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INTRODUCTION

= After the Higgs boson discovery, the focus shifted toward

understanding its couplings to other particles, in
particular to the fermions.

= Exploring CP nature of the Higgs couplings has become
very important.

The Yukawa coupling of H to the 3"d generation fermions is larger.

Therefore, studying of CP properties with them play an important role.




INTRODUCTION

= To check the consistency of the SM and BSM.
= Extensive studies have been performed over the years to assess the feasibility of this measurement.

= Nevertheless, the observation of the H — bb decay remains very challenging at the LHC.

ecently, there has been a consiaeration 1or nigh energy ep collisions a e . @I IeD

>

A rich physics program Very exciting prospects Direct extraction of y,



INTRODUCTION

= Tentative schedule for Hﬁﬁﬁﬁﬁﬂﬁwmﬁﬁﬂﬁ
the LHeC project. -

Magnet
Preseries

Legal

Preparation

Civil Engineering




INTRODUCTION

= Other ep colliders more than LHeC at CERN:

* [ Future Circular Collider
EEETee EEEEhlh FCC=ch | ‘
B Large Hadron Collider(LHC)

Large Electron-Positron Collider (LEP)

B Tevatron
Circumfi e: 6.2

= Benchmarks: |E,. = 60 GeV

Unit LHeC HE-LHeC FCC-eh FCC-eh

E, TeV 7 13.5 2
vs TeV 1.30 L.TT 2.2 3.46
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INTRODUCTION

= Higgs Production at ep collision:
= Leading order SM diagrams for Neutral Current (NC):
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INTRODUCTION

= Higgs Production at ep collision:

= Leading order SM diagrams for Charged Current (CC):

g eq — veHq' VBF process




INTRODUCTION

= Higgs Production at ep collision:

= VBF processes:

" Leading order SM diagrams for CC (NC) processes:
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the production rate of CC is larger than

NC process by about a factor of 4 — 6
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THEORETICAL FRAMEWORK

= Standard Model Effective Field Theory (SMEFT)
LsMEFT = Lsm + Z

CIOI

= A proper formalism of the impacts of new physics is to consider SM as
an effective theory.

= SMEFT is a powerful tool to examine deviations from the SM.

= Non-standard couplings can be parameterized by operators of d > 4.
The leading effects for collider observables typically enter at d=6.




THEORETICAL FRAMEWORK

= The effective Lagrangian for mass and Yukawa terms:..xiss0926s

3v? Xﬂ — t'X‘;f
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+ (X% +ix]) Fofahh + (X% +ix]) Frfrhhh

= A:the energy scale of new physics

= V. :Yukawa coupling for the relevant fermion

= Xg, :Real and Imaginary part of coefficients of the dimension-six terms.
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DATA SIMULATION

Effective
Lagrangian

DELPHES 3
(LHeC card)

FeynRule
program

PYTHIA 8
(showering)

Universal
FeynRules Output
(UFO)

MADGRAPHS5_
aMC@NLO

= Two different signal samples = Two T, and T, coefficients

= Dimension-six operator coefficients T, ,with A =1 TeV.



DATA SIMULATION

= Signals and SM background cross section as a function of E, (left) and E,, (right).
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DATA SIMULATION
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= Signal cross section as a function
of T, and T}, coefficients
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" For Tp = —1/3 cross section goes

to zero.
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DATA SIMULATION
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DATA SIMULATION

Signal cross section as a function
of T; and T, coefficients

For T, = —1/3 cross section goes

to zero.
SM cross section is shown at T;=0

Negative values are appeared.
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DATA SIMULATION

Signal cross section as a function
of T; and T, coefficients

For T, = —1/3 cross section goes

to zero.
SM cross section is shown at T;=0
Negative values are appeared.

Two areas will be probed for T}
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DATA SIMULATION

C.M. Energy
= LHeC & FCC-eh benchmarks I ..
ntegrated luminosity 1.0 1.0 2.0 10.0
(ab_l) . . . .

e e p— Hjv., H— bb (SM irreducible background),

< Signal process >

o e p— Zjve, Z — bb,

¢ p— Hjv., where H — bb

e ¢ p— ZLjv., £ — cr,

Lery

e p— Vjve, V¥ = bb (V =1,9),

o e p— V¥, V* = e (V=1,9),

] E'._p — V*jyﬂﬂ V' — jf.}f {V - Z?T1g? jf — u?d13}!

/
q q

< Background processes >
L

o e p—tjrv., t— Wb, W™ = jj.
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DATA SIMULATION

= Backgrounds
Feynman diagrams
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ANALYSIS STRATEGY

Event selection (pre-selection cuts)

= Exactly 2 b-tagged jet
= And 3 jets (Including 1 forward jet)

-

= Py >20GeV for all jets

= |p| < 2.5 for b-tagged jets

= AR > 0.5 GeV for all objects
\- In| < 5 for forward jet

~
= MET > 20 GeV

= |solated lepton veto _
Ire; < 0.1 L = Zp%/pT

J

P/
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ANALYSIS STRATEGY

Event selection (pre-selection cuts) < 1 of the forward jet in ep collision >

_ N 0.3 [ e
= Exactly 2 b-tagged jet S |- Signal | | | | | -
. _ . 2 | — H(—>bb)jv, -
= And 3 jets (Including 1 forward jet) ) % 0.255 - Z(—>bb)jv, e
s ~N S | Aoco)ve -
S 0.2f.... y/g*(—bb)j = —

