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Introduction

* In 2012, a new scalar particle with a mass close to 125 GeV, later identified as the
Higgs boson, was discovered at the Large Hadron Collider (LHC). Electroweak

symmetry breaking confirmed and SM completed. ATLAS, and
CMS,

» Tested in a wide range of precise experimental measurements at colliders. No
experimental result strongly deviates from its predictions (few exceptions: B
meson decays and muon’s anomalous magnetic moment).

e Butitis incomplete. Some unanswered question: dark matter, matter-antimatter
asymmetry, gravity.



CP-Violation (CPV)

CP: symmetry that changes particle into antiparticle and inverts the spatial
coordinates of a particle.

Why does it matter? According to Sakharov’s conditions for baryogenesis,
matter-antimatter discrepancy may be explained if CP is violated.

Is there CPV in the SM? Yes, in the Yukawa sector, but not enough. New sources
of CPV are needed. A possibility is to add CPV in an extended scalar sector (like
the C2HDM ).

How to look for CPV at the LHC?
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The SM Higgs is CP-even. What about the discovered scalar?
Pure CP-odd Higgs already ruled out at 99.98% in VH
production . Is it CP-even? Not
necessarily. It may have a CP-even and a CP-odd component.
This would imply CPV in the scalar sector.
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* The Higgs CP can be probed at the LHC by looking for CP-sensitive observables in Higgs decays into boson pairs, fermions,
or in Higgs production channels. hVV (V=Z,W) couplings: only the CP-even component is projected out. Fermions: both
components can contribute equally. Precise measurement of the Yukawa couplings still lacking.

« Two processes were considered: bbh and tth. Complicated backgrounds and relatively low rates, but we are directly
probing the vertices. Difficult channel, but tth has already been observed. cws, and ATLAS,



The Model

SM + generic CP-violating Yukawa coupling for f = b, t.
Lnf=— Z Insitingpt (cosa+isinays) fh,
7

Gpyy are the SM couplings. We set khff = 1. Two limits considered: CP-even (o =0, h = H) and CP-
ogdf(a =1/2, h = A).

For bbh: h —» t+1™. my=10- 125 GeV.

For tth: h - bb, t (t) > Wb (W~b) and WH(W ™) — [Tvu,(I"U,) (dileptonic state), with | =
e, u. my=40-500 GeV.



Generation of signal and background events

Generation of pp colisions at 13 TeV done with the Monte Carlo event generator
MadGraph5 _aMC@NLO.

h = H, A implemented with the HC_NLO_X0 model, with NLO corrections.
Backgrounds simulated with the SM implementation.

MadSpin used to decay heavy resonances (t, h, and V) preserving full spin correlations.

Pythia 6 used for showering and hadronization.
DELPHES 3 used for a fast detector simulation of a LHC-like experiment.

Analysis done with MadAnalysis 5.
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Generated
Topology Order cross-section (pb)
ttH>" NLO 0.025
ttbb NLO 0.79
tt+3 jets LO 37.89
LtV + jets LO 0.0618
Single top s-channel LO 2.1916
Single top t-channel+ jets | LO 46.863
Single top Wt-channel LO 15.1827
W+4 jets LO 34500
Wbb+2 jets LO 289
Z+4 jets LO 3120
Zbb+2 jets LO 123
W W43 jets LO 84.2
W Z+3 jets LO 37.9
Z Z+3 jets LO [1

* Backgrounds (only for tth): all processes that can lead to 4 jets and two leptons
of opposite charge. Jets: gluons or non-b quarks.
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Event Selection and Reconstruction (for tth and backgrounds)

* Results for bbh only at parton level.

e Selection cuts:

» N, o2 4 and N\, > 2 (one-to-one correspondence)

» pr>20 GeV and |n| < 2.5 (experimental limitations)

» |m;+;- —mz| >10 GeV and at least 3 b-tagged jets (after reconstruction).

* Reconstruction: matching and actual reconstruction done separately.

» Boosted decision tree (BDT) algorithm to assign jets to the b-quarks of the top-quarks and Higgs.
Constraints: only 6 jets with highest pr. m;+j <150, m;-5_< 150 and 20 < my,, 5, < 300 GeV.

> After i*natching, 6 objects are identified. These are used to find the momentum of the remaining
particles.



Fvent Selection and Reconstruction (for tth)

* All missing energy due to neutrinos. With m,= 0, we are left with six unknowns:

e + ) = ik,
(pr + pu)? = m3y,
(pw+ + pp,)? = m?

* my,+ and my(m;) randomly generated from 2D p.d.f.s. If no solution is found up to 500 trials,
event is discarded. If several solutions are found, a likelihood function is built using parton level
information and the solution with the highest likelihood is picked.

Lygp, o P(pr,)P(pr,) P (pr,) P(pr,) P(pr, ) P (g, mg) P(mp),

i)ir'i/ I)":'-r;')
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CP observables

b
* Two types of observables, based on previous works. Designed to increase the sensitivity in discriminating CP
signals from irreducible backgrounds, but also to probe the CP nature of the Yukawa coupling.

