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   Very Exciting Times !

     The LHC experiments have discovered a new particle
     

         

• The evidence is strong that the new particle decays to γγ and ZZ with rates   
    roughly consistent with those predicted for the SM Higgs boson.

• Τhere are also indications that the new particle might decay to W+W−

• The observed decay modes indicate that the new particle is a boson.

• However,  the present experimental uncertainties still allow for a wide    
  variety of new physics alternatives.
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Higgs Hunting at the LEP,  Tevatron and the LHC 

LHCb
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LEP almost get it !
LEP lower Higgs mass bound only 10 GeV smaller 

than the Higgs mass

e
+
e
− → Z

∗ → ZH

LEP set very strong bounds on the presence of Higgs-like
particles with masses below 115 GeV.
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Combined Tevatron Result

27 S.Z. Shalhout [UC Davis] ICHEP 2012
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• max significance (global) 2.5 σ after LEE of 4 

Background p-values 95% CL Upper Limits / SM
Signal Strength
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Tevatron Run II Preliminary
-1 10.0 fbL  

June 2012

• Perform fit of S+B model 
to data

• Compare combined best 
fit Higgs production cross 
section to result from 
individual production 
modes

• Consistent with SM 
values within the 
uncertainties

Combination of searches for Higgs decaying into WW and bb
shows a clear excess in the 115 GeV to 135 GeV mass region 

For a Higgs mass of 125 GeV, the combined production rates 
are consistent with the SM ones within 1 σ  

 

Tevatron
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2011+2012 data 

Excluded (95% CL):  
112-122.5 GeV, 132-143 GeV    
Expected: 110-139.5 GeV  

24 

2012 data 

2011 data 

Taking all di-photon production channels, one can 
exclude the presence of a low mass SM Higgs for a 

large region of masses

Clear Excess observed in the 124 GeV to127 GeV 
mass range in both experiments.

LHC Got it !
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Combination of all channels. 
ATLAS considers 2011+2012 diphoton and ZZ channels and 

all other channels with only 2011 data.
CMS based its analysis on the 2011 + 2012 results  

SM

  Comb. Sign.:  5 σ excess"   Comb. Sign.:  4.9 σ excess"
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Now What?
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  Still much work to do on the Higgs at the LHC

Is this really the Standard Model Higgs ?

What is the spin of the resonance ? 

What are its CP properties ?

Are the couplings proportional to masses, as predicted by the 
SM ?

By the end of the year, we probably have an understanding of 
the second and third questions.

The fourth one will take longer. LHC at high luminosities will 
eventually provide about 5 to 15 percent precision on couplings.
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Markus Klute

Projecting Higgs Results for 2012

19

expect > 3σ 
in many channels

15 % unc. on 
signal strength

... or we challenge
the SM with taus.
Exp. to exclude 

0.85 σSM 95% CL

preparing combination with ATLAS in 2013
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Markus Klute

Projecting Higgs Results for 300fb-1 and 3ab-1

20

• Projection produced by scaling 
current Higgs analysis by cross 
section and luminosity. 

• In some cases new studies have 
been added

• Many caveats need considerations
• Uncertainties on couplings 5-15%
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Higgs Boson Production at ILC

MH (GeV)
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Markus Klute

Higgs couplings at e+e- collider

23

• Higgs-strahlung with Z → ll allows decay mode independent 
measurement

• performed on OPAL data (Eur.Phys.J.C27:311-329,2003)

• benchmark for linear collider studies

• sensitive invisible Higgs decays

• Coupling

• model independent extraction of  gZZH from σZH in fit to 
recoil mass spectrum

• other Higgs couplings extracted from σHZ x BR 
measurements and gZZH

• Mass

• can also be measure model dependent

• Spin

• using !s - scan

• CP properties

• using angular distributions 

TESLA physics TDR
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Markus Klute

Measurement of  e+e- ! ZH cross section
• Model-independent measurement with Z ! e+e-, μ+μ- 

• Two oppositely-charged same-flavor leptons

• Invariant mass within 5 GeV of  Z mass

• Reject radiated events (ISR) with pT, pZ, acoplanarity cuts and photon veto

• Fit Higgs contribution from recoil mass spectrum

• Improvements possible

39

Combined precision of  
1.9% on σHZ for 2xCMS, 

0.9% on gZZH.

Markus Klute
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Markus Klute

Measurement of  invisible Higgs decays
• Same approach as before 

• with requirement that event consists of  only two leptons

• show mass recoiling the two lepton system

• repeat the analysis with Z ! bb

• force event to two jets

• invariant mass within 15 GeV of  Z mass

• we can exclude BR to invisible of  ~1%

40

m2
H

= E2
cm

− 2EcmEZ +M2
Z

Friday, October 5, 2012



Markus Klute

Measurement of  σHZ x BR (H!bb)
• Leptonic final states, Z ! e+e-, μ+μ- 

• exact same selection as before

• force the rest of  the event to form two jets and apply a tight b tagging

• precision of  1.5% overall on σHZ x BR (H!bb)

• Missing energy final state, Z ! vv 

• reuse invisible Higgs search with Z ! bb

• substitute missing mass visible mass

• precision of  1.5% overall on σHZ x BR (H!bb)

41
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Generation of Mass: the Gauge Sector

Ecm 

TeV
MH

120
MH

140
MH

150
δgHZZ/gHZZ 0.5 0.024 0.027 0.029

δgHWW/gHWW 0.35 0.026 0.053 0.103

Determine HZZ coupling from Higgstrahlung cross section and
HWW coupling from double-WW fusion and HWW branching ratio; 

γγH also possible at γγ collider
considered as ILC option; 
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Determining the Higgs Potential

Fundamental test of Higgs 
potential shape through independent 
Determination of gHHH in double 
Higgs production

Opportunity unique to the ILC,
LHC cannot access double H
Production and SLHC may have
only marginal accuracy;
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Determining the Higgs Potential

Experimental challenge: not only 
cross sections are tiny (< 1 fb), but 
need to discard HH production not
sensitive to HHH vertex. 
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-

ments of Higgs boson couplings. The plot shows (from left to right in each set of error

bars) 1 σ confidence intervals for LHC at 14 TeV with 300 fb
−1

, for ILC at 250 GeV and

250 fb
−1

(‘HLC’), for the full ILC program up to 500 GeV with 500 fb
−1

(‘ILC’), and for a

program with 1000 fb
−1

for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal

band represents a 5% deviation from the Standard Model prediction for the coupling.

9

Capabilities of different colliders to 
determine Higgs boson couplings

M. Peskin, arXiv:1207.2516

14 TeV LHC, 300 fb
−1

250 GeV ILC, 250 fb
−1

500 GeV ILC, 500 fb
−1

1 TeV ILC, 1000 fb
−1

--------
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Why Linear ?

?

