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Where to search for new physics?



What can we learn with the LHC 
and future Higgs factory?



Production and Hadronic Decays of 
Higgs Bosons in Heavy-Ion Collisions

Phys. Rev. Lett 122, 041803 (2019)
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Heavy-Ion Collision at the LHC
• Jet Quenching: the quark and gluon travel in the hot dense 

phase, the QGP, will lose their energy by collisions and radiations.



Heavy-Ion Collision at the LHC
• Jet Quenching: the quark and gluon travel in the hot dense 

phase, the QGP, will lose their energy by collisions and radiations.

How about the Higgs boson?



Heavy-Ion Collision at the LHC
• The lifetime of the QGP produced in the heavy-ion collision at the 

LHC. 

Lifetime ~ 10fm/c

1fm/c =
10�15m

2.99792458⇥ 108m/s
= 3.33564⇥ 10�24s

=
3.33564⇥ 10�24s

6.58⇥ 10�25s ·GeV
=

1

197MeV
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Higgs in Heavy-Ion Collision
• Collider simulation.



Higgs in Heavy-Ion Collision
• Significance at the LHC and future hadron colliders.



Higgs in Heavy-Ion Collision
• Significance at the LHC and future hadron colliders.

Understand the behavior of the Higgs boson  

in the QGP environment (early universe)!



Studying the Phase Angles in the 
Yukawa Interactions

arXiv:191x.abcde[hep-ph],  

and arXiv:191y.ijklm[hep-ph]
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• More precisely result in near future.
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An Era of Precisely Higgs Physics

ATLAS Collaboration, ATLAS-PHYS-PUB-2018-054;  
CMS Collaboration, CMS PAS FTR-18-011.
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(b) Scenario S2

Figure 31: Expected result for the measurement of each Higgs boson coupling modifier per particle type with e�ective
photon, gluon and Z� couplings, including BSM contribution to the Higgs boson total width. All parameters except
t are assumed to be positive. The conditions W ,Z  1 are applied. The SM corresponds to BBSM = 0 and all 
parameters equal to unity. Plot (a) corresponds to scenario S1 and (b) to scenario S2.
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Figure 32: Expected uncertainty on the measurement of each Higgs boson coupling modifier per particle type
with e�ective photon, gluon and Z� couplings, and without BSM contribution in the Higgs boson total width for
scenarios S1 (red) and S2 (black). The SM corresponds to all  parameters equal to unity. All parameters except t
are assumed to be positive.
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on GH/GSM
H is 0.05 in S1 and 0.04 in S2, equivalent to 0.16 and 0.21 MeV respectively, assuming

the SM width of 4.1 MeV. The main contribution is the statistical uncertainty, followed by the
experimental one.
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Figure 5: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the coupling mod-
ifier parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only component of the
uncertainty is also shown.

Figure 6 gives the correlation coefficients for the coupling modifiers for S2 at 300 fb�1 and
3000 fb�1. In contrast to the per-decay signal strength correlations in Fig. 2 the correlations
here are larger, up to +0.74. One reason for this is that the normalisation of any signal process
depends on the total width of the Higgs boson, which in turn depends on the values of the other
coupling modifiers. The largest correlations involve kb, as this gives the largest contribution to
the total width in the SM. Therefore improving the measurement of the H ! bb process will
improve the sensitivity of many of the other coupling modifiers at the HL-LHC.

Projections have also been determined for an alternative parametrisation, based on ratios of
the coupling modifiers (lij = ki/kj). A reference combined coupling modifier is defined which
scales the yield of a specific production and decay process. This is chosen to be kgZ = kgkZ/kH,
where kH = Âj Bj

SMk2
j . The results of this projection are given in Appendix B.

3.2 ttH production with H ! bb

This section focuses on the analysis targeting ttH production with the H ! bb decay channel
and the single- and dilepton decay channels of the tt system using 35.9 fb�1 of data collected atp

s = 13 TeV [27]. In order to identify the signal against the background of tt+jets production,
the analysis relies on dedicated multivariate techniques, including boosted decision trees and
deep neural networks, that combine the information of several discriminating variables. The
output of a matrix element method is also utilised. An excess of events above the background-
only hypothesis with an observed (expected) significance of 1.6 (2.2) standard deviations is



• Generic form of the SFF interaction


• The non-zero phases in the Yukawa interactions are 
evidence of new sources of EWSB and might be 
important for us to understand the matter-antimatter 
asymmetry in our universe.


• Can we measure the     ?

!12

ℒ = yf hf̄(cos αf + iγ5 sin αf )f

yf ∈ ℝ+, αf ∈ (−π, π]

αf

An Era of Precisely Higgs Physics



Phase in bottom-quark Yukawa Interactions

• Very interesting parameter.

• Exp: 2HDMs

!13

Wei Su, arXiv:1910.06269[hep-ph].

4.1 Indirect search at LHC and future colliders

With the global fit methods in Section 3, here we will utilize the SM-like Higgs precision

measurement from LHC Run-II [30], HL-LHC [31] and CPEC [32]. In details, for LHC Run-

II we work with the ATLAS results ATLAS at 13 TeV up to 80 fb�1, and for HL-LHC, we

work with combined results from future ATLAS and CMS, up to 6 ab�1. For CPEC, the

latest designed luminosity is 5.6 ab�1 at
p
S = 240GeV.

