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Abstract: For a resonance decaying to 771, it is difficult to reconstruct its mass accurately because of the presence

of neutrinos in the decay products of the T leptons. If the resonance is heavy enough, we show that its mass can be

well determined by the momentum component of the T decay products perpendicular to the velocity of the T lepton,
p1, and the mass of the visible/invisible decay products, myig/iny, for T decaying to hadrons/leptons. By sampling all

kinematically allowed values of p, and myis/iny according to their joint probability distributions determined by the

MC simulations, the mass of the mother resonance is assumed to lie at the position with the maximal probability.

Since p1 and Mg iny are invariant under the boost in the T lepton direction, the joint probability distributions are

independent upon the T’s origin. Thus this technique is able to determine the mass of an unknown resonance with
no efficiency loss. It is tested using MC simulations of the physics processes pp — Z/h(125)/h(750) + X — tt+X at
13 TeV. The ratio of the full width at half maximum and the peak value of the reconstructed mass distribution is

found to be 20%-40% using the information of missing transverse energy.

Keywords:
PACS: 29.85.Fj

1 Introduction

Following the discovery of the Standard Model (SM)
Higgs boson [1, 2], it is of more interest to search for new
high-mass particles, such as additional Higgs bosons [3—
6]. Recently, in the yy mass spectrum, a resonance
around the mass 750 GeV/c? has been seen with a signifi-
cance of about 30 [7, 8]. In the SM and many beyond-SM
theories, the coupling of the Higgs boson and the fermion
is proportional to the mass of the fermion. For a neutral
Higgs boson, h°, the branching fraction of A’ — TF1~
would be dominant compared to other leptons e and p.
Experimentally, the presence of neutrinos makes it chal-
lenging to reconstruct the invariant mass M (TT) accu-
rately [9, 10]. Accordingly, the performance of the mass
reconstruction technique affects the sensitivity of prob-
ing new physics.

The 7T lepton has two types of decay mode. One
is the decay to a charged lepton plus two neutrinos,
T—1+vi+v.,l=e,u (denoted by 7)), the other is the
decay to hadron(s) plus one neutrino, T — hadrons+v.
(denoted by Ty,). Experimentally, the visible decay prod-
uct is the charged lepton (e,p) or the hadron(s) while
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the invisible decay product is the neutrino(s). For the
charged leptons, the momentum can be measured well
by the tracking system. For the hadronic decay prod-
ucts, they are reconstructed from the energy clusters in
the electromagnetic and hadronic calorimeters using the
anti-k; jet finding algorithm [11, 12]. One of the char-
acteristics is the presence of one or three charged tracks
accompanied by possibly neutral hadrons, which lead to
a collimated shower in the calorimeters with a few nearby
tracks. The energy deposits in the calorimeters are used
to reconstruct the four-momenta of the hadronic T candi-
dates. Both the tracking and calorimeter information are
combined to identify the hadronic T decays and suppress
the misidentification rate of jets.

For the M (TT) reconstruction, an important observ-

This is de-

s

able is the missing transverse energy EZI;

fined as .
EJC/yE_1>< Z

observed objects

"
Pz/y (1)

where the colliding axis is defined as the z axis and the
sum is performed over all observed objects, including
electrons, muons, hadronic taus, jets, etc. If only the
neutrinos from the T decays contribute to the missing
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energy, EZ‘Z can then be used to improve the M (tT)
reconstruction, as will be shown below. Here we only
use the transverse part of the missing energy. This
is because in the hadron colliders, the interaction hap-
pens among the colliding partons. The partons in high-
boosting hadrons, such as protons, would have momenta
collinear with the original momentum of the proton, and
thus the initial transverse momenta are negligible [13]. Tt
should be noted that the pileup effect would worsen the
measurement of the missing transverse energy. For the
CMS detector, the determination of the missing energy
can be improved to have a resolution of 10—15 GeV [9]
based on the data taken at 8 TeV using the particle-flow
technique [14]. For the ATLAS detector, a track-based
soft term (TST) [15] is adopted to mitigate the pileup
effect and the missing transverse energy can be deter-
mined with a resolution of 10—20 GeV based on a small
fraction of the data taken in 2015 [16].
There are a few techniques of M (TT) reconstruction

which are commonly used in the hadron colliders. A
study of these techniques can be found in Ref. [9, 17

pvisl/2

19]. Here is a short summary.