Particles undergoing centripetal acceleration a=v2/R radiate at rate:

if  R constant, energy loss is above rate x time spent in bending=2πR/v

R

R

for e- 
(E in GeV, R in km)

for p
(E in TeV, R in km)

Since energy transferred to beam per turn is constant: G x 2πR x F
at each R there is a maximum energy Emax beyond which energy
loss exceeds energy transferred, real limit set by dumped power;

Example: LEP ring (R=4.3 km)  Ee=250 GeV   W = 80 GeV/turn

Synchrotron Radiation
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Markus Klute

Circular e+e- collider
• !s limited by synchrotron radiation, but

• 240 GeV not too far from LEP2 (205 GeV)

• radio frequency cavities can reach much higher gradient today (7 
! 30 MV/m)

• Important questions

• is such a machine possible and what are the limitations?

• what is the physics potential?

• what is the prize tag?

•  Location and size

• consider use of  27km LEP/LHC tunnel (LEP3)

• or a new tunnel at CERN (TLEP) or elsewhere (SuperTRISTAN, 
FermiLEP, ...)

24
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Markus Klute

Physics program of  circular e+e- collider

34

ΔmW (stat) < 1 MeV possible

• GigaZ factory at !s = mZ

• 200x200 bunches, 5x1035 cm-2s-1 

• repeat LEP1 program every 10 min

• 250x larger than LC GigaZ option

• 5 ab-1 / experiment / year

• ~1012 Z bosons

• allow for polarized beams

• MegaWW factory at !s = 2 mW

• 1x1035 cm-2s-1

• 1 ab-1 / experiment / year

• 4M W-pairs

• 105x larger sample than LEP2

• Higgs factory at !s = 240 GeV

• 1x1034 cm-2s-1

• 20000 Higgs bosons / year

• 500 fb-1 / 5 year 

• Top factory at !s = 350 GeV

• requires larger tunnel (80 km) 
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Markus Klute

Summary of  measurements 

46

LHC results need to be revisited

Markus Klute

Summary & remarks
• Circular e+e- is an interesting opportunity 

• very affordable price tag for the community (factor of  4-8 lower than ILC)

• Excellent physics program

• challenge the standard model consistency

• Higgs precision physics

• At CERN

• cohabit with LHC, LHeC in the LEP tunnel (LEP3)

• use of  existing infrastructure including ATLAS and CMS detectors

• In a new tunnel (e.g at Fermilab)

• larger energy reach

• potential for future proton-proton machine

• Project should be continued at least towards a TDR

48
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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
σ/σSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.

The Signal strength may be computed in all
different production and decay channels and is consistent with the SM

 However 
A di-photon rate enhancement is the most visible feature at both experiments.

The WW/ZZ rates are, in average, at the SM value 
There is an apparent suppression of tau production in VBF.  

Present experimental uncertainties allow for a wide variety of new physics alternatives.
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Figure 9: The observed (solid) local p0 as a function of mH in the

low mass range. The dashed curve shows the expected local p0 under

the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding

to significances of 1 to 6 σ.

9.3. Characterising the excess

The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for

H→ZZ
(∗)→ 4� and H→ γγ, the two channels with the

highest mass resolution. The signal strength is al-

lowed to vary independently in the two channels, al-

though the result is essentially unchanged when re-

stricted to the SM hypothesis µ = 1. The leading

sources of systematic uncertainty come from the elec-

tron and photon energy scales and resolutions. The re-

sulting estimate for the mass of the observed particle is

126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to

µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent

with the SM Higgs boson hypothesis µ = 1. A sum-

mary of the individual and combined best-fit values of

the strength parameter for a SM Higgs boson mass hy-

pothesis of 126 GeV is shown in Fig. 10, while more

information about the three main channels is provided

in Table 7.

In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-

tent with the data, the profile likelihood ratio λ(µ,mH) is

used. In the presence of a strong signal, it will produce

closed contours around the best-fit point (µ̂, m̂H), while

in the absence of a signal the contours will be upper

limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH) is dis-

tributed as a χ2
distribution with two degrees of free-

dom. The resulting 68% and 95% CL contours for the

H→ γγ and H→WW
(∗)→ �ν�ν channels are shown in

)µSignal strength (
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Figure 10: Measurements of the signal strength parameter µ for

mH=126 GeV for the individual channels and their combination.

Fig. 11, where the asymptotic approximations have been

validated with ensembles of pseudo-experiments. Sim-

ilar contours for the H→ZZ
(∗)→ 4� channel are also

shown in Fig. 11, although they are only approximate

confidence intervals due to the smaller number of can-

didates in this channel. These contours in the (µ,mH)

plane take into account uncertainties in the energy scale

and resolution.

The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ZZ
(∗)→ 4�

and H→ γγ channels separated by more than the ob-

served mass difference, allowing the signal strengths to

vary independently, is about 20%.

The contributions from the different production

modes in the H→ γγ channel have been studied in order

to assess any tension between the data and the ratios of

the production cross sections predicted in the Standard

Model. A new signal strength parameter µi is introduced

for each production mode, defined by µi = σi/σi,SM. In

order to determine the values of (µi, µ j) that are simul-

taneously consistent with the data, the profile likelihood

ratio λ(µi, µ j) is used with the measured mass treated as

a nuisance parameter.

Since there are four Higgs boson production modes at

the LHC, two-dimensional contours require either some

µi to be fixed, or multiple µi to be related in some way.

Here, µggF and µtt̄H have been grouped together as they

scale with the tt̄H coupling in the SM, and are denoted

by the common parameter µggF+tt̄H . Similarly, µVBF and

µVH have been grouped together as they scale with the

WWH/ZZH coupling in the SM, and are denoted by the

common parameter µVBF+VH . Since the distribution of

signal events among the 10 categories of the H→ γγ
search is sensitive to these factors, constraints in the

19

More on the Higgs
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h
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t

γ(Z) γ(Z)
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h

FIG. 1: SM contributions to Higgs decays in the γγ and Zγ channel.

and yield new minima in the Higgs potential via radiative corrections. However, these

problems can be remedied in a complete model, and given that more data will be available

in the near future, we would like to work in a model-independent fashion and shall not be

concerned with these indirect constraints. Instead, we argue that indirect evidence for new

light particles in the γγ and Zγ channels would point to a rich structure of new particles at

the TeV scale.

This article is organized as follows : in Section II we develop a general understanding of

the deviations in the Higgs coupling to photons due to presence of new charged particles. In

Section III we discuss specific examples associated with particles of spin zero, spin one-half,

and spin one, while in Section IV we work out the correlations between γγ and Zγ partial

widths. Then we conclude in Section V. In the Appendix we collect expressions for the loop

functions used in the calculations.

