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Observable and distributions:

tagged b-jet in our selection. At the HL-LHC, with 6 ab�1 of data (ATLAS+CMS com-

bined), and summing up the contributions from the four types of bb̄h signals at LO, we get

a statistical significance of 6.8� on the total SM bb̄h signal, with the basic cuts as defined

in Eq. (2.4). Performing a mass window cut of 123 < m�� (GeV) < 127 around the Higgs

mass peak further increases the significance to about 10�. With this estimate, there is no

doubt that we should be able to see a clear bb̄h signal on top of the dominant QCD-QED

bb̄�� background at the HL-LHC.

The next goal is to evaluate the sensitivity to the contribution proportional to yb out of

the total signal, which is the primary motivation of looking at the bb̄h channel in this work.

We can gather from the number of events with 6 ab�1 given in table 2, the sensitivity to

the y
2
b -driven channel is only about 1.6� after basic cuts. We will try to see if this can be

improved by exploring the higher dimensional kinematic shapes using multivariate analysis.

The Zh, Z ! bb̄ channel has the distinct feature that the invariant mass of the two

b-jets can be reconstructed to the Z boson mass. However, given the basic cuts, only about

20% of Zh channel has both b-jets tagged in our simulation. The fraction of events having

two tagged b-jets is even smaller from other bb̄h channels, as shown in the last column of

table 2. Given the limited signal statistics, especially at the HL-LHC, we do not require

two tagged b-jets or stringent mass window cuts, to allow for more events from the y
2
b and

ybyt channels. Instead we stay as inclusive as possible with generous cuts, and resort to

kinematic shapes and multivariate analyses to further explore the variance in shapes of the

higher dimensional distributions amongst the di↵erent channels.

As discussed before, the y
2
b -driven channel could be overwhelmed by the other yb-

independent contributions such as Zh and those proportional to y
2
t . Despite the sizable

contribution from these other bb̄h channels, and the similarity between the 1D distributions

of the kinematic observables, the Zh channel can still be separated from the y
2
b channel with

relative ease given information from higher dimensional distributions. We will see a nice

separation from the multivariate analysis, and understand the physics ramifications brought

about from the higher dimensional kinematic distributions as well. The y
2
t contribution

is a bit harder to disentangle, and remains as the dominant background which reduces

sensitivity to yb. However, we will show systematic approaches to enhance sensitivity to

contribution proportional to y
2
b or ybyt while suppressing y

2
t and all other background

contamination.

After detector simulation and jet definition, we have, for most events, a final state of

two photon jets and at least one b-jet, where the two photons reconstruct back to a real

scalar Higgs mass for all the bb̄h channels. We first define and evaluate a comprehensive

set of kinematic observables as the following:

• p
b1
T , p

b2
T , p

�1
T , p

��
T ,

• ⌘bj1 , ⌘bj2 , ⌘�1 , ⌘�� ,

• nbjet, njet, �R
b�
min, ��

bb
min,

• m�� , mbb, mb1h, mbb̄h, HT .
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Understanding differences in shapes

The choice of variables is important:
o Momenta four vectors are not easily interpretable
o Kinema8c variables are interpretable but there is 

no clear “complete set”

Begin with an over-complete set of 
median/high level observables 
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1D Differential Distribution

Challenging to distinguish channels



C. Grojean, A. Paul, ZQ(2020)

2D Differential Distribution (  and )y2
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2D Differential Distribution (  and )y2
b Zh

• High dimensional features reveal further difference

• Designed cut, smarter/optimal observable, matrix element method



Into higher dimensions:
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Diving into higher dimension



Into higher dimensions:
• The channel-specific multivariable correlation pattern (detector level)

• NLO (colour) effects, Parton shower, detector effects, etc.

• By Multivariable Analysis (MVA, e.g. BDT, NN) on simulated events
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Diving into higher dimension



• Shapley value: an importance “measure” of “group member”,  
through marginalising contribution over the set: 

• Shapley value approach log-likelihood ratio in binary-class：

 

• Feature importance: the averaged abs value of local Shapley: 

       

• Reduction of d.o.f. ,  Additivity over phase space, Distribution 
Correlation and more.. (Ongoing)

ϕj(val) = ∑
S⊆{x1,…,xp}∖{xj}

|S | !(p − |S | − 1)!
p! (val (S ∪ {xj}) − val(S))

In a two class scenario, log-likelihood ratio is defined as

LL = log(

P
i,j

R
fifj |Mij!~f

1 |2
P

I,J

R
fIfJ |MIJ!~f

2 |2
) ⇡ �S

(n)(v1, ..vk), (28)

which is exactly the log(odds) approximated by the local shapley. For a set
of events to be classified as |M1|2, the total LL, or maximal separation power
between the two scenarios at parton level is thus a sum of the per-event LL over
this set of events {n}.

tot LL ⇡ �
{n}X

S
(n)(v1, ..vk). (29)

Now as mentioned above, the feature space {v1, ..vk} does not (have to)
uniquely characterise each event, nor could it reproduce p(n), since 1) for e�cient
and practical reason, {v1, ..vk} does not have to be a complete set, for example,
same initial states (parton luminosity), spherical symmetry etc. are several
redundant degrees of freedoms that is unimportant for distinguishing two theory
predictions. 2) shapley is calculated based on training, as it approaches perfect
data and training, the probability can only be approached by the network.

