance improvement 

•  Efficiency improved
•  Efficiency drop recovered
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With a re-optimization of the new algorithm …

~ 30% reduction of the fake rate  
at the same efficiency point
(and high efficiency at high tau pT)

Run-1

∆κ

κ
<∼ 5%/Λ2 (Λ in TeV) (32)

1

Γ

dΓ(h → π+π− + 2ν)

d∆φ
(33)

gg : 1.514+0.551
−0.476 (34)

ZZ : 1.549+0.953
−0.661 (35)

WW : 0.623+0.593
−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)

τ− → π−π+π−ν (10%) (41)

(42)
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•  Proposal
•  Pioneered all the 

development
•  adopted as the default 

algorithm for CMS run-2
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Why Higgs CP is interesting ? 
•  SM : One Higgs, CP eigenstate; CP even
•  BSM models

–  MSSM : 3 Higgs, CP eigenstate; even (h0, H0) and odd (A)
•  More generally

–  Observed Higgs does not necessarily to be CP eigenstate
   à Mixed state of CP even and odd

25 

Measuring the CP property (mixing angle) = probe for NP

SM : α = 0
CP odd : α = π/2
Max. mixing : α = π/4

f =
denominator + Iso. < X

pT > 20 GeV, |η| < 2.3, decay mode finding, pdg Id ̸= [11, 13, 15, 22]
(77)

|H⟩ = cosα|even⟩+ sinα|odd⟩ (78)

α : CP mixing angle



What do we know about CP ? 
•  Higgs decays are used

–  H à γγ : C = +1
–  Kinematic distributions in bosonic decay to test JP

26 

H à ZZ à 4l

0+

0-

Shape analysis Hypothesis
test

SM favors (JP = 0+)

Specific JP (in x-axis)
C = +1, P = +1  
à Higgs is CP even (?)



This is not the end of the story 
27 

CP odd
Z

Z

CP even
Z

Z
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(42)
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v
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1

Λ
AVµν Ṽ
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Final Data distribution looks like “CP even”  
à Hypothesis test always prefers CP even (shape analysis !)

If Λ is large (seems to be),  
contribution of this term to the final  
distribution ~ 0 (irrespective of α)

We can constrain α by the signal rate (µ-value) ∝ f(α, Λ)  
à We have to assume Λ (model dependent)

L = 



On the other hand – fermionic coupling 
28 
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•  Both CP even and odd can decay into ff in tree level  
(no suppression)
–  Both CP even and odd can contribute to the final distribution equally

•  Hypothesis test can evaluate CP without any assumption 
about NP (model independent)

Conclusion: Higgs CP can be better studied using fermionic coupling

- 

L = 



q

q

q

q

H

2 methods using fermionic coupling 
29 

•  Studied in the context of ILC
•  Use H à ττ and look at Δφ  

e.g. between tau decay planes  
(difficult, especially at high PU)

Tau polarization method

τ-

ντ

π+

τ+
π-

ντ

- Δφ

Gluon fusion + 2 jets method (I want to do this)

Look at Δφ 
between 2jets

CP odd 
CP even
Maximum mix

VBF doesn’t show this (flat)  
(|M|2 does not depend on α)

•  A priori easier than 
polarization method

•  Irrespective of Higgs 
decay (combinable)

•  Not much studied yet

Gen-level

H
τ

τ



Gluon fusion + 2 jets includes 
“not-interesting” events 
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Inclusive ΔRjj > 0.6
mjj > 200 GeV

Exhibit
modulation

Doesn’t  
bring
CP info.
(gluon split)

•  More VBF-like 
selection (ΔRjj, mjj), 
we get less  
gluon-fusion

à Need optimization 

CP odd    CP even



Feasibility study using H à ττ

•  Same event selection used for H à ττ analysis in run-1
•  ≥ 2 jets à calculate Δφ(jj) using leading, sub-leading jet
•  Apply VBF like selection to reject not-interesting events

–  ΔR(jj) > 0.6, mjj > 200 GeV
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decay Obs. µ-value (run-1) @ 2 jets

H à γγ 1.514 +0.551
-0.476

H à WW 0.623 +0.593
-0.479

H à ττ 0.948 +0.431
-0.379 

H à ZZ 1.549 +0.953
-0.661 

ττ : high S/B in 2 jets phase space
q

q

q

q

τ

τ

H



Sensitivity check using run-1 data 

Exclude pure CP odd at 2σ
(encouraging !)
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Z à ττ
ttbar
EWK (W)

SM Higgs (ggH + VBF) 
x 20

VBF

20 fb-1  
8TeV

N
or

m
al

iz
ed

5 Higgs signal : 
(75% VBF, 25% ggH) 
Data : blinded

for emphasizing the CP-dependent ! cosð2ΔϕjjÞ terms in
the gluon fusion channel can be seen in Fig. 3. A much
more inclusive set of selection cuts results in a signal
distribution for Δϕjj that is still sensitive to CP effects but
at a substantially reduced level.