II. GENERAL FEATURES OF THE HIGGS TO DIPHOTON DECAY WIDTH

In the SM the leading contribution to the Higgs coupling to diphoton is the W± boson

loop, which is at least four times larger than the next-to-leading contribution from the top

quark loop. The Feynman diagrams are shown in Fig. 1, where the same diagrams also

constitute the dominant contributions to the Higgs coupling to Zγ. The analytic expression

for the diphoton partial width reads [15, 16]

Γ(h → γγ) =
GFα2m3

h

128
√
2π3

∣

∣A1(τW ) +NcQ
2
tA1/2(τt)

∣

∣

2
, (1)

where GF is the Fermi constant, Nc = 3 is the number of color, Qt = +2/3 is the top quark

electric charge in units of |e|, and τi ≡ 4m2
i /m

2
h, i = t,W . Below the WW threshold, the

4

Dominant Contributions to the Diphoton 
Width in the Standard Model

Similar corrections appear from other scalar, fermion or vector particles. Clearly, similarly to the 
top quark, chiral fermions tend to reduce the vector boson contributions
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Higgs Diphoton Decay Width in the SM

narrow mass range around 125 GeV. A naive combination of the results of both experiments

seems to reveal a central value of ZZ production with a rate similar to the SM one, while

the central value of the diphoton production rate is enhanced by a factor close to two times

that Standard Model. Needless to say, more statistics would be needed to determine if these

results are significant or are just the product of a statistical fluctuation.

Motivated by these results, we shall investigate the possibility that the diphoton rate is

enhanced, and that this enhancement is entirely due to an increase of the partial diphoton

decay width of the photon, but that the total width or production cross sections remain

approximately at their Standard Model values. Such an enhancement of the diphoton decay

width demands the presence of charged particles with significant couplings to the Higgs

boson. The dominant contribution to the diphoton decay amplitude in the Standard Model

comes from W -gauge boson loops. Standard fermions tend to produce a cancellation of the

partial diphoton rate, and so do single scalars with couplings such that the contribution to

its mass induced by the Higgs vacuum expectation value is positive. Then, an enhancement

of the diphoton rate demands an interesting structure of the couplings of the Higgs boson to

fermion and scalar particles. Moreover, the LEP experiments tend to put a strong constraints

on the presence of charged particles with mass lower than about 100 GeV and these bounds

should be taking into account while studying the possible effects of new particles in the

diphoton rate. On the other hand, we shall ignore electroweak constraints on masses of new

particles; since they can be rectified through cancellations in complete models. We now live

in a world where the data rule. if anything, indirect confirmation of new light particles in

the γγ and Zγ channel would hint at a rich structure at a higher energy.

II. ENHANCING THE DIPHOTON WIDTH

In the standard model the leading contribution to the diphoton decay width of the Higgs is

the W boson loop, which is at least four times larger than the next-to-leading contribution

from the top loop. All other contributions are negligible. More specifically, the analytic

expressions for the partial width are

Γ(h → γγ) =
GFα2m3

h

128
√
2π3

∣

∣A1(τw) +NcQ
2
tA1/2(τt)

∣

∣

2
, (1)

3

where GF is the Fermi constant, Nc = 3 is the number of color, Qt = +2/3 is the top quark

electric charge in unit of |e|, and τi ≡ 4m2
i /m

2
h, i = t,W . Below the WW threshold, the loop

functions for spin-1 (W boson) and spin-1/2 (top quark) particles are given by Eqs. (49)

and (48) in the Appendix.

In the limit that the particle running in the loop has a mass much heavier than the Higgs,

we have

A1 → −7 , NcQ
2
t A1/2 →

4

3
NcQ

2
t . (2)

For a Higgs mass below the WW threshold, the W boson contribution is always dominant

and monotonically decreasing from A1 = −7 for very small Higgs masses to A1 ≈ −12.4

at the threshold, while the top quark contribution is well-approximated by the asymptotic

value of (4/3)2 ≈ 1.78. If we consider a Higgs mass at 125 GeV, the W and top contributions

are

mh = 125 GeV : A1 = −8.32 , NcQ
2
tA1/2 = 1.84 . (3)

We will consider under what circumstances adding new loop diagrams from particles of spin-

0, spin-1/2, and spin-1 could enhance the diphoton partial width significantly. To this end

it will be convenient to re-write the diphoton decay width in terms of the Higgs coupling to

the loop particles:

Γ(h → γγ) =
α2m3

h

1024π3

∣

∣

∣

∣

ghWW

m2
W

A1(τw) +
2ghtt̄
mt

NcQ
2
tA1/2(τt) +QS

ghSS
m2

S

A0(τS)

∣

∣

∣

∣

2

, (4)

where QS is the electric charge of the scalar in unit of e, and the scalar loop function is defined

in Eq. (50) in the Appendix. A0 approaches 1/3 for infinitely heavy loop mass. In the above

the notation W , t, and S refer to generic spin-1, spin-1/2, and spin-0 particles, respectively.

For the standard model W boson and top quark, ghWW = g2v/2 and ghtt̄ = λt/
√
2, and

ghWW

m2
W

=
2ghtt̄
mt

=
2

v
. (5)

Using Eq. (4) one could easily include new loop contributions in the diphoton decay width.

The discussion proceeds most clearly by using the low-energy Higgs theorems [1, 2] to

derive leading contributions to the diphoton decay width from new heavy particles. The

theorems relate the partial decay width to the γγ two point functions. As a result, the

leading contribution in the h → γγ partial width can be obtained from the knowledge of

one-loop QED beta functions. More specifically, in the presence of charged heavy particles,

4
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Using Eq. (4) one could easily include new loop contributions in the diphoton decay width.

The discussion proceeds most clearly by using the low-energy Higgs theorems [1, 2] to

derive leading contributions to the diphoton decay width from new heavy particles. The

theorems relate the partial decay width to the γγ two point functions. As a result, the

leading contribution in the h → γγ partial width can be obtained from the knowledge of

one-loop QED beta functions. More specifically, in the presence of charged heavy particles,
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the QED effective Lagrangian at one-loop order is given by

Lγγ = −
1

4
FµνF

µν
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i

bie2

16π2
log

Λ2

m2
i

+ · · · , (6)

where mi is the mass of the ith particle, Λ is an ultraviolate cutoff, and the beta function

coefficients bi are [1, 2]

b =
4

3
NcQ

2 for a Dirac fermion , (7)

b = −7 for the W boson , (8)

b =
1

3
for a charged scalar . (9)

From the limiting behavior of the analytic expression we find full agreement with Eq. (2).

The −7 coefficient for the W boson can be understood as the sum of 22/3, which is the beta

function coefficient for non-abelian gauge bosons, and −1/3, which comes from the scalar

(longitudinal) components of the massive gauge bosons [1, 2].

Since we are interested in an enhanced γγ width without changing the Higgs production

rate, we only consider new particles carrying no color charges and set Nc = 1 henceforth.

Moreover, if the mass of the new particle depends on the Higgs expectation value,1 mi →

mi(h), and is much heavier thanmh, we can integrate out the heavy new particle and describe

the Higgs coupling to two photons using an effective Lagrangian in a 1/mi expansion. In the

end the hγγ coupling is readily obtained by making the substitution h → h + v in Eq. (6)

and expand to linear order in h:
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µν . (10)
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When there are multiple particles carrying the same electric charge, one can write down a

slightly more general expression
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∂ log v
log

(

detM†
iMi

)

]
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µν , (12)

1 The new particle does not have to receive all of its mass from the Higgs expectation value, but only some

of it is suffice.
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where in the Standard Model

This generalizes for the case of fermions with contributions to their masses independent of 
the Higgs field. The couplings come from the vertex and the inverse dependence on the 
masses from the necessary chirality flip (for fermions) and the integral functions.