1) The Transverse Mass Method (TMM): M (tT) =
\/(Pvis1 + P, + Pg)?. Here P, and P, are the 4-
momenta of the visible decay products of the T leptons;
Py= (EZbS,EZbS, 0,/ B2 —l—Estz). It is not able to con-
sider the z component of the momentum of the missing
neutrinos. The resulting M (tT) spectrum is thus biased
and broadened.

2) The Collinear Approximation Technique (CAT):
this assumes that the neutrino(s) from each T decay is
collinear with the visible T decay products, the charged
leptons or the hadronical T jets. Thus the 4-momenta
of the neutrinos can be fully determined. The M (TT) is
calculated in the equation below.

M(TT) = (Pvisl +Pvis2)2/\/xlx2- (2)
Here z; and z, are the momentum fractions carried by
the visible T decay products. The explicit expressions

are written below.

Ty/2 =

Here puyis, /2 is the magnitude of the momentum of

the visible T decay products; F, = \/Ei—i—Ei; and

Guis, /vise/ £ are the azimuthal angles of the visible T decay
products and the missing energy in the plane perpendic-
ular to the beam line. This method gives a reasonable
mass resolution, but it fails if the visible T decay prod-
ucts are outgoing back-to-back (thus |pyis, — Puisy| — T
and z;,, — 0). It has an efficiency loss 30%-60%.

3) The Missing Mass Calculator (MMC) Technique:
the unknown quantities are the 4-momenta of the invisi-
ble neutrinos, denoted by P, and P,,,,. But there are
only four constraints, written in Eq. 4. In Eq. 4, the
first two constraints are from the information of missing
energy and the last two constraints are due to the T lep-
ton mass, denoted by m.. For each event, the method
is to calculate all possible M (tT) values satisfying the
constraints by scanning the parameter space of the un-
known variables. Each M(tt) value carries a weight,
which is the probability product P(AR,)xP(AR,). Here
AR is the direction distance between the visible part
and the invisible part for each T decay. It is defined as
\/(nvis _77inv)2 + (¢vis - ¢inv)2 with n being the rapldlty
Putting all M (tt)s with the weights into a histogram,
the peak value of the histogram is taken as the M(tT)
for this event. The probability distributions P(AR;»)
depend upon the momentum of the initial T lepton and
the T decay type. They are determined by MC simula-
tions. To consider the effect of the resolution of missing
transverse energy, the scanned parameter space is ex-

Pvisy /5 + ET (COS(¢Vi51/2 - ¢E) - Sin(¢visl/g - ¢E) COt(d)ViSuz - ¢Ui32/1 )) '

3)

| tended to include F, and E,. The weight will be multi-
plied by the probability functions P(£,) x P(E,). Here
P(Ex/y) = exp(—(Ex/y —EZ]Z)2/2O'%) with EZ‘Z being
the 2/y component of the observed missing transverse
energy and op being the resolution. The method has
an efficiency up to 97%-99% and gives a mass resolution

better than that of the CAT.

Ez = Rﬂle + anzx 9
Ey = anly + Pinv2y )

m.= \/ (Pvi51 +an1)25

(Pvi52 + an2)2' (4)

4) The SVFIT algorithm: the best estimate of M (TT)
is taken to be the one maximizing the following proba-
bility:

m=

P(M,):/6(M/_M(Xla)szEvay;PvislaPVis2))

P(X1, X5, By By, Pas, , Py )JAX1dXs,  (5)
as a function of the mass hypothesis M’. X, and X,
denote the free parameters to specify the T decay kine-
matics. X is chosen to be (Zyis, Py Miny ). Here xq is
the fraction of the T lepton energy carried by the visible
decay products in the laboratory frame; ¢. is the az-
imuthal angle of the T lepton direction in the laboratory
frame; my,, is the invariant mass of the neutrino(s) in the
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T decays. The likelihood P(Xl,X2,Ez,Ey,P\,isl,PviSZ) is
the product of three likelihood functions: two functions
model the probability distributions of the decay param-
eters X; of the two T leptons and one function quantifies
the compatibility of a T-pair decay hypothesis with the
reconstructed missing transverse energy J The rela-
tive M (tT) resolution is (10—20)%.