IV. ESTIMATED LIMITS ON CP PROPERTIES

We now discuss our results. In Fig. 4 we show the
significances that can be achieved using the 20 fb−1 of data
from the 8 TeV run and projected limits for 50 fb−1 of data
at 14 TeV, corresponding to around two years of running.
Those results from the analyses marked with “loose” were
performed using the loose analysis cuts from Table II, while
those marked “tight”were performed with the tight analysis

cuts from the same table, which forms a subset of the loose
category.
The dashed curves show the estimated significance of the

total signal over the Standard Model backgrounds. The
dark yellow dashed curve shows the results obtained doing
a standard WBF-style analysis with loose cuts, achieving a
significance of barely 2σ over the background. The purple
dashed curve shows our best approximation to the current
CMS analysis [46] with tighter cuts, while the upper three
dashed curves either utilize the 18 variables described
above (blue dashed) or use a simultaneous fit to both the
ditau invariant mass mττ and the discriminating variable
sin ðjΔϕjjj=2Þ (green and maroon dashed, with loose and
tight cuts, respectively).
The solid curves show the exclusion significance com-

puted using the CLs method [72] relative to the α ¼ 0 case.
The maroon curve again shows the results using the loose
event selection and ditau invariant mass and sin ðjΔϕjj=2jÞ,
while the blue and green curves utilize the tight selection
and (in the green case) the BDT. We observe from the left-
hand figure that with our best analysis a pureCP-odd Higgs
corresponding to α ¼ π=2 is already nearly ruled out at
95% C.L. With 20 fb−1 of luminosity at 14 TeV this should
improve to α ≤ 0.9, while with 50 fb−1 of luminosity it
should improve further to α ≤ 0.7.
To further elucidate how the constraints on CP mixing

will improve, in the left-hand plot of Fig. 5 we show the
expected exclusion limit on the mixing angle α as a
function of the integrated luminosity at 14 TeV. This shows
that the limit should improve to α ≤ 0.3 with 500 fb−1. In
the right-hand plot we increase the theoretical uncertainty
from 10% to 25%, in case theoretical advances do no keep
up with experimental ones. We find that the two curves are
within errors of each other, since the 25% uncertainty on
the theory prediction only starts to affect things at 4σ level.
As can be seen from the figure precision measurements of
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FIG. 4 (color online). Expected limits that can be achieved with our analysis using the 20 fb−1 8 TeV data set (left) and using a 50 fb−1

data set at 14 TeV (right). The dashed curves show the estimated significance of the total signal over the Standard Model backgrounds,
and the solid curves show the exclusion significance computed using the CLs method relative to the α ¼ 0 case. See the text for details.

!3 !2 !1 0 1 2 3
"Φjj

1 Σ
dΣ d"
Φ

jj

WBF
GF !Α & Π"2#GF !Α & 0#

0.00

0.02

0.04

0.06

0.08

0.10

FIG. 3 (color online). Signal distributions for Δϕjj with
inclusive (non-WBF-like) cuts at

ffiffiffi
s

p
¼ 8 TeV: pTj > 30 GeV,

ΔRjj > 0.4. In particular there are no cuts on mjj or pT;H. These
are generator-level distributions, with each channel separately
normalized by its cross section, and the whole plot is normalized
to 1=π. Note that by assumption the shape of the WBF
distribution does not vary with α.
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Hypothesis test of data with 
SM (α=0) v.s various α

PRD 90, 073008  
(2014) 
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Summary 
•  CMS is in full swing

–  Highly operative after upgrade (both h/w and s/w) during 
long shutdown period

–  Cryogenics issue is still there but believed to be solved 
soon

–  Preliminary physics results seem encouraging
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•  Higgs CP property can be a nice probe for NP
–  Fermionic coupling will allow model-independent 

measurement of the Higgs CP property
–  Feasibility study using run-1 data with ττ final state 

suggests that run-2 data will provide interesting results

•  New tau identification is developed and will improve 
physics performance with tau in run-2



Thank you for your attention 

34 



Spare slide 
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Projection studies 
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The$“Hadron$+$Strips”$Algorithm 

single$
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Hadron$+$Strip$ Three$Hadrons$

τD$$πD$π0$ν$τD$$πD$ν$
τD$$πD$π0$π0$ν$

τD$$πD$π+$πD$ν$

Individual$hadronic$tau$decay$modes$reconstructed$using$$
charged$hadrons$+$photons$reconstructed$by$ParJcle$Flow$[1]$as$input:$

The$photons$are$reconstructed$in$strips$of$size$0.05$x$0.20$(in$η$x$φ).$
The$size$of$the$strips$is$enlarged$in$φ$direcJon$in$order$to$include$electrons/$
photons$from$photon$conversion/Bremsstrahlung$processes$into$the$strips.$
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Figure 2. Observed and predicted distributions for the visible τh mass, mτh
vis, in the µτh channel

after the baseline selection described in section 4. The yields predicted for the Z → ττ , Z → µµ,
electroweak, tt, and QCD multijet background contributions correspond to the result of the final
fit presented in section 9. The Z → ττ contribution is then split according to the decay mode
reconstructed by the hadron-plus-strips algorithm as shown in the legend. The mass distribution of
the τh built from one charged hadron and photons peaks near the mass of the intermediate ρ(770)
resonance; the mass distribution of the τh built from three charged hadrons peaks around the mass
of the intermediate a1(1260) resonance. The τh built from one charged hadron and no photons
are reconstructed with the π± mass, assigned to all charged hadrons by the PF algorithm, and
constitute the main contribution to the third bin of this histogram. The first two bins correspond
to τ± leptons decaying into e±νν and µ±νν, respectively, and for which the electron or muon is
misidentified as a τh. The electroweak background contribution is dominated byW+jets production.
In most selected W + jets, tt, and QCD multijet events, a jet is misidentified as a τh. The “bkg.
uncertainty” band represents the combined statistical and systematic uncertainty in the background
yield in each bin. The expected contribution from the SM Higgs signal is negligible.

from powheg is reweighted to the spectrum obtained from a next-to-next-to-leading-order

(NNLO) calculation using hres [46]. The reweighting increases by about 3% the fraction

of gluon-gluon fusion signal events with a Higgs boson mass of 125GeV and pT > 100GeV.