The approaching equivalence of shapley values to the likelihood could be
demonstrated at parton level. For simplicity, the 4` final states without invisible
final states nor sizeable jet smearing e↵ects can serve as perfect test. A compar-
ison between the MEM likelihood and shapley value can thus be performed both
locally and globally. It will show, 1) how well BDT/shapley is approaching the
maximal power of separation at parton level, and 2) after adding parton shower
and detector e↵ects etc, how much MEM fails behind BDT or other NN with
the additional practicality.

5 Reference and Definition

Shapley value web-book from Christophm.github.io (5.9.3):
https://christophm.github.io/interpretable-ml-book/shapley.html:

Shapley value of variable for a given instance x, taking the procedure by av-
eraging over a sample on ML shapley prediction on each instance, the di↵erence
between with and without the j-th variable contribution 3,

�j(x) =
1

M

MX

m=1

�
m
j (30)

(5.10.5) For SHAP feature importance, we average the absolute Shapley
values per feature across the data:

Ij =
nX

i=1

|�(i)
j | (31)

3The detailed procedure of the sum and definition of �m
j is on subsection 5.9.3.3.
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Ij =
n

∑
i=1

|ϕ(i)
j |
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Figure 6. The Shapley values and di↵erential distributions for the kinematic variables used to
extract the bb̄h signal at HL-LHC with 6 ab�1 luminosity (ATLAS+CMS). A SM signal is injected.
Upper left corner The hierarchy of variable importance with increasing Shapley value denoting higher
importance in the discrimination. The non-normalized distribution are those of the 5 most important
kinematic variables as determined by their Shapley values. The distribution for bb̄�� has been
reduced by a factor of 100.

ber of events of class i that would be generated in a pseudo-experiment corresponding to

the collider under study. The sum of the j
th column,

P
i Nij , gives the number of events of

the class j predicted (including correct classifications and misclassifications) by the BDT in

this pseudo-experiment. Hence the (i, j) element of the matrix gives the number of events

of the i
th class that is classified as belonging to the j

th class with i 6= j representing a mis-

classification. The significance of the j
th channel given by signal/

p
signal + background

can be defined as:

Zj =
|Njj |pP

i Nij
, (4.1)

where i is the row index and j is the column index. Armed with these procedures and

definitions we move on to examine the prospects of measurement of yb at the future colliders.

4.1 Prospects at HL-LHC

The results for |Sv| from the BDT analysis are shown in the top left corner plot of fig-

ure 6. Note that the ordering of the kinematic variables according to their importance

in discriminating the channels have changed from the previous example in figure 2. This
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Machine Interpretation:  Shapley value (2012):
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An Importance Measure/Distribution:
Shapley Feature Importance:



QCD-QED 
Backgrounds

!!̅ℎ
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Boosted Decision Trees
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Signal Classification
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Physics Insights

Signal

Interpretable 
variables

Interpretable 
model
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Interpretable 
results

An Interpretable Framework:
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Predicted no. of events at HL-LHC
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Channel y2b ybyt y2t Zh bbγγ total
y2b 170 54 51 122 189 586
ybyt -7 -24 -4 -20 -40 -95
y2t 238 112 452 546 487 1,835
Zh 22 28 21 416 161 648
bbγγ 2,183 2,450 1510 8,045 101,591 115,779
Zj 3.33 0.47 10. 4.36 317

Table 4. Trained BDT classification (confusion matrix) of the five channel contributions at
HL-LHC with 6 ab−1 luminosity (ATLAS+CMS), assuming SM signal injection. The right-most
column gives the total number of events expected in each channel in the SM.

Predicted no. of events at FCC-hh

Ac
tu
al

no
.o

fe
ve
nt
s

y2b ybyt y2t Zh bbγγ total
y2b 32,074 15,112 10,966 6,579 8,959 73,690
ybyt -964 -6,815 -907 -583 -1,820 -11,089
y2t 48,772 45,751 148,669 39,598 26,484 309,274
Zh 1,860 4,498 2,280 12,661 2,282 23,581
bbγγ 172,088 373,436 106,335 126,429 7,952,834 8,731,122
Zj 63.7 10.4 288 29.4 2,813

Table 5. Trained BDT classification (confusion matrix) of the five channel contributions at FCC-
hh. A SM signal is injected. The right-most column gives the total number of events expected in
each channel in the SM.

need to be discriminated from are the contributions proportional to y2t and the QCD-QED
bb̄γγ background, an analysis with |Sv| rightly shows that mγγ is by far the most important
kinematic variable in discriminating the y2b signal from the dominant background. The
results of the BDT analysis is given in table 5. Noting that the significance quoted in the
table pertains to those obtained from assuming the presence of statistical uncertainties only,
we see that the contribution proportional to y2b can be isolated at about 64 σ significance
while the interference term proportional to ybyt can be isolated to about 10 σ significance.

4.3 Discussion of theoretical and systematic uncertainties

As discussed above, compared to the Zh channel and the QCD-QED bb̄γγ backgrounds,
the bb̄h channels gain a relative enhancement on statistics at the FCC-hh. This results in a
much better sensitivity to the measurement of yb that scales roughly with the square-root
of statistical gain. Till now, we have not included any experimental or theory systematic
uncertainties, which might not be negligible at HL-LHC or FCC-hh. The current theory
uncertainty from fixed order NLO calculation ranges from 20% to 50% for the channels
proportional to y2b , ybyt, y2t [20], and are the dominant sources of uncertainty. No pro-
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Predicted no. of events at HL-LHC

Channel y
2
b ybyt y

2
t Zh bb�� total

y
2
b 170 54 51 122 189 586

ybyt -7 -24 -4 -20 -40 -95

y
2
t 238 112 452 546 487 1,835

Zh 22 28 21 416 161 648

bb�� 2,183 2,450 151 8,045 101,591 115,779

Zj 3.33 0.47 10. 4.36 317

Table 4. Trained BDT classification (confusion matrix) of the five channel contributions at HL-
LHC with 6 ab�1 luminosity (ATLAS+CMS), assuming SM signal injection. The right-most column
gives the total number of events expected in each channel in the SM.

is not unexpected since the classes being discriminated determine what kinematic shapes

are important. Secondly, unlike the |Sv| for the case of Zh vs. y
2
b , di↵erent channels have

di↵erent |Sv| for each kinematic variable. From this, one can understand the importance

of each kinematic variable in discriminating each channel from the others.