Other interesting methods can be found in Ref. [20—
23]. In this paper, we propose an alternative method,
which utilizes the momentum component of the T de-
cay products perpendicular to the velocity of the T lep-
ton, p,. We will compare this method with the CAT,
MMC and SVFIT, as the TMM only reconstructs M (tt)
partially. In Section 2, we present the principle of this
method. In Section 3, the method is tested on the MC
simulations. In Section 4, we apply the selection criteria
used by the ATLAS Collaboration in searching for the
SM Higgs decaying to the T pair [10] to a MC sample
of pp — h(125) + X — 11+ X via the gluon-gluon fu-
sion process. The performance of this method should be
more realistic in this case. We give the conclusions in
Section 5.

z/y*

2 Principle of the method

To illustrate our method of reconstructing the mass
of a resonance R decaying to T7T—, we write down the
following equations.

Mg = \/2m?r—|—2ET1E12 — 2D, Py COS Oy s (6)

pTi = \/p\%isi +pi2nvi + 2pvisipinvi Cos gvisi,invi 1= 17 2. (7)

Here MF, is the mass of the resonance R; p., is the magni-
tude of the momentum of the T leptons; E., = \/p2, +m2;
Duvis; and Di,y, are the magnitude of the momentum of
the T decay products, the visible parts (charged leptons
or hadronic T jet) and the neutrinos respectively; 6., «,
is the angle between two T leptons; and 0., inv, is the
angle between the charged lepton/hadronic jet and the
corresponding neutrino(s). To determine the mass of the
resonance Mp, there are five unknown quantities, pj,y,,
Dinvgs Ovisy,invys Ovisy invs a0 O, -, as shown in Eq. (6)—
(7). The other quantities p,;,, and p,;s, can be measured
by the detectors.

First of all, we show that 0. ., can be estimated well
by the angle between the visible decay products of two T
leptons, 8., vis,, in the case of the heavy resonance R.
We write down the T mass constraints.

mi = m?,is + m?m, +2Fis Biny — 2DvisPiny COS Hvis,inv' (8)
Here the subscripts 1,2 are omitted. m; is the mass
of the charged lepton in the T; mode or the mass of the
hadronic jet in the T, mode; my,, is the mass of the neu-
trinos in the T; mode or equal to 0 in the T, mode; and

J— 2 2 .
Elis/inv = \/P2iajime T Meie jiny- 1 the resonance is heavy

enough, Mpr > m., we have

Dvis > Myis, Pinv > Minv » (9)
and
mz. m.2
EViS = Pvis 1 + — ) Einv = Dinv 1 + — . 10

From the T mass constraints shown in Eq. (8), the angle
between visible decay product(s) and the invisible neu-
trino(s) turns out to be

2 2 2 2 2

vis + minv _ mT — mvis — minv (11)
2 2 :

2pvis 2pinv 2pvispinv

m

€08 Oyig inv ~ 1+

2
Using the relation cosf ~ 1 — ) for small 6, we find

Miny

Myis
that |6, inv| is of the order of —— or
pvis pinv

(@) <%,m> Therefore, in the case of Mz > m.,
pvis pinv

the difference between 6., ., and 0., vis, is of the same

order, as shown in Eq. (12).

, denoted by

Myis Miny
|9T1T2_9visl,vi52| < |9Visl,inv1 |+|9Vis2,inv2| ~0 ( Duis ) E) .
(12)
Resorting to Eq. (6) and Eq. (12), we can estimate the
uncertainty of the reconstructed My due to the approx-

imation Or, «, 20y, vis, -

AMp | OMg | Abq, .,
MR B 897172 MR
pT p'r . Myis Miny
Nj\l/[—%z|s1n9vishvm|(9< - ,piT>, (13)

where we have used Af, ., ™ |0, <, — Ouisy vis, |- This un-
certainty is reduced in the region where 6., vis, is close
to 7 (thus [sinf,;g, vis,| is close to 0).

If the approximation 0. ., ~ O, vis, 1S assumed,
we then have four unknown quantities in total, namely,
(Piny, Miny) in the T, mode, or (Piny, Myis) in the T, mode.
The angles 0., inv, and 6yis,,inv, can be expressed as
functions of the unknowns through the T mass con-
straints, and Eq. (8). M(tt) can be determined if p;,,
and Myis/iny are given. However, pi,, is related to the
momentum of the T lepton. Thus the probability dis-
tribution of p;,, depends upon the mass of the mother
resonance and is not available for an unknown resonance.
Instead, we choose to use the momentum component of
the T decay products perpendicular to the velocity of the
T lepton, p, (it is same for the visible and invisible decay
products). p, is invariant under the boost in the direc-
tion of the T lepton. The joint probability distributions
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(JPD), P(p.L,Myisinv), are then independent of the mass
of the mother resonance.

To derive the expression of p. as a function of p, and
Myis/inv, 1€t U consider the Lorentz transformation relat-
ing the laboratory frame and the center-of-mass (c.m.)
frame of the T lepton. The quantities in the in the c.m.
frame are indicated by a “/” and can be easily calculated
for given my,,, my;; and p,. Letting v be the velocity of
the T lepton, we define 3=wv/c and v =1/y/1— /3. We
have

y2un :le_v
Py jvis = VPhe =L = V(P uis + BEGS)
EWViSE p\zzis+m\2/isZW(E\l/is—i_ﬂpl//vis)' (14)

In the equations above, p’, ;. = £1/p? —p? is the mo-
mentum component of the visible T decay products paral-
lel to the velocity of the T lepton and E2, = +/p? +m?,
is the energy of the visible T decay products, where p’
is the momentum of the T decay products in the c.m.
frame. Using Egs. (14) and p, =~/m., we obtain

Do = E\l,isp//vis :l:Evisp///
=
E\//?s _p//2/

Mo, (15)

where p/,, = /p”? — p? and the two-fold solution is due to
P s = £/P? —p? (physically, this is because the mo-
mentum component p, ;s in the laboratory frame can be
parallel or anti-parallel to that in the c.m. frame of the
T lepton).

For convenience, we write down explicitly the equa-
tions related to our method.

MR =~ \/27’)1% + 2E’rl E"L’2 - 2pT1pT2 COSs 9visl,vis2

Eioi Py visi £ Evis, D)
Dry = 2 /2 Me
EZ, —Dj
Pinv; = \/(E”H - EViSi)z _miznv (16)

where the subscript ¢ = 1,2 and 6.,., is replaced by
Ouis, vis, 1D the first equation.

The next step is to sample all possible values of
(pL,Miny) for the T, mode or (p,,m;) for the T, mode
according to their JPDs, which can be determined by
the MC simulations. For each event accumulated by the
detectors, we sample the unknowns many times (10000
time is reasonable) and obtain a distribution of M (tT)
according to Egs. (16). We assume that the mass of the
resonance lies at the position with the maximal proba-
bility. For each sampling entry, the two-fold solutions,
shown in the second line of Egs. (16), are used as long
as they are physically allowed, namely, p., > 0.

To use the missing transverse energy, each sampling

entry is given a weight, w(J), which is defined as

. k) 1 gk
20 20
w E =—e By X ——e By
( ) vV 27TUEz vV 27‘[O'Ey
(17)

Here E;‘;Z are the x/y components of the observed miss-
ing energy; oy, and o are the corresponding resolu-
tions; and Ex/y are the x/y components of the sum of
the momenta of the neutrinos, shown in Eq. (18).

E,= E Piny, IO, i, COS s,

i=1,2

Ey = Z pinvi Sin evisi Sin ¢visi . (18)

i=1,2

Here the collinear approximation is used; 6.;s, and ¢y,
are the polar angle and the azimuthal angle of the vis-
ible decay products respectively. To comply with the
experimental performance [14, 24], the missing energy
resolution is parameterized in the form,

op, =0, =07x1/> Er, (19)

where > Er is the scalar sum of all the observed objects
(electrons, muons, hadronic taus, jets, etc.) and defined

as
> Er= > \/p2+pi. (20)

observed objects
3 Performance of the technique

To test the performance of this technique, the
MC samples for the physics processes pp —
Z/h(125)/h(750)4+ X — trt~ + X at 13 TeV were pro-
duced with MadGraph5 [26]. The parton showers were
simulated by Pythia 8 [27] and the detector response
was simulated by Delphes 3 [28]. The detector simula-
tion was adjusted to match the run 1 performance of the
ATLAS detector. Most relevantly, the reconstruction ef-
ficiency of the hadronic T jets is about 60% with a jet
faking rate about 1%. The effect of the pileup interac-
tions is not considered until the end of this section. Here
h(125) denotes the SM Higgs boson with mass about
125 GeV/c? [25] and width 4.07 MeV. h(750) denotes a
possible high-mass Higgs boson. Its mass and width are
750 GeV/c? and 40 GeV respectively in the simulations.

