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Hig}wlight some experimcntal results
for the Higgs boson at the L HC

ttH production

Important to study directly
the coupling of top to Higgs

Looking for final states with H

decay to ZZ,WW and 17 (yielding
events with 2-3 leptons).

CMS Preliminary 2.3+12.9 fo”' (13 TeV)
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Search for ttH production

Direct probe of top Yukawa coupling
Cross-section at 13 TeV ~4 times that at 8 TeV
Results presented with 2015+2016 data for

+ ttH, H=bb

« ttH, multilepton final states (contributions from several decay chains)
* ttH, H—=yy through H=yy event categorisation

ttH combination
ATLAS Preliminary 1s=13 TeV, 132-133 1"

Combine all three 13 TeV : (tot.) (stat., syst.)
analyses (13Teviaