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Current Status
ATLAS+CMS combined analysis 7&8 TeV (2015): 

Production: ggF, VBF, WH, ZH, ttH
Decay: ZZ, γγ, WW, ττ, μμ, Zγ, bb, 

gg, cc, ss, uu, dd, ee
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3 Channels:

2 leptons, 2 jets

1 lepton + MET, 2 jets

MET, 2 jets
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Irreducible QCD Background: 

Rjj ⇡
1p

z(1� z)

mh

pT (h)
(14)

pT (j,`) > 30GeV, |⌘j,`| < 2.5 (15)

pT (``,`⌫,⌫⌫) > 200GeV, Rjj < 1.4 (16)

s = (pA + pB)
2

c.o.m����!
massless

(EA + EB)
2

= E2

cm (17)

s = (pi + pj)
2

= (xpA + ypB)
c.o.m����!

massless

= xyS (18)

�(Cross Section) =
Rate

Luminosity

=

#/T

n⇥ v
=

#/T

(#/L3

)⇥ (L/T )
/ L2

(19)

d� =

1

2s
|M(pA, pB ! {pf})|2 ⇥ (dPS)n (20)

d� =

X

i

X

j

Z
1

⌧min

Z
1

⌧min/x

dxdy Fi(x)Fj(y) d�̂(pi, pj ! {pf}) (21)

� =

X

i,j

Z
1

⌧min

Z
1

⌧min/x

Z
1

2xyS
dxdy Fi(x)Fj(y) |M(pi, pj ! {pf})|2 ⇥ (dPS)n

(22)

✏B ⇠ 10

�3

(23)

Z/W + jj, j = q, g (24)
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SUc(3)

{gs}
SUL(2)⇥UY(1)

{g, g0, cos ✓W , T 0s}

V(�) = �µ2�†�+ �(�†�)

2
(1)

Minimum @ |�0| = v =

µp
�

(2)

�0 =
v +Hp

2

, � =

✓
�+

v+H+i�Zp
2

◆
(3)

Lkin = (Dµ�)
†Dµ�, Dµ = @µ � i

g

2

⌧aW a
µ + i

g0

2

Bµ (4)

Dµ = @µ � i
g

2

⌧aW a
µ + i

g0

2

Bµ (5)

0

BB@

W 1

W 2

W 3

B

1

CCA

0

BB@

W+

W�

Z
A

1

CCA (6)

MW =

gv

2

, gWWH =

g2v

2

(7)

MZ =

gv

2 cos ✓W
, gZZH =

g2v

4 cos

2 ✓W
(8)

gWWH = gMW (9)

gZZH = gMZ/(2 cos ✓W ) (10)

gff̄H = mf/v (11)

�H = 4.09 GeV (12)

cut0 : pT(j) > 20GeV, |⌘j| < 3, Rjj > 0.4 (2.3) (13)

Rjj ⇡
1p

z(1� z)

mh

pT (h)
(14)

1

� (fb) cuts Eq. (2.3) + Eq. (2.4) + pT (V )

> 200 GeV

qq̄ ! Zh ! `+`� gg 3.5 0.39 0.17

gg ! Zh ! `+`� gg 0.71 0.20 6.2⇥ 10�2

qq̄ ! Zjj ! `+`� jj 2.5⇥ 105 1.2⇥ 104 4.8⇥ 103

qq̄ ! Wh ! `⌫ gg 20 2.3 0.99

qq̄ ! Wjj ! `⌫ jj 2.5⇥ 106 1.0⇥ 105 3.9⇥ 104

pp ! tt̄ ! `⌫jjbb̄ 1.1⇥ 105 1.5⇥ 104 5.7⇥ 103

qq̄ ! Zh ! ⌫⌫ gg 11 1.2 0.50

gg ! Zh ! ⌫⌫ gg 2.1 0.60 0.18

qq̄ ! Zjj ! ⌫⌫ jj 7.4⇥ 105 3.6⇥ 104 1.4⇥ 104

Table 1. Cross sections in units of fb for signal and dominant background processes, with the parton-
level cuts of Eq. (2.3), and boosted regions pT (V ) > 150, 200 GeV.

the vector boson

pT (V )

> 150 GeV. (2.4)

In Table 1 we give the cross sections used for our signal and background processes in-

cluding the basic cuts in Eq. (2.3) and with various pT thresholds for the vector boson. The

first is the total cross section with no pT (V )

cut, the second and third demand pT (V )

cuts of

150 and 200 GeV respectively. No cuts on the final state leptons are applied for the table.

3 Signal Selection

In further studying the signal characteristics in Eqs. (2.1) and (2.2), we categorize the channels

according to the zero, one, or two charged leptons from the vector boson decays. In addition,

the signal has two leading jets from the Higgs decay, with invariant mass of the Higgs boson.

At high pT (h), the distance between the two hadronic jets can be estimated as

Rjj ⇡
1p

z(1� z)

mh

pT (h)
, (3.1)

where z, 1� z are the momentum fraction of the two jets. The LO parton-level distributions

of three kinematic discriminants for the Zh channel, the transverse momentum pT (Z)

, the jet

separation Rjj , and the di-jet invariant mass mjj , are shown in Fig. 2, comparing the signal

(solid) and dominant background (dashed), after the generator-level cuts as in Eqs. (2.3) and

(2.4). Obviously, pT (Z)

is singular for the QCD background as seen in Fig. 2(a). The two

jet separation Rjj in Fig. 2(b) shows the either collinear feature from the parton splitting in

the final state radiation (FSR) or back-to-back near ⇡ due to the initial state radiation (ISR)

for the background process, and is narrowly populated near 2mh/pT (h) for the signal. The

resonance bump near mh is evident as in Fig. 2(c). Because of the small rate, the signal curves

have been scaled up by a factor of 5000. We also show an event scatter plot in Fig. 2(d), where

– 5 –
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– 5 –

Rjj ⇡
1p

z(1� z)

mh

pT (h)
(14)

pT (j,`) > 30GeV, |⌘j,`| < 2.5 (15)

pT (``,`⌫,⌫⌫) > 200GeV, Rjj < 1.4 (16)
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Figure 2. Kinematical distributions of the signal process pp ! Zh, h ! gg (solid curves, scaled up
by a factor of 5000) and the leading background pp ! Zjj (dashed curves) for (a) pT (Z), (b) Rjj ,
(c) mjj , and (d) event scatter plot in Rjj � pT (Z) plane, with the (red) dense band with crosses as
the signal events and (blue) dots as the background. Generator level cuts of Eqs. (2.3) and (2.4) have
been applied.

the (red) dense band with crosses presents the signal events and the (blue) dots show the

background events. We see the strong correlation between the boosted pT (Z)

and collimated

jets with smaller Rjj .

To suppress the huge QCD di-jet backgrounds, we must optimize the reconstruction of the

Higgs mass. There are two common methods to reconstruct hadronic decays of Higgs boson

depending on the kinematical configurations. One is the sub-structure (fat-jet) approach:

an early example for Higgs search in bb̄ channel was introduced in Ref. [14]. Because of the

highly boosted nature of the Higgs boson, a fat-jet identified as the hadronic decay products

of the Higgs boson is first selected. Various jet substructure observables and techniques such

as mass-drop and filtering [14], pruning [25], trimming [26], N-subjettiness [27] etc. can be

– 6 –
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Figure 3. Invariant mass distributions mjj of the signal process pp ! Zh, h ! gg, Z ! `` (solid
curves, scaled up by a factor of 5000) and the leading background pp ! Zjj (dashed curves) for (a)
with 2 jets only, (b) with 2 leading jets to reconstruct mjj , (c) with 2 leading jets plus other jets
together to reconstruct mjets. All selection cuts as in Sec. 3.1 except for mh cut are applied.
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Figure 4. Invariant mass distributions constructed from (a) two-jet events and (b) three-jet events
with di↵erent pile-up values hµi = 0, 15, 50, 140, respectively.

3.1 `+`� + jj channel

For the two-lepton channel, we simulate the signal processes as in Eq. (2.2) with Z !
`+`�, h ! gg. We require exactly one pair of charged leptons `± = e± or µ±, same fla-

vor, opposite charge, along with at least two energetic jets. The dominant background is by

far from Z + jj. The two leading pT jets are required to be close by having a separation less

than R
max

= 1.4, and an invariant mass between 95 and 150 GeV. They satisfy the following

acceptance cuts

• 2 leptons with pT (l) > 30 GeV and |⌘l| < 2.5

• pT (``) > 200 GeV

• at least 2 jets with pT (j) > 30 GeV and |⌘j | < 2.5

– 8 –
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Figure 2. Kinematical distributions of the signal process pp ! Zh, h ! gg (solid curves, scaled up
by a factor of 5000) and the leading background pp ! Zjj (dashed curves) for (a) pT (Z), (b) Rjj ,
(c) mjj , and (d) event scatter plot in Rjj � pT (Z) plane, with the (red) dense band with crosses as
the signal events and (blue) dots as the background. Generator level cuts of Eqs. (2.3) and (2.4) have
been applied.

the (red) dense band with crosses presents the signal events and the (blue) dots show the

background events. We see the strong correlation between the boosted pT (Z)

and collimated

jets with smaller Rjj .

To suppress the huge QCD di-jet backgrounds, we must optimize the reconstruction of the

Higgs mass. There are two common methods to reconstruct hadronic decays of Higgs boson

depending on the kinematical configurations. One is the sub-structure (fat-jet) approach:

an early example for Higgs search in bb̄ channel was introduced in Ref. [14]. Because of the

highly boosted nature of the Higgs boson, a fat-jet identified as the hadronic decay products

of the Higgs boson is first selected. Various jet substructure observables and techniques such

as mass-drop and filtering [14], pruning [25], trimming [26], N-subjettiness [27] etc. can be

– 6 –
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3.1 `+`� + jj channel

For the two-lepton channel, we simulate the signal processes as in Eq. (2.2) with Z !
`+`�, h ! gg. We require exactly one pair of charged leptons `± = e± or µ±, same fla-

vor, opposite charge, along with at least two energetic jets. The dominant background is by

far from Z + jj. The two leading pT jets are required to be close by having a separation less

than R
max

= 1.4, and an invariant mass between 95 and 150 GeV. They satisfy the following

acceptance cuts

• 2 leptons with pT (l) > 30 GeV and |⌘l| < 2.5

• pT (``) > 200 GeV

• at least 2 jets with pT (j) > 30 GeV and |⌘j | < 2.5
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Figure 2. Kinematical distributions of the signal process pp ! Zh, h ! gg (solid curves, scaled up
by a factor of 5000) and the leading background pp ! Zjj (dashed curves) for (a) pT (Z), (b) Rjj ,
(c) mjj , and (d) event scatter plot in Rjj � pT (Z) plane, with the (red) dense band with crosses as
the signal events and (blue) dots as the background. Generator level cuts of Eqs. (2.3) and (2.4) have
been applied.

the (red) dense band with crosses presents the signal events and the (blue) dots show the

background events. We see the strong correlation between the boosted pT (Z)

and collimated

jets with smaller Rjj .

To suppress the huge QCD di-jet backgrounds, we must optimize the reconstruction of the

Higgs mass. There are two common methods to reconstruct hadronic decays of Higgs boson

depending on the kinematical configurations. One is the sub-structure (fat-jet) approach:

an early example for Higgs search in bb̄ channel was introduced in Ref. [14]. Because of the

highly boosted nature of the Higgs boson, a fat-jet identified as the hadronic decay products

of the Higgs boson is first selected. Various jet substructure observables and techniques such

as mass-drop and filtering [14], pruning [25], trimming [26], N-subjettiness [27] etc. can be
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V jj background 2.4⇥ 102 2.5⇥ 103 1.6⇥ 103

S 0.25 0.61 0.49 0.82
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sys

0.09 0.17 0.17 0.26

Table 7. Signal significance achieved from each channel and combined results for both statistics and
systematics dominance.

5.2 Bounds on the branching fractions and correlations with h ! bb̄, cc̄

The interpretation of these results to bound on individual Higgs decay channels needs further

discussion. Thus far, we have only simulated h ! gg as the Higgs decay channel, since it

dominates the SM branching fraction of the Higgs decay to light jets. Practically, however,

contributions from mis-tagged h ! bb̄, h ! cc̄, and possible light-quark pairs are all accumu-

lated in the events and should be taken into account correlatively. Thus, the signal we have

been searching for in this study really is h ! j0j0 where j0 is an “un-tagged jet” including

possible b, c and j (g, u, d, s) contributions.

Listed in Table 8 are the working points for the tagging/mis-tagging e�ciencies assuming

that di↵erent observable event categories listed as di↵erent rows are un-correlated. For in-

stance, a b quark will be tagged as a b with a probability of ✏bb = 70%, and mis-tagged as a c

and an un-tagged j0 with ✏cb = 13% and ✏j0b = 17%, and so on. Here the subscript a denotes

the jet-tagged flavor category, and i denotes the parton as the source channel. The numbers

are the same as in Category “c-tagging I” of Table 1 in Ref. [15], as reasonable estimates for

the experimental performance at the 14 TeV LHC, and for consistency of later comparison.

We extend to the double-tagged event categories with corresponding Higgs branching fraction

channels as,

eai =
✏2ai ⇥ (BR)iP
j ✏

2

aj ⇥ (BR)j
. (5.3)

We show in Table 9 the percentage contributions of these decay channels h ! ii in each

experimentally tagged category a. For instance, a pair of un-tagged jets in category j0j0 will

have a probability of 74% from the SM Higgs decay to a pair of gluons, and 16% or 10% from

bb̄ or cc̄, respectively. With the current tagging e�ciency, we translate the significance 0.82�

on BR(h ! jj) to the un-tagged signal category BR(h ! j0j0) by rescaling as

Sj0 =
Sj

ej0j
=

0.82�

74%
= 1.1�, (5.4)

that accounts for mis-tagged bb̄, cc̄ contributions as well. In other words, if an observation of

h ! j0j0 were made in the future LHC run, the interpretation for individual channels would

be based on Table 9, with updated tagging e�ciencies.
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Figure 6. Generated distribution from three-parameter ansatz function in Eq. (3.3) for mjj with (a)
300 fb�1, (b) and 3000 fb�1 (right).
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Figure 7. Fitted results for 300 fb�1 (left) and 3000 fb�1 (right).

luminosity, we take this three-parameter function in Eq. (3.3) as the baseline to generate the

data-like spectrum following Poisson fluctuation. Figure 6 shows the generated spectra for

300 fb�1 and 3000 fb�1. We fit these spectra with three-parameter, four-parameter and

five-parameter functions within the range of [60, 300] GeV but excluding the signal region

[95, 150] GeV. The fitting results and uncertainties are summarized in Figure 7 and Table 5.

Besides the three-parameter function, four-parameter and five-parameter functions are tested

as below

f(z) = p
1

(1� z)p2zp3+p4 log(z), f(z) = p
1

(1� z)p2zp3+p4 log(z)+p5 log
2
(z). (3.4)

We also vary the fitting range from [60, 300] GeV to [70, 250] GeV and [80, 200] GeV

to test the stability, which are summarized in Table 6. If we consider the variation due to

this fitting range as another source of systematics, the uncertainty of background estimation

of Z(``)+jets for 3000 fb�1 is 0.33%. The uncertainty considered here includes the fitting

uncertainty, fitting function variation and fitting range variation, which is largely depending

on the statistics of side-band region. The background uncertainty from fitting is dominated
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luminosity, we take this three-parameter function in Eq. (3.3) as the baseline to generate the

data-like spectrum following Poisson fluctuation. Figure 6 shows the generated spectra for

300 fb�1 and 3000 fb�1. We fit these spectra with three-parameter, four-parameter and

five-parameter functions within the range of [60, 300] GeV but excluding the signal region

[95, 150] GeV. The fitting results and uncertainties are summarized in Figure 7 and Table 5.

Besides the three-parameter function, four-parameter and five-parameter functions are tested

as below

f(z) = p
1

(1� z)p2zp3+p4 log(z), f(z) = p
1

(1� z)p2zp3+p4 log(z)+p5 log
2
(z). (3.4)

We also vary the fitting range from [60, 300] GeV to [70, 250] GeV and [80, 200] GeV

to test the stability, which are summarized in Table 6. If we consider the variation due to

this fitting range as another source of systematics, the uncertainty of background estimation

of Z(``)+jets for 3000 fb�1 is 0.33%. The uncertainty considered here includes the fitting

uncertainty, fitting function variation and fitting range variation, which is largely depending

on the statistics of side-band region. The background uncertainty from fitting is dominated
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5.2 Bounds on the branching fractions and correlations with h ! bb̄, cc̄

The interpretation of these results to bound on individual Higgs decay channels needs further

discussion. Thus far, we have only simulated h ! gg as the Higgs decay channel, since it

dominates the SM branching fraction of the Higgs decay to light jets. Practically, however,

contributions from mis-tagged h ! bb̄, h ! cc̄, and possible light-quark pairs are all accumu-

lated in the events and should be taken into account correlatively. Thus, the signal we have

been searching for in this study really is h ! j0j0 where j0 is an “un-tagged jet” including

possible b, c and j (g, u, d, s) contributions.

Listed in Table 8 are the working points for the tagging/mis-tagging e�ciencies assuming

that di↵erent observable event categories listed as di↵erent rows are un-correlated. For in-

stance, a b quark will be tagged as a b with a probability of ✏bb = 70%, and mis-tagged as a c

and an un-tagged j0 with ✏cb = 13% and ✏j0b = 17%, and so on. Here the subscript a denotes

the jet-tagged flavor category, and i denotes the parton as the source channel. The numbers

are the same as in Category “c-tagging I” of Table 1 in Ref. [15], as reasonable estimates for

the experimental performance at the 14 TeV LHC, and for consistency of later comparison.

We extend to the double-tagged event categories with corresponding Higgs branching fraction

channels as,

eai =
✏2ai ⇥ (BR)iP
j ✏

2

aj ⇥ (BR)j
. (5.3)

We show in Table 9 the percentage contributions of these decay channels h ! ii in each

experimentally tagged category a. For instance, a pair of un-tagged jets in category j0j0 will

have a probability of 74% from the SM Higgs decay to a pair of gluons, and 16% or 10% from

bb̄ or cc̄, respectively. With the current tagging e�ciency, we translate the significance 0.82�

on BR(h ! jj) to the un-tagged signal category BR(h ! j0j0) by rescaling as

Sj0 =
Sj

ej0j
=

0.82�

74%
= 1.1�, (5.4)

that accounts for mis-tagged bb̄, cc̄ contributions as well. In other words, if an observation of

h ! j0j0 were made in the future LHC run, the interpretation for individual channels would

be based on Table 9, with updated tagging e�ciencies.
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larger radiation. This is a useful kinematic discriminant between the signal and background

[31]. However it is not applicable whenever there is missing energy in the event. In fact,

the definition of the missing transverse energy in an event is the negative of the vector

sum of the visible pT . In the above example it o↵ers only a tautology for the momentum

balance discriminant. We o↵er, in the case of events with significant missing energy, a new

discriminant to capture the kinematic features of the event. We define this discriminant by

calculating the scalar sum of the transverse momenta of the visible particles in the event, and

then subtracting the missing transverse energy

TvQ ⌘ ⌃i|pT i|� |��ET |. (4.2)

This is a version of a momentum balance discriminant, referred as TvQ (Transverse event

Quality). Since the missing momentum in an event is defined by the negative of the vector

sum |⌃i~pT i|, the quantity TvQ is the di↵erence between the scalar and vector sums of the

visible pT in the event. TvQ tends to be small when the observable particles are a highly

collimated collinear bunch, while it takes a large value when the observable particles spread

out and when R+ V production is near the kinematical threshold.

It would be more intuitive to look at the signal and background in a two dimensional

space of discriminants. Consider the ��ET signal from pp ! Zh ! ⌫⌫ gg. We plot the event

population in the pT (jj) � TvQ plane as shown in Fig. 8. We see that in the signal sample

(blue crosses), regions of large visible pT correlate with the zero value of TvQ. Events with

high boost, and therefore columnated Higgs decay products, correlate with lower values of

TvQ as predicted. The QCD background sample Z+jets (red dots), on the other hand, tends

to further spread out.

Another simple discriminant, somewhat correlated with TvQ for the Zh final state is a

transverse angular variable, �Zh defined as the angle between the missing transverse energy

vector and the vector sum of the visible pT . This is clearly motivated since we expect the Z

and h states to be nearly back to back in the event, in contrast to the QCD multiple jet events.

We examined the selective cuts (�30 GeV < TvQ < 10 GeV) or (⇡ � 0.5 < �Zh < ⇡ + 0.5)

and found them e↵ective in separating the signal from the backgrounds. In exploiting more

kinematical variables in some treatment like Boosted-decision-Tree technique (BDT) or Neural

Networks (NN), those discriminative variables may be taken into consideration.