In the leptonic decay mode T;, we do not distinguish
the charged leptons e and p as their masses are negligible
compared to the T mass. In the hadronic decay mode Ty,
events with one charged track and three charged tracks
are considered separately. Events with two T candidates,
charged leptons or hadronic T jets, with opposite charge
sign, are selected. The transverse momentum, pr, is re-
quired to be larger than 20 GeV/c and the rapidity |7 is
required to be less than 2.5 for both T candidates. They
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are further required to be isolated. The charged leptons
satisfy pr(AR = 0.5)/pr(l) < 10%. Here pr(l) is the
transverse momentum of the lepton and pr(AR=0.5) is
the transverse momentum of the additional observed ob-
jects in the cone around the lepton candidate, where the
cone size is defined by the angular distance between the
additional objects and the lepton candidate AR = 0.5.
For a hadronic T candidate, the angular distance with
respect to an electron or a muon is required to be larger
than 0.2. Experimentally, additional isolation condi-
tions are imposed on the hadronic T candidates to re-
duce the jet faking rate. For example, the ATLAS col-
laboration uses the discriminating variables based on the
tracks with pr > 1 GeV/c and the energy deposited in
the calorimeter in the cone AR < 0.2 and those in the
region 0.2 < AR < 0.4 around the hadronic T candi-
date’s direction [10]. Here in the Delphes simulation,
no further isolation condition is used for the hadronic
Ts.

In the first place, the collinear approximation that

HTI,TZ

= on N W

W (=) W (=
S L L B I B I

,_.
(=

e
o3

JHENI FEETE PR ANREE REEE RERYG .

..I.....I....I....I....I....I
05 1.0 15 20 25 30

S

the angle between the T leptons is well estimated by the
angle between the two visible T candidates is verified in
the MC simulations. Figure 1 (a) shows the distribution
of O, versus O, vis, while Fig. 1 (b) shows the dis-
tribution of (0, ry — Ovisy visy )/ Ovisy vis,- We find that the
correlation coefficient between the two angles is 0.998
and the relative difference [0, «, — Ovisy viss |/ Ovisy visy, 1S
well below 10%. To be exact, the mean value of the dis-
tribution in Fig. 1 (b) is 0.1% and the root mean square
(RMS) is 2.6%.

Figure 2 shows the distributions of the momentum
component p,, the invisible mass distribution in the T
mode and the visible mass distribution in the T, mode for
the three mother resonances. In Fig. 2 (b), the hadronic
modes with one charged track, T — m/K/p+~v., can be
well recognized. We see that the probability distributions
have little dependence upon the mass of the mother res-
onance. p, and My /iy are correlated. Figure 3 shows
the JPDs P(p, ,Miyy) in the T, model and P(p,,m.is) in
the T, mode.

— ]
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(color online) (a) The distributions of p, in the lepton mode and the hadron mode with one charged track or

three charged tracks. (b) The mass distributions of the invisible neutrinos in the lepton mode and the visible hadrons
in the hadron mode with one charged track or three charged tracks. The hatched histograms/curves/markers
represent the distributions for the resonance Z/h(125)/h(750). All distributions are normalized to a unit area.
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Fig. 3. (color online) (a) shows the distribution of p versus minyv in the 71 mode; (b) and (c) show the distributions
of p, versus myis in the T, mode with one charged track and three charged tracks respectively. All distributions
are normalized to a unit volume. The plots are from the MC simulation of Z — tt.
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113003-6



