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2.2 Study of the Higgs Boson Profile III-31

data by using the side-bands of the Higgs boson mass peak. The jet flavour tagging
response can be checked by using low energy runs at the Z as well as ZZ events at full
energy, thus reducing systematic uncertainties from the simulation.

For the case of H0/h0 → τ+τ−, a global ττ likelihood is defined by using the
response of discriminant variables such as charged multiplicity, jet invariant mass and
track impact parameter significance. These measurements are sensitive to the product
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Figure 2.2.4: The predicted SM Higgs boson branching ratios. Points with error bars
show the expected experimental accuracy, while the lines show the estimated uncertainties
on the SM predictions.

σH0Z,H0νν̄ × BR(H0 → ff̄ ). Using the results discussed above for the production
cross–sections σH0Z,H0νν̄ , the branching ratios can be determined to the accuracies
summarised in Table 2.2.5 and shown in Fig. 2.2.4 [52].

2.2.6 Higgs top Yukawa coupling

The Higgs Yukawa coupling to the top quark is the largest coupling in the SM (g2
ttH #

0.5 to be compared with g2
bbH # 4 × 10−4). If MH < 2mt this coupling is directly

accessible in the process e+e− → tt̄H [53]. This process, with a cross–section of the
order of 0.5 fb for MH ∼ 120GeV at

√
s = 500GeV and 2.5 fb at

√
s = 800GeV,

including QCD corrections [54], leads to a distinctive signature consisting of two W

Aim:	  Update	  Higgs	  BR	  measurement	  accuracy	  plot	  a5er	  LOI	

TESLA	  TDR	  Ecm=350	  GeV	  with	  L=500U-‐1	

New	  features	  
Full	  simula:on	  samples:	  Ecm=250	  GeV	  (LOI	  samples)	  
Signal	  :	  Mh=120	  GeV,	  	  130	  and	  140	  GeV	  (Generated	  by	  Miyamoto-‐san)	
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Measurement	  accuracies	  are	  extrapolated	  from	  the	  120	  GeV	  results	

Beam	  pol.	  (e+,e-‐)=(+30%,	  -‐80%)	
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Higgs	  mass	 120	  GeV	  	   140	  GeV	  
Cross	  sec:on	 σ=354.3	  U	 σ=203.1	  U	
Higgs	  decay	 BR	 σxBR	 ΔBR/BR	 BR	 σxBR	 ΔBR/BR	

ILD	 SiD	 Comb.	 Scaled	
Hàbb	 66.5%	 235.6	 2.7%	  (2.7%)	 4.8%	 3.8%	 33.0%	 	  67.1	 7.1%	
Hàcc	 2.9%	 10.4	 8.7%	  (6.7%)	 8.4%	 8.6%	 1.5%	 3.0	 16.1%	
HàWW*	 13.6%	 48.3	 15.7%	 15.7%	 49.2%	 99.8	 10.9%	
Hàgg	 8.2%	 29.2	 12.2%	 12.2%	 5.7%	 11.5	 19.4%	
Hàττ	 6.8%	 24.1	 3.5%	 7.1	
HàZZ*	 1.5%	 5.3	 6.7%	  	 13.6	

•  HàWW*	  result	  is	  obtained	  from	  the	  Takubo-‐san’s	  analysis	  at	  250	  GeV	  
•  Hàgg	  was	  studied	  at	  SiD	  (combined	  results	  of	  vvH	  and	  qqH)	  at	  250	  GeV	  
•  σZH	  uncertainty	  is	  also	  included	  for	  ILD	  (2.5%)	  and	  SiD	  (4.7%)	  

SiD	  ZH	  sutdy:	  Physical	  Review	  D	  82,	  03013	  (2010)	  
HàWW*	  anomalous	  coupling	  1011.5805v2	