5 Results and Discussion

5.1 Signal significance

As we see from the cut-flow tables 2-4, the V jj backgrounds are dominant. We calculate the

signal statistical significance as

S =
N

sigp
N

bkg

, (5.1)

with the statistical uncertainty of the dominant background as the only uncertainty. The

combined significance of the V h(gg) signal is shown in Table 7. The three leptonic channels
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Figure 8. Scatter plot of 10000 events for the signal (blue crosses) and background (red dots) in the
visible pT � TvQ plane.

from the V decays give comparable contributions. The two-charged-lepton channel has the

smallest signal strength, but cleaner in signal identification. The one and zero-charged-

lepton channels show good reconstruction and contribute better sensitivities. Adding the

0, 1, 2 charged-lepton channels, the pure statistical estimation gives a 0.82� significance, which

indicates how challenging an observation of the SM V h(gg) signal could be.

When the signal rate and S/B is small, one must worry about the systematic uncertainties

for the measurements. As discussed in length in Sec. 3.4, we rely on the precision side-band fit

to control the systematics in the signal region near mjj ⇠ mh. If ✏B is the fitted background

percentage uncertainty, we then assume the systematic error to be ✏B⇥N
bkg

. We thus present

a di↵erent significance dominated by the systematics, defined as

S
sys

=
N

sig

✏B ⇥N
bkg

, (5.2)

As shown in Sec. 3.4, with 3000 fb�1 of data and mjj signal mass window taken as 95 �
150 GeV, we have ✏B = 0.33%, 0.10%, 0.13% for the two, one and zero lepton channels,

respectively. The results with this significance estimation are also shown in Table 7. The

outcome is worse than the statistical-error-only treatment. We would also hope the further

reduction of non-statistic uncertainties with more dedicated background fitting schemes, once

real data is available from experiments.
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� (fb) `+`� + jj `± +��ET + jj ��ET + jj combined

V h signal 7.0⇥ 10�2 4.1⇥ 10�1 3.6⇥ 10�1

V jj background 2.4⇥ 102 2.5⇥ 103 1.6⇥ 103

S 0.25 0.61 0.49 0.82

S
sys

0.09 0.17 0.17 0.26

Table 7. Signal significance achieved from each channel and combined results for both statistics and
systematics dominance.

5.2 Bounds on the branching fractions and correlations with h ! bb̄, cc̄

The interpretation of these results to bound on individual Higgs decay channels needs further

discussion. Thus far, we have only simulated h ! gg as the Higgs decay channel, since it

dominates the SM branching fraction of the Higgs decay to light jets. Practically, however,

contributions from mis-tagged h ! bb̄, h ! cc̄, and possible light-quark pairs are all accumu-

lated in the events and should be taken into account correlatively. Thus, the signal we have

been searching for in this study really is h ! j0j0 where j0 is an “un-tagged jet” including

possible b, c and j (g, u, d, s) contributions.

Listed in Table 8 are the working points for the tagging/mis-tagging e�ciencies assuming

that di↵erent observable event categories listed as di↵erent rows are un-correlated. For in-

stance, a b quark will be tagged as a b with a probability of ✏bb = 70%, and mis-tagged as a c

and an un-tagged j0 with ✏cb = 13% and ✏j0b = 17%, and so on. Here the subscript a denotes

the jet-tagged flavor category, and i denotes the parton as the source channel. The numbers

are the same as in Category “c-tagging I” of Table 1 in Ref. [15], as reasonable estimates for

the experimental performance at the 14 TeV LHC, and for consistency of later comparison.

We extend to the double-tagged event categories with corresponding Higgs branching fraction

channels as,

eai =
✏2ai ⇥ (BR)iP
j ✏

2

aj ⇥ (BR)j
. (5.3)

We show in Table 9 the percentage contributions of these decay channels h ! ii in each

experimentally tagged category a. For instance, a pair of un-tagged jets in category j0j0 will

have a probability of 74% from the SM Higgs decay to a pair of gluons, and 16% or 10% from

bb̄ or cc̄, respectively. With the current tagging e�ciency, we translate the significance 0.82�

on BR(h ! jj) to the un-tagged signal category BR(h ! j0j0) by rescaling as

Sj0 =
Sj

ej0j
=

0.82�

74%
= 1.1�, (5.4)

that accounts for mis-tagged bb̄, cc̄ contributions as well. In other words, if an observation of

h ! j0j0 were made in the future LHC run, the interpretation for individual channels would

be based on Table 9, with updated tagging e�ciencies.
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larger radiation. This is a useful kinematic discriminant between the signal and background
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sum |⌃i~pT i|, the quantity TvQ is the di↵erence between the scalar and vector sums of the

visible pT in the event. TvQ tends to be small when the observable particles are a highly

collimated collinear bunch, while it takes a large value when the observable particles spread

out and when R+ V production is near the kinematical threshold.

It would be more intuitive to look at the signal and background in a two dimensional

space of discriminants. Consider the ��ET signal from pp ! Zh ! ⌫⌫ gg. We plot the event

population in the pT (jj) � TvQ plane as shown in Fig. 8. We see that in the signal sample

(blue crosses), regions of large visible pT correlate with the zero value of TvQ. Events with

high boost, and therefore columnated Higgs decay products, correlate with lower values of

TvQ as predicted. The QCD background sample Z+jets (red dots), on the other hand, tends

to further spread out.

Another simple discriminant, somewhat correlated with TvQ for the Zh final state is a

transverse angular variable, �Zh defined as the angle between the missing transverse energy

vector and the vector sum of the visible pT . This is clearly motivated since we expect the Z

and h states to be nearly back to back in the event, in contrast to the QCD multiple jet events.

We examined the selective cuts (�30 GeV < TvQ < 10 GeV) or (⇡ � 0.5 < �Zh < ⇡ + 0.5)

and found them e↵ective in separating the signal from the backgrounds. In exploiting more

kinematical variables in some treatment like Boosted-decision-Tree technique (BDT) or Neural

Networks (NN), those discriminative variables may be taken into consideration.

5 Results and Discussion

5.1 Signal significance

As we see from the cut-flow tables 2-4, the V jj backgrounds are dominant. We calculate the

signal statistical significance as

S =
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, (5.1)

with the statistical uncertainty of the dominant background as the only uncertainty. The

combined significance of the V h(gg) signal is shown in Table 7. The three leptonic channels
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Figure 8. Scatter plot of 10000 events for the signal (blue crosses) and background (red dots) in the
visible pT � TvQ plane.

from the V decays give comparable contributions. The two-charged-lepton channel has the

smallest signal strength, but cleaner in signal identification. The one and zero-charged-

lepton channels show good reconstruction and contribute better sensitivities. Adding the

0, 1, 2 charged-lepton channels, the pure statistical estimation gives a 0.82� significance, which

indicates how challenging an observation of the SM V h(gg) signal could be.