Chinese Physics C  Vol. 40, No. 11 (2016) 113003

For each event, we sample (p,Myis/inv) according to
their JPDs 10000 times. A distribution of M (tT) is ob-
tained using Eqs. (16). The best estimate of M (tT) for
this event is assumed to be the peak position of this dis-
tribution. The final reconstructed distributions of M (tT)
for Z/h(125)/h(750) — T+t~ are shown in Fig. 4, Fig. 5
and Fig. 6 respectively. For each resonance, we also
present the results based on the JPDs P(pi,Myis/inv)
from the simulation of the other resonances. In fact,
the JPDs describe the decay kinematics of the T lepton
and have nothing to do with the resonance decaying to T
lepton pairs. Therefore, we can reconstruct the mass of
an unknown resonance based on the JPDs from a known
resonance. As Fig. 4, Fig. 5 and Fig. 6 shows, the per-
formances are nearly the same no matter what JPDs are
used.

We adopt two quantities to measure the performance,
namely, the reconstruction efficiency due to the tech-
nique itself and the relative mass resolution. They are
crucial elements to search for new resonances and distin-
guish the resonance signal from the background. They
are explained below.

The reconstruction efficiency describes the rate of

successful mass reconstruction and is defined as

Nscl+succcss

)
Nsel

€success —

(21)

where N, is the number of events passing the selection
criteria, and Nyl tsuccess 1S the number of events which are
successfully reconstructed from the selected events. In
the CAT, the mass cannot be reasonably reconstructed
if 1,0 <0 or 21,2 > 1 in Eq. 3. The efficiency is about
40%-70%. In the MMC, the efficiency loss is only 1%.
It is due to large fluctuations of the J, measurement or
other scan variables and the limited number of scans.

The definition of the relative mass resolution, used
in Ref. [10], is the ratio of the full width at half maxi-
mum (FWHM) and the peak value (mpe.) of the mass
distribution, denoted by FWHM/m .

A comparison of the performance of the CAT and
this method is summarized in Table 1. If the resonance
is heavier, the collinear approximation is better and thus
the CAT works better. Our method has a stable perfor-
mance with no efficiency loss and give a relative mass
resolution of (30-40)%.
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Fig. 5.

(color online) The distributions of M (tt) for h(125) — T~

in the 171 mode (a), the 71T, mode (b), and the

TwTh mode (c). The open circles, boxes and triangles represent the results in this work with the joint probability
distributions from the simulations for the resonance Z, h(125) and h(750), respectively. The hatched histograms
are the results using the collinear approximation technique (CAT). All distributions are normalized to a unit area.
The blue dashed arrow in each plot denotes the position of the generated mass.
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ThTh mode (c). The open circles, boxes and triangles represent the results in this work with the joint probability
distributions from the simulations for the resonance Z, h(125) and h(750), respectively. The hatched histograms
are the results using the collinear approximation technique (CAT). All distributions are normalized to a unit area.
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results using the collinear approximation technique (CAT). All distributions are normalized to a unit area. The

blue dashed arrow in each plot denotes the position of the generated mass.
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Table 1. (color online) Performance comparison of the mass reconstruction method in this work and the collinear
approximation technique (CAT). The last two lines summarize the results considering the effect of the pileup
interactions.
technique resonance efficiency FWHM/mpeax

uh TTh ThTh uh TTh ThTh

CAT Z 51% 48% 45% 46% 46% 49%
h(125) 61% 55% 51% 33% 35% 39%

h(750) 66% 59% 52% 32% 32% 38%

this work Z 100% 34% 34% 32%
h(125) 100% 33% 33% 33%

h(750) 100% 38% 38% 32%

CAT (pileup) h(125) 51% 48% 45% 39% 55% 60%
this work (pileup) h(125) 100% 33% 37% 49%

For the present, we have not yet mentioned the back-
grounds under this method. In searching for the SM
Higgs decay h(125) — ttt~, for which only evidence
is reported [9, 10], the decay Z — t"1~ is the domi-
nant background since the masses of the two bosons are
close. A M (7t) reconstruction technique with a higher
reconstruction efficiency and a better mass resolution
will surely improve the signal-background separation and
increase the signal significance. Another important back-
ground is the multi-jet background which dominates the
faking hadronic Ts. It is usually estimated by a data-
driven method, namely, it is represented by the data
events with two T candidates having the same charge
sign.

