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Higgs rate measurements

CEPC 240 GeV, 5 ab−1

production e+e− → hZ e+e− → νν̄h
σ 0.50% -

σ × BR
h → bb̄ 0.21%⋆ 0.39%♢

h → cc̄ 2.5% -
h → gg 1.2% -
h → ττ 1.0% -

h → WW∗ 1.0% -
h → ZZ∗ 4.3% -
h → γγ 9.0% -
h → µµ 12% -
h → Zγ 25% -

▶ σ(hZ ), σ(hZ )× BR and σ(νν̄h)× BR

▶ Would be good to have the correlations among
σ(hZ )× BR(h → bb̄/cc̄/gg), if they are significant. (currently assumed
to be zero in our study)

▶ Be careful on the νν̄h measurement! (♢ and ⋆ explained in the next two
pages)
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e+e− → νν̄h
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Figure 3.16 Missing mass spectrum for WW fusion process with ZH events and SM background.

3.3.3.7 Exotic Higgs Decays

The current precision with which the Higgs boson branching ratios and couplings have
been measured at the LHC could still cover a significant fraction of invisible or exotic
decays. At the CEPC, these measurements can fully benefit from the recoil mass method.
The Higgs invisible decay is well motivated in many new physics models with dark matter
candidates. The left-hand side of Fig. 3.17 shows an example Feynman diagram of a Higgs
boson decaying to �

1

�
1

, the lightest SUSY particle that exists in many SUSY models.
A full simulation study in the leptonic channel has been made to investigate the achiev-

able precision on BR(H ! inv) at the CEPC. �(ZH) ⇤ Br(H ! inv) is assumed to be
200 fb in this analysis. An event selection similar to that used in the �(ZH) measure-
ment has been applied. After event selection, the dominant backgrounds are ZZ ! ``⌫⌫
and WW ! ``⌫⌫ events. The recoil mass spectrum is shown in the right-hand plot of
Fig. 3.17. A precision of 0.65% can be achieved using the Z to e+e� µ+µ� channel.

The sensitivity of searching for (H ! inv) decays can be greatly improved by including
the Z ! qq̄ decay mode. The precision, extrapolated from ILC studies, is 0.14%, see
Ref. [40]. The individual and combined result is presented in Table. 3.8. The 95% CL
upper limit of �(ZH) ⇤ Br(H ! inv) is 0.56 fb (0.28% of the �(ZH)).

The recoil mass method on di-lepton channels can also be used for the measurement
of the exotic Higgs boson decay branching ratios. Two exotic decay modes have been
considered: a semi-invisible decay and a fully visible decay [41].

In the semi-invisible decay, the final decay state of the Higgs boson is a pair of b quarks,
and missing energy/momentum is carried by the dark matter candidate. Such decay modes
can be realized in the context of the NMSSM and currently there are no constraints from
LHC searches. The dominant background processes for this channel are ZZ ! ``⌧⌧ ,
ZH ! ``⌧⌧ , ZH ! ``ZZ ! ``⌫⌫b¯b and ZH ! ``b¯b. The probability of misiden-
tifying a ⌧ jet as a b jet is assumed to be 1% in this analysis, which is why processes

▶ It is hard to separate the WW fusion process from e+e− → hZ ,Z → νν̄
at 240 GeV.

▶ It is not consistent to focus on one process and treat the other one as
SM-like!

▶ For CEPC/FCC-ee 240 GeV, we analyze the combined e+e− → νν̄h
process, assuming new physics can contribute to both processes.
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Higgs rate measurements

CEPC 240 GeV, 5 ab−1

production e+e− → hZ e+e− → νν̄h
σ 0.50% -

σ × BR
h → bb̄ 0.21%⋆ 0.39%♢

h → cc̄ 2.5% -
h → gg 1.2% -
h → ττ 1.0% -

h → WW∗ 1.0% -
h → ZZ∗ 4.3% -
h → γγ 9.0% -
h → µµ 12% -
h → Zγ 25% -

▶ ♢: The precision is normalized to the total cross section including both
WW fusion and e+e− → hZ ,Z → νν̄.

∆σtot

σSM
tot

=
2.8%× σSM

WW→H

σSM
WW→H + σSM

invZ
≈ 0.39% , (1)

▶ ⋆: The precision of σ(hZ )× BR(h → bb̄) reduces to 0.24% if one
excludes the contribution from e+e− → hZ ,Z → νν̄, h → bb̄ to avoid
double counting.
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angular observables in e+e− → hZ
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▶ We focus on the channel e+e− → hZ , Z → ℓ+ℓ−, h → bb̄.
▶ The angular observables we have do not rely on the Higgs decay product.
▶ We use the bb̄ channel because it has less background.

▶ Good resolution, very small background ⇒ statistical uncertainty
dominates ⇒ the most important input is the efficiency!

▶ A preliminary version of the preCDR suggest the efficiency is about
∼ 50-60%.

▶ We fix it to 60% for simplicity.
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angular observables in e+e− → hZ , ways to improve

▶ Include additional Higgs decay channel
▶ May need to worry about background and combinatorial problems.

▶ Include hadronic decays of Z
▶ EFT calculation not available (but it won’t be hard to do).
▶ May need to worry about jet resolution, and also hard to discriminate q and

q̄.

▶ Extending the hZ angular observable analysis may not be our top
priority. (but who knows?)
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e+e− → WW (TGC measurements)
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ILC 500 GeV
uncertainty correlation matrix

δg1,Z δκγ λZ
δg1,Z 6.1 × 10−4 1 0.634 0.477

δκγ 6.4 × 10−4 1 0.354
λZ 7.2 × 10−4 1

▶ Important, and also difficult.
▶ Ideally, it would be best if the constraints on the aTGCs can be directly

provided by experimentalists.
▶ ILC study: I. Marchesini, PhD thesis, Hamburg U. (2011), assuming

500 fb−1 data at 500 GeV with P(e−, e+) = (±0.8,±0.3).

▶ Other people are also doing it.
▶ ILC may release an updated document on TGC analysis soon (and there will

also be some results for the 250 GeV run obtained by scaling).
▶ CLIC’s TGC analysis may also come out soon.
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What we did (which wasn’t good enough)

▶ We follow a previous TGC study for CEPC by theorists.
( [arXiv:1507.02238] Bian, Shu, Zhang )

▶ Some optimistic assumptions are made.
▶ 100% cut efficiency. Backgrounds are ignored.
▶ All channels are used. Optimistic assumptions are made for the event

reconstruction.
▶ All the angular distributions are used ( 1 production angle, 2 decay angles

for each W ). The correlation among them are ignored.

▶ Different from [arXiv:1507.02238], we added by hand a fixed 1% in each
bin (while the distribution in each angle is divided into 20 bins).

▶ Probably too conservative!

CEPC 250 GeV (5/ab), our estimations
uncertainty correlation matrix

δg1,Z δκγ λZ
δg1,Z 0.0064 1 0.068 -0.93
δκγ 0.0035 1 -0.40
λZ 0.0063 1
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e+e− → WW (TGC measurements)

100 Chapter 5: Measurement of Triple Gauge Couplings and Polarization
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Figure 5.16: Definition of the angles in an e+e− → W+W− event.

electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ∗h (cos θ∗l ) and φ∗h (φ∗l ).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ∗h,φ
∗
h)↔ (− cos θ∗h,φ

∗
h + π), (5.16)

which is folded in the following way:

φ∗h > 0→ (cos θ∗h,φ
∗
h)

φ∗h < 0→ (− cos θ∗h,φ
∗
h + π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the gZ

1

coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ∗l and φ∗l , together with cos θW . This
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Figure 5.4: LEP combined d[σWW(BReν+BRµν)]/dcosθW− distributions for the four chosen en-
ergy intervals. The combined values (points) are superimposed on the four-fermion predictions
from KandY and RACOONWW.

99

▶ Maybe we should focus on the semi-leptonic channel?

▶ The angular distributions are important!

▶ Would it be possible for experimentalist to provide the uncertainties for
the binned distribution of the production polar angle? (An example from
LEP is shown on the top right.)

▶ It would be better to also include the decay angles.
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The interplay between Higgs and TGC

δg1,Z δκγ λZ
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

pr
ec
is
io
n

precision reach of aTGCs at CEPC 240GeV (5/ab)
light shade: e+e-→WW measurements only
solid shade: combined with Higgs measurement

assuming the following systematics in each bin of the differetial distrubtions of e+e-→WW:

0%
0.5%
1%
2%
5%
10%
Higgs measurements only

δcZ cZZ cZ□ cγγ/10 cZγ/10 cgg
eff δyc δyb δyτ δyμ/10 λZ

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

pr
ec
is
io
n

precision reach at CEPC 240GeV (5/ab) assuming different systematics for e+e-→WW

CEPC 240GeV (5/ab), all measurements included,
assuming the following systematics in each bin of the differetial distrubtions of e+e-→WW:
0%
0.5%
1%
2%
Higgs measurements only

(0.056)

▶ δg1,Z , δκγ ↔
cZZ , cZ□ , cγγ , cZγ

▶ We try different assumptions
on the systematic uncertainties
(in each bin with the differential
distribution divided into 20
bins).

▶ Detailed study of e+e− → WW
required to estimate the
systematic uncertainties!
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The importance of combining all measurements
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▶ The results are much worse if we only include the rates of Higgs
measurements alone!

▶ There is some overlap in the information from different measurements.
▶ Measurements at different energies can be very helpful.
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