For example, m�� has the largest discriminating power for separating out the bb̄��

background (pink part) from the y
2
b -driven channel (red part) as can be seen from the

|Sv| plot in figure 6. The blue, purple and yellow parts corresponding to Zh, y
2
t -driven

and ybyt-driven channels respectively are of the same length as the red part of the bar

corresponding to the y
2
b -driven channel as they should be because they all have the same

shape as is clear for the upper middle plot of figure 6. The distribution of bb̄�� is flat in

m�� , while the others are peaked around mh since the � pair comes from a Higgs decay.

On the other hand the separation of the y
2
t -driven channel from the y

2
b -driven channel is

orchestrated by HT , which is second in the hierarchy of kinematic variables as judged by

|Sv|.

The matrix shown in table 4 shows the confusion matrix produced from a pseudo-

experiment for HL-LHC assuming 6 ab�1 of data. The right-most column gives the actual

number of events produced in each channel. The bottom-most row gives the significance of

each channel. Note that this is purely a statistical significance and no systematics has been

rolled into this estimate. We leave the discussion of systematics in section 4.3. Following

these procedures, we get a resulting statistical significance of the y
2
b -driven channel of 3.33�.

The sensitivity for ybyt channel is 0.47�. We shall see in section 5.1 how the projection

from this analysis translates into bounds on the e↵ective rescaling of yb.

4.2 Prospects at FCC-hh

Isolating the yb-sensitive channels at the FCC-hh is a much easier task not only due to

the much larger luminosity but also because of the disproportionately larger growth of bb̄h

production compared to Zh production as explained in section 2.2. However, keeping in

mind that a multivariate analysis will still outperform a cut-based analysis, we use the

combination of BDT and Sv to fathom the prospects of measuring yb at FCC-hh. Since the
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About ~60% gain in significance over 
traditional cut-based analyses (2!).

Optimised BDT/NN classification

C. Grojean, A. Paul, ZQ(2020)

About gain in significance 
over traditional cut analysis.

∼ 60 %

Zj =
|Njj |

∑i Nij

Improved Channel Sensitivity:



A Real Bottom Yukawa: 𝛋-scheme
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Figure 7. Significance, Z, as a function of b at HL-LHC (ATLAS+CMS combined, 6 ab�1) and
FCC-hh (30 ab�1). A SM signal is injected.

scales as 
2
b + ̃

2
b when including the non-zero CP-odd component. On the other hand,

the ybyt-driven amplitude scales linearly with b. From figure 1 it can be seen that the

amplitudes proportional to yt generated by the top-quark loop, can also be generated by a

bottom-quark loop. While, the bottom-quark loop contribution, which scales as b, can be

safely neglected in the determination of yb, it should be taken into account in this part of

the analysis. This can be done by expressing g, the rescaling of the gg ! h coupling, as

a function of b. Hence, the interference term is proportional to Re[g]b + Re[̃g]̃b and

is given by:

1.05b � 0.05
2
b � 0.06̃

2
b . (5.4)

Note that b and ̃b are real by definition. Additional details about the functional form

can be found in appendix B.

Since we shall attempt to draw a comparison between the constraints on the rescaling

of yb from bb̄h production with other modes such as h ! bb̄, gg ! h and h ! ��, it is

worthwhile to give a brief overview of the current status of h ! bb̄ measurements and the

projected bounds from measurements of all the channels at HL-LHC and FCC-hh. The

recently measured channel of h ! bb̄ by ATLAS [7] and CMS [8] reports bounds on the

signal strengths of:

µ
ATLAS
h!bb̄ = 1.01 ± 0.12+0.16

�0.15,

µ
CMS
h!bb̄ = 1.04 ± 0.14 ± 0.14, (5.5)

with the first and the second errors being statistical and systematic respectively. This

translates to a bound on b of about 10% from the combined experiments. We will see

that the decay, h ! bb̄, will remain the most sensitive measurement for the absolute value

of yb at the HL-LHC and FCC-hh.

Additionally, indirect constraints from various inclusive Higgs production and decay

measurements are important for the determination of a CP-violating Yukawa component,

especially from the large gluon-fusion production and the di-photon decay of the Higgs.
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=> Unambiguous sign determination at FCC-hh.

systematics
HL-LHC (6 ab�1) FCC-hh (30 ab�1)

y
2
b ybyt y

2
b ybyt

0% 3.33 0.47 63.7 10.4

0.5% 3.26 0.46 32.2 3.44

1% 3.06 0.42 17.9 1.80

5% 1.41 0.18 3.72 0.36

Table 6. Significance from bb̄h analysis including systematics estimates at HL-LHC and FCC-hh.

dominated at the FCC-hh. Thus, a good control over the systematic uncertainties will be

necessary to draw the full strength of the statistics allowed at the FCC-hh.