At the end of this section, we take h(125) — TT as an
example to investigate the effect of the pileup interac-
tions. Here the average pileup is assumed to be 50. By
repeating the simulations with the pileup interactions
considered, it is found the mass reconstruction perfor-
mance become worse, especially for the T,Ty,, as shown
in Fig. 7. In this case, however, our method still give
better mass resolutions than the CAT. The results are
summarized in the last two lines of Table 1. It should be
noted that very simple selection requirements are used in
this section. In the next section, we will test this method
in a more realistic case.

4 Performance using the ATLAS selec-
tion criteria

In this section, we apply the selection criteria used
by the ATLAS Collaboration in searching for the SM
Higgs boson decaying to the T pair [10] to a MC sample
of pp — h(125) + X — tt+ X via the gluon-gluon fusion
process at 8 TeV. In this case, the performance of this
technique should be more realistic.

Table 2 lists the thresholds on the transverse mo-
mentum while Table 3 lists the remaining cuts. The def-

initions of these variables in the tables could be found
in Ref. [10]. Figure 8 (a) shows the distribution of
Oy vy —0visy visy )/ Ovisy vis, and the relation 0., ~ Ooig; vie,
still holds well. The distributions of |¢yis, — ¢uis, | before
and after the event selection are shown in Fig. 8 (b).
Most of the back-to-back events are abandoned by the
selections. It is then expected that the CAT would work
well as [@yis, —Pis, | 18 far from 7 after the event selection.

Table 2. (color online) Summary of the transverse
momentum thresholds and rapidity cuts applied
in the analysis. The indices 1 and 2 denote the
leading (highest pr) and sub-leading final state
objects.

channel analysis level thresholds pr/(GeV/c)
TeTe pd >15, p? > 15
p% > 26, pk. > 10
TuTu Pt >20, p? > 10
TeTh pT > 26, pT. > 20
P> 26, pT. > 20
p > 35, pi2 >25
In(e)] <2.47, In(w)] <2.5, [n(tn)| <2.47

TeTp

TuTh

ThTh

The performance of different mass reconstruction
techniques is compared in Table 4. Through the com-
parison, we find that: 1) all three techniques recover the
mass value of the Higgs boson with little bias; 2) only
considering the reconstruction efficiency and the mass
resolution, the technique in this work seems better than
the CAT and the MMC; 3) the CAT works well and
gives a similar mass resolution to our technique. The
high-mass tail in the CAT disappears and the efficiency
also increases. However, the improvements are due to the
specific selection criteria in Ref. [10]. For example, for
the T1; channel, it is already required that 0 < z;,z, <1
in Table 3 and thus the efficiency for the CAT is 100%;
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4) even considering the pileup effect, our technique is
likely to have a similar performance to the MMC. Taking
T, as example, the no-pileup simulation at 8 TeV gives
FWHM/mea ~ 24% in Table 4 and the pileup simula-
tion with (u) =50 at 13 TeV gives FWHM /m e =~ 37%
in Table 1. The ATLAS experiment with (u) ~ 21 at
8 TeV gives FWHM/m e =~ 30%; 5) in Table 4, we
also provide the standard deviation of the M (tT) distri-
bution, which can be compared with that obtained us-
ing the SVFIT method by the CMS collaboration [9].
It seems that our technique has better performance

in the mode TT; but worse performance in the mode
ThTh-

At the end of this section, Fig. 10 compares the prob-
ability distributions P (p.,Myis/iny) before and after the
event selection summarized in Table 2 and 3. It is found
that the probability distributions are not sensitive to
the event selection. This indicates that we do not have
to tune the JPDs once the selection requirements are
changed, and the systematic uncertainty of the shape of
the reconstructed mass reconstruction due to the JPDs
used may be small in this technique.