When the signal rate and S/B is small, one must worry about the systematic uncertainties

for the measurements. As discussed in length in Sec. 3.4, we rely on the precision side-band fit

to control the systematics in the signal region near mjj ⇠ mh. If ✏B is the fitted background

percentage uncertainty, we then assume the systematic error to be ✏B⇥N
bkg

. We thus present

a di↵erent significance dominated by the systematics, defined as

S
sys

=
N

sig

✏B ⇥N
bkg

, (5.2)

As shown in Sec. 3.4, with 3000 fb�1 of data and mjj signal mass window taken as 95 �
150 GeV, we have ✏B = 0.33%, 0.10%, 0.13% for the two, one and zero lepton channels,

respectively. The results with this significance estimation are also shown in Table 7. The

outcome is worse than the statistical-error-only treatment. We would also hope the further

reduction of non-statistic uncertainties with more dedicated background fitting schemes, once

real data is available from experiments.
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Figure 9. Signal strengths in correlated regions for (a) 1� contour in 3-dimension (µb, µc, µj), (b)
and (c) contours in µc-µj plane, for statistics only and including systematic uncertainties, respectively.
The shadowed contour regions are the projection of the 3D contour (µb, µc, µj) onto the µc-µj plane
at 1� and 2�, and the solid ovals are for fixing µb = 1. The grey triangle area at the upper right
corner is unphysical BR(h ! bb) + BR(h ! cc) + BR(h ! jj) > 1.

This is represented in the plots by the gray shaded region. The 95% Confidence Level (CL)

global upper bounds (approximately 2�) on the branching fractions with statistical errors

(systematic errors) for 3000 fb�1 with respect to the SM predictions can be obtained as

BR(h ! jj)  4 (9)⇥ BRSM (h ! gg), (5.7)

BR(h ! cc̄) < 15⇥ BRSM (h ! cc̄), (5.8)

Although this bound on the h ! gg channel is not nearly as strong as that from the production

fit gg ! h assuming the SM value, our study and results lay out the attempt of the search

for the direct decay of the Higgs boson to gluons and the light quarks. The result for cc̄

is comparable with the best existing extrapolations [15, 32], although adding the un-tagged

category slightly improve the constraints on the c-quark Yukawa coupling, as expected.

Further improvements can be made by including the production of the vector boson fusion

(VBF) [33] and tt̄h [34]. They are the sub-leading contributions to the h ! jj study at Run

I and become more important production channels at Run II [35]. Our study includes for

simplicity only double-tagged categories, and single b or c tagged categories can be further

included as done in the recast by Ref. [36]. Statistics can be further improved by analysis

with likelihood fitting, BDT, etc. once data is available.

5.3 Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s) have been ignored in accordance with

the SM expectation. The bound on h ! jj in Eq. (5.7) can be translated into those for

the light quark Yukawa couplings. Assuming the SM ggh coupling, and varying one light

quark Yukawa yq at a time, we translate our bound on µj to the Yukawa couplings for light
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Table 8. Flavor tagging e�ciency

✏ai b-quark c-quark j = g, u, d, s

b-tag 70% 20% 1.25%

c-tag 13% 19% 0.50%

un-tag j0j0 17% 61% 98.25%

Table 9. Fraction of SM decay channels

eai h ! bb̄ h ! cc̄ h ! jj

bb-tag 99.6% 0.4% 0%

cc-tag 90.4% 9.6% 0%

un-tag j0 16% 10% 74%

As is customary, we define the signal strength for a decay channel h ! ii as

µi =
BR(h ! ii)

BRSM(h ! ii)
, (5.5)

where we consider ii = bb̄, cc̄, and jj. Assuming each category is statistically independent and

following Gaussian statistics. We combine the three categories to get the three dimensional

contour constraint on {µb, µc, µj} correlatively based on the relation

S2 >
X

a

�2

a =
X (xa � xa)2

�2

a

=
X

a

(
P

i ✏
2

aiBRiN
prod
sig

�
P

i ✏
2

aiBR
SM

i Nprod
sig

)2

(
p
N

bkg

)2

=
X

a

(
P

i eai µi � 1)2

(1/Sa)2

(5.6)

where Sa is the significance from each category identified by experiments, and eai are the

double e�ciencies from each decay channel i in category a given in Table 9.2 We take

Sa = (11, 1.35, 1.1 (0.35)) for the three categories, assuming only statistical errors with

3000 fb�1 data. The first number is from Table 12 in the ATLAS MC study [8], making

use of “One+Two-lepton” combined sensitivity. The second number comes from Fig. 2(a)

of Ref. [15], the extrapolated study on the same MC dataset assuming the same tagging

e�ciency. Assuming most of the sensitivity on µc comes from the double c-tagged category,

we likewise rescale the number with ec0c and a
p
2 since they consider 2 ⇥ 3000 fb�1 data

from two experiments. The third number is from our current “Zero+One+Two-lepton” un-

tagged jets study, with the number in parenthesis including the systematic error. The fully

correlated signal strengths are plotted in Fig. 9, for (a) a 3-dimensional contour in (µb, µc,

µj) at 1�, (b) the projected contour on the µj � µc plane with statistical error only, and (c)

with systematical error dominance. The shadowed contour regions are the projection of the

3D contour (µb, µc, µj) onto the µc-µj plane at 1� and 2�, and the solid ovals are for a fixed

value µb = 1. Allowing µb to float, the contour regions are slightly larger than the ovals.

We note that certain values of the parameter space plane are excluded when BR(h ! bb)

+ BR(h ! cc) + BR(h ! jj) > 1 and where our SM production assumption breaks down.

2Note the di↵erent e�ciencies defined in Tables 8 and 9, with the normalizations
P

a ✏ai = 1 in categories,

and
P

i eai = 1 in channels.
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Figure 9. Signal strengths in correlated regions for (a) 1� contour in 3-dimension (µb, µc, µj), (b)
and (c) contours in µc-µj plane, for statistics only and including systematic uncertainties, respectively.
The shadowed contour regions are the projection of the 3D contour (µb, µc, µj) onto the µc-µj plane
at 1� and 2�, and the solid ovals are for fixing µb = 1. The grey triangle area at the upper right
corner is unphysical BR(h ! bb) + BR(h ! cc) + BR(h ! jj) > 1.

This is represented in the plots by the gray shaded region. The 95% Confidence Level (CL)

global upper bounds (approximately 2�) on the branching fractions with statistical errors

(systematic errors) for 3000 fb�1 with respect to the SM predictions can be obtained as

BR(h ! jj)  4 (9)⇥ BRSM (h ! gg), (5.7)

BR(h ! cc̄) < 15⇥ BRSM (h ! cc̄), (5.8)

Although this bound on the h ! gg channel is not nearly as strong as that from the production

fit gg ! h assuming the SM value, our study and results lay out the attempt of the search

for the direct decay of the Higgs boson to gluons and the light quarks. The result for cc̄

is comparable with the best existing extrapolations [15, 32], although adding the un-tagged

category slightly improve the constraints on the c-quark Yukawa coupling, as expected.

Further improvements can be made by including the production of the vector boson fusion

(VBF) [33] and tt̄h [34]. They are the sub-leading contributions to the h ! jj study at Run

I and become more important production channels at Run II [35]. Our study includes for

simplicity only double-tagged categories, and single b or c tagged categories can be further

included as done in the recast by Ref. [36]. Statistics can be further improved by analysis

with likelihood fitting, BDT, etc. once data is available.