The various production cross sections and branching fractions for SM processes and their

corresponding uncertainties are taken from references [47–73].

The presence of pileup interactions is incorporated by simulating additional proton-

proton collisions with pythia. All generated events are processed through a detailed

simulation of the CMS detector based on Geant4 [74] and are reconstructed with the same

– 6 –

Hadronic tau (τh) reconstruction 
based on charged hadron + γ

Make full use of substructures inside jets to reconstruct τh

Photon cluster 
(2 photons from π0 à γγ)

∆κ

κ
<∼ 5%/Λ2 (Λ in TeV) (32)
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dΓ(h → π+π− + 2ν)

d∆φ
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−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)

τ− → π−π+π−ν (10%) (41)

(42)
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Ttbar differential cross-section 
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à Need more data
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•  Opposite-sign di-lepton
•  pT > 20, 10 GeV
•  |η| < 2.4

13 TeV
40/pb

Z à µµγ

•  µ pT > 20, 10 GeV
•  γ pT > 10 GeV

Z à τlepτhad
•  µ pT > 18 GeV or 

e pT > 20 GeV
•  τ pT > 20 GeV

Z à µµ / ee

Particle Identification @ 13TeV 
•  Use standard candles (W, Z)

More to be done; Scale factor (data/MC), energy scale, resolution, etc… 
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PU mitigation (50ns à 25ns) 

ECAL cluster offset
50 ns data

25 ns data

Run1 reco.
R

un
2 

re
co

.

Missing ET

pile-up invariant
Improve ID eff. 
at the same fake rate

Large tails of run1
Reco. removed

25ns data

Run1

Run2
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Tau polarization method 
•  Use H à ττ and look for Δφ between tau decay planes  

at the Higgs rest frame

42 

Tau plane is reconstructed by impact 
parameter vector and π± momentum

τ-

ντ

π+

τ+
π-

ντ

- Δφ

472 S. Berge, W. Bernreuther / Physics Letters B 671 (2009) 470–476

(a) (b)

Fig. 2. (a) The distribution of (8) in the ππ ZMF for a scalar and pseudoscalar Higgs boson without detector cuts. (b) Dependence of the ϕ∗ distribution on the Higgs-boson
mass if detector cuts are applied.

production vertex PV , which is practically equal to the Higgs boson
production vertex. This vertex is obtained from the visible tracks of
the charged particles/jets produced in association with the Higgs
boson φ [25]. The τ+ → π+ decay plane in the laboratory frame
is obtained in analogous fashion. One can now determine the im-
pact parameter vectors n∓ in the laboratory frame by projecting
perpendicularly onto the π∓ directions from PV – see Fig. 1. The
pion momenta and the impact parameter vectors fix the normal
vectors of these two decay planes. The distribution of the angle
between these normal vectors or, alternatively, the distribution of
the angle ϕlab between the vectors n− and n+ shows already some
sensitivity for discriminating between a scalar and a pseudoscalar
boson – see the next section.

(2) A much higher sensitivity can be achieved by determining
the analogous correlations in the π−π+ ZMF. One can reconstruct
this frame by a Lorentz boost from the laboratory frame with the
measured pion 4-momenta pµ

∓ = (E∓,p∓). The resulting π∓ en-
ergies and momenta are E∗

∓,p∗
∓ with p∗

+ = −p∗
− . (All quantities in

this frame will be denoted by an asterisk.) However, the true decay
planes in this frame cannot be reconstructed, because the true im-
pact parameter vectors in this frame cannot be obtained from the
measured laboratory-frame 3-vectors n∓ . Instead we proceed as
follows. Denoting the normalized impact parameter vectors in the
laboratory frame by n̂∓ , we define the two space-like laboratory-
frame 4-vectors nµ

∓ = (0, n̂∓). These vectors are boosted to the
π−π+ ZMF, and we obtain n∗µ

∓ = (n∗
0∓,n∗

∓). Next we decompose
the spatial parts n∗

∓ into components parallel and perpendicular to
the respective pion momentum p∗

∓:

n∗
∓ = r∓

⊥n̂∗∓
⊥ + r∓

∥ n̂∗∓
∥ , (7)

where r∓
⊥, r∓

∥ are constants. In this way we obtain the unit vectors
n̂∗∓

⊥ , which are orthogonal to p∗
∓ , respectively, for each event in a

unique fashion. The angle, which takes the role of the true angle
between the unsigned normal vectors of the decay planes, Eq. (6),
is defined by

ϕ∗ = arccos
(
n̂∗+

⊥ · n̂∗−
⊥

)
, (8)

where 0 ! ϕ∗ < π . In addition, the CP-odd and T -odd triple cor-
relation O∗

CP = p̂∗
− · (n̂∗+

⊥ × n̂∗−
⊥ ) turns out to be an appropriate

tool for distinguishing between CP invariance and CP violation in
Higgs-boson decay. Here p̂∗

− denotes the normalized π− momen-
tum. As −1 ! O∗

CP ! 1, it is convenient to consider, alternatively,
the distribution of the angle

ψ∗
CP = arccos

(
p̂∗

− ·
(
n̂∗+

⊥ × n̂∗−
⊥

))
. (9)

We shall show in the next section that (8) and (9) are sensitive
and robust observables for determining the CP nature of a neutral
Higgs boson.

3. Results

As already emphasized above, the observables (8) and (9) can
be applied to the τ -decay channel of any Higgs-boson produc-
tion process. The reason is that the normalized distributions of
these variables do not depend on the Higgs-boson momentum
if no detector cuts are applied. Furthermore we shall show for
φ → τ−τ+ → π−π+ that detector cuts have only a small effect
on these distributions for Higgs masses larger than 200 GeV. Thus,
our results will not change significantly if one considers a different
Higgs production mode or if initial-state higher-order QCD correc-
tions are taken into account. Therefore, we have computed in this
analysis all distributions for the LHC reaction (2) with a Higgs
boson production process at leading order. Specifically we have
used gg → φ and bb̄ → φ. For non-standard Higgs bosons φ and
large tan β , the latter production mode, respectively gg → bb̄φ, is
considered to be the most promising one in the search for the
φ → τ τ̄ decay channel at the LHC [26,27].

Fig. 2(a) shows the distribution of the angle (8) for a scalar
(φ = H) and a pseudoscalar (φ = A) Higgs boson, which is deter-
mined according to the procedure described above, in the absence
of detector cuts. We checked for Higgs-boson masses 120 GeV !
mφ ! 500 GeV that this distribution is practically independent
of mφ . Moreover, this distribution is practically identical to the dis-
tribution of the true decay-plane angle σ−1 dσ /dϕ∗

true = (π)−1(1∓
(π2/16) cosϕ∗

true) in the ππ ZMF (see (6)), which could be de-
termined if the τ∓ four-momenta in the laboratory frame were
known.

Next we apply cuts on the π∓ pseudo-rapidities, |η| ! 2.5, and

on their transverse momenta, pT =
√

p2
x + p2

y " 20 GeV, and re-
compute this distribution for various Higgs-boson masses. Fig. 2(b)
shows that it depends only very weakly on mφ , both for φ = H
and φ = A.

In Figs. 3(a), (b) we have plotted, both for φ = H and φ = A, the
dependence of the ϕ∗-distribution on the cut on the π∓ transverse
momenta and on η, respectively, for mφ = 200 GeV. While there is
a relatively weak dependence on pmin

T , the dependence on ηmax

•  Difficult to reconstruct Higgs rest frame
•  Only specific tau decay (τ± à π±ν, τ± à π±π0ν) is sensitive

PLB 671 (2009) 470–476

CP odd
CP even

Large data (at least 300 fb-1) is needed to address the question
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The leading-order contribution to the interactions of the
Higgs with the massive vector bosons is given by

LhVV ⊃ cos α
2m2

W

v
hWμWμ þ cos α

2m2
Z

v
hZμZμ: ð3Þ

We neglect higher-order terms, which are loop suppressed
by OðαEWÞ relative to this, although see Ref. [22] for a
discussion of how large these terms can become in some
BSM models. Note that, while the SM matter fields also
induce dimension-5 operators that lead to the decay
h → γγ, they do not play a role in this article.

III. METHOD

A. Event generation

We generate signal events at leading order using
VBFNLO 2.6.3 [23,53–56] including both the vector boson
fusion and gluon fusion production mechanisms, before
showering the resulting Les Houches event [57] files using
PYTHIA 6 [58] with the Z2 tune [59]. Events are generated
at

ffiffiffi
s

p
¼ 8 and

ffiffiffi
s

p
¼ 14 TeV with the cteq6ll PDF set [60].

The mixing angle ranges from α ¼ 0 to α ¼ 1.5 in steps of
Δα ¼ 0.3 for mH ¼ 126 GeV. For each value of α and for
each initial state Oð1M − 4MÞ, events are generated. Atffiffiffi
s

p
¼ 8 TeV generator level cuts are jηðHÞj < 2.5,

jηðjÞj < 5.0 for the two required jets, pTj > 20 GeV,
ΔRjj > 0.6, mjj > 200 GeV, and pT;H > 70 GeV. Atffiffiffi
s

p
¼ 14 TeV the cuts are identical, except the mjj cut

is instead raised to mjj > 400 GeV. No cuts are made on
Δηjj;min or ηj1 × ηj2 at the generator level. For the gluon
fusion process, the full top mass dependence is retained in
the loop, while the bottom quark contribution is neglected.
In the Higgs decay to ττ the Higgs is treated as a CP-even
scalar, since in this study τ polarization plays no role. This
prescription also effects τ kinematics, but only at a
negligible level suppressed by Oðmτ=pTÞ.
As demonstrated in the experimental papers [46,61] the

dominant backgrounds for hþ 2j production followed by
h → ττ are Zjj, Wþ jets, and to a lesser extent tt̄. We
generate events for these processes at 8 and 14 TeV using
SHERPA 2.0.0 [62] with a similar series of selection cuts
(jηðτÞj < 2.5, pTj > 20 GeV and ΔRjj > 0.6) to those

described for the signal above. We consider the electroweak
and QCD production of Zjj separately. We do not take into
account backgrounds arising from h → WW production,
which only lead to small changes in the eμ channel in our
study. We do not generate any QCD multijet backgrounds,
which are important for jets faking taus when both taus
decay hadronically (see below).
The gluon fusion signal is computed at next-to-leading

order (NLO) with differential distributions, which is the
state of the art. TheWBF signal is only computed at leading
order, but as we have checked explicitly using VBFNLO
high-order corrections are small, as is well known (see, e.g.,
Ref. [17]). Finally, all backgrounds are computed at leading
order (LO) with parton shower/matrix element merging and
corrected with global NLO K factors.
We show in Table I the cross sections at parton level for

the signal as a function of the mixing angle α for both the
gluon fusion and vector boson fusion channels at 8 (left)
and 14 TeV (right). We observe that the WBF contribution
decreases with increasing mixing angle α as expected,
while the contribution from the gluon fusion component
increases.

B. Simulation details

We select four different final states with which to
perform our analysis, classified by the τ decay channel.
There is the fully hadronic di-τh case and the semileptonic
and leptonic cases eτh, μτh, and eμ. The initial selection
cuts we apply to these final states are shown in Table II. The
selection is intended to closely mimic both the CMS and
ATLAS di-τ analysis. The one missing background from
the simulation is the QCD multijet background where a jet
imitates a lepton or fake τh. This background is particularly
important in the di-τh final state. We assume that the QCD
contribution is flat and uniformly covers the full phase
space of the selected region. This is consistent with the
results of Ref. [46]. We set the normalization by consid-
ering the differential mjj cross section from QCD, extrapo-
lating this to the Z mass, and multiplying by the fake rate
for a jet to fake a tau at 50 GeV. Following the selection,
using the 8 TeV samples the yields are found to be
comparable to both existing CMS and ATLAS results at
the 10% level.

TABLE I. The gluon fusion and weak boson fusion signal cross sections at the generator level before event
selection and Higgs decay for 8 (left) and 14 TeV (right).

α
8 TeV GF cross
section (fb)

8 TeV WBF cross
section (fb)

14 TeV GF cross
section (fb)

14 TeV WBF cross
section (fb)

0.00 250 467 1141 1481
0.30 278 426 1268 1351
0.60 352 318 1606 1009
0.90 447 181 2038 572
1.20 529 61 2411 194

CONSTRAINING CP-VIOLATING HIGGS SECTORS AT … PHYSICAL REVIEW D 90, 073008 (2014)

073008-3
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Magnet cryogenics
• Cryo cold box instabilities since March

– Suspected oil contamination from compressor 
plant

• Many invasive campaigns of cleaning and 
replacement since Apr 1st

– Many thanks to TE and EN departments for 
exceptional effort

• Cold box opened on 1st Sep., restarted on 8th Sep 
[ramped to 3.8 T on 15th Sep]

– Insertion of additional 10 and 30 µm filters 

• augment filters which were clogging by 
much larger surface area filters used in the 
main LHC cryo plants.

– Work ongoing to clear remaining contamination

• Precautionary preparations for comprehensive 
cleaning campaign (YETS 2015-16 or sooner)

Tulika Bose 8
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Single top cross section 
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Run-1 Z’ limit 
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•  First of all, this could be DY Bkg. 
(bkg. uncertainty being checked)

•  We excluded a cross-section of 0.22fb  
at inv. mass 3TeV

•  translate into 4.4fb @ 13TeV
•  Cross-section of 1 events @ 65pb-1 is  

~24fb (but 4fb is within 1 sigma)

•  In the case of true NP, there are many 
possibilities not excluded by data

•  Not narrow resonance
•  Reflection of something at high 

mass
•  Spin2 particle …

•  Still, most natural explanation is 
relatively narrow Z’ resonance

•  1 event with several hundreds of pb-1  
(we are lucky if this is true)



ee event 
•  There are non-negligible uncertainties in the background 

at high-mass 
–  In particular, for the contribution of the gg à dilepton process. 

But even assuming a large contribution in relative terms with 
respect to DY, its contribution will be small in absolute term

•  Follow up on-going
–  Analyze 0T runs for di-electron channels
–  Analyze Di-muon channel (alignment matters)
–  Di-tau …

48 



Particle flow 
•  Attempt to reconstruct all stable particles in an event

–  Photons
–  Charged and neutral hadrons
–  Electrons
–  Muons

•  Information from sub-detectors is combined in best 
possible way, based on resolution

•  List of particles is returned, as if it came from a MC 
generator

•  Higher-level physics objects can be built from list of 
particles
–  Hadronic taus
–  (b-tagged) Jets
–  Missing transverse energy

49 



Collins-Soper angle 
•  CS frame = The rest frame of the lepton pairs
•  CS angle is manifestly covariant under rotation 

about the Z’-axis in the CS frame

50 
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Fig. 29 Map of the values of the likelihood ratio q(x,!m) for two near
mass-degenerate states parameterized by x (the fraction of signal in the
lower mass state) and!m (the mass difference between the states). The
black cross shows the best-fit value, and the lines correspond to the
1σ and 2σ uncertainty contours for the SM (single state) expectation
(upper plot) and the observation (lower plot)

variable x , is allowed to vary such that the two signals are
modulated by µx and µ(1 − x) respectively, where µ is
the total signal strength and x is the fraction of signal con-
tained in the state lower in mass. A two-dimensional scan
of !m and x is obtained, while allowing both mH′ and µ

to vary as free parameters in the fit. Figure 29 shows the
expected (upper plot) and observed (lower plot) negative-log-
likelihood ratio in the (x,!m) plane. Sensitivity is expected
in regions where !m is close to or greater than the exper-
imental mass resolution and where the two signal strengths
are similar. The black cross shows the best-fit value, and the
lines correspond to the 1σ and 2σ uncertainty contours for
the SM (i.e. a single state). It can be seen that a region of the
parameter space is disfavoured at more than 2σ : where the
ratio of the signal strengths is between 0.2 and 0.8 and the
mass difference is greater than values ranging between 2.5
and 4 GeV depending on the ratio of the signal strengths. The
somewhat asymmetrical shape of the excluded region and the
position of the best-fit value, are a reflection of the slightly

asymmetrical mass peak seen in Fig. 19, also reflected in the
figures showing the local p-value, and exclusion limit as a
function of mH.

11.6 Testing spin hypotheses

The Landau–Yang theorem forbids the direct decay of a spin-
1 particle into a pair of photons [98,99]. However, it is of
interest to compare the hypothesis of a spin-2 “graviton-
like” model with minimal couplings, 2+

m , [55], to that of
a spin-0 SM-Higgs-boson-like, 0+ , model. As the 2+

m is
just one of many possible realizations of the spin-2 tensor
structure, an attempt has been made to make the analysis as
model independent as possible. Tests have been performed
for hypotheses in which the 2+

m resonance is produced entirely
by gluon-fusion (gg), in which it is produced entirely by
quark-antiquark annihilation (qq), and for cases in which it is
produced by a mixture of the two processes. The cosine of the
scattering angle in the Collins–Soper frame, cos θ∗

CS [100], is
used to discriminate between the two hypotheses. The angle
is defined, in the diphoton rest frame, as that between the
collinear photons and the line that bisects the acute angle
between the colliding protons:

cos θ∗
CS = 2 × Eγ 2 pγ 1

z − Eγ 1 pγ 2
z

mγ γ

√
m2
γ γ + (pγ γT )2

, (4)

where Eγ 1 and Eγ 2 are the energies of the leading and sub-
leading photons, pγ 1

z and pγ 2
z are the z components of their

momenta, and mγ γ and pγ γT are the invariant mass and trans-
verse momentum of the diphoton system. In the rest frame of
a spin-0 boson the decay photons are isotropic, and so, before
the acceptance requirements, the distribution of cos θ∗

CS is uni-
formly flat under the 0+ hypothesis. In general this is not the
case for the decay of a spin-2 particle.

To increase the sensitivity, the events are categorized using
the same four diphoton event classes used in the cut-based
analysis, described in Sect. 10.1, but without the addition
classification based on pγ γT used there. Within each dipho-
ton class, the events are binned in |cos θ∗

CS| to discriminate
between the different spin hypotheses. The events are thus
split into 20 event classes, four (η, R9) diphoton classes with
five |cos θ∗

CS|bins each, for both the 7 and 8 TeV datasets,
giving a total of 40 event classes.

Although the acceptance times efficiency, A × ϵ, varies
considerably as a function of |cos θ∗

CS| , this variation is,
for gluon-fusion production, independent of the spin-parity
models tested. This is also true in the restricted ranges of
η and R9 defined by the diphoton classes, which allows the
extraction of the signal yield in bins of |cos θ∗

CS| in a reason-
ably model independent way. Figure 30 shows A × ϵ for
0+ (all SM production modes), 2+

m (gluon-fusion) and 2+
m (qq

123

Collins-Soper frame 

Θ and Φ are the decay polar 
and azimuthal angles of the µ+ 

in the dilepton rest-frame 

*
1 2

*( )h h x l l q qxγ γ+ −+ → + → + + →+

In case of Hàγγ
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Feasibility study 
•  Tag a Higgs boson + 2 jets

–  Use H à ττ final state

52 
decay obs. µ-value (run-1) 

@ 2 jets phase space

H à γγ 1.514 +0.551
-0.476

H à WW 0.623 +0.593
-0.479

H à ττ 0.948 +0.431
-0.379 

H à ZZ 1.549 +0.953
-0.661 

•  Reconstruct Δφ(jj) using leading and sub-leading jets
•  To enhance Δφ(jj) discrimination power, apply:

–  ΔR(jj) > 0.6, mjj > 200 GeV, Higgs pT > 70 GeV JHEP04(2007)052

g

g

t

q q

q q

H, A

g

t

q q

g g

H, A
t

g

g

H, A

g

g

Figure 1: Feynman graphs contributing to pp → Hjj.

in particular the production of top-quark pairs in association with additional jets, QCD

induced WWjj events and VBF processes, and we show in a parton level analysis that the

gluon fusion induced Higgs production can be isolated as a highly significant signal with

30 fb−1 of LHC data and with a signal to background ratio of about one to four.

The resulting signal is large enough to derive Higgs boson properties from distributions.

In this paper we focus on the CP properties of the Yukawa couplings to fermions, which

are given by

LY = yfHψ̄fψf + iỹfAψ̄fγ5ψf , (1.1)

where H and A denote (pseudo)scalar Higgs fields which couple to fermions f = t, b, τ etc.

Via these Yukawa couplings, quark loops induce effective couplings of the Higgs boson to

gluons. In our numerical analysis we consider couplings of SM strength, yf = ỹf = mf/v =

ySM. In this case the quark loops are dominated by the top quark, and the Higgs gluon

coupling can be described by the effective Lagrangian [7, 8]

Leff =
yt

ySM
t

·
αs

12πv
· H Ga

µν Ga µν +
ỹt

ySM
t

·
αs

16πv
· AGa

µν Ga
ρσεµνρσ , (1.2)

where Ga
µν denotes the gluon field strength. The effective Lagrangian approximation pro-

vides an excellent description of the full results for Hjj production, provided one considers

modest jet transverse momenta, pTj
<∼ mt, and Higgs boson masses well below the top quark

pair production threshold [9]. We employ the effective Lagrangian description throughout

this paper. From the effective Lagrangian emerge Hgg, Hggg and also Hgggg vertices,

which correspond to triangle, box and pentagon top quark loops as in figure 1.

The structure of the left diagram in figure 1 is very similar to the process of Higgs

production in vector boson fusion [4]. In ref. [11] it was shown that the distribution of

the azimuthal angle between the two jets in Hjj events can be used to determine the

tensor structure of the HV V coupling (V = W± , Z). The same method can be applied to

Higgs+2 jet production in gluon fusion. Here, the azimuthal angle distribution is sensitive

to the tensor structure of the effective Hgg coupling, which is determined by the CP-

structure of the top Yukawa coupling. More precisely, neglecting terms which vanish upon

contraction with the conserved quark currents, the tensor structure of the Hgg vertex

which emerges from eq. (1.2) is given by

T µν = a2 (q1 · q2 gµν − qν
1qµ

2 ) + a3 εµνρσq1ρq2σ , (1.3)

– 2 –

τ

τ
Considered final states:
τµτh, τeτh, τeτµ, τhτh
(use similar selection as run-1)

All fermionic coupling



Gluon fusion + 2 jets includes 
“not-interesting” events 
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Inclusive ΔRjj > 0.6
mjj > 200 GeV

Higgs pT > 70 GeV

Exhibit
modulation

Doesn’t  
bring
CP info.
(gluon split)

VBF-like selection helps separating “interesting” events. But, 
more VBF-like selection, less gluon-fusion à Need optimization 

CP odd    CP even



Sensitivity check using run-1 data 

•  Likelihood fit of Δφ with signal & bkg. template
–  Signal template with several mixing angle (0 – π/2)

Z à ττ
ttbar
EWK (W)

ggH + VBF (x20) 
VBF only

N
or

m
al

iz
ed

ggH + VBF (x20)

~5 Higgs signal (25% from ggH)

CP even Higgs CP odd Higgs

~100% ggH
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Expected sensitivity 
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for emphasizing the CP-dependent ! cosð2ΔϕjjÞ terms in
the gluon fusion channel can be seen in Fig. 3. A much
more inclusive set of selection cuts results in a signal
distribution for Δϕjj that is still sensitive to CP effects but
at a substantially reduced level.

IV. ESTIMATED LIMITS ON CP PROPERTIES

We now discuss our results. In Fig. 4 we show the
significances that can be achieved using the 20 fb−1 of data
from the 8 TeV run and projected limits for 50 fb−1 of data
at 14 TeV, corresponding to around two years of running.
Those results from the analyses marked with “loose” were
performed using the loose analysis cuts from Table II, while
those marked “tight”were performed with the tight analysis

cuts from the same table, which forms a subset of the loose
category.
The dashed curves show the estimated significance of the

total signal over the Standard Model backgrounds. The
dark yellow dashed curve shows the results obtained doing
a standard WBF-style analysis with loose cuts, achieving a
significance of barely 2σ over the background. The purple
dashed curve shows our best approximation to the current
CMS analysis [46] with tighter cuts, while the upper three
dashed curves either utilize the 18 variables described
above (blue dashed) or use a simultaneous fit to both the
ditau invariant mass mττ and the discriminating variable
sin ðjΔϕjjj=2Þ (green and maroon dashed, with loose and
tight cuts, respectively).
The solid curves show the exclusion significance com-

puted using the CLs method [72] relative to the α ¼ 0 case.
The maroon curve again shows the results using the loose
event selection and ditau invariant mass and sin ðjΔϕjj=2jÞ,
while the blue and green curves utilize the tight selection
and (in the green case) the BDT. We observe from the left-
hand figure that with our best analysis a pureCP-odd Higgs
corresponding to α ¼ π=2 is already nearly ruled out at
95% C.L. With 20 fb−1 of luminosity at 14 TeV this should
improve to α ≤ 0.9, while with 50 fb−1 of luminosity it
should improve further to α ≤ 0.7.
To further elucidate how the constraints on CP mixing