For bosons one simply replaces the square of the mass matrix by the mass matrix of the square 
masses !  Since the Higgs is light and charged particles are   constrained 
by LEP to be of mass of order of, or heavier than the Higgs, this expression provides a good 
understanding of when particles could lead to an enhanced diphoton rate.
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In the limit of heavy masses, the exact result in Eq. (4) is in full agreement with Eq. (10).

When there are multiple particles carrying the same electric charge, one can write down

a slightly more general expression

Lhγγ =
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
F,iMF,i

)

+
∑

i

bi
∂

∂ log v
log

(

detM2
B,i

)

]

FµνF
µν ,

(12)

where MF,i and MB,i are the mass matrices of all particles carrying the same electric charge

and spin, and F and B denote fermions and bosons. This expression allows for the possibility

that there could be mass mixing between particles. In particular, we will be focusing on

scenarios where the mass mixing is induced after the electroweak symmetry breaking, which

occurs in many theories beyond the SM.

The form of the effective Higgs coupling to two photons in Eq. (12) makes it straight-

forward to understand the pattern of deviation from SM expectations in the presence of

extra particles running in the loop. As a simple example, we consider the addition of two

new fermions. The same consideration applies to scalars by simple substitutions of mass

matrices. In this case, the mass matrix is a 2× 2 matrix,

M†
fMf =





m2
11 m2

12

m∗ 2
12 m2

22



 , (13)

from which the hγγ coupling is determined from Eq. (12) by

α b1/2
16π

∂

∂v
log

(

detM†
fMf

)

=
α b1/2

16π
(

m2
11m

2
22 − |m2

12|
2
)

(

m2
11

∂

∂v
m2

22 +m2
22

∂

∂v
m2

11 −
∂

∂v

∣

∣m2
12

∣

∣

2
)

. (14)

A few comments are in order. First we assume no mass mixing, m2
12 = 0. In this case it

is interesting to consider the situation where both particles receive all of their masses from

electroweak symmetry breaking, m2
ii = div2, where di > 0 as required by the condition of

positivity of the mass. Then the first two terms in Eq. (14) contribute with the same sign.

This argument suggests that adding a fourth generation quark and/or lepton would always

amplify the effects of SM quarks and/or leptons in the loop-induced decay of the Higgs,

which implies a reduction in the diphoton decay width.2 When turning on the mixing

2 One can apply the same argument to gluon fusion production of the Higgs and arrive at the well-known
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FIG. 2: Enhancement in the diphoton partial width due to a new charged scalar S.

In general a large ghSS coupling is not preferred because of the vacuum stability and

triviality considerations. However, when there is more than one new scalars and mass

mixing between the scalars exists, we will see that the lighter mass eigenstate could have a

large “effective” ghSS coupling. The canonical example is the mixing between an electroweak

doublet scalar and a singlet scalar carrying the quantum numbers of the left-handed and

right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If

the two charged scalars have the same electroweak quantum number and the mixing does

not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends

on the mixing parameter only implicitly through the mixing angles between the gauge and

mass eigenbasis, which is a rather weak dependence. Therefore, in the following we focus on

the canonical example of mixing between a doublet scalar and a singlet scalar.

Denoting the two charged scalars in the gauge basis by SL and SR, one can write down

the general mass-squared matrix,

M2
S =





m̃L(v)2
1√
2
vXS

1√
2
vXS m̃R(v)2



 , (21)

where XS is a dimensionful parameter characterizing the mass mixing. The mass matrix
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FIG. 4: Left panel: Diphoton partial width normalized to the SM as a function of the mixing

parameter between the two charged scalars. The solid (dashed) line in the Rγγ plots includes both

(only the lightest) mass eigenstates. They are almost on top of each other since the contribution

from the heavy mass eigenstate is tiny. Middle panel: Mass of the lightest (solid, red line) and

heaviest (dashed, blue line) scalar mass eigenstates as a function of the mixing parameter. Right

panel: Effective couplings of the lightest (solid, red line) and heaviest (dashed, blue line) scalar

mass eigenstates as a function of the mixing parameter.

which implies the enhancement is entirely due to the lighter eigenstate S1. An enhancement

by a factor of 1.5 is possible for XS ! 450 GeV, for which mS1
! 120 GeV and cS1

" −1.3.

In general, larger values of mL and mR require larger values of the mixing parameter

XS in order to get a significant enhancement. Parametrically the critical value of XS for a

large enhancement grows with mLmR, which is the positive contribution to the determinant

of the mass-squared matrix. It is easy to see that large values of XS " v induce the

presence of charge breaking minima, deeper than the electroweak one. Hence, scenarios

with XS
>
∼ 1 TeV require additional new physics at the weak scale to stabilize the vacuum.

In all realistic cases, a large enhancement of the Higgs diphoton width demands masses of

scalars below the weak scale.

Light charged scalars have been searched for at colliders. For example, LEP put a lower

bound on the mass of sleptons in supersymmetry that is of the order of 100 GeV [13]. Similar

to the W ′ case, one could postulate a new Z2 parity carried by the new scalar, much like

the R parity carried by the sleptons. While we have not specified a detailed production and

decay mechanism of the charged scalar under consideration, we note that a somewhat large

coupling to the Higgs boson is necessary in order to have a scalar mass heavier than the
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by a factor of 1.5 is possible for XS ! 450 GeV, for which mS1
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XS in order to get a significant enhancement. Parametrically the critical value of XS for a

large enhancement grows with mLmR, which is the positive contribution to the determinant

of the mass-squared matrix. It is easy to see that large values of XS " v induce the

presence of charge breaking minima, deeper than the electroweak one. Hence, scenarios

with XS
>
∼ 1 TeV require additional new physics at the weak scale to stabilize the vacuum.

In all realistic cases, a large enhancement of the Higgs diphoton width demands masses of

scalars below the weak scale.

Light charged scalars have been searched for at colliders. For example, LEP put a lower

bound on the mass of sleptons in supersymmetry that is of the order of 100 GeV [13]. Similar

to the W ′ case, one could postulate a new Z2 parity carried by the new scalar, much like

the R parity carried by the sleptons. While we have not specified a detailed production and

decay mechanism of the charged scalar under consideration, we note that a somewhat large

coupling to the Higgs boson is necessary in order to have a scalar mass heavier than the
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Figure 1. The ratio Rγγ for Y �
c = Y ��

c = 1 as a function of the explicit mass terms m� and me.

The blue shaded region is excluded by the LEP limit of me� > 100.8 GeV on the mass of additional

charge leptons.

Two generic cases: charged states lighter (1) or heavier (2) than neutral states

(2) neutrals can be long lived. Possible signatures: e+1 e−1 production, decay to W+

W- + neutrinos -¿ WW + missing energy

(1) - long lived charged particles (tracks in detector!)