5.3 Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s) have been ignored in accordance with

the SM expectation. The bound on h ! jj in Eq. (5.7) can be translated into those for

the light quark Yukawa couplings. Assuming the SM ggh coupling, and varying one light

quark Yukawa yq at a time, we translate our bound on µj to the Yukawa couplings for light
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Table 8. Flavor tagging e�ciency

✏ai b-quark c-quark j = g, u, d, s

b-tag 70% 20% 1.25%

c-tag 13% 19% 0.50%

un-tag j0j0 17% 61% 98.25%

Table 9. Fraction of SM decay channels

eai h ! bb̄ h ! cc̄ h ! jj

bb-tag 99.6% 0.4% 0%

cc-tag 90.4% 9.6% 0%

un-tag j0 16% 10% 74%

As is customary, we define the signal strength for a decay channel h ! ii as

µi =
BR(h ! ii)

BRSM(h ! ii)
, (5.5)

where we consider ii = bb̄, cc̄, and jj. Assuming each category is statistically independent and

following Gaussian statistics. We combine the three categories to get the three dimensional

contour constraint on {µb, µc, µj} correlatively based on the relation
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where Sa is the significance from each category identified by experiments, and eai are the

double e�ciencies from each decay channel i in category a given in Table 9.2 We take

Sa = (11, 1.35, 1.1 (0.35)) for the three categories, assuming only statistical errors with

3000 fb�1 data. The first number is from Table 12 in the ATLAS MC study [8], making

use of “One+Two-lepton” combined sensitivity. The second number comes from Fig. 2(a)

of Ref. [15], the extrapolated study on the same MC dataset assuming the same tagging

e�ciency. Assuming most of the sensitivity on µc comes from the double c-tagged category,

we likewise rescale the number with ec0c and a
p
2 since they consider 2 ⇥ 3000 fb�1 data

from two experiments. The third number is from our current “Zero+One+Two-lepton” un-

tagged jets study, with the number in parenthesis including the systematic error. The fully

correlated signal strengths are plotted in Fig. 9, for (a) a 3-dimensional contour in (µb, µc,

µj) at 1�, (b) the projected contour on the µj � µc plane with statistical error only, and (c)

with systematical error dominance. The shadowed contour regions are the projection of the

3D contour (µb, µc, µj) onto the µc-µj plane at 1� and 2�, and the solid ovals are for a fixed

value µb = 1. Allowing µb to float, the contour regions are slightly larger than the ovals.

We note that certain values of the parameter space plane are excluded when BR(h ! bb)

+ BR(h ! cc) + BR(h ! jj) > 1 and where our SM production assumption breaks down.

2Note the di↵erent e�ciencies defined in Tables 8 and 9, with the normalizations
P

a ✏ai = 1 in categories,

and
P

i eai = 1 in channels.
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Figure 9. Signal strengths in correlated regions for (a) 1� contour in 3-dimension (µb, µc, µj), (b)
and (c) contours in µc-µj plane, for statistics only and including systematic uncertainties, respectively.
The shadowed contour regions are the projection of the 3D contour (µb, µc, µj) onto the µc-µj plane
at 1� and 2�, and the solid ovals are for fixing µb = 1. The grey triangle area at the upper right
corner is unphysical BR(h ! bb) + BR(h ! cc) + BR(h ! jj) > 1.

This is represented in the plots by the gray shaded region. The 95% Confidence Level (CL)

global upper bounds (approximately 2�) on the branching fractions with statistical errors

(systematic errors) for 3000 fb�1 with respect to the SM predictions can be obtained as

BR(h ! jj)  4 (9)⇥ BRSM (h ! gg), (5.7)

BR(h ! cc̄) < 15⇥ BRSM (h ! cc̄), (5.8)

Although this bound on the h ! gg channel is not nearly as strong as that from the production

fit gg ! h assuming the SM value, our study and results lay out the attempt of the search

for the direct decay of the Higgs boson to gluons and the light quarks. The result for cc̄

is comparable with the best existing extrapolations [15, 32], although adding the un-tagged

category slightly improve the constraints on the c-quark Yukawa coupling, as expected.

Further improvements can be made by including the production of the vector boson fusion

(VBF) [33] and tt̄h [34]. They are the sub-leading contributions to the h ! jj study at Run

I and become more important production channels at Run II [35]. Our study includes for

simplicity only double-tagged categories, and single b or c tagged categories can be further

included as done in the recast by Ref. [36]. Statistics can be further improved by analysis

with likelihood fitting, BDT, etc. once data is available.

5.3 Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s) have been ignored in accordance with

the SM expectation. The bound on h ! jj in Eq. (5.7) can be translated into those for

the light quark Yukawa couplings. Assuming the SM ggh coupling, and varying one light

quark Yukawa yq at a time, we translate our bound on µj to the Yukawa couplings for light
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Figure 9. Signal strengths in correlated regions for (a) 1� contour in 3-dimension (µb, µc, µj), (b)
and (c) contours in µc-µj plane, for statistics only and including systematic uncertainties, respectively.
The shadowed contour regions are the projection of the 3D contour (µb, µc, µj) onto the µc-µj plane
at 1� and 2�, and the solid ovals are for fixing µb = 1. The grey triangle area at the upper right
corner is unphysical BR(h ! bb) + BR(h ! cc) + BR(h ! jj) > 1.

This is represented in the plots by the gray shaded region. The 95% Confidence Level (CL)

global upper bounds (approximately 2�) on the branching fractions with statistical errors

(systematic errors) for 3000 fb�1 with respect to the SM predictions can be obtained as

BR(h ! jj)  4 (9)⇥ BRSM (h ! gg), (5.7)

BR(h ! cc̄) < 15⇥ BRSM (h ! cc̄), (5.8)

Although this bound on the h ! gg channel is not nearly as strong as that from the production

fit gg ! h assuming the SM value, our study and results lay out the attempt of the search

for the direct decay of the Higgs boson to gluons and the light quarks. The result for cc̄

is comparable with the best existing extrapolations [15, 32], although adding the un-tagged

category slightly improve the constraints on the c-quark Yukawa coupling, as expected.

Further improvements can be made by including the production of the vector boson fusion

(VBF) [33] and tt̄h [34]. They are the sub-leading contributions to the h ! jj study at Run

I and become more important production channels at Run II [35]. Our study includes for

simplicity only double-tagged categories, and single b or c tagged categories can be further

included as done in the recast by Ref. [36]. Statistics can be further improved by analysis

with likelihood fitting, BDT, etc. once data is available.

