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Higgs Properties

Higgs Working Group, 1307.1347

The ee collision of CEPC can  
measure gauge and Yukawa  

couplings precisely.

The pp collision of CEPC/SPPC 
can measure self-couplings directly.



Introduction
• 1) Detecting the EW symmetry breaking 

mechanisms 

• 2) Probe the EW phase transition, EW 
baryogensis scenarios, CP sources in Higgs 
Potential, … 

• 3) Probe new physics (new Higgs bosons?) …

Measuring Higgs self-couplings at pp collision of SPPC could 
be a key to probe those unsolved questions!

H ! hh
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Higgs Pair production at 
hadron colliders

The dominant channel of Higgs pair production @HC 
due to the large gluon fluxes.

C.S. Li, H.T. Li, D.Y. Shao, Chin. Sci. Bull.59, 2709(2014)

a, b



Higgs Pair Production
At a 100 TeV 

collider, the cross 
section of Higgs 

pair production in 
the SM be  

enhanced by a 
factor 40 or so

R.Frederix, S.Frixione, V.Hirschi, F.Maltoni, O.Mattelaer, P.Torrielli, E.Vryonidou and 
M.Zaro,Phys.Lett.B732,142 (2014) 

Q.H. Cao, Y. Liu, B. Yan, 1511.03311
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Setup4MC simulation

Why QMC? Faster convergence to determine differential cross section

VEGAS QMC

� = 1/
p
N � = 1/N



Setup4MC simulation

QMC : 
phase space integration and  
unweighted event generation

lattice rule, and denote the intepolation function for each shift as gi(~x), i = 1, 2, . . . ,m, then

the following probability function can be used:

p(~x) =
1

m

mX

i=1

gi(~x)

I(gi(~x))
(A13)

An important part of this algorithm is to generate random points in term of the proba-

bility function Eq. (A13), which can be achieved via the following steps:

1. choose a shift s in m shifts with probability 1
m

2. choose the k-th point in the lattice with probability f( ~xk)Pn
i=0 Qn,s(f)

3. choose d variables y1, y2, . . . , yd according to the following probability density function

f(y) =

8
><

>:

0, |y| > 1

1� |y|, |y|  1
(A14)

4. then (y1, y2, . . . , yn) is the random point satisfying requested distribution in the a�ne

coordinate system Sk, i.e. the corresponding coordinates in original coordinates system

is

~x = { ~xk +
dX

i=1

yi~ei}, (A15)

where the pair of braces means that only the fractional part is taken, as before in Eq.

(A3).

VEGAS QMC-based

integration result(fb) 19.0± 0.2 19.269± 0.003

reweighting e�ciency 36.6% 75.8%

TABLE XX. Comparison of convergence and reweighting e�ciency between the VEGAS and the

R1LR algorithm (QMC-based).

In Table XX, we demonstrate the e�ciency of this algorithm in comparison with the

VEGAS algorithm. The function used in this test is the di↵erential cross section of gluon

fusion into Higgs pair at 14TeV LHC, where the dimension of integration is 4. We adopt

42



Except tree-level vertices,  
new R2 terms must be added, 

as required by the OPP method.
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Except tree-level vertices,  
new R2 terms must be added, 

as required by the OPP method.
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The topology of our signal 
2 W bosons are on-shell 

and 2 W bosons are off-shell

gg ! hh ! w+w�w+w� ! 4`+MET



Production rates of Signal and Background



Same-signed leptons final state are chosen  
to suppress the ZZ background 



Hadronic level analysis in the SM:  
 Two leptons from a Higgs boson might  
fly closely due to 1) moderately boosted  
Higgs, 2) spin correlation between them.