- short lived, decay to SM leptons,

With finite majorana masses, we can also have lepton number violating phenomena,

and same sign lepton production. Wai-Yee was interested in such scenarios!
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Model with a four generation leptons and 
their vector pairs. 

to the SM prediction, Scenario II has regions of parameter space where the decay rate can

be enhanced. This will be discussed further in Sec. 4.

The spectrum of the model in Scenario I is can easily be derived from the Lagrangian.

After electroweak symmetry breaking, there are two charged leptons with masses Y �
cv and

Y ��
c v, where v = 174 GeV is the Higgs vacuum expectation value (VEV). In the neutral

sector the two massive neutrino states are further split when the Majorana masses are

nonzero, such that there are four neutrinos with masses ...

Put spectrum here

The spectrum for Scenario II is slightly more complicated, since now there is mixing

between the ordinary and the mirror leptons.

mass term structure

Since this it is of interest for Higgs phenomenology, we will here perform the mass

diagonalization for the charged lepton sector explicitly, and just note that the same can be

done for the neutral lepton sector. The mass term has the form

L ⊃
�
ē�L ē��L

�
M

�
e�R
e��R

�
+ h.c. where M =

�
Y �
cv m�

me Y ��
c v

�
. (2.2)

The matrix can be diagonalized by two unitary matrizes, MD = VLMV †
R. The couplings

of the mass eigenstates to the Higgs boson are then given by the diagonal entries of the

rotated Yukawa coupling matrix Ch = V †
LYcYR:

Ch11 = Y �
cV

∗
L11VR11 + Y ��

c V
∗
L21VR21 , (2.3)

Ch22 = Y �
cV

∗
L12VR12 + Y ��

c V
∗
L22VR22 . (2.4)

3 Experimental constraints

Precision tests -¿ done!

LEP limits

Lepton flavor violation (assume no mixing to avoid problems!)

Lepton number violation (when majoranas are nonzero. Refer to Lenz et al for now)

Comment on the LEP limits: The limit on the mass of additional charged leptons is

me� > 100.8 GeV. As usual, this limit assumes a very specific decay, e� → Wν, where ν is

a SM neutrino. It should be possible to weaken this bound by letting the charged lepton

decay to a new neutral lepton (i.e. the new neutrinos ν �). I don’t have much experience

with analyzing LEP data, and the LEP limit isn’t hurting us, but this might be something

to look at in the future.
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Model can lead to the presence of Dark Matter and an enhanced diphoton rate

M. Carena, I. Low, C. Wagner’12;    A. Joglekar, P. Schwaller, C.W.’12
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Figure 2. The ratio Rγγ for Y �
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c = 0.8. Rest as in previous figure.
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c = Yc), as indicated in the figure. Threshold

were taken as 100 GeV, 173 GeV and 400 GeV for the light charged lepton, top quark, and heavy

charged lepton respectively.
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Y �
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In the limit of heavy masses, the exact result in Eq. (4) is in full agreement with Eq. (10).

When there are multiple particles carrying the same electric charge, one can write down

a slightly more general expression

Lhγγ =
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
F,iMF,i

)

+
∑

i

bi
∂

∂ log v
log

(

detM2
B,i

)

]

FµνF
µν ,

(12)

where MF,i and MB,i are the mass matrices of all particles carrying the same electric charge

and spin, and F and B denote fermions and bosons. This expression allows for the possibility

that there could be mass mixing between particles. In particular, we will be focusing on

scenarios where the mass mixing is induced after the electroweak symmetry breaking, which

occurs in many theories beyond the SM.

The form of the effective Higgs coupling to two photons in Eq. (12) makes it straight-

forward to understand the pattern of deviation from SM expectations in the presence of

extra particles running in the loop. As a simple example, we consider the addition of two

new fermions. The same consideration applies to scalars by simple substitutions of mass

matrices. In this case, the mass matrix is a 2× 2 matrix,

M†
fMf =





m2
11 m2

12

m∗ 2
12 m2

22



 , (13)

from which the hγγ coupling is determined from Eq. (12) by

α b1/2
16π

∂

∂v
log

(

detM†
fMf

)

=
α b1/2

16π
(

m2
11m

2
22 − |m2

12|
2
)

(

m2
11

∂

∂v
m2

22 +m2
22

∂

∂v
m2

11 −
∂

∂v

∣

∣m2
12

∣

∣

2
)

. (14)

A few comments are in order. First we assume no mass mixing, m2
12 = 0. In this case it

is interesting to consider the situation where both particles receive all of their masses from

electroweak symmetry breaking, m2
ii = div2, where di > 0 as required by the condition of

positivity of the mass. Then the first two terms in Eq. (14) contribute with the same sign.

This argument suggests that adding a fourth generation quark and/or lepton would always

amplify the effects of SM quarks and/or leptons in the loop-induced decay of the Higgs,

which implies a reduction in the diphoton decay width.2 When turning on the mixing

2 One can apply the same argument to gluon fusion production of the Higgs and arrive at the well-known

7

Ellis, Gaillard, Nanopoulos’76,     Shifman, Vainshtein, Voloshin, Zakharov’79
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Implications for Low Energy Supersymmetry
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Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass
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* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and 
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta]

For moderate to large values of tan beta and large non-standard Higgs masses 
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Xt = At " µ /tan# $LR stop mixing

Analytic expression valid for  MSUSY~ mQ ~ mU
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Soft supersymmetry Breaking Parameters

Large stop sector mixing 
  At > 1 TeV

No lower bound on the lightest stop 
  One stop can be light and the other heavy   

 or
in the case of similar stop soft masses. 

both stops can be below 1TeV

At large tan beta, light staus/sbottoms can decrease
       mh by several GeV’s via Higgs mixing effects 
           and compensate tan beta enhancement 

Intermediate values of tan beta lead to
 the largest values of mh for the same values 

of stop mass parameters 

M. Carena, S. Gori, N. Shah, C. Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842
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Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

M. Carena, S. Gori, N. Shah, C. Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842

For a more generic discussion of modified diphoton width by new charged particles,                        
see M. Carena, I. Low and C. Wagner, arXiv:1206.1082 

Higgs Decay into two Photons in the MSSM
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Mixing Effects in the CP- even Higgs Sector

• Mixing can have relevant effects in the production and decay rates 

effects through radiative corrections
 to the CP-even mass matrix

which defines the mixing angle alpha

 

sin! cos! = M
12

2
/ Tr M

2( )
2

" 4 det M
2

Small Variations in the Br(Hbb) can induce 
significant variations in the other Higgs Br’s
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Scenario with suppression of gluon fusion and enhancement of diphoton rate :  Relatively light 
stops, with mass about150 GeV and light staus, with mass of order 90 GeV
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Effects of new particles become strong
only if new particles have masses of order 100 GeV
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Large effects may also be obtained if couplings
are strong, becoming non-perturbative before the GUT scale

Still, light particles of order of 100 GeV preferred
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Light Stau Searches at the LHC

• Direct stau pair production leads to final states with two taus plus missing energy. 

