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Motivation

 Why is it important for the discovery of the Higgs boson ?

e 1. Itis a byproduct of the BEH mechanism, so if we discover the

Higgs boson, then we can confirm the BEH mechanism ! (It is NOT
just a new scalar particle !)
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Motivation R. Santos

ISEL & CFTC (V. Lisboa)

Status of the CP-conserving 2HDM

Alignment and wrong-sign Yukawa

The Alignment (SM-like) limit - all tree-level couplings to fermions and gauge
bosons are the SM ones.

sin(b- a)=1 P k,=1, k, =1 k, =1

Wrong-sign Yukawa coupling - at least one of the couplings of h to down-type
and up-type fermion pairs is opposite in sign to the corresponding coupling of
h to VV (in contrast with SM).

k.k,<0 or k,k, <0

The actual sign of each k; depends on the chosen range for the angles.



Highlight some experimental results
for the Higgs boson at the LHC
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Highlight some experimental results
for the Higgs boson at the LHC
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Highlight some experimental results
for the Higgs boson at the LHC

 CMS search for the Associated Higgs production
with a Single Top Quark

Figure 1: Dominant Feynman diagrams for the production of tHq events: the Higgs boson is
typically radiated from the heavier particles of the diagram, i.e. the W boson (left) or the top
quark (right).

arXiv:1509.08159
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Highlight some experimental results
for the Higgs boson at the LHC

 CMS search for the Associated Higgs production
with a Single Top Quark
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Formalism from Higgs Precision
(Higgsc:ision) analgsis

* Assuming that the Higgs boson his a generic CP-
mixed state, we can write the gauge-Higgs and
Yukawa coupling as

trryr— 1
Lhvy = gmy (QM&-"WW“ W™+ ghzz 22 ZuZ g ) h,
W
gmy =7 .
Lngs = — Z f'f(g}?ff+zgf1:ffhf5)fh-
f—ther 2Mw

We note gaww = Gnzz = gfff =1 and g};ff = (0 in the SM.



Formalism from Higgs Precision
(Higgscision) analgsis

The amplitude for the decay process h — vy can be written as

amif o oL 2 ..
Miy = = G S7(mn) (62 652) = P(ma) 5 (icikika) .

where k; » are the momenta of the two photons and ¢, » the wave vectors of the corresponding
photons, €], = €)' =2k (ky-€,)/m}, €5, = €5 —2k5 (k1-€2)/mj and (e,€2k1ks) = €, €4 €5k KS.
Retaining only the dominant loop contributions from the third-generation fermions and
W+, and including some additional loop contributions from new particles, the scalar and

pseudoscalar form factors are given by

S‘y(mh) =2 Z Ne Q} gfff st(Tf) - th'H’Fl (TW) +AS7,
f=bt.r

P(mh) =2 Z NC Q.‘;‘. gfff pr(’l'f) + AP > (4)

f=b.t.r

where 7, = m?/4m?2, No = 3 for quarks and Ny = 1 for tau leptons, respectively.

In the SM, P? = 0, hss = gnww = 1 and AS™ = 0.



Formalism from Higgs Precision
(Higgsc:ision) analgsis
Similarly, the amplitude for the decay process h — gg can be written as

a, m? 5%

MHgg —

» »* 2 - =
- {Sg(mh) (1L -€31) — Pg(mh)m_%(flfzklkﬂ} ;
where a and b (a,b = 1 to 8) are indices of the eight SU(3) generators in the adjoint
representation. Including some additional loop contributions from new particles, the scalar
and pseudoscalar form factors are given by

S9(mn) = Y Gips FaglTs) + AS?,
f=byt

P/(ma) = 3 g7 Foslry) + AP?. (6)
f=bit

In the SM, P? =0, g;;; = 1 and AS? = 0.



Formalism from Higgs Precision

(Higgscision) analgsis

e Since we are primarily interested in size of the gauge-Higgs and
top-Yukawa couplings and the relative sign between them, for

bookkeeping purpose, we use the following simplitied
notations :

y _ . SP _ SP vS.P _ S.P
Co = ghww = Gnzz Ci" = Gt » Cy" = G -



Results from Higgs Precision

(Higgscision) analysis for Run-! data
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FIG. 2. The confidence-level regions in the plane of (C, C.,) of the CPCA fit by varying C, CJ, FIG. 3. The confidencelevel regions in the plane of (CS, C,), (CS, ASY), an (CS, ASY) of the
C?, and C, while keeping AS” = AS¥ = ATy, = 0. The contour regions shown are for Ax” < 2.3 CPOS it by varying CF, CF, CF, C., AS”, and AS”. The contour regions shown are for Ay® < 2.3
(red), 5.99 (green), and 11.83 (blue) above the minimum, which correspond to confidence levels of (red), 5.99 (groen), and 1183 (blue) above the minimum, which correspond to confidence levels of

68.3%, 95%, and 99.75%, respectively. The best-fit point is denoted by the triangle. 68.3%, 05%, and 90.7%, respectively. The best-fit points are denoted by the triangles.