Cut efficiency are demonstrated for M3 mode

Assumed integrated luminosity 3000/fb of a 100 TeV collision
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To suppress SM background, 
finding the correct  

combination is crucial!
X.R. Zhao, Q. Li, Z. Li, QY, arXiv:1604.04329

A Partial Reconstruction 
Method

• The preselection rule for three isolated leptons is found to be crucial. We demand that

there are exactly three isolated leptons being found, with the requirement that the first

leading lepton should have a momentum larger than 30 GeV, the next leading lepton

should larger than 10 GeV, the softest lepton should larger than 10 GeV. Since there

must be a lepton coming from the on-shell W boson decay, so we require the leading

lepton should be hard enough. At the meantime, there must be a softer lepton which

comes from o↵-shell W bosons decay. In order to increase the acceptance for signal,

we deliberately lower the momentum of the third lepton. In Figure (1a-c), we present

the distributions of 3 leptons. Considering that threshold of lepton reconstruction is

around 3 GeV and if lepton is larger than 5-8 GeV at the both CMS and ATLAS

detectors lepton reconstruction e�ciency can be 95% [74, 75], to find the soft leptons

with Pt > 10 GeV in the signal event should be plausible.

• In order to suppress the large background Z/�W+jj, we only consider the following

four modes with two leptons of same sign and same flavor plus an extra di↵erent

flavored lepton: e�e�µ+, e+e+µ�, µ+µ+e�, and µ�µ�e+. After this preselection cut,

we noticed that the background events from the processes Z/�W+jj can be safely

neglected.

• At least two jets in the events are required to be successfully reconstructed, i.e. nj � 2

and |⌘(j)| < 2.5. Among those reconstructed jets, there are two jets which could come

from a W boson either on-shell or o↵-shell. In order to increase the acceptance of

signal, we only consider those jets with transverse momentum larger than 15 GeV.

We show the distributions of these two leading jet in Figure (1d-e). We also show the

invariant mass of these two jets in Figure. (1f). It is noticed that the invariant mass

of in signal events can produce two peaks, one is near the value of MW and the other

is near that of MH �MW .

• The missing transverse momentum is required to be larger than /ET > 20 GeV due

to neutrinos in the signal processes. The requirement on large missing energy is also

useful in order to suppress the huge QCD processes and to save the computing time.

The LHC detectors can record signal events, which can be triggered by both energetic

charged lepton and large missing energy. From Table I, we observe that the number of
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processes �LO ⇥ branching fraction (fb) K factors No. Events after preselection cuts

Signal gg ! HH 3.0 ⇥10�2 1.8 [12] 16.3

HW± 1.2 1.2 [76] 119.4

WWW 1.4 1.8 [77] 363.9

tt̄W± 4.6 1.3 [78] 451.4

tt̄H 2.1 1.2 [79] 101.3

ZW, �W 233 1.8 [80] ⇠ 0

S/B 0.02

S/
p
B 0.53

TABLE I. The number of signal and background events are shown. Here we assume the total

integrated luminosity as 3 ab�1.

background events is around 200 times larger than that of signal events, and it is indeed a

challenge if we want to distinguish the signal and the background successfully .

In order to distinguish the signal and background event, we have to resort to the recon-

struction procedure so as to extract the most important information of signal. Since the

Higgs boson is a neutral particle, for the decay mode `±1 `
±
2 `

⌥
3 2j + E, without considering

the neutrinos, there are only two possible combinations for a pair of Higgs boson decay:

(H(`±1 `
⌥
3 ), H(`±2 jj)) or (H(`±2 `

⌥
3 ), H(`±1 jj)). For the convenience of later study, hereby we

label the first Higgs boson as leptonic one (H(``)) and the second one as semileptonic one

(H(`jj)).

As we can read out from the left panel Fig.2, each of Higgs bosons is moderately boosted

when produced and the peak value of � (here � is defined as E(H)/mH , which is a measure

to the boost) is around 2. The fraction of highly boosted Higgs boson � > 5 is around 13%

or so, while the fraction of moderately boosted Higgs boson � > 1.5 is around 87%. In the

right panel of Fig.2, we show the invariant mass of Higgs pair. It is observed that the peak

region of the invariant mass of Higgs pair is around 360 � 540 GeV, which explains why

most of the Higgs pairs are boosted.
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⌫

• For M3 and M4 modes,there are

only two possible combinations.

• We pick the combination which

yields the smaller m`1`2 +m`3`4

This reconstruction method can find !
the correct combination up to 95%.