• Very large backgrounds coming from W plus jets, WW, ZZ* (γ*) production turn this 
channel difficult.  In addition, tau tagging reduces the cross section from 55 to 7 fb. 
One can reduce the physical backgrounds but W plus jet seems difficult to overcome.

• We concentrated on the associated production of staus with sneutrinos. 

• Production of stau pairs should be explored in more detail : Considering, for 
example, tau decays into leptons and possible tau polarization discrimination.

mχ1 ∼ 35 GeV and a light sneutrino, mν̃τ ∼ 270 GeV. Typically, at the 8 TeV LHC, we expect

cross sections of the order of tens of fb only for the τ̃1τ̃1 and τ̃1ν̃τ channels.

Signature 8 TeV LHC (fb) 14 TeV LHC (fb)

pp → τ̃1τ̃1 2τ, E/T 55.3 124.6

pp → τ̃1τ̃2 2τ, Z, E/T 1.0 3.2

pp → τ̃2τ̃2 2τ, 2Z,E/T 0.15 0.6

pp → τ̃1ν̃τ 2τ,W,E/T 14.3 38.8

pp → τ̃2ν̃τ 2τ,W, Z,E/T 0.9 3.1

pp → ν̃τ ν̃τ 2τ, 2W,E/T 1.6 5.3

Table 1: Possible stau and sneutrino direct production channels with their signatures at the LHC.

The cross sections shown are computed for mL3 = me3 = 280 GeV, tanβ = 60, µ = 650

GeV and M1 = 35 GeV.

The most promising channel seems to be pp → τ̃1ν̃τ because of the additional W boson in

the final state. More specifically, for the relatively large mass difference between the sneutrino

and the lightest stau obtained in the region consistent with an enhanced diphoton rate, the

dominant production and decay mode is expected to be

pp → τ̃1ν̃τ → τ̃1(W τ̃1) → τχ1W τχ1 . (11)

The final state is two hadronic taus, missing energy and the W decaying leptonically, which

leads to a much cleaner signal than the τ̃1τ̃1 production. The competing mode would be the

direct decay of the sneutrino into a neutrino and a neutralino, which, however, tends to have

a smaller branching ratio due to the relative smallness of the hypercharge gauge coupling. In

the following, we shall concentrate on this channel at the 8 TeV LHC.

The main physical background contributing to the 2τ + W + E/T signature is given by

W +Z/γ∗
, with a cross section of 900 fb at the 8 TeV LHC. We also need to include the W+

jets background with jets faking taus in our study.

We generate events for the signal, physical background and fake background requiring taus

(jets) with a pT threshold, pτ(j)T > 10 GeV, ∆R > 0.4 and |η| < 2.5. We demand two loose

τ -tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification is about

60%, independent of pT , while achieving a jet background rejection factor of 20 - 50 [91]. The

cross sections for signal and backgrounds associated with these requirements are given in the

second column of Table 2
5
.

Due to the sizable mass splitting between the sneutrino and the stau, the lepton coming

from the W decay in the signal is expected to be more boosted than the one from background.

For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly

improve the signal over background ratio. In the third column of Table 2, labeled “Basic”, we

show our results after imposing p�T > 70 GeV and E/T > 70 GeV. As we can see from the table,

this set of basic cuts can efficiently suppress the W + Z/γ∗
background to a rate comparable

5
For the W+ jets background we generated events with up to 4 jets in the final state. In the table we are

presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.

17

In our analysis, we used parton level results obtained from Madgraph 5 [86]. We emphasize
that a more realistic simulation would necessarily include parton showering, hadronization, and
detector simulation. A properly matched matrix element plus parton shower simulation can
be particularly important for the estimation of W+jets background. However, our simplified
analysis is suitable for our goal of obtaining a rough order of magnitude estimate of the
discovery reach.

5.1 Status of Current LHC Stau Searches

At present, the ATLAS collaboration is investigating the presence of third generation promptly
decaying sleptons produced through cascade decays. They analyze final states containing taus,
leptons, hard jets and large missing energy, arising from (relatively light) squarks/gluinos
decaying directly or through cascades into the τ̃ NLSP [87, 88]. This channel is complementary
to the ones we investigate, but is more model dependent.

On the other hand, final states similar to the ones we are interested in have been already
investigated by CMS [89] in the context of searches for charginos and neutralinos. However,
comparing the cross sections listed in the third column of Table 1 to the CMS results, we note
that the CMS multilepton searches are still not sensitive to our scenario 4.

Recently CMS has also performed a search for long lived staus [90], putting stringent
bounds on their mass, mτ̃ ≥ 223 GeV. However, the most stringent constraint on the mass
of a stau which decays promptly into a τ and a neutralino, is given by the LEP bound
which is around (85-90) GeV when there is a large mass difference between the stau and the
neutralino [41]. In the following, we will propose search strategies which are optimized to
enhance the sensitivity to the particular light stau scenario considered in this paper.

5.2 Weakly Produced Staus

We propose searches for the direct production of staus, with

τ̃1 → χ1τ , or τ̃1 → G̃τ . (10)

Dark Matter relic density, associated with large messenger scales and hence a neutralino
DM, tends to predict a large mass difference between the stau and the DM candidate (see
Sec. 3). Alternatively, we could have a low messenger scale and a very light gravitino. In both
cases, the missing energy tends to be sizable, which could facilitate searches for light staus.
To simplify our presentation, we choose mLSP = 35 GeV, as preferred by the neutralino LSP
scenario. We have checked that lowering the neutralino mass does not significantly alter our
conclusions.

Possible channels to look for stau and sneutrino direct production are shown in Table 1. In
particular, we show the possible signatures of several channels at the LHC and the production
cross sections for an example point in parameter space where mL3 = me3 = 280 GeV, tan β =
60, µ = 650 GeV and M1 = 35 GeV, giving a light stau, mτ̃1 ∼ 95 GeV, a very light LSP,

4
The most promising channel (τ̃1ν̃τ production) would produce at most only ∼ 4 events at the 5 fb

−1
7

TeV LHC. This rate is below the CMS uncertainty on the number of expected events in the two taus/one

lepton channel (see their Table 2) [89].
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M. Carena, S. Gori, N. Shah, C. W. and L.T. Wang, arXiv:1205.5842
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Stau plus Sneutrino Searches

• We consider alternative searches for associated production of staus with 
sneutrinos.  Since the staus have large mixing, the stau sneutrinos are relatively 
light, and of the order of the left-handed stau mass.

• W decaying leptonically.  Main background : W + 2 jets.  We impose two loose τ 
tags.

• Lepton and neutrino from W in signal boosted : We required large lepton pT and 
missing ET larger than 70 GeV

• Then, jets from background tend to have large pT.  We required the largest jet pT 
to be lower than 75 GeV 

• We also avoid taus with invariant mass close to the Z mass, but improvement is 
insignificant after previous cuts. 