5 Constraints on the e↵ective rescaling of yb

In this section we will take a look at the rescaling of the e↵ective Higgs couplings to the

bottom quark. To account for possible CP violation in the Yukawa sector, it is natural

to go to the more general complex Yukawa assumption and constrain the 2D space of the

complex Yukawa. We will address the bounds on the CP-even coupling, b, and its CP

odd counterpart, ̃b or equivalently, the magnitude, |b|, and the phase �b of the complex

coupling. The bounds we explore from bb̄h come indirectly from the combined contribution

of CP-even and odd e↵ects in the inclusive (interference) contribution. Exclusive CP-odd

observables give more direct and model-independent constraints on the CP violation for

various couplings.

Currently, in the -framework, the indirect bounds are more stringent compared to

bounds from exclusive measurements such as those for yt when comparing bounds from

the inclusive Higgs rate with bounds from tt̄h kinematic features studies [37–45]. Exclusive

CP measurements will benefit greatly from more statistics at HL-LHC and especially at

FCC-hh. Hence, an exclusive study of bb̄h with h ! 4`, �� to directly probe possible CP-

violating e↵ects in the process is left for a future work. Assuming NP e↵ects in yb, we can

interpret experimental constraints on the complex rescaling of yb including our bb̄h study.

A global fit with a relevant set of EFT operators including corrections order by order, or

interpretation of a motivated NP scenario is left for a future work too.

5.1 Constraints on a real bottom-quark Yukawa b

Let us first take a look at a real rescaling of yb. In the -framework, modifying only the

Higgs coupling to the bottom quarks, we have

L � �b
mb

v
b̄bh, (5.1)

where m
pole
b = 4.58 GeV or m

MS
b (mMS

b ) = 4.18 GeV, depending on the choice of scheme, is

the bottom quark mass and v is the vacuum expectation value of the Higgs field normalized

to 246 GeV. The rest of the couplings in the SM Lagrangian are assumed to remain un-

modified. The results from the previous section can now be used to put bounds on b. The
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Physics Interpretation: 
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A complex Bottom Yukawa (CP-phase) ℒ ∼ −
mb

v
(κbb̄b + iκ̃bb̄γ5b)h
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Figure 8. Upper panels: 1� sensitivity contour in the complex yb space while fixing all other parame-
ters to SM values for HL-LHC (ATLAS+CMS, 6 ab�1) and FCC-hh (30 ab�1). The blue and yellow
bb̄h constraints are from interpretations of the �y2

b
and �ybyt respectively. Middle and Lower panels:

Bayesian MCMC fits of |b| and �b for HL-LHC (ATLAS+CMS, 6 ab�1) and FCC-hh (30 ab�1)
showing 1D posterior distributions and 2D correlation plots without (middle) and with (lower) bb̄h

measurements.
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Physics Interpretation: 



Comparison to EDM:  

Hadronic EDM (free of  assumption): 

=>

Electron EDM:

 =>

ye

CPV in third generation Yukawa?
Following the discussion in Ref. [1] which discussed bounds on the in-

dividual CP phase of Higgs to third generation, one flavor at a time. But

the correlation among the operators is not negligible, especially simultane-

ously fitting the bottom and top sector both with varying phase potentially

change the picture by quite much and open up allowed parameter space. So

a combined or global study is necessary:

1 Bounds from EDM

eEDM:
P

Ae̃q +B̃eq

nEDM:
P

Aq̃q +B̃qq

Hg-EDM:
P

A̃q +B̃qq

̃qq term from 3-gluon Weinberg operator induced at 2-loop.

Setting e,q = 1 puts stringent bounds on ̃q. Although e,q = 0 relieves

bounds to allow for much wider region.

2 Bounds from Higgs data

Both inclusive (on-shell) rates, and exclusive CPV observable e.g. from

4`, and tt̄H channels. Additional CPV from HFF̃ EFT operators further

complicates the global picture, but has additional probing observables [2],

ignored for now.

2.1 Total rate

• gg ! H ! ��/ZZ
⇤
(4`)4`

µgg!H = |g|2 + |̃g|2, g =
tA(⌧t)+bA(⌧b)

A(⌧t)+A(⌧b)
, ̃g =

̃tB(⌧t)+̃bB(⌧b)
A(⌧t)+A(⌧b)

⇡ 0.01̃
2
b
� 0.20̃b̃t + 0.01

2
b
� 0.12bt + 2.56̃

2
t + 1.11

2
t

• gg ! bb̄H µ = Ag
2
ggH

+ By
2
b
+ CgggHyb

needs calc�������!
g=1

0.74 + 0.32(
2
b
+

̃
2
b
)� 0.06b

• qq̄(gg) ! ZH, H ! bb̄

• gg ! tHj Ag
2
2 +By

2
t + Cg2yt < [3]

1

for the determination of the CP-violating phase �b. The constraints from the contributions

proportional to y
2
b and ybyt are shown in blue and yellow respectively. They are not

competitive with the constraint from h ! bb̄ at HL-LHC while being quite comparable

at FCC-hh. Since there is a linear dependence of yb in the interference term, these two

constraints are shifted from being centered at zero.

In the plots in the middle of figure 8 we show the constraints on the |b| and �b

parameter space from all measurements other than bb̄h associated production. These fits

are done using a Bayesian MCMC implemented in PyMC3 [48]. The 1� high-density intervals

are given for each parameter in the corner plots.