. R Tg P"e J‘_

u PT > 30 GeV for a” JetS "‘g _ - ,Yfg*(_}GE)lve _—J':x - - E
= |n| < 2.5 for b-tagged jets S 0151 {ZMQ (=3j)ve I St G s AN | -
[ YV, T S B S :
= AR > 0.5 GeV for all objects 0.1 *_J [ e E
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ANALYSIS STRATEGY

= Event selection efficiencies for T,=0 and for SM backgrounds

Vs [TeV] Tr =0.1 H(— bb)jv. Z(— bb)jv. Z(— ce)jre
1.3 0.145 0.145 6.9 x 10~*
3.46 0.090 0.090 3.1x10°*

Vs [TeV] | v/g" (= bb)jve  v/9" (= cB)jve  Z[/v/g"(— jeje)jve tjve
1.3 0.015 19 x 107* 48 x 107° 0.052
3.46 9.2 x 1073 23 x 107* 4.7 x107° 0.025




ANALYSIS STRATEGY

= Event selection efficiencies for T,=0 and for SM backgrounds

Vs [TeV] Tr =0.1 H(— bb)jv. Z(— bb)jv. Z(— €8)jve
1.3 0.145 0.145 0.111 6.9 x 10~*
3.46 0.090 0.090 0.065 3.1x10°*

Vs [TeV] | v/g" (= bb)jve  v/9" (= cB)jve  Z[/v/g"(— jeje)jve tjve
1.3 0.015 19 x 107* 48 x 107° 0.052
3.46 9.2 x 1073 23 x 107* 4.7 x107° 0.025

To enhance the sensitivity, we perform
a multivariate analysis (MVA)
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ANALYSIS STRATEGY

[ Input variables J

According to Ranking input variables

My, p,: invariant mass of the two b-tagged jets,

r.rbi i, - angle between the momentum vectors of the b-tagged jets as measured in the center-
of-momentum (COM) frame of the b-jets,

Mjet: pseudorapidity of the non-b-tagged jet,

AR pb,: distance between the two b-tagged jets,

ARy, ;: distance between the leading b-tagged jet and the non-b-tagged jet,

ARy, ;: distance between the sub-leading b-tagged jet and the non-b-tagged jet.
COS (v, p,: cosine of the angle between the momentum vectors of two b-tagged jets,
F: missing transverse energy.

Hy: scalar sum of transverse momenta of all objects reconstructed in the detector.



ANALYSIS STRATEGY
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ANALYSIS STRATEGY
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ANALYSIS STRATEGY

= Correlation Matrix = ROC curve

Linear correlation coefficients in % , ) 1/(Background eff.) versus Signal efficiency
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ANALYSIS STRATEGY

= Gradient Boosted Decision Tree Method
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RESULTS

\/.E [TEV] L [ab‘l] Tr T
1 —0.6697, —0.6629] U [—0.0037,0.0031]  [—0.0460, 0.0460]
([—0.6702, —0.6624] U [—0.0043,0.0036])  (|—0.0499,0.0499])
13 ) —0.6687, —0.6639] U [—0.0027,0.0021]  [—0.0381, 0.0381
' ([-0.6691, —0.6635] U [—0.0031,0.0025]) ([—0.0414,0.0414])
10 —0.6674, —0.6653] U [—0.0014,0.0008]  [—0.0238,0.0238
([~0.6676, —0.6651] U [—0.0016,0.0009])  ([—0.0261,0.0261))
: —0.6690, —0.6639] U [—0.0026, 0.0025]  [—0.0409, 0.0409
([<0.6695, —0.6635] U [—0.0030,0.0029])  ([—0.0442,0.0442])
346 ) —0.6683, —0.6647] U[—0.0019,0.0017]  [—0.0342,0.0342]
- ([~0.6686, —0.6644] U [—0.0022, 0.0020])  ([—0.0370, 0.0370])
0 —0.6673,—0.6657] U [—0.0009,0.0007]  [—0.0224,0.0224]
([-0.6674, —0.6655] U [—0.0010,0.0009])  ([-0.0243,0.0243))
Tr 17
arXiv:2003.00099 [—0.43,0.43]

de

s |—0.55, —0.46] U [—0.12, 0.33]

[—0.09, 0.09)



https://arxiv.org/abs/2003.00099
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RESULTS
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RESULTS

arXiv:2003.00099

= The coefficients marginalized bounds at 95% CL:
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RESULTS

The coefficients marginalized bounds at 95% CL:

B 1.3 TeV, | ab'+uncert.
W 3.46 TeV, 1 ab'+uncert.

arXiv:2003.00099
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RESULTS
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CONCLUSION

After the Higgs boson discovery, the focus shifted toward understanding its couplings to other
particles, in particular to the fermions. CP violation in the Higgs sector impact on Baryogensis

The Yukawa coupling of h to the 3rd generation fermions is larger.

A crucial aspect is the measurement of the b-quark Yukawa coupling, and the observation of
the H — bb decay remains very challenging at the LHC.

Recently, there has been a consideration for high energy ep collisions with very exiting
prospects.

Effective Lagrangian with dimension-six operators is used to constrain b Yukawa coupling.
Data simulation for the LHeC and FCC-eh benchmarks.
A MVA approach with BDTG method is applied to suppress the background contributions.

Limits at 95% CL on the coupling coefficients have been obtained for two center-of-mass
energies of the LHeC and FCC-eh.

We show that the MVA increases the sensitivity to the b-quark Yukawa couplings.
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THANKS FORYOURATTENTION!
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