M. Carena, S. Gori, N. Shah, C. W. and L.T. Wang, arXiv:1205.5842
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Leading jet PT Distribution
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Figure 9: pT distribution for the leading jet faking a tau of the W+ jets background (in blue) and for the

leading tau of the signal (black dashed) at the 8 TeV LHC. The events shown satisfy the basic

set of cuts (p�T > 70 GeV and E/T > 70 GeV). The signal has been scaled by a factor of 100 for

visibility.

In Table 3 we present the cross sections for the signal, physical background and the W+

jets background for the 14 TeV LHC with a set of cuts very similar to the ones used for the

8 TeV LHC: the requirement on the pT of the lepton and on the missing energy are slightly

more demanding, p�T > 85 GeV and E/T > 85, and the veto on hard taus has been slightly

relaxed, pτT < 80 GeV. From the numbers in Table 3 we see that the ratio between signal and

(fake) background is of O(1) and that one can expect tens of signal events with 200 fb
−1

of

luminosity.

We would like to briefly discuss the τ̃1τ̃1 channel. As shown in Table 1, the total production

cross section for two staus is a factor of four larger than the direct production cross section of

a stau and a sneutrino at the 8 TeV LHC. However, the present double hadronic τ trigger is

rather demanding: the pT thresholds are 29 GeV and 20 GeV for the leading and sub-leading

hadronic τs [92]. Imposing this basic requirement to trigger and asking for two loose taus

decreases the cross section of the τ̃1τ̃1 channel from the 55.3 fb presented in Table 1 to 7 fb at

the 8 TeV LHC.

The main sources of physical backgrounds are Z + Z/γ∗
, and W+W−

. A veto on the

invariant mass of the τ1τ2 system close to the Z peak helps in considerably reducing the

Z + Z/γ∗
physical background. In particular, we checked that demanding the invariant mass

to be outside the interval 70GeV < mτ1τ2 < 130 GeV [58], reduces the Z + Z/γ∗
physical

background to 0.4 fb while keeping the signal still at 4 fb. The W+W−
background is however

still significant after the Z-veto: 27 fb. We could further reduce the W+W−
background by

noticing that most of the taus from the W decay have pτT < mW/2. Imposing p
τ1,2
T > 50 GeV

and E/T > 80 GeV brings the W+W−
background down to about 0.3 fb, about the same as

the signal (0.4 fb) after these cuts.

However, the real challenge for this channel is the background from jets faking taus. Such

fake background is dominated by W + 1 jet, which has the jet faking a tau and the W
decaying to an additional tau. In comparison, Z+ jets, where the jets fake taus and the Z

19

Signal (black histogram) and background  (blue)  pT distributions.
Signal rescaled by a factor 100 for visibility

M. Carena, S. Gori, N. Shah, C. W. and L.T. Wang, arXiv:1205.5842
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Results of Simulations

Total (fb) Basic (fb) Hard Tau (fb)

Signal 0.6 0.16 0.07
Physical background, W + Z/γ∗ 15 0.25 � 10−3

W+ jets background 4× 103 26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)T > 10 GeV, ∆R > 0.4 and and |η| < 2.5
(second column); with the additional requirement p�T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτT < 75 GeV (fourth column).

Total (fb) Basic (fb) Hard Tau (fb)

Signal 1.6 0.26 0.11
Physical background, W + Z/γ∗ 27 0.32 � 10−3

W+ jets background 104 39 0.25

Table 3: Cross sections for the signal and the physical and fake background after τ -tags at the 14

TeV LHC: after imposing pτ(j)T > 10 GeV, ∆R > 0.4 and and |η| < 2.5 (second column);

with the additional requirement p�T > 85 GeV and E/T > 85 (third column); imposing that

the τ is not too boosted pτT < 80 GeV (fourth column).

to the one of the signal. In addition, we note that the two taus coming from the physical
background are typically expected to have an invariant mass close to the Z peak. Therefore,
a veto of the τ1τ2 invariant mass close to mZ will further suppress the physical background.
However, given our stringent cuts of p�T and E/T (and the further cut on the pT of the leading τ
presented below), we notice that the additional improvement from Z-veto is marginal. Since
our signal is statistics limited, we choose not to further impose this cut in our study. On the
other hand, in a fully realistic study, one could certainly include Z-veto as a possible variable
to be optimized together with other cuts.

The W+jets background is still significant at this stage. As shown by the blue distribution
in Fig. 9, the leading fake tau will recoil against the lepton and hence will also be rather hard.
On the other hand, in the signal process, the τ̃1 only receives a small boost even if it is one of the
decay products of the ν̃. The pT of the leading tau is always largely determined by mτ̃1 −mLSP

and remains sufficiently soft (see black dashed distribution in Fig. 9). Consequently, a veto on
hard τs can reduce the fake background, while keeping the signal almost unchanged. In the
fourth column of Table 2, labeled “Hard Tau”, we show our results for signal and backgrounds,
after requiring the leading τ to have pτ1T < 75 GeV. Due to this veto on hard taus, signal and
(fake) background are approximately the same order of magnitude.

In spite of low statistics, we believe that this channel deserves attention, especially in view
of the possible 200 fb−1 of luminosity expected from the 14 TeV LHC run6

6
Note that reducing the mass of the sneutrino sizably increases the direct production cross section of

sneutrino - stau pairs. However, the mass splitting between the sneutrino and the stau would decrease,

reducing the boost of the W boson coming from the sneutrino decay. Therefore lighter sneutrinos will not

necessarily enhance the LHC reach for the ν̃τ τ̃1 channel.
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Total (fb) Basic (fb) Hard Tau (fb)

Signal 0.6 0.16 0.07
Physical background, W + Z/γ∗ 15 0.25 � 10−3

W+ jets background 4× 103 26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)T > 10 GeV, ∆R > 0.4 and and |η| < 2.5
(second column); with the additional requirement p�T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτT < 75 GeV (fourth column).

Total (fb) Basic (fb) Hard Tau (fb)

Signal 1.6 0.26 0.11
Physical background, W + Z/γ∗ 27 0.32 � 10−3

W+ jets background 104 39 0.25

Table 3: Cross sections for the signal and the physical and fake background after τ -tags at the 14

TeV LHC: after imposing pτ(j)T > 10 GeV, ∆R > 0.4 and and |η| < 2.5 (second column);

with the additional requirement p�T > 85 GeV and E/T > 85 (third column); imposing that

the τ is not too boosted pτT < 80 GeV (fourth column).

to the one of the signal. In addition, we note that the two taus coming from the physical
background are typically expected to have an invariant mass close to the Z peak. Therefore,
a veto of the τ1τ2 invariant mass close to mZ will further suppress the physical background.
However, given our stringent cuts of p�T and E/T (and the further cut on the pT of the leading τ
presented below), we notice that the additional improvement from Z-veto is marginal. Since
our signal is statistics limited, we choose not to further impose this cut in our study. On the
other hand, in a fully realistic study, one could certainly include Z-veto as a possible variable
to be optimized together with other cuts.