ILD	  results	  are	  preliminarily	  combined	  with	  vvH	  and	  qqH	  at	  250	  GeV	  ():350GeV	  
P(e+,e-‐)=(+30%,	  -‐80%)	
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Generated	  by	  HDECAY	

Accuracy	  at	  Mh=140	  GeV	  are	  extrapolated	  from	  120	  GeV	

SM	  Higgs	  BR	  and	  its	  measurement	  accuracy	

preliminarily	  	
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Mh=110-‐150	  GeV	

preliminarily	  	

Ecm=250	  GeV,	  L=250	  U-‐1,	  Beam	  pol(e+,e-‐)=(+30%,	  -‐80%)	
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SiD	  Higgs	  physics	  results	

NN was trained to distinguish the SM background from the
inclusive Higgs sample and to produce the NNSM!Higgs

output. In the gg case, the first NN was trained to distin-
guish the signal sample from the SM background and to
produce the NNSig!SM output. The second NN was, in all

cases, trained to distinguish the signal from the Higgs
inclusive background sample and to produce the
NNHiggs!signal output. The training was done separately
for c !c, b !b, and for gg using independent samples.
Figure 5 shows an example of distributions of the first
and second NNs in the c !c decay mode for the neutrino
channel. For the c !c=b !b=gg scenarios the signal was de-
fined as H ! c !c=b !b=gg events only and the Higgs back-
ground included all Higgs decays other than the signal
ones.

The final event samples were determined using a simul-
taneous selection on the first and second neural nets as
specified in Table IV. The selection was performed sepa-

rately for each channel and decay mode by finding an
optimal point at which the signal cross-section uncertainty
was minimized. A detailed account of event selections and
variable distributions for all decay modes in both channels
is given in [22–24].

IV. BRANCHING RATIO CALCULATION

The branching ratio of the Higgs boson decay were
calculated using events that passed the final neural network
selection. The calculation was done by normalizing the
signal cross section to the inclusive Higgs cross section,
!ZH ¼ 209:0# 9:8 fb, as determined in an independent
recoil mass analysis performed for the SiD Letter of Intent
[7]. The branching ratio is then given by

BR ðH ! f !fÞ ¼
!H!f !f

!ZH & BRðZ ! q !q;" !"Þ ; (2)

where !H!ff is the signal cross section and BRðZ !
q !q;" !"Þ is the decay branching ratio of the Z boson into
two jets or neutrinos depending on the channel. BRðZ !
q !q;" !"Þ values were taken from the generator tables. The
cross section was calculated as follows:

!H!f !f ¼
N

"L
; (3)

where N was the number of signal events after all selec-

TABLE IV. Neural net selections in the neutrino and hadronic
channels.

Decay Mode Neutrino Hadronic
NN1> NN2> NN1> NN2>

c !c 0.33 0.38 0.36 0.29
b !b 0.81 0.92 0.64 0.88
gg 0.71 0.87 0.10 0.27

TABLE V. Results for the H ! c !c, H ! b !b, and H ! gg decay modes.

Neutrino Hadronic Combined

H ! c !c Signal events 178 407
SM background events 140 673
Higgs background events 109 213

Signal efficiency 27.9 22.2
Signal !H!c !c 6:8# 0:8 fb 6:9# 0:6 fb 6:86# 0:48 fb

Relative uncertainty on !H!c !c 11.6% 8.8% 7.0%
Higgs BR 3:3# 0:4% 3:3# 0:3% 3:3# 0:3%

Relative uncertainty on Higgs BR 12.5% 10.0% 8.4%
H ! b !b Signal events 2833 8122

SM background events 220 4700
Higgs background events 55 423

Signal efficiency 24.5 26.2
Signal !H!b !b 142:7# 2:3 fb 142:5# 1:9 fb 142:57# 1:61 fb

Relative uncertainty on !H!b !b 1.9% 1.4% 1.1%
Higgs BR 68:3# 3:4% 68:2# 3:3% 68:2# 5:3%