5.3 Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s) have been ignored in accordance with

the SM expectation. The bound on h ! jj in Eq. (5.7) can be translated into those for

the light quark Yukawa couplings. Assuming the SM ggh coupling, and varying one light

quark Yukawa yq at a time, we translate our bound on µj to the Yukawa couplings for light
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Table 8. Flavor tagging e�ciency

✏ai b-quark c-quark j = g, u, d, s

b-tag 70% 20% 1.25%

c-tag 13% 19% 0.50%

un-tag j0j0 17% 61% 98.25%

Table 9. Fraction of SM decay channels

eai h ! bb̄ h ! cc̄ h ! jj

bb-tag 99.6% 0.4% 0%

cc-tag 90.4% 9.6% 0%

un-tag j0 16% 10% 74%

As is customary, we define the signal strength for a decay channel h ! ii as

µi =
BR(h ! ii)

BRSM(h ! ii)
, (5.5)

where we consider ii = bb̄, cc̄, and jj. Assuming each category is statistically independent and

following Gaussian statistics. We combine the three categories to get the three dimensional

contour constraint on {µb, µc, µj} correlatively based on the relation
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where Sa is the significance from each category identified by experiments, and eai are the

double e�ciencies from each decay channel i in category a given in Table 9.2 We take

Sa = (11, 1.35, 1.1 (0.35)) for the three categories, assuming only statistical errors with

3000 fb�1 data. The first number is from Table 12 in the ATLAS MC study [8], making

use of “One+Two-lepton” combined sensitivity. The second number comes from Fig. 2(a)

of Ref. [15], the extrapolated study on the same MC dataset assuming the same tagging

e�ciency. Assuming most of the sensitivity on µc comes from the double c-tagged category,

we likewise rescale the number with ec0c and a
p
2 since they consider 2 ⇥ 3000 fb�1 data

from two experiments. The third number is from our current “Zero+One+Two-lepton” un-

tagged jets study, with the number in parenthesis including the systematic error. The fully

correlated signal strengths are plotted in Fig. 9, for (a) a 3-dimensional contour in (µb, µc,

µj) at 1�, (b) the projected contour on the µj � µc plane with statistical error only, and (c)

with systematical error dominance. The shadowed contour regions are the projection of the

3D contour (µb, µc, µj) onto the µc-µj plane at 1� and 2�, and the solid ovals are for a fixed

value µb = 1. Allowing µb to float, the contour regions are slightly larger than the ovals.

We note that certain values of the parameter space plane are excluded when BR(h ! bb)

+ BR(h ! cc) + BR(h ! jj) > 1 and where our SM production assumption breaks down.

2Note the di↵erent e�ciencies defined in Tables 8 and 9, with the normalizations
P

a ✏ai = 1 in categories,

and
P

i eai = 1 in channels.
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Figure 9. Signal strengths in correlated regions for (a) 1� contour in 3-dimension (µb, µc, µj), (b)
and (c) contours in µc-µj plane, for statistics only and including systematic uncertainties, respectively.
The shadowed contour regions are the projection of the 3D contour (µb, µc, µj) onto the µc-µj plane
at 1� and 2�, and the solid ovals are for fixing µb = 1. The grey triangle area at the upper right
corner is unphysical BR(h ! bb) + BR(h ! cc) + BR(h ! jj) > 1.

This is represented in the plots by the gray shaded region. The 95% Confidence Level (CL)

global upper bounds (approximately 2�) on the branching fractions with statistical errors

(systematic errors) for 3000 fb�1 with respect to the SM predictions can be obtained as

BR(h ! jj)  4 (9)⇥ BRSM (h ! gg), (5.7)

BR(h ! cc̄) < 15⇥ BRSM (h ! cc̄), (5.8)

Although this bound on the h ! gg channel is not nearly as strong as that from the production

fit gg ! h assuming the SM value, our study and results lay out the attempt of the search

for the direct decay of the Higgs boson to gluons and the light quarks. The result for cc̄

is comparable with the best existing extrapolations [15, 32], although adding the un-tagged

category slightly improve the constraints on the c-quark Yukawa coupling, as expected.

Further improvements can be made by including the production of the vector boson fusion

(VBF) [33] and tt̄h [34]. They are the sub-leading contributions to the h ! jj study at Run

I and become more important production channels at Run II [35]. Our study includes for

simplicity only double-tagged categories, and single b or c tagged categories can be further

included as done in the recast by Ref. [36]. Statistics can be further improved by analysis

with likelihood fitting, BDT, etc. once data is available.

5.3 Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s) have been ignored in accordance with

the SM expectation. The bound on h ! jj in Eq. (5.7) can be translated into those for

the light quark Yukawa couplings. Assuming the SM ggh coupling, and varying one light

quark Yukawa yq at a time, we translate our bound on µj to the Yukawa couplings for light
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with likelihood fitting, BDT, etc. once data is available.

5.3 Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s) have been ignored in accordance with
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double e�ciencies from each decay channel i in category a given in Table 9.2 We take

Sa = (11, 1.35, 1.1 (0.35)) for the three categories, assuming only statistical errors with

3000 fb�1 data. The first number is from Table 12 in the ATLAS MC study [8], making

use of “One+Two-lepton” combined sensitivity. The second number comes from Fig. 2(a)

of Ref. [15], the extrapolated study on the same MC dataset assuming the same tagging

e�ciency. Assuming most of the sensitivity on µc comes from the double c-tagged category,

we likewise rescale the number with ec0c and a
p
2 since they consider 2 ⇥ 3000 fb�1 data

from two experiments. The third number is from our current “Zero+One+Two-lepton” un-

tagged jets study, with the number in parenthesis including the systematic error. The fully

correlated signal strengths are plotted in Fig. 9, for (a) a 3-dimensional contour in (µb, µc,

µj) at 1�, (b) the projected contour on the µj � µc plane with statistical error only, and (c)
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3D contour (µb, µc, µj) onto the µc-µj plane at 1� and 2�, and the solid ovals are for a fixed

value µb = 1. Allowing µb to float, the contour regions are slightly larger than the ovals.

We note that certain values of the parameter space plane are excluded when BR(h ! bb)
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global upper bounds (approximately 2�) on the branching fractions with statistical errors

(systematic errors) for 3000 fb�1 with respect to the SM predictions can be obtained as

BR(h ! jj)  4 (9)⇥ BRSM (h ! gg), (5.7)

BR(h ! cc̄) < 15⇥ BRSM (h ! cc̄), (5.8)

Although this bound on the h ! gg channel is not nearly as strong as that from the production

fit gg ! h assuming the SM value, our study and results lay out the attempt of the search

for the direct decay of the Higgs boson to gluons and the light quarks. The result for cc̄

is comparable with the best existing extrapolations [15, 32], although adding the un-tagged

category slightly improve the constraints on the c-quark Yukawa coupling, as expected.

Further improvements can be made by including the production of the vector boson fusion

(VBF) [33] and tt̄h [34]. They are the sub-leading contributions to the h ! jj study at Run

I and become more important production channels at Run II [35]. Our study includes for

simplicity only double-tagged categories, and single b or c tagged categories can be further

included as done in the recast by Ref. [36]. Statistics can be further improved by analysis

with likelihood fitting, BDT, etc. once data is available.