The W+jets background is still significant at this stage. As shown by the blue distribution
in Fig. 9, the leading fake tau will recoil against the lepton and hence will also be rather hard.
On the other hand, in the signal process, the τ̃1 only receives a small boost even if it is one of the
decay products of the ν̃. The pT of the leading tau is always largely determined by mτ̃1 −mLSP

and remains sufficiently soft (see black dashed distribution in Fig. 9). Consequently, a veto on
hard τs can reduce the fake background, while keeping the signal almost unchanged. In the
fourth column of Table 2, labeled “Hard Tau”, we show our results for signal and backgrounds,
after requiring the leading τ to have pτ1T < 75 GeV. Due to this veto on hard taus, signal and
(fake) background are approximately the same order of magnitude.

In spite of low statistics, we believe that this channel deserves attention, especially in view
of the possible 200 fb−1 of luminosity expected from the 14 TeV LHC run6

6
Note that reducing the mass of the sneutrino sizably increases the direct production cross section of

sneutrino - stau pairs. However, the mass splitting between the sneutrino and the stau would decrease,

reducing the boost of the W boson coming from the sneutrino decay. Therefore lighter sneutrinos will not

necessarily enhance the LHC reach for the ν̃τ τ̃1 channel.

18

M. Carena, S. Gori, N. Shah, C. W. and L.T. Wang, arXiv:1205.5842

Very low statistics, but  worth a dedicated analysis.  
Prospects are better at the 14 TeV LHC, but still very difficult to find. 
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Light, Weakly Interacting Charged Particles
If neutral, weakly interacting particles are present (Dark Matter),  

it is probably that charged particles are there, too.

They may contribute to the muon g-2

They may contribute to the enhancement of the rate of the 
Higgs decay to diphotons !

In SUSY, light staus may enhance the Higgs to di-photon rate.  
Or vector like leptons, or charginos of a strongly coupled 
sector...

They are difficult to search for at the LHC

The Linear Collider may complement the LHC efforts to study       
the Higgs and search for these particles.  
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Light Slepton Searches at LEP

An electron positron Higgs factory presents the
opportunity of searching for these particles up to 

near the kinematic limit. 

Friday, October 5, 2012



Similar bounds obtained for staus decaying 
into gravitinos, with a sizable lifetime. 
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Enhancement of diphoton rate may also be 
induced by charginos or leptons, somewhat

strongly coupled to the Higgs.

LEP put a strong constraint, of order 103.6 GeV on 
charginos decaying to W’s and missing energy.

Bound significant even in the most difficult region of difference 
of mass between chargino and neutralinos.
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Similar strong bounds for stops decaying
into charm and neutralino
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• Lepton collider allows to measure Higgs couplings and look 
for new weakly interacting particles that may have escaped 
detection at the LHC.

• These particles may be responsible for the enhancement of 
the diphoton Higgs decay width

• They may also be related to the discrepancy in g-2 of the 
muon

• They may be part of a single structure with the Dark 
Matter candidates

• Can we get a lepton collider at Argonne or elsewhere in 
the near future ? 
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  Final update on the ILC discussion in Cracow:  Japan may pay 
    50% of a 500 GeV machine. 

 The 250 GeV machine would cost about 70% of the 500 GeV
    machine, 

  One scenario could be that Japan finances a large part of the 
     Higgs factory 

  Further upgrades to 500 GeV or 1 TeV would have to be financed 
     by external partners. 
     All subject to governmental negotiations, of course !

Presentation at the European Strategy Meeting

International Linear Collider  in Japan ?
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M.  Yamauchi, European Strategy Meeting, Krakow, September 12,2012
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The Near Future

The current decade will see the full development of the LHC program, which 
will provide detailed information of physics at the TeV scale.

Origin of fermion and gauge boson masses (electroweak symmetry breaking 
dynamics) expected to be revealed by these experiments. Higgs Discovery is 
the first step.

Missing energy signatures at the LHC may reveal one or more dark matter 
candidates. Direct and indirect detection experiments will reach maturity, and 
may lead to additional evidence of Dark Matter. Dark Energy equation of state 
may be determined.

Tevatron, LHC, LHCb and super B-factories will provide accurate information 
on flavor physics, leading to complementary information on new physics.
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The Near Future 

Search for charged lepton number violation, g-2 of the muon and neutrino-less 
double beta decay experiments could shed light on the nature of neutrinos, and 
new dynamics at the TeV scale. 

Neutrino oscillation experiments lead to the observation of CP-violation or, 
indirectly, to the existence of additional sterile neutrinos.

The Linear Collider is built, helping to do precision measurements of the Higgs 
properties and search for weakly interacting particles. 

Muon Collider construction may start at Fermilab.  

The next 10 to 20 years can mark the beginning of a genuine new era in physics, 
similar to the one that led to the successful SMs of particle physics and 

cosmology, which arguably started about 100 years ago.   
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Assume Resonance behaves like a  SM Higgs:                                          
What are the implications for the future of High Energy Physics?

Many questions remain unanswered. Just to list some important ones  :

Why is gravity so weak or, equivalently, why is the Planck scale so high compared 
to the weak scale ? (hierarchy problem)

What is the origin of the matter-antimatter asymmetry

What is the origin of Dark Matter ?

Are neutrinos their own antiparticle ?  

Why are there three generations of fermions ?

What is the origin of the hierarchy of fermion masses ?

Do forces unify ?  Is the proton (ordinary matter) stable ?

What about Dark Energy ?
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Markus Klute

Higgs Precision Measurements with 
CMS@LEP3
• Results are realistic and conservative

• Full CMS detector is used throughout

• Simulated 5 years of  LEP3 or 500 fb-1

• No optimization of  reconstruction was attempted

• CMS upgrade detectors not included in simulation

• upgrade pixel detector with 4 layer and lower material budget

• No multivariate analysis was deployed

• In combination of  two or four detectors, all detectors are assumed to be CMS

• Not all Higgs decay channels have been addressed

• Documentation

• Prospective Studies for LEP3 with the CMS Detector, P. Azzi, C. Bernet, C. Botta, P. 
Janot, M. Klute, P. Lenzi, L. Malgeri, M. Zanetti, arXiv:1208.1662

• Update will be available mid Oct.
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Markus Klute

Higgs factory at !s = 240 GeV 

• 100.000 HZ events / experiment

• Out of  reach

• Hvv cross section to small

• Top-pair production 

• Higgs self  coupling

38

Decay Events

bb 58000

ττ 6400

cc 2800

μμ 22

WW 22000

gg 8200

ZZ 2600

γγ 260

Zγ 160

X0X0 ???
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Results of Searches for Supersymmetry at the LHC

So far, no evidence of new physics at the LHC.
But these bounds are strongly model dependent. 

Third generation particles may be much lighter and more data coming...  

Masses of squarks and gluinos below about 1 TeV seem to be in conflict with data 
in simple supersymmetry models. 

But Higgs mass already pointing to masses of order 1 TeV... 
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