Relative uncertainty on Higgs BR 5.0% 4.9% 4.8%
H ! gg Signal events 32 524

SM background events 0 3621
Higgs background events 4 1431

Signal efficiency 3.3 17.7
Signal !H!gg 15:1# 1:9 fb 15:6# 2:6 fb 15:41# 1:74 fb

Relative uncertainty on !H!gg 18.7% 14.2% 11.3%
Higgs BR 7:2# 1:4% 7:5# 1:1% 7:4# 0:9%

Relative uncertainty on Higgs BR 19.3% 15.0% 12.2%

HIGGS BOSON HADRONIC BRANCHING RATIOS AT THE ILC PHYSICAL REVIEW D 82, 033013 (2010)

033013-7
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HIGGS PHYSICS

and to check the prediction of the Higgs mechanism that they are indeed proportional to
fermion masses. In particular, BR(H → τ+τ−) ∼ m2

τ/3m̄
2
b allows such a test in a rather

clean way. The gluonic branching ratio is indirectly sensitive to the tt̄H Yukawa coupling
and would probe the existence of new strongly interacting particles that couple to the Higgs
boson and which are too heavy to be produced directly. The branching ratio of the loop
induced γγ and Zγ Higgs decays are sensitive to new heavy particles and their measurement
is thus very important. The branching ratio of the Higgs decays into W bosons starts to be
significant for MH >∼ 120 GeV and allows measurement of the HWW coupling in a model
independent way. In the mass range 120 GeV <∼ MH <∼ 180 GeV, the H → ZZ∗ fraction
is too small to be precisely measured, but for higher masses it is accessible and allows an
additional determination of the HZZ coupling.

TABLE 2.1
Expected precision of the Higgs branching ratio measurements at ILC for MH = 120 GeV and a luminosity
of 500 fb−1. Ranges of results from various studies are shown with c.m. energies of 300 GeV [8], 350 GeV
[93, 94, 95] and 350/500 GeV [96].

Decay mode Relative precision (%) References

bb̄ 1.0–2.4 [8][93] [94][97]

cc̄ 8.1–12.3 [8][93] [94][97]

τ+τ− 4.6–7.1 [8] [93] [94]

gg 4.8–10 [8] [93] [94][97]

WW 3.6–5.3 [8][93] [94] [95]

γγ 23–35 [94] [96]

There are several studies on the sensitivity of the Higgs branching ratios for a light SM
Higgs boson at ILC. Although each analysis is based on slightly different assumptions on
detector performance, center-of-mass energy, and analysis method, overall consistent results
are obtained. The accuracies of the branching ratio measurements for a SM Higgs boson
with a mass of 120 GeV are listed in Tab. 2.1, while for MH =120, 140 and 160 GeV from
the simulation study of Ref. [93], they are shown in Fig. 2.12. For MH >∼ 180 GeV, the
available decay modes are limited as the Higgs boson predominantly decays into two gauge
bosons. In such cases, the measurement of at least one Higgs–fermion coupling is important
for establishing the fermion mass generation mechanism. The H → bb̄ branching ratio can
be determined with a 12%, 17% and 28% accuracy for, respectively, MH = 180, 200 and 220
GeV, assuming an integrated luminosity of 1 ab−1 at

√
s = 800 GeV [98].

Note that invisible Higgs decays can also be probed with a very good accuracy, thanks
to the missing mass technique. One can also look directly for the characteristic signature of
missing energy and momentum. Recent studies show that in the range 120 GeV <∼ MH <∼
160 GeV, an accuracy of ∼ 10% can be obtained on a 5% invisible decay and a 5σ signal can
be seen for a branching fraction as low as 2% [92].