Results from Higgs Precision

(Higgscision) analgsis for Run-! data

As shown in Refs. [3| in which the model-independent fit to the current Higgs data is
performed, the negative C5 = —1 is ruled at 95%CL if only the gauge-Higgs coupling C,
and the top-Yukawa coupling C; vary. However, C7 = —1 is still allowed at 95%CL when
the gauge-Higgs C,, top-Yukawa C?, bottom-Yukawa C{, and tau-Yukawa C?® couplings

are all allowed to vary. Furthermore, if some sizable contributions to AS™ and AS? due to

additional new particles running in the loop are assumed, a broad range of C;° between -2

and 42 is still consistent with the current Higgs data.




Results from Higgs Precision

(Higgscision) analgsis for Run-! data
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FIG. 4. The confidence-level regions of the fit by varying the scalar Yukawa couplings C5 and
C, . and the pseudoscalar Yukawa couplings CF’; while keeping others at the SM values. The

description of contour regions is the same as in Fig. 2|



Probing the Top-Yukawa Coupling in Associated
Higgs production with a Single Top Quark

* As well known, tth production only depends on the
absolute value of the top-Yukawa coupling.

* Meanwhile, in thX production, this degeneracy is lifted
through the strong interference between the two main
contributions which are proportional to the top-Yukawa
and the gauge-Higgs couplings, respectively.

e Especially, when the relative sign of the top-Yukawa
coupling with respect to the gauge-Higgs coupling Is
reversed, the thX cross section can be enhanced by
more than one order of magnitude.



tHh Production at LO

FIG. 1. Feynman diagrams contributing to tth production at LO.



thX Procluction with X:j

FIG. 2. Feynman diagrams contributing to thX production with X = j.



Other thX Procluctions with ijb,
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Figure 2. Some of the contributing Feynman diagrams for gg — thg'b.
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Figure 3. Some of the contributing Feynman diagrams for gh — thiw .
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Figure 4. Contributing Feynman diagrams for ¢’ — thb.




Variation of cross sections for thx Procluction
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Figure 5. Variation of the total cross sections versus C; for pp — thX with X = j,jb,W,b in
the order of the size of cross sections at (a) LHC-8 and (b) LHC-14. We have taken C, = C{ =1
and Cf » = 0. No cuts are imposed except for the second process pp — thjb in which we applied
the cuts in eq. (3.1) to remove the divergence.

o(pp — thX)[fb)
X=3 X=3+b X=W X=5b
CS=+1(SM) 794 (17.1) 27.1(5.95) 17.0 (2.89) 2.32(0.833)
CP=0 305 (71.4) 90.0 (19.8) 34.4 (4.66) 0.368 (0.126)
CS=-1 1030 (249) 325 (72.8) 146 (19.8) 1.52 (0.536)

Table 1. The leading-order production cross sections infb for the processes pp — th + X at
14 TeV (8 TeV) LHC, taking C, = C; = 1 and C], = 0. We have not applied any cuts except for
the case with X = j + b for which we required pr, > 25 GeV ,|m| < 2.5;pr, > 10 GeV, n;| < 5,
see text for details.



Variation of cross sections for thx Procluction versus
C'P t
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Figure 6. Production cross sections at the LHC-14 for pp — thj versus ¢ = arctan(C{ /CY)
under the constraint (C? /0.86)2 +(CF /0.56)2 = 1. We take C, = 1. The shaded regions are those
disallowed at 68% C.L. by the Higgs data obtained in ref. [3].
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Figure 12. Normalized AR distributions for various pairs of particles (£, j, h), where the momen-
tum of h is reconstructed by the photon pair, for the signal process pp — thj with C7 = —1,0,1
followed by the semileptonic decay of the top quark and h — <y at the LHC-14. Behavior of b
and [ is about the same, as they are coming from the same top quark decay. We need only one of

them:

L.




DISCUSSION
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Figure 13. Required luminosities at the LHC-14 for the process pp — thj in various decay
channels of the Higgs boson to achieve S/v/S+ B = 1. We show the channels i — bb, yy, 7t77,
and ZZ* — 4.
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