At the HL-LHC, h ! bb̄ and gg ! h completely determine |b| and �b as evident from

the three left panels of figure 8. The contribution from bb̄h does not leave a mark. The

picture is quite di↵erent for FCC-hh. Taking a careful look at the inset in the top right

panel of figure 8, one can notice that the phase, �b is constrained by an interplay between

h ! bb̄, and the bounds from the ybyt- and y
2
b -driven contributions of bb̄h. Indeed, it is

the misalignment of the interference term that improves the bounds on the phase by about

15% over what is possible without bb̄h measurements as can be seen from comparing the

middle-right and the bottom-right corner plots.

This clearly shows that a more comprehensive study of the bb̄h channel is necessary

for reducing the theoretical errors and estimating the systematics for future colliders.

5.3 Bounds from EDM

We feel that a discussion on the current bounds from EDM on ̃b is necessary since they

are quite constraining. Recent update on electron EDM measurement from ACME [49]

gives stringent bound on T -violating (or CP-violation assuming CPT symmetry) e↵ects in

the system. Hadronic EDMs such as those from neutron or mercury EDM measurements

give complementary information on hadronic CP-violating e↵ect and do not rely on the

existence of leptonic Yukawa couplings. However, they usually su↵er from sizable theory

uncertainties. Recent discussions and review on EDM measurements and theory constraints

can be found in Refs. [50–52]. Future proposals to measure both leptonic and hadrnoic

EDM [53–57] aim to improve these bounds by one or more orders of magnitude at these

small scale experiments in the near future. When focusing on the CP-violating terms in the

Yukawa sector, EDM measurements are interpreted as bounds on the CP-violating phase

in the Yukawa couplings [58–60].

When not relying on assumption of a SM electron Yukawa, Neutron EDM currently

gives the strongest bound on the CP-violating coupling, ̃b . 5. Assuming a SM elec-

tron Yukawa coupling, the most stringent bound on ̃b comes from electron EDM with

̃b . 0.5 [59]. The constraints on ̃b from the neutron (or other hadronic) EDM can also

be diluted or evaded, if more than one Yukawa CP-phases from di↵erent quark flavors

are present and cancel among themselves. In this case, explicit studies of CP-violating

observable in the tt̄h, bb̄h or h ! ⌧⌧ processes in colliders would become valuable and pro-

vide complimentary information to pin down the individual Yukawa couplings and their

CP-phases.

– 25 –

CPV in third generation Yukawa?
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eEDM:
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Ae̃q +B̃eq

nEDM:
P

Aq̃q +B̃qq

Hg-EDM:
P

A̃q +B̃qq
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proportional to y
2
b and ybyt are shown in blue and yellow respectively. They are not

competitive with the constraint from h ! bb̄ at HL-LHC while being quite comparable

at FCC-hh. Since there is a linear dependence of yb in the interference term, these two

constraints are shifted from being centered at zero.

In the plots in the middle of figure 8 we show the constraints on the |b| and �b

parameter space from all measurements other than bb̄h associated production. These fits

are done using a Bayesian MCMC implemented in PyMC3 [48]. The 1� high-density intervals

are given for each parameter in the corner plots.

At the HL-LHC, h ! bb̄ and gg ! h completely determine |b| and �b as evident from

the three left panels of figure 8. The contribution from bb̄h does not leave a mark. The

picture is quite di↵erent for FCC-hh. Taking a careful look at the inset in the top right

panel of figure 8, one can notice that the phase, �b is constrained by an interplay between

h ! bb̄, and the bounds from the ybyt- and y
2
b -driven contributions of bb̄h. Indeed, it is

the misalignment of the interference term that improves the bounds on the phase by about

15% over what is possible without bb̄h measurements as can be seen from comparing the

middle-right and the bottom-right corner plots.

This clearly shows that a more comprehensive study of the bb̄h channel is necessary

for reducing the theoretical errors and estimating the systematics for future colliders.

5.3 Bounds from EDM

We feel that a discussion on the current bounds from EDM on ̃b is necessary since they

are quite constraining. Recent update on electron EDM measurement from ACME [49]

gives stringent bound on T -violating (or CP-violation assuming CPT symmetry) e↵ects in

the system. Hadronic EDMs such as those from neutron or mercury EDM measurements

give complementary information on hadronic CP-violating e↵ect and do not rely on the

existence of leptonic Yukawa couplings. However, they usually su↵er from sizable theory

uncertainties. Recent discussions and review on EDM measurements and theory constraints

can be found in Refs. [50–52]. Future proposals to measure both leptonic and hadrnoic

EDM [53–57] aim to improve these bounds by one or more orders of magnitude at these

small scale experiments in the near future. When focusing on the CP-violating terms in the

Yukawa sector, EDM measurements are interpreted as bounds on the CP-violating phase

in the Yukawa couplings [58–60].

When not relying on assumption of a SM electron Yukawa, Neutron EDM currently

gives the strongest bound on the CP-violating coupling, ̃b . 5. Assuming a SM elec-

tron Yukawa coupling, the most stringent bound on ̃b comes from electron EDM with

̃b . 0.5 [59]. The constraints on ̃b from the neutron (or other hadronic) EDM can also

be diluted or evaded, if more than one Yukawa CP-phases from di↵erent quark flavors

are present and cancel among themselves. In this case, explicit studies of CP-violating

observable in the tt̄h, bb̄h or h ! ⌧⌧ processes in colliders would become valuable and pro-

vide complimentary information to pin down the individual Yukawa couplings and their

CP-phases.
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bb̄h constraints are from interpretations of the �y2

b
and �ybyt respectively. Middle and Lower panels:
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for the determination of the CP-violating phase �b. The constraints from the contributions

proportional to y
2
b and ybyt are shown in blue and yellow respectively. They are not

competitive with the constraint from h ! bb̄ at HL-LHC while being quite comparable

at FCC-hh. Since there is a linear dependence of yb in the interference term, these two

constraints are shifted from being centered at zero.

In the plots in the middle of figure 8 we show the constraints on the |b| and �b

parameter space from all measurements other than bb̄h associated production. These fits

are done using a Bayesian MCMC implemented in PyMC3 [48]. The 1� high-density intervals

are given for each parameter in the corner plots.

At the HL-LHC, h ! bb̄ and gg ! h completely determine |b| and �b as evident from

the three left panels of figure 8. The contribution from bb̄h does not leave a mark. The

picture is quite di↵erent for FCC-hh. Taking a careful look at the inset in the top right

panel of figure 8, one can notice that the phase, �b is constrained by an interplay between

h ! bb̄, and the bounds from the ybyt- and y
2
b -driven contributions of bb̄h. Indeed, it is

the misalignment of the interference term that improves the bounds on the phase by about

15% over what is possible without bb̄h measurements as can be seen from comparing the

middle-right and the bottom-right corner plots.

This clearly shows that a more comprehensive study of the bb̄h channel is necessary

for reducing the theoretical errors and estimating the systematics for future colliders.

5.3 Bounds from EDM

We feel that a discussion on the current bounds from EDM on ̃b is necessary since they

are quite constraining. Recent update on electron EDM measurement from ACME [49]

gives stringent bound on T -violating (or CP-violation assuming CPT symmetry) e↵ects in

the system. Hadronic EDMs such as those from neutron or mercury EDM measurements

give complementary information on hadronic CP-violating e↵ect and do not rely on the

existence of leptonic Yukawa couplings. However, they usually su↵er from sizable theory

uncertainties. Recent discussions and review on EDM measurements and theory constraints

can be found in Refs. [50–52]. Future proposals to measure both leptonic and hadrnoic

EDM [53–57] aim to improve these bounds by one or more orders of magnitude at these

small scale experiments in the near future. When focusing on the CP-violating terms in the

Yukawa sector, EDM measurements are interpreted as bounds on the CP-violating phase

in the Yukawa couplings [58–60].

When not relying on assumption of a SM electron Yukawa, Neutron EDM currently

gives the strongest bound on the CP-violating coupling, ̃b . 5. Assuming a SM elec-

tron Yukawa coupling, the most stringent bound on ̃b comes from electron EDM with

̃b . 0.5 [59]. The constraints on ̃b from the neutron (or other hadronic) EDM can also

be diluted or evaded, if more than one Yukawa CP-phases from di↵erent quark flavors

are present and cancel among themselves. In this case, explicit studies of CP-violating

observable in the tt̄h, bb̄h or h ! ⌧⌧ processes in colliders would become valuable and pro-

vide complimentary information to pin down the individual Yukawa couplings and their

CP-phases.
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measurements.
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parameter space from all measurements other than bb̄h associated production. These fits
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15% over what is possible without bb̄h measurements as can be seen from comparing the

middle-right and the bottom-right corner plots.

This clearly shows that a more comprehensive study of the bb̄h channel is necessary

for reducing the theoretical errors and estimating the systematics for future colliders.
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give complementary information on hadronic CP-violating e↵ect and do not rely on the

existence of leptonic Yukawa couplings. However, they usually su↵er from sizable theory
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can be found in Refs. [50–52]. Future proposals to measure both leptonic and hadrnoic

EDM [53–57] aim to improve these bounds by one or more orders of magnitude at these

small scale experiments in the near future. When focusing on the CP-violating terms in the

Yukawa sector, EDM measurements are interpreted as bounds on the CP-violating phase

in the Yukawa couplings [58–60].

When not relying on assumption of a SM electron Yukawa, Neutron EDM currently

gives the strongest bound on the CP-violating coupling, ̃b . 5. Assuming a SM elec-

tron Yukawa coupling, the most stringent bound on ̃b comes from electron EDM with

̃b . 0.5 [59]. The constraints on ̃b from the neutron (or other hadronic) EDM can also

be diluted or evaded, if more than one Yukawa CP-phases from di↵erent quark flavors

are present and cancel among themselves. In this case, explicit studies of CP-violating

observable in the tt̄h, bb̄h or h ! ⌧⌧ processes in colliders would become valuable and pro-
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Comparison to LHC: 

Physics Interpretation: 
A complex Bottom Yukawa (CP-phase)



• Associated production of  stands to gain at HL-LHC, FCC

• Direct sensitivity on a complex phase of  from interference term, 
compared to , , or e-EDM, n-EDM 

• Multi-channel multi-dimensional final states benefit from or rely on MVA

• MVA (BDT, NN ML etc) can be better understood with importance measure 
such as Shapley values, retaining interpretability.  

bb̄h

yb
gg → h h → γγ

Conclusions: 



Backup
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Figure 2. The Shapley values and di↵erential distributions for the kinematic variables used to
discriminate between the y

2
b and Zh contributions at HL-LHC, all normalized to unity for a

clear comparison of shape. A SM signal is injected. Upper left corner: The hierarchy of variable
importance with increasing Shapley value denoting higher importance in the discrimination. The
normalized distribution are those of the 5 most important kinematic variables as determined by their
Shapley values.

the shift to the marginalized probability for the class:

p(y = 0|~x) = hp(y = 0)i +
X

i

Sv(y = 0|xi),

p(y = 1|~x) = hp(y = 1)i +
X

i

Sv(y = 1|xi),

with p(y = 0|~x) + p(y = 1|~x) = 1,

and hp(y = 0)i + hp(y = 1)i = 1. (3.1)

which is just the additive property of Sv [21].

In a multi-class classification using a BDT with the XGBoost implementation, the

output of the tree ensemble is log(odds), where odds is defined as:

odds =
p

1 � p
, (3.2)

3.2 The game of reducing the irreducible Zh background

As shown in Ref. [20] one of the significant hurdles in measuring yb from bb̄h associated

production is the Zh, Z ! bb̄ irreducible background. The goal of this section will be
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Machine Interpretation ( ): y2
b − Zh



HL-LHC

Figure 3. Representations of the correlations between kinematic variables for the y
2
b term and the

Zh production channel. Left panel: shows the correlations in the individual channels. Right panel:
shows the di↵erence in correlations between the two channels highlighting how the BDT analysis
can separate the two contributions at HL-LHC. A SM signal is injected.

discriminating between kinematic shapes than a traditional cut-based analysis. In figure 5,

we show the separation of the channel proportional to y
2
b and Zh in the signal probability

space with the former channel being the signal and the latter channel the background. The

possibility to separate the two channels is indisputable.

Similarly, we evaluate the separation between the contributions proportional to y
2
b and

y
2
t . The analysis is shown in appendix A. The separation is not as good as the previous
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“importance of  variable 
visualised through correlation”

mb1h
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Machine Interpretation ( ): y2
b − Zh



Figure 10. BDT discrimination for separating the contributions proportional to y
2
b and y

2
t at the

HL-LHC with 6 ab�1 of data. A SM signal is injected.
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Figure 11. Joint non-normalized 1D and 2D plots, with SM signal, representing how kinematic
shapes allow the BDT to discriminate between the y

2
b and y

2
t contributions at HL-LHC. While 1D

distributions show that mbbh by itself cannot be used to discriminate between these two contributions,
its correlation with other kinematic variables creates shapes that a BDT can use to discriminate
between the two contributions.
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b and y
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t contributions at HL-LHC. While 1D

distributions show that mbbh by itself cannot be used to discriminate between these two contributions,
its correlation with other kinematic variables creates shapes that a BDT can use to discriminate
between the two contributions.
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Figure 9. The Shapley values and di↵erential distributions for the kinematic variables used to
discriminate between the y

2
b and y

2
t contributions at HL-LHC, all normalized to unity for a

clear comparison of shape. A SM signal is injected. Upper left corner: The hierarchy of variable
importance with increasing Shapley value denoting higher importance in the discrimination. The
normalized distribution are those of the 5 most important kinematic variables as determined by their
Shapley values.

the y
2
t -driven channel. Su�ce it to say, that this further highlights the ability of the BDT

to separate two channels with very similar kinematic distributions and the added insight

provided by the Shapley values in understanding why that is possible.

B E↵ective g and �

Following the procedure in Ref. [61], it is simpler to work out the constraints on b in

terms of constraints on the e↵ective ggh and ��h couplings which are defined as,

Le↵ � cg
↵s

12⇡

h

v
G

a
µ⌫G

µ⌫,a + c̃g
↵s

8⇡

h

v
G

a
µ⌫G̃

µ⌫,a
, (B.1)

Le↵ � c�
↵

⇡

h

v
Fµ⌫F

µ⌫ + c̃�
3↵

2⇡

h

v
Fµ⌫F

µ⌫
. (B.2)

The CP-even and CP-odd are,

cg =
X

f=t,b

fA(⌧f ), c̃g =
X

f=t,b

̃fB(⌧f ), (B.3)
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L. S. Shapley, Notes on the n-Person Game-II: The Value of an n-Person Game (1951).

The most important player

The value of each player and each combination of players The value of the player in each game

Marginalized 
values

Shapley value from Cooperative game theory : 



:  Additional background discussionbb̄h

• VBF:    light-jet veto kills the VBF while careful simulation is further needed.

• di-Higgs: both mbb and mγγ clustered around the Higgs-mass peak, distinct final state 
shape to be separate 

• :  small at HL-LHC, but grows rapidly with s,  and comparable but subdominant 
to the yb-sensitive channels at FCC-hh.  Can be further distinguished as the case of 

. 

• Fakes: ccxaa, jjxaa, caa, jjja, etc.: subdominant yet comparable to bbxaa.  Needs attention 
and study in future for better control
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Figure 1. Feynman diagrams for the bb̄h production channels. The diagrams are grouped into
amplitudes proportional to yb and yt and the amplitude generating Zh, Z ! bb̄ production.

In this work we include all the channels contributing to the bb̄�� final state and are

either statistically overwhelming like the bb̄�� QCD-QED background, or have similar

shapes, like the Zh channel or are both, like the y
2
t -driven channel. There are some other

backgrounds that are worth mentioning but are much easier to separate out.

• VBF (NLO-EW): As discussed before, this channel is particularly tricky since it can

be as sizable as or larger than the yb-sensitive channels and pose as a challenging

background. However, as shown in Ref. [20], it can be brought under control by

demanding an additional veto of light jets given the topology through which this

channel is produced. The light-jet veto essentially kills the VBF contribution while

not a↵ecting any of the channels that we discuss above. This can be seen from

table 3 when comparing the “NLO3” contribution, dominated by VBF with the “LO3”

contribution dominated by qq̄ ! Zh. In addition, from the top-right panel of figure 3

of the reference we see the same suppression of the VBF channel due to the light-jet

veto. Given that the VBF contribution can be suppressed independently, we do not

consider it in our work.