II-24 ILC-Reference Design Report

[8]	  ACFA	  Linear	  Collider	  Working	  Group,	  K.	  Abe	  et	  al.,	  hep-‐ph/0109166.	  
[93]	  	  M.	  Baoaglia,	  hep-‐ph/9910271.	  	  
[94]	  	  J.	  C.	  Brient,	  LC-‐PHSM-‐2002-‐003.	  	  
[95]	  	  G.	  Borisov	  and	  F.	  Richard,	  hep-‐ph/9905413.	  	  
[96]	  	  E.	  Boos	  et	  al.,	  Eur.	  Phys.	  J.	  C19,	  455	  (2001).	  	  
[97]	  	  T.	  Kuhl	  and	  K.	  Desch,	  LC-‐PHSM-‐2007-‐2.	  	  
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FIGURE 2.12. The branching ratio for the SM Higgs boson with the expected sensitivity at ILC. A
luminosity of 500 fb−1 at a c.m. energy of 350 GeV are assumed; from Ref. [93].

The Higgs total decay width

The total decay width of the Higgs boson is large enough, for MH >∼ 2MW GeV, to be
accessible directly from the reconstruction of the Higgs boson lineshape. For this purpose, it
is better to run the ILC at relatively low energies. It has been shown in Ref. [80] that, for
MH = 175 GeV, a measurement of the width ΓH ∼ 0.5 GeV to a precision of 10% requires
100 fb−1 data at

√
s = 290 GeV, while at

√
s = 500 GeV, one needs 5 times more luminosity.

For smaller Higgs masses, ΓH can be determined indirectly by exploiting the relation
between the total and partial decay widths for some given final states. For instance, in the
decay H → WW ∗, the width is given by ΓH = Γ(H → WW ∗)/BR(H → WW ∗) and one can
combine the direct measurement of BR(H → WW ∗) and use the information on the HWW
coupling from σ(e+e− → Hνν) to determine the partial width Γ(H → WW ∗). Alternatively,
on can exploit the measurement of the HZZ coupling from σ(e+e− → HZ) for which the
mass reach is higher than in WW fusion, and assume SU(2) invariance to relate the two
couplings, gHWW /gHZZ = 1/ cos θW . The accuracy on the total decay width measurement
follows then from that of BR(H → WW (∗)) and gHWW . In the range 120 GeV <∼ MH <∼ 160
GeV, an accuracy ranging from 4% to 13% can be achieved on ΓH if gHWW is measured in the
fusion process; Tab. 2.2. This accuracy greatly improves for higher MH values by assuming
SU(2) universality and if in addition one measures BR(H → WW ) at higher energies.

TABLE 2.2
Relative precision in the determination of the SM Higgs decay width with

∫
L = 500 fb−1 at

√
s = 350

GeV [7]; the last line shows the improvement which can be obtained when using in addition measurements
at

√
s ∼ 1 TeV with

∫
L = 1 ab−1 [99].

Channel MH = 120 GeV MH = 140 GeV MH = 160 GeV
gHWW from σ(e+e− → Hνν) 6.1% 4.5% 13.4 %
gHWW from σ(e+e− → HZ) 5.6% 3.7% 3.6 %

BR(WW ) at
√

s = 1 TeV 3.4% 3.6% 2.0 %

Note that the same technique would allow extraction of the total Higgs decay width using

ILC-Reference Design Report II-25
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ILDLOI	  summary	  table	
Conclusions

physics, 80 � 200GeV the jet energy resolutions is ⇡3%. The performance does not
depend strongly on the polar angle of the jet, except in the very forward region.

3.5.2 Physics Performance
The physics benchmark studies presented above are summarised in Table 3.5-7. However,
care is needed in interpreting the results shown. They do not represent the ultimate ILD
performance as significant improvements in the analyses are possible. However, the range
of di↵erent measurements studied and precision achieved demonstrate the general purpose
nature of ILD.