Table 3. Summary of the selection criteria applied in the analysis. The definitions of the variables can be found in
Ref. [10].
channel selection cuts
T two opposite-sign leptons
30 GeV< mYis < 100(75) GeV/c? for DF (SF) events
Agy <2.5
Emiss > 20(40) GeV for DF (SF) events
Eflfliss’HPTO > 40 GeV for SF events
Pl +p2 > 35 GeV/e
events with a b-tagged jet with pt > 25 GeV/c are rejected
0.1<zry, 27, <1
me >myz —25 GeV/c?
at least one jet with pp >40 GeV/c
T Th one lepton and one T}, candidate with opposite charges
mT <70 GeV/c?
events with a b-tagged jet with pt >30 GeV/c are rejected
ThTh two opposite-sign T}, candidates
Emiss > 20 GeV
Emiss points between the two visible taus in ¢, or min[Ag(t, EEis)] < 7 /4
0.8 < AR(Th1,Th,) < 2.4
An(thi,Th) < 1.5
all pif > 100 GeV/c
N T T T ] 0.08F T T T L T T
0.10F (@) o E t
C ] 0.07 .
o 008 . 0.06f 3
< L E 2 E ]
2 - B S 0.05F —
B 06 1 2. E
£ C ] goo 3
T 0.04F 4 B 003f =
N ] « E ]
L i 0.02F =
0.021— - E E
i ] 0.01 -
| I . A B NI C:"“"I'“r ~
-03 -02 —0.1 0 0.1 0.2 0.3 0 0.5 0
(9{1,(279\'151,\&52)/()visl.\'is2 |¢vis]7¢visz|
Fig. 8. (a) The distribution of (0« t, —Ovis; viss ) /Ovis; ,vis, after the event selection. (b) The distributions of |pvis, —

@visy|- In (b), the solid (dashed) histogram represents the distribution before (after) the event selection. All

distributions are normalized to a unit area.
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Table 4. Performances of different mass reconstruction techniques using the ATLAS selection criteria [10] .

mpcak7

FWHM and RMS are the peak value, the full width at half maximum, and the standard deviation of the mass
distribution, respectively. The uncertainty is due to the bin width 5 GeV/ ¢? in the mass distribution.

technique channel Mpeak/(GeV/c?) FWHM/mpeak RMS/(GeV/c?) efficiency
T 127.5+2.5 (20£4)% 14.2 100%
this work TTh 127.54+2.5 (24+4)% 17.5 100%
ThTh 127.5+2.5 (27+£4)% 18.8 100%
7] 132.5+2.5 (20£4)% 15.5 100%
CAT T, 1275425 (24+4)% 22.2 76%
ThTh 132.54+2.5 (27 +4)% 20.5 87%

MMC (ATLAS [10]) TTh 122.3 ~30% ~99%
T 18-24 100%
SVFIT(CMS [9]) T, 14-20 100%
ThTh 13-15 100%
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Fig. 9.

(color online)The distributions of M (tt) for h(125) — "1~ in the 17 mode (a), the 71T, mode (b), and the

ThTh mode (c) using the ATLAS selection criteria [10]. The solid (dashed) histograms represent the results in this
work (the collinear approximation technique). All distributions are normalized to a unit area. The blue dashed
arrow in each plot denotes the position of the generated mass.

5 Conclusions

In summary, we propose a new technique to re-
construct the mass of a heavy resonance decaying to
ttt=. It is based on the collinear approximation
Ocyey = Ouisy vis,- The mass M(tT) can be determined
with given (pi,Myis/iny) for the T leptons. Through
sampling (p1,Myis/inv) according to their joint proba-
bility distributions, the reconstructed mass is assumed
to correspond to the value with the maximal probabil-
ity. This method utilizes the fact that the quantities p,
and Mm.is/iny are invariant under the boost in the direc-

tion of the T lepton. Based on the MC simulations of
pp — Z/h(125)/h(750)+X — tt1~+X, this method gives
a relative mass resolution, FHWM/m e ~ 20%-40%
using the information of missing energy with no effi-
ciency loss. In the end, we would like to comment that
this method would work better in the Circular Electron
Positron Collider (CEPC), since the well-determined ini-
tial four-momenta of the colliding beams provide more
kinematic constraints.

Li-Gang Xia would like to thank Fang Dai for many
helpful discussions.
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(color online) (a) The distributions of p1 in the lepton mode (solid line) and the hadron mode with one
charged track (dashed line) or three charged tracks (dotted line).

(b) The mass distributions of the invisible

neutrinos in the lepton mode (solid line) and the visible hadrons in the hadron mode with one charged track
(dashed line) or three charged tracks (dotted line). The black histograms (blue markers with error bar) are the
distributions before (after) the event selection. All distributions are normalized to a unit area.
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