5.3 Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s) have been ignored in accordance with

the SM expectation. The bound on h ! jj in Eq. (5.7) can be translated into those for

the light quark Yukawa couplings. Assuming the SM ggh coupling, and varying one light

quark Yukawa yq at a time, we translate our bound on µj to the Yukawa couplings for light
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regions are slightly larger than the ovals.We note that certain
values of the parameter space plane are excluded when
BRðh→ bbÞ þBRðh→ ccÞ þBRðh→ jjÞ > 1 and where
our SM production assumption breaks down. This is
represented in the plots by the gray shaded region. The
95% Confidence Level (CL) global upper bounds (approx-
imately 2σ) on the branching fractions with statistical errors
(systematic errors) for 3000 fb−1 with respect to the SM
predictions can be obtained as

BRðh → jjÞ ≤ 4ð9Þ × BRSMðh → ggÞ; ð5:7Þ

BRðh → cc̄Þ < 15 × BRSMðh → cc̄Þ: ð5:8Þ

Although this bound on the h → gg channel is not nearly as
strong as that from the production fit gg → h assuming the
SM value, our study and results lay out the attempt of
the search for the direct decay of the Higgs boson to
gluons and light quarks. The result for cc̄ is comparable
to the best existing extrapolations [15,35] although adding
the untagged category slightly improves the constraints on
the c quark Yukawa coupling, as expected.
Further improvements can be made by including the

production of the vector boson fusion (VBF) [36] and tt̄h
[37]. They are the subleading contributions to the h → jj
study at Run I and become more important production
channels at Run II [38]. Our study includes, for simplicity,
only double-tagged categories, and single b or c tagged
categories can be further included as done in the recast by
Ref. [39]. Statistics can be further improved by analysis
with likelihood fitting, BDT, etc. once data is available.

C. Bounds on light-quark Yukawa couplings

So far, possible contributions from light quarks (u, d, s)
have been ignored in accordance with the SM expectation.
The bound on h → jj in Eq. (5.7) can be translated into
those for the light-quark Yukawa couplings. Assuming the
SM ggh coupling, and varying one light quark Yukawa yq
at a time, we translate our bound on μj to the Yukawa
couplings for light quarks u, d, s by scaling the branching
fraction with μq ∝ y2q. Our results of the bounds on the
Yukawa couplings are shown in Table X. There have been
attempts to probe the light-quark Yukawa couplings in the
literature [35,40–44]. Recent studies on the inclusive Higgs

production and its spectra of pTðhÞ and yh claim various
improved constraints on the couplings [35,41], compared to
constraints from a global fit [45]. The upper bounds from
our study of Higgs decay to light jets are comparable to
those derived from the Higgs production kinematics, as
also shown in Table X, and thus provide complementary
information to the existing approaches. The SM Yukawa
coupling for the light quarks are taken to be proportional to
their individual MS running masses, which we evolve with
N4LO QCD from the Particle Data Group definition at
2 GeV [46] to the Higgs mass at 125 GeV.3

VI. SUMMARY AND CONCLUSIONS

We have carried out a detailed study of the Higgs boson
decay to light untagged jets in the vector boson associated
channel pp → Vh, with h → gg and V ¼ W%; Z decaying
to leptons at the 14 TeV HL-LHC with 3000 fb−1. To
differentiate the dijet signal from the huge SM QCD
backgrounds, we have maximized the signal sensitivity
by combining searches in the zero, one, and two-leptonic
decay channels of the vector bosons. We used MadGraph,
PYTHIA, and DELPHES for the signal and background
simulations. Our findings can be summarized as follows:
(a) In Sections III A, we optimized the kinematical cuts

according to the individual signal channels to enhance
S=

ffiffiffiffi
B

p
as well as S=B. The boosted kinematics for the

dijet signal have the advantage of improving S=B
while keeping S=

ffiffiffiffi
B

p
roughly the same. We proposed

the “two-jet-vicinity” Higgs mass reconstruction
method as seen in Fig. 3, and tested its effectiveness
against the pile-up effects as in Fig. 4.

(b) In Sec. III D, we studied in great detail on how to
control the systematic errors by making use of the
sidebands with a few fitting functions. We found
that with 3000 fb−1, it is conceivable to achieve
subpercent-level systematic uncertainties, as given
in Eq. (3.5). It is crucially important to take advantage
of the large statistics and to keep the systematics under
control.

(c) We were able to reach about 1σ combined significance
for the untagged dijet channel, as shown in Table VII
and in Eq. (5.4). We also considered the correlation
with mistagged events from h → bb̄; cc̄ channels, as
discussed in Sec. V B

(d) Assuming the SM Vh production, our results can be
translated to upper bounds on the branching fractions
of 4 and 15 times the SM values for BRðh → ggÞ and

TABLE X. Extrapolated upper bounds at 95% CL on the
light-quark Yukawa couplings κ̄q ¼ yq=ySMb ðκq ¼ yq=ySMq Þ for
q ¼ u, d, s.

Lðfb−1Þ κ̄uðκuÞ κ̄dðκdÞ κ̄sðκsÞ
300 (untagged j0j0) 1.2 (2600) 1.2 (1200) 1.2 (61)
3000 (untagged j0j0) 0.65 (1500) 0.65 (680) 0.65 (34)
Current Global Fits [45] 0.98 (2200) 0.97 (1000) 0.70 (37)
300 [41] 0.36 (820) 0.41 (430)
3000 [35] 0.58 (30)

3There is however a discrepancy of the values used for the
light-quark running mass in the literature [35,40,43]. For in-
stance, using the input from Particle Data Group, we find the
strange quark mass to be m̄sðmhÞ ¼ 53 MeV, whereas the other
adopted values are 83 MeV at the scale mh [43], m̄sðmh=2Þ ∼
48 MeV [40], and m̄sðmh=2Þ ∼ 57 MeV [35].
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Percentage qq qg gg

Signal Zh[gg] 0 0 100%

Background Zjj 9% 77% 14%

Table 1. Signal and background the parton composition of the two leading jets after all the selection
cuts

Figure 2. Asymmetry between the two leading jets. Parton level analysis after all the selection cuts

The hadronic jets are reconstructed with anti-kt jet algorithm with a cone size R = 0.4.

3 Including Low pT Region

Two lepton channel provides two isolated leptons for triggering.

4 Jet Discriminants

After selection cuts on the mass window, the background is still three orders of magnitude

larger than the signal. We further employ more discriminants on the involving jets. The two

that appear most useful are the quark/gluon discrimination on the individual resolved jets,

and the asymmetry between the two leading jets.

gluon/quark tagging on resolved jets. At parton level analysis, the constituents of the

two leading jets are identified as shown in Table. 1

Asymmetry between the two leading jets defined as Ajj =
|pT (j1)�pT (j2)|
pT (j1)+pT (j2)

.
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Two lepton channel provides two isolated leptons for triggering.

4 Jet Discriminants

After selection cuts on the mass window, the background is still three orders of magnitude

larger than the signal. We further employ more discriminants on the involving jets. The two

that appear most useful are the quark/gluon discrimination on the individual resolved jets,

and the asymmetry between the two leading jets.

gluon/quark tagging on resolved jets. At parton level analysis, the constituents of the

two leading jets are identified as shown in Table. 1

Asymmetry between the two leading jets defined as Ajj =
|pT (j1)�pT (j2)|
pT (j1)+pT (j2)

.
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Current Status
2017 Moriond 
(https://home.cern/cern-people/updates/2017/04/wealth-

precise-new-results-moriond)

• H> μμ, Higgs Mass, ttH
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