Analysis
p
s Observable Precision Comments

Higgs recoil mass 250GeV

�(e+e� ! ZH) ±0.30 fb (2.5%) Model Independent

mH 32MeV Model Independent

mH 27MeV Model Dependent

Higgs Decay 250GeV

Br(H ! bb) 2.7% includes 2.5%

Br(H ! cc) 12% from

Br(H ! gg) 29% �(e+e� ! ZH)

⌧+⌧� 500GeV

�(e+e� ! ⌧+⌧�) 0.29% ✓
⌧

+
⌧

� > 178�

A
FB

±0.0025 ✓
⌧

+
⌧

� > 178�

P
⌧

±0.007 exclucing ⌧ ! a1⌫

Gaugino Production 500GeV

�(e+e� ! �̃+
1 �̃

�
1 ) 0.6%

�(e+e� ! �̃0
2�̃

0
2) 2.1%

m(�̃±
1 ) 2.4GeV from kin. edges

m(�̃0
2) 0.9GeV from kin. edges

m(�̃0
1) 0.8GeV from kin. edges

e+e� ! tt 500GeV

�(e+e� ! tt) 0.4% (bqq) (bqq) only

m
t

40MeV fully-hadronic only

m
t

30MeV + semi-leptonic

�
t

27MeV fully-hadronic only

�
t

22MeV + semi-leptonic

At

FB ±0.0079 fully-hadronic only

Smuons in SPS1a’ 500GeV
�(e+e� ! µ̃+

L

µ̃�
L

) 2.5%

m(µ̃
L

) 0.5GeV

Staus in SPS1a’ 500GeV m(⌧̃1) 0.1GeV � 1.3�LSP

WW Scattering 1TeV
↵4 �1.4 < ↵4 < 1.1

↵5 �0.9 < ↵5 < +0.8

TABLE 3.5-7
A summary of the main observables presented in Section 3.3.

ILD - Letter of Intent 55

Physics Performance
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FIGURE 3.3-17. a) The c-tag of the two jets in candidate ZH ! qqcc events after all other cuts apart
from the c-tag and c-likeness cut. b) Distribution of the reconstructed di-jet mass for the ZH ! ⌫⌫̄cc̄
sample prepared by bc-tagging.

centre-of-mass energy, the combined results shown in Table 3.3-5 are broadly in agreement
with those obtained with a fast simulation analysis performed in the context of the TESLA
TDR [34].

Channel Br(H ! bb) Br(H ! cc) Br(H ! gg)

ZH ! `+`�qq (2.7� 2.5)% (28� 2.5)% (29� 2.5)%

ZH ! ⌫⌫̄H (1.1� 2.5)% (13.8� 2.5)% �
ZH ! qqcc � (30� 2.5)% �
Combined 2.7% 12% 29%

TABLE 3.3-5
Expected precision for the Higgs boson branching fraction measurements (

p
s = 250GeV) for the individual

Z decay channels and for the combined result. The expected 2.5% uncertainty on the total Higgs production
cross section is added in quadrature. The results are based on full simulation/reconstruction and assume
an integrated luminosity of 250 fb�1. Entries marked � indicate that results are not yet available.

3.3.3 Tau-pairs

The reconstruction of ⌧+⌧� events at
p
s = 500 GeV provides a challenging test of the detec-

tor performance in terms of separating nearby tracks and photons. The expected statistical
sensitivities for the ⌧+⌧� cross section, the ⌧+⌧� forward-backward asymmetry, A

FB

, and
the mean tau polarisation, P

⌧

, are determined for and integrated luminosity of 500 fb�1 with
beam polarisation, P (e+, e�) = (+30%,�80%).

Simulated events with less than seven tracks are clustered into candidate tau jets each
of which contains at least one charged particle. Tau-pair events are selected by requiring
exactly two candidate tau jets with opposite charge. The opening angle between the two tau
candidates is required to be > 178� to reject events with significant ISR (including radiative

ILD - Letter of Intent 43

2011.	  Aug.	  26	 ILC	  physics	  and	  so5ware	  mee:ng	 11	


