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Abstract

In many analyses in Higgs, top and electroweak physics, the kinematic reconstruction of
the final state is improved by constrained fits. This is a particularly powerful tool at e+e−

colliders, where the initial state four-momentum is known and can be employed to constrain
the final state. A crucial ingredient to kinematic fitting is an accurate estimate of the meas-
urement uncertainties, in particular for composed objects like jets. This contribution will
show how the particle flow concept, which is a design-driver for most detectors proposed
for future Higgs factories, can — in addition to an excellent jet energy measurement —
provide detailed estimates of the covariance matrices for each individual particle-flow ob-
ject (PFO) and each individual jet. Combined with information about leptons and secondary
vertices in the jets, the kinematic fit enables to correct b- and c-jets for missing momentum
from neutrinos from semi-leptonic heavy quark decays. The impact on the reconstruction
of invariant di-jet masses and the resulting improvement in ZH vs ZZ separation will be
presented, using the full simulation of the ILD detector, as an example of highly-granular
ParticleFlow optimized detector concept.

Based on the talk "Kinematic Fitting for ParticleFlow Detectors at Future Higgs Factories" presented
at The European Physical Society Conference on High Energy Physics (EPS-HEP2021), Hamburg,

Germany, 26-30 July 2021, T12-400
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2 Kinematic fitting

1 Introduction

The Higgs boson decay modes to heavy b and c quarks are crucial for the Higgs physics studies. Un-
detectable neutrinos due to semi-leptonic decays (SLD) in the jets originating from heavy b and c quarks
degrade the reconstruction of b- and c-jets [1, fig 8.3d]. A kinematic fit is a mathematical approach that
can be used to retrieve the jet energy resolution beyond the detector resolution [2]. A key input to a
kinematic fit is the measurement uncertainties. The ILD detector is based on the reconstruction of indi-
vidual particles and provides an unprecedented knowledge about the jet-level uncertainties [1]. Already
a very simple approximation of the energy of a missing neutrino in addition to parametrization of the jet
energy error improves the di-jets invariant mass in e+e−→ ZHH events at

√
s = 500 GeV with H→ bb̄,

shown in fig 1 [3]. Despite the improvements in the Higgs mass reconstruction, the method applied in

Figure 1: Higgs mass reconstruction in the presence of ISR photon and semi-leptonic decays. (a): the
signal peak gets sharper by considering ISR photon and correction of semi-leptonic decays. (b): the
background peak is pulled towards the signal.

[3] does not have a satisfying outcome in the presence of ZZH/Z background. Thus a proper neutrino
correction and a better jet error parametrization are needed to avoid the background being pulled towards
the signal due to too much flexibility in the fit. This new jet error parametrization is evaluated using the
ZH/ZZ→ µµ̄bb̄ samples in presence of ISR photon and γγ → low pT hadrons (only for ZZ events) at√

s=250 GeV.

2 Kinematic fitting

It can be shown that the energy and the momentum of the missing neutrino can be obtained using the
kinematics of the semi-leptonic decay [4]. In this method, the semi-leptonic decays are found by tag-
ging charged leptons within b- or c-jets. The energy and momentum of the neutrino is then obtained
up to a sign ambiguity if the four-momentum of visible decay products of the semi-leptonic decay,
mass and flight direction of the parent hadron are known. The sign ambiguity is resolved by a kin-
ematic fit [2], imposing constraints on energy and momentum conservation and/or invariant masses of
known particles. The Pandora particle flow algorithm [5] used for event reconstruction in the ILD de-
tector concept, provides full details of the measurement uncertainties for each PFO. Each of the ILD
sub-detectors has their own spatial and energy resolution that affect the measurement error of particle
reconstruction. For complicated cases like jets, the initial covariance matrix (σdet) is formed by summing
up the covariance matrices of all particles that belong to the jet (red histogram in fig 2a). Any confu-
sion between hits created by charged and neutral PFOs will induce another error to the jet covariance
matrix. A parametrization of the uncertainty due to confusion (σcon f ) has been derived for different jet
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Fi g ur e 2: ( a): n or m alis e d r esi d u al of t h e j et e n er g y w h e n usi n g o nl y t h e s u m of t h e P F O c o v ari a n c es (r e d)
a n d w h e n a d di n g t h e c o nf usi o n t er m d eri v e d i n [ 6 ] ( bl u e). ( b): p ull of t h e j et e n er gi es i n t h e ki n e m ati c
fit w h e n usi n g t h e pr e vi o us err or p ar a m etri z ati o n ( bl a c k), t h e p ar a m etri z ati o n c orr es p o n di n g t o t h e bl u e
hist o gr a m i n fi g 2 a (r e d) a n d w h e n s c ali n g σ E u p b y a f a ct or 1. 2 ( bl u e), as m oti v at e d b y t h e wi dt h of t h e
n or m alis e d r esi d u al i n fi g 2 a.