« Angular distributions 05 :

» angle between the 4-momenta of the Y system, measured in the rest frame of X, with respect to the
direction of X in the rest frame of its mother.

» Two ways to compute: direct or sequential boost.

» Set of functions f(fo)g(G’ff) were considered, with f, g, simple trigonometric functions.

* Gunion-He variables (both in the LAB and tth CM system):
bo = (Pt X kz).(pr X k2)/\pt||Pgl, ba= (?}fpf)/ﬂﬁf”ﬁl)
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Results for bbh
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* No visible asymmetry for bbh. Epr|C|t evaluation of the f fh production shows that the
asymmetry term is proportional to mf Only significant when m, is big enough relative
to my.

* What if we lower m; (down to 10 GeV)? Still nothing.
 What about single bottom? Also nothing.
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Results for tth
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* In previous works m,= 125 GeV. Here m;= 40-300 GeV.
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Asymmetries
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* Asymmetry vanishes for very large Higgs masses. Exact value depends on the variable.
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Expected confidence levels (CL) for tth

 Computed from likelihood ratios obtained from binned distributions of the observables, as a
function of the integrated luminosity. Both signal and backgrounds are described by Poisson
distributions.

* Only statistical uncertainties are considered. Dileptonic channel alone.

 Shown up to the High Luminosity LHC (HL-LHC), maximum expected is 3000 fb~1, for m;,=
40, 80, 120, 160 and 200 Ge\V.

* Four different scenarios:

» 1: CP-even exclusion. Hy= SM and H;= SM+CP-even signal.

»2: CP-odd exclusion. Hy=SM and H;= SM+CP-odd signal.

> 3: CP-odd exclusion (vs CP-even). Hy= SM +CP-even signal and H;= SM+CP-odd signal.
»4: SM exclusion (vs CP-even). Hy= SM+CP-even signal and H;= SM.
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CP-even with m,= 40, 80 GeV can
already be excluded at the LHC using
the dilepton channel alone.

Heavier masses harder to exclude,
since o:¢p, decreases with my,.

Scenarios 1 and 4 give similar results.
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1.2 1.2

bR b Erasae
_ - _ dilepton
b5t = b(th)  memeooe

ﬁh n ?CP-odd e:;clusion
~Db (t’t) [vs CP-even)
;dilepton ;

- btth(ti) m, = 160 GeV

b5t - bI(tD)| gt
_ _ _ dilepton
- bliAB(t,t) . bzh(t,t) m, = '!20 GeV

Confidence Level
Confidence Level

: - 30 aarad "‘:‘,‘é"‘:‘-‘-“ 30

Dy S Sl B Al SRS e

|20

f : L | ; ; ‘ B ‘ it
‘.
1 P 1 i 5 i i ; ; i &
- . : - : ) LS j 5 ; :

J. RO URNRO NN WU N P —
| I L1 I;l.l L1 i L1l | L1 ‘ 1Ll E L1l | | i 111 ‘ L1 | 1 / Ji | t | | | i
200 400 600 800 1000 1200 1400 1600 1800 2000 — L L L L L TR BT L

!‘ |wf. 1 1 1 1 1 1 1 1 1 1 1 | 1 1 I 1 | 1 1 } _ |-'. 1 1 1
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Integrated luminosity (fb™) Integrated luminosity (fb™)

Integrated luminosity (fb™")

* my=40 and my, = 200 similar to CP-even and CP-odd exclusion, respectively.

* If CP-even is found, a pure CP-odd can be excluded from a pure CP-even scalar.
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Conclusions

Asymmetry term proportional to m,zr for f fh production.

Very difficult to determine the nature of the bottom quark Yukawa couplings at the
LHC, even for very light Higgses.

For the tops, significant differences found for several Higgs masses. Those vanish for
large scalar masses.

Expected confidence levels computed in four different scenarios. Lighter CP-even can
already be excluded at the LHC using the dilepton channel alone. Heavier CP-even
scalars not excluded. CP-odd exclusion requires higher luminosity, but improves for
heavier masses. If new CP-even Higgs is found, CP-odd exclusion is possible.



Ot+fnh VS My,

pp=ttg (pb) [NLO QCD]

* Computed in MadGraph5 aMC@NLO at NLO. No decays.

— ¢=H
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Signal vs Background that go into CL
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Confidence levels computation

j\rcha.n
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InQ = —(Atot — Aowot) + Y s 1n< /\;L)

n; - number of observed events.

1=1

Mitor and Agsor - total number of predicted events assuming H, or H.

CLn, = P(Q 2 Qobb“ Hl):

1 000 000 toy experiments

n; random, using A4; or Ay; for mean value.
In Q in each experiment is computed, for H;
and H,.
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Reconstruction plots
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