will improve, in the left-hand plot of Fig. 5 we show the
expected exclusion limit on the mixing angle α as a
function of the integrated luminosity at 14 TeV. This shows
that the limit should improve to α ≤ 0.3 with 500 fb−1. In
the right-hand plot we increase the theoretical uncertainty
from 10% to 25%, in case theoretical advances do no keep
up with experimental ones. We find that the two curves are
within errors of each other, since the 25% uncertainty on
the theory prediction only starts to affect things at 4σ level.
As can be seen from the figure precision measurements of
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FIG. 4 (color online). Expected limits that can be achieved with our analysis using the 20 fb−1 8 TeV data set (left) and using a 50 fb−1

data set at 14 TeV (right). The dashed curves show the estimated significance of the total signal over the Standard Model backgrounds,
and the solid curves show the exclusion significance computed using the CLs method relative to the α ¼ 0 case. See the text for details.
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FIG. 3 (color online). Signal distributions for Δϕjj with
inclusive (non-WBF-like) cuts at

ffiffiffi
s

p
¼ 8 TeV: pTj > 30 GeV,

ΔRjj > 0.4. In particular there are no cuts on mjj or pT;H. These
are generator-level distributions, with each channel separately
normalized by its cross section, and the whole plot is normalized
to 1=π. Note that by assumption the shape of the WBF
distribution does not vary with α.

CONSTRAINING CP-VIOLATING HIGGS SECTORS AT … PHYSICAL REVIEW D 90, 073008 (2014)

073008-7

Exclusion limit w.r.t  
SM (CP even, α = 0)

20 fb-1, 8TeV 50 fb-1,14TeV

Exclude pure CP odd with 2σ level
(completely model independent)

α > 0.9 rad excluded  
with 3σ at 50 fb-1 at 14TeV

PRD 90, 073008 (2014) 

•  Encouraging results for run-2
•  Feasibility study on-going with realistic detector simulation

for emphasizing the CP-dependent ! cosð2ΔϕjjÞ terms in
the gluon fusion channel can be seen in Fig. 3. A much
more inclusive set of selection cuts results in a signal
distribution for Δϕjj that is still sensitive to CP effects but
at a substantially reduced level.

IV. ESTIMATED LIMITS ON CP PROPERTIES

We now discuss our results. In Fig. 4 we show the
significances that can be achieved using the 20 fb−1 of data
from the 8 TeV run and projected limits for 50 fb−1 of data
at 14 TeV, corresponding to around two years of running.
Those results from the analyses marked with “loose” were
performed using the loose analysis cuts from Table II, while
those marked “tight”were performed with the tight analysis

cuts from the same table, which forms a subset of the loose
category.
The dashed curves show the estimated significance of the

total signal over the Standard Model backgrounds. The
dark yellow dashed curve shows the results obtained doing
a standard WBF-style analysis with loose cuts, achieving a
significance of barely 2σ over the background. The purple
dashed curve shows our best approximation to the current
CMS analysis [46] with tighter cuts, while the upper three
dashed curves either utilize the 18 variables described
above (blue dashed) or use a simultaneous fit to both the
ditau invariant mass mττ and the discriminating variable
sin ðjΔϕjjj=2Þ (green and maroon dashed, with loose and
tight cuts, respectively).
The solid curves show the exclusion significance com-

puted using the CLs method [72] relative to the α ¼ 0 case.
The maroon curve again shows the results using the loose
event selection and ditau invariant mass and sin ðjΔϕjj=2jÞ,
while the blue and green curves utilize the tight selection
and (in the green case) the BDT. We observe from the left-
hand figure that with our best analysis a pureCP-odd Higgs
corresponding to α ¼ π=2 is already nearly ruled out at
95% C.L. With 20 fb−1 of luminosity at 14 TeV this should
improve to α ≤ 0.9, while with 50 fb−1 of luminosity it
should improve further to α ≤ 0.7.
To further elucidate how the constraints on CP mixing

will improve, in the left-hand plot of Fig. 5 we show the
expected exclusion limit on the mixing angle α as a
function of the integrated luminosity at 14 TeV. This shows
that the limit should improve to α ≤ 0.3 with 500 fb−1. In
the right-hand plot we increase the theoretical uncertainty
from 10% to 25%, in case theoretical advances do no keep
up with experimental ones. We find that the two curves are
within errors of each other, since the 25% uncertainty on
the theory prediction only starts to affect things at 4σ level.
As can be seen from the figure precision measurements of
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FIG. 4 (color online). Expected limits that can be achieved with our analysis using the 20 fb−1 8 TeV data set (left) and using a 50 fb−1

data set at 14 TeV (right). The dashed curves show the estimated significance of the total signal over the Standard Model backgrounds,
and the solid curves show the exclusion significance computed using the CLs method relative to the α ¼ 0 case. See the text for details.
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FIG. 3 (color online). Signal distributions for Δϕjj with
inclusive (non-WBF-like) cuts at

ffiffiffi
s

p
¼ 8 TeV: pTj > 30 GeV,

ΔRjj > 0.4. In particular there are no cuts on mjj or pT;H. These
are generator-level distributions, with each channel separately
normalized by its cross section, and the whole plot is normalized
to 1=π. Note that by assumption the shape of the WBF
distribution does not vary with α.
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Run-2 will continue until 2018 
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High-luminosity LHC
Preparation on-going
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A single event!