e n er gi es usi n g t h e fr a cti o n of t h e j et e n er g y c arri e d b y e a c h t y p e of P F Os ( bl u e hist o gr a m i n fi g 2 a) [ 5 , 6 ].
I n pr es e n c e of s e mi-l e pt o ni c d e c a ys, a n a d diti o n al u n c ert ai nt y will b e a d d e d b y t h e n e utri n o c orr e cti o n
(σ ν ) [6 ]. T h e i m p a ct of t h e d et e ct or r es ol uti o n f or e a c h P F O t y p e a n d als o t h e c o nf usi o n i n t h e p arti cl e
fl o w h as b e e n st u di e d i n d et ail [ 4 , 6 ]. T h e c o v ari a n c e m atri x of t h e j et is t h e n f e d t o ki n e m ati c fit as
u n c ert ai nti es o n t h e m e as ur e d t h e j et e n er g y a n d a n gl es. T his n e w j et err or p ar a m etri z ati o n i m pr o v es
t h e fit p erf or m a n c e wit h a m u c h b ett er p ull distri b uti o n of t h e j et e n er g y (r e d hist o gr a m i n fi g 2 b) w hi c h
r e c ei v es f urt h er i m pr o v e m e nt ( bl u e hist o gr a m i n fi g 2 b) b y s c ali n g u p t h e j et e n er g y err or b y a f a ct or of
1. 2 ( d eri v e d fr o m t h e wi dt h of t h e bl u e hist o gr a m i n fi g 2 a).

3 Z / H m ass r e c o nst r u cti o n

T h e n e w j et err or p ar a m etri z ati o n a n d t h e n e utri n o c orr e cti o n, f or t h e ti m e b ei n g b as e d o n c h e at e d i n p uts
i n t er ms of m ass a n d d e c a y p oi nt of t h e m ot h er h a dr o n, a n d ass o ci ati o n a n d m o m e nt a of t h e visi bl e d e c a y
pr o d u cts, ar e a p pli e d o n t h e i ntr o d u c e d Z H / Z Z → µ µ̄ b b̄ s a m pl es. T h e bl u e hist o gr a ms i n fi g 3 s h o w t h e
m ass r e c o v er y b y t h e n e utri n o c orr e cti o n al o n e f or b ot h Hi g gs b os o n (s oli d) a n d Z b os o n ( d as h e d). I n t his
c as e, t h e ki n e m ati c fit is p erf or m e d t o r es ol v e t h e si g n a m bi g uit y, b ut t h e pr e- fit j et f o ur- m o m e nt a ar e us e d
f or t h e i n v ari a nt m ass of di-j et. T h e gr e e n hist o gr a ms i n fi g 3 s h o w t h e m ass distri b uti o ns o bt ai n e d fr o m
t h e ki n e m ati c fit o nl y, wit h o ut a p pl yi n g t h e n e utri n o c orr e cti o n. E v e n wit h o ut t h e n e utri n o c orr e cti o n, t h e
r e c o nstr u ct e d di-j et m ass es r e c ei v e a h u g e i m pr o v e m e nt fr o m t h e n e w j et err or p ar a m etri z ati o n d es cri b e d
i n s e cti o n 2 . Fi n all y, t h e r e d hist o gr a ms s h o w t h e c o m bi n ati o n of ki n e m ati c fit a n d ( c h e at e d) n e utri n o
c orr e cti o n. E v e n if t h e n e utri n o c orr e cti o n b as e d o n r e c o nstr u ct e d i nf or m ati o n mi g ht b e l ess p o w erf ul,
t h e fi n al p erf or m a n c e is e x p e ct e d s o m e w h er e b et w e e n t h e gr e e n a n d r e d hist o gr a ms. I n all c as es, t h e
Z H /Z Z s e p ar ati o n is i m pr o v e d dr asti c all y wit h r es p e ct t o t h e bl a c k hist o gr a ms, a n d t h e pr o bl e m s h o w n
i n fi g 1 is a v oi d e d. T his is i m p ort a nt f or a n y Hi g gs st u di es w h er e e v e nt s el e cti o n is d o n e b as e d o n di-
j et m ass es. T h e i m p a ct of t h e n e utri n o c orr e cti o n s e e ms m u c h s m all er f or Z → b b̄ t h a n f or H → b b̄ .
T his is s us p e ct e d t o b e r el at e d t o t h e eff e ct of t h e d et e ct or r es ol uti o n (i n a d diti o n t o ot h er s o ur c es of
u n c ert ai nti es) f or t h e H → b b̄ di stri b uti o ns w hil e t h e Z → b b̄ p e a k is li mit e d b y t h e n at ur al wi dt h of t h e
Z b os o n.
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Fi g ur e 3: I n v ari a nt di-j et m ass i n Z H a n d Z Z e v e nts r e c o nstr u ct e d b y t h e P F A o nl y ( bl a c k), wit h n e utri n o
c orr e cti o n ( bl u e), wit h ki n e m ati c fit ( gr e e n) a n d wit h n e utri n o c orr e cti o n a n d ki n e m ati c fit (r e d).

4 C o n cl usi o ns

T h e s e p ar ati o n of t h e Z Z H b a c k gr o u n d a n d t h e Z H H si g n al b as e d o n t h e i n v ari a nt di-j et m ass es is v er y
i m p ort a nt f or t h e Hi g gs s elf- c o u pli n g a n al ysis. Si n c e t h e Hi g gs d e c a ys pr e d o mi n e ntl y i nt o b b̄ , t h e i n v ari-
a nt di-j et m ass is si g ni fi c a ntl y aff e ct e d b y t h e r e c o nstr u cti o n of h e a v y- fl a v or j ets. A c o n c e pt u al a p pr o a c h
f or a c orr e cti o n of s e mi-l e pt o ni c d e c a ys b as e d o n a d et ail e d r e c o nstr u cti o n of t h e d e c a y ki n e m ati cs c a n
b e c o m bi n e d wit h a ki n e m ati c fit. T h e pr o p a g ati o n of P F O-l e v el m e as ur e m e nt u n c ert ai nti es pl us a p ar a-
m etri z ati o n of P F O c o nf usi o n u n c ert ai nti es, l e a d t o a pr e cis e k n o wl e d g e of t h e m e as ur e m e nt err ors o n
t h e j et l e v el. T h e ki n e m ati c fit wit h t h e d et ail e d err or p ar a m etri z ati o n a n d t h e n e utri n o c orr e cti o n (s o f ar
usi n g c h e at e d i n p uts as pr o of- of- pri n ci pl e) h a v e b e e n t est e d o n Z H → µ µ̄ b b̄ a n d Z Z → µ µ̄ b b̄ e v e nts.
E a c h of t h e t e c h ni q u es o n its o w n a n d e v e n m or e s o t h eir c o m bi n ati o n l e a ds t o a si g ni fi c a nt i m pr o v e m e nt
of t h e Z H /Z Z s e p ar ati o n vi a t h e di-j et m ass. I n t h e f ut ur e, t h e n e utri n o c orr e cti o n will b e p erf or m e d
b as e d o n f ull y r e c o nstr u ct e d i nf or m ati o n a n d b ot h t e c h ni q u es will b e a p pli e d t o t h e Hi g gs s elf- c o u pli n g
a n al ysis.
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