• hh production: The di-Higgs production can pose as a background if it decays into the

bb̄�� final state. The cross-section for this is comparable to the yb-sensitive channels

both at the HL-LHC and the FCC-hh. However, since both mbb and m�� will be

clustered around the Higgs-mass peak, the shape of the final state will be distinct

enough to separate it from other channels that contribute to bbh.

• gg ! Zh: This channel has a small cross-section at HL-LHC and can be safely

ignored. However, it grows rapidly with
p

s, about a factor of 40 from HL-LHC to

FCC-hh energies for the inclusive rate. Hence, this channel will become comparable,

but subdominant, to the yb-sensitive channels at FCC-hh. Nevertheless, it can be

distinguished from the yb-sensitive channel because of the di↵erence in the shape that

it will have, akin to the case of qq̄ ! Zh.

channel that is clean and comparable to the di-photon channel as in the single Higgs case. It, however,

su↵ers from a even smaller signal rate and is di�cult to observe at HL-LHC.
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Figure 1. Feynman diagrams for the bb̄h production channels. The diagrams are grouped into
amplitudes proportional to yb and yt and the amplitude generating Zh, Z ! bb̄ production.

In this work we include all the channels contributing to the bb̄�� final state and are

either statistically overwhelming like the bb̄�� QCD-QED background, or have similar

shapes, like the Zh channel or are both, like the y
2
t -driven channel. There are some other

backgrounds that are worth mentioning but are much easier to separate out.

• VBF (NLO-EW): As discussed before, this channel is particularly tricky since it can

be as sizable as or larger than the yb-sensitive channels and pose as a challenging

background. However, as shown in Ref. [20], it can be brought under control by

demanding an additional veto of light jets given the topology through which this

channel is produced. The light-jet veto essentially kills the VBF contribution while

not a↵ecting any of the channels that we discuss above. This can be seen from

table 3 when comparing the “NLO3” contribution, dominated by VBF with the “LO3”

contribution dominated by qq̄ ! Zh. In addition, from the top-right panel of figure 3

of the reference we see the same suppression of the VBF channel due to the light-jet

veto. Given that the VBF contribution can be suppressed independently, we do not

consider it in our work.

• hh production: The di-Higgs production can pose as a background if it decays into the

bb̄�� final state. The cross-section for this is comparable to the yb-sensitive channels

both at the HL-LHC and the FCC-hh. However, since both mbb and m�� will be

clustered around the Higgs-mass peak, the shape of the final state will be distinct

enough to separate it from other channels that contribute to bbh.

• gg ! Zh: This channel has a small cross-section at HL-LHC and can be safely

ignored. However, it grows rapidly with
p

s, about a factor of 40 from HL-LHC to

FCC-hh energies for the inclusive rate. Hence, this channel will become comparable,

but subdominant, to the yb-sensitive channels at FCC-hh. Nevertheless, it can be

distinguished from the yb-sensitive channel because of the di↵erence in the shape that

it will have, akin to the case of qq̄ ! Zh.

channel that is clean and comparable to the di-photon channel as in the single Higgs case. It, however,

su↵ers from a even smaller signal rate and is di�cult to observe at HL-LHC.
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systematics
HL-LHC (6 ab�1) FCC-hh (30 ab�1)

y
2
b ybyt y

2
b ybyt

0% 3.33 0.47 63.7 10.4

0.5% 3.26 0.46 32.2 3.44

1% 3.06 0.42 17.9 1.80

5% 1.41 0.18 3.72 0.36

Table 6. Significance from bb̄h analysis including systematics estimates at HL-LHC and FCC-hh.

dominated at the FCC-hh. Thus, a good control over the systematic uncertainties will be

necessary to draw the full strength of the statistics allowed at the FCC-hh.

5 Constraints on the e↵ective rescaling of yb

In this section we will take a look at the rescaling of the e↵ective Higgs couplings to the

bottom quark. To account for possible CP violation in the Yukawa sector, it is natural

to go to the more general complex Yukawa assumption and constrain the 2D space of the

complex Yukawa. We will address the bounds on the CP-even coupling, b, and its CP

odd counterpart, ̃b or equivalently, the magnitude, |b|, and the phase �b of the complex

coupling. The bounds we explore from bb̄h come indirectly from the combined contribution

of CP-even and odd e↵ects in the inclusive (interference) contribution. Exclusive CP-odd

observables give more direct and model-independent constraints on the CP violation for

various couplings.

Currently, in the -framework, the indirect bounds are more stringent compared to

bounds from exclusive measurements such as those for yt when comparing bounds from

the inclusive Higgs rate with bounds from tt̄h kinematic features studies [37–45]. Exclusive

CP measurements will benefit greatly from more statistics at HL-LHC and especially at

FCC-hh. Hence, an exclusive study of bb̄h with h ! 4`, �� to directly probe possible CP-

violating e↵ects in the process is left for a future work. Assuming NP e↵ects in yb, we can

interpret experimental constraints on the complex rescaling of yb including our bb̄h study.

A global fit with a relevant set of EFT operators including corrections order by order, or

interpretation of a motivated NP scenario is left for a future work too.

5.1 Constraints on a real bottom-quark Yukawa b

Let us first take a look at a real rescaling of yb. In the -framework, modifying only the

Higgs coupling to the bottom quarks, we have

L � �b
mb

v
b̄bh, (5.1)

where m
pole
b = 4.58 GeV or m

MS
b (mMS

b ) = 4.18 GeV, depending on the choice of scheme, is

the bottom quark mass and v is the vacuum expectation value of the Higgs field normalized

to 246 GeV. The rest of the couplings in the SM Lagrangian are assumed to remain un-

modified. The results from the previous section can now be used to put bounds on b. The
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