Figure 1. The allowed region in the plane of tan� - cos(� � ↵) at 95% C.L. for the four types of
2HDM, given LHC Run-II (green), HL-LHC (blue) and CEPC (red) Higgs precision measurements.
For future measurements, we assume that the measurements agree with SM predictions. The special
“arm” regions for the Type-II, L and F are the wrong-sign Yukawa regions as discussed in Section 2.2

We give our global fit results in Fig. 1, the allowed region in the plane of tan� - cos(��↵)
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Phase in bottom-quark Yukawa Interactions

• Indirect measurement (e.g. EDM).


• Hadronic EDMs (90% C.L.):


• Electron EDM (90% C.L.):


• But indirectly measurements are suffered by the NP 
contributions to the loop…

!14

J. Brod and E. Stamou, arXiv:1810.12303[hep-ph].
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Phase in bottom-quark Yukawa Interactions

• Very difficult at the LHC!


• Direct: large background, large contribution from Hgg.

!15

N. Deutschmann, F. Maltoni, M. Wiesemann and Marco Zaro, JHEP 1907 (2019) 054.
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Figure 7. Distributions in the transverse momentum of the Higgs boson in three categories: inclusive
(7a), � 1b-jet (7b), and � 1b-jet | 0 bb-jets (7c). See the text for details.

section, in the � 1b�jet category, the relative y2t and y2b contributions are respectively 81%

and 19%. In the � 1b�jet and no bb-jet category their relative contributions become ⇠ 77%

and ⇠ 23%, respectively. All in all, the gain coming from vetoing bb jets is moderate. Another

strategy, which can be combined with the bb-jet veto, consists in discarding events with the

Higgs transverse momentum larger than a given value. For example, with an upper cut on

pTH at 50 (100) GeV, in the category with at least one b jet and no bb jet, we can increase the

relative contribution of y2b terms to about 36% (27%), while keeping about 50% (90%) of its

rate. Hence, restricting the phase space to small pTH values allows us to increase the relative

size of y2b terms, while the impact on the rate is moderate due to the quite strong suppression

at large pTH .

We continue in figure 8 with the transverse-momentum distribution of hardest b jet. The

general features of the pTb1 spectrum are similar to the ones of pTH . However, as this observable

clearly does not help very much in distinguishing between y2b and y2t contributions, we do not

suggest any additional cut on pTb1 . It becomes clear from these plots, though, that a lower

pTb threshold used in the definition of b jets would increase the relative size of the y2b terms.

In the present study jets are defined with a pTj threshold of 30GeV. A value of 25 GeV or

even 20 GeV could be feasible at the LHC, and would further increase the sensitivity to the

bottom-quark Yukawa coupling in bb̄H production. We note that additional modifications of

the b-jet definition, for example the usage of a di↵erent jet radius (as shown in appendix A),

or of jet-substructure techniques, can provide further handles to improve the discrimination

of the y2b contribution.

Finally, we consider figure 9, where we show the invariant-mass distributions of the two

b jets, figure 9a, and their distance R, figure 9b, and the corresponding distributions for B

– 17 –



Phase in bottom-quark Yukawa Interactions

• Interference in Higgs decay:


• Advantage: the Hgg interaction can be well measured at 
both the LHC and the Higgs factory, with the information 
of the Lorentz structure.

!16

hGa
μνGa,μν

VS hGa
μνG̃a,μν



• 240GeV Higgs factory with 5.6ab-1 integrated luminosity.

Results
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δαb ∼ 40∘



• 240GeV Higgs factory with 5.6ab-1 integrated luminosity+ 
365GeV Higgs factory with 1.5ab-1 integrated luminosity.

Results
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δαb ∼ 34∘



• 240GeV Higgs factory with 5.6ab-1 integrated luminosity+ 
365GeV Higgs factory with 1.5ab-1 integrated luminosity.

Results

!19

3σ C.L.
95% C.L.
1σ C.L.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

αb(in)

α b
(o
ut
)



Summary



Summary
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• Higgs physics: what can we learn with the LHC and future 
Higgs factory?


• The property of the Higgs boson in extreme environment.


• The interacting strength and the Lorentz structure 
between the Higgs boson and the SM particles.


• For us phenomenologist: proposing more and more 
interesting observables which are robust (less model 
dependent) and clearly (show specific property of 
particles). WHY?



Summary
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• We also do not want to be tricked by the model-
builders :P

• Higgs physics: what can we learn with the LHC and future 
Higgs factory?


• The property of the Higgs boson in extreme environment.


• The interacting strength and the Lorentz structure 
between the Higgs boson and the SM particles.


• For us phenomenologist: proposing more and more 
interesting observables which are robust (less model 
dependent) and clearly (show specific property of 
particles). WHY?
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• We also do not want to be tricked by the model-
builders :P

• Higgs physics: what can we learn with the LHC and future 
Higgs factory?


• The property of the Higgs boson in extreme environment.


• The interacting strength and the Lorentz structure 
between the Higgs boson and the SM particles.


• For us phenomenologist: proposing more and more 
interesting observables which are robust (less model 
dependent) and clearly (show specific property of 
particles). WHY?

Thank you!