`+1

`+2

`�3

`�4



Visible Higgs boson masses and mT2 variable in M3 mode



Cut efficiency are demonstrated for M3 mode

Assumed integrated luminosity 3000/fb of a 100 TeV collision



A new variable is found useful.

m1 = m`1`3 +m`2`4

m2 = m`1`4 +m`2`3

�m = |m1 �m2|



Cut efficiency are demonstrated for M4 mode
The sensitivity of M4 mode could be better than M3 mode.

Assumed integrated luminosity 3000/fb of 100 TeV collision



How detector effect can change our hadronic 
analysis?

Lepton acceptance efficiency is shown.



FCC detector baseline  
design: forward dipoles 
to cover large eta regions, 
a better tracker resolution, 
…

FCC baseline detector 
from Albert De Roeck’s talk 

Seven detector setups  
are considered



Effects of detector can decrease the significance of hadron 
level analysis by at least a factor 2. Including soft leptons in 
the analysis can increase the sensitivity by a factor 2 or so.



PDF uncertainty is less than 10%



Cubic Coupling@HC

By using the invariant mass of three leptons in the final state, 
we can determine trilinear coupling to [0.9,1.2] at a 100 TeV 

collider with an integrated luminosity 30/ab. 

Q. Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611

[-1.4,8.3]

gg ! hh ! W ⇤WW ⇤W ! 3l2j +MissE



Correlation between Higgs pair 
production and tth measurement

J.F. Gunion, B. Grzadkowski, X.G. He, PRL77(1996)5172 
M.Mangano, T. Plehn, P. Reimitz, T. Schell, H.S. Shao, 1507.08169 

Q.Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611 
X.R. Zhao, Q. Li, Z. Li, QY, 1604.04329

V. FEASIBILITY AT FUTURE COLLIDERS AND COMPARISON

Events from the tt̄h final state are the dominant background for the M4 case, which is

also true for the 3`+2j + /ET mode explored in at the HCs. It might be natural to ask how

the measurement of tt̄h couplings can a↵ect the determination of �3.

In Fig. (4), we demonstrate the correlation between the determination of tt̄h at the LHC

and a future 100 TeV collider. For the LHC, we assume that tt̄h couplings can be determined

up to 20% when the correlation between a and b is taken into account, which is denoted by

two solid lines in Fig. (5a) as upper and lower bounds from tt̄h measurements.
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FIG. 4. The sensitivity in the a� �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix b = 0.0.

For a 100 TeV collider, we assume that a 5% precision can be achieved, which is denoted by

two solid lines in Fig. (6(b)) as upper and lower bounds from tt̄h measurements. According

to the study of , where by using the production ratio tt̄h/tt̄Z, it is argued that this coupling

can 1% or so when just statistics are considered. In reality, background processes must be

considered for each tt̄ decay final states, so we assume a precision up to 5% as a relatively

conservative and loose estimation.

Comparing Fig. (6(a)) and Fig. (6(b)), it is noticed that a 100 TeV collider can greatly

shrink the uncertainty in determining the �3 and a parameters. Due to a4 dependence of the

cross section �(pp ! hh), the 5% uncertainty in �a can induce an uncertainty in determining

�3 up to 20% or so. The two-fold ambiguity can be removed by using the method to check

the di↵erential distribution of leptons in the final state, as demonstrated in .
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collider. We fix b = 0.0.
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FIG. 5. The sensitivity in the b � �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix a = 1.0.

dependence of cross section of tt̄h upon a and b. It is noticed that there are 3-fold ambiguity

when combining the measurement of tt̄h and hh. To separate these 3-fold ambiguity The

di↵erential distribution of tt̄h should be used to determine a and b. Higgs pair can help to

probe the structure of tt̄h at a 100 TeV collider.

The cross section of tt̄h at the LHC 14 TeV and at a 100 TeV collider can be parametrised

as

�(pp ! tt̄h) = t1a
2 + t2b

2 . (3)
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Conclusions
• Multi-Higgs final states are important to reveal 

the nature of Higgs boson and related issues	


• A 100 TeV future collider can be of great help 
to measure Higgs self-coupling and address 
these issues	


• The fully leptonic modes are doable at a 100 
TeV collider	


• Detector setup can affect the sensitivity by a 
factor of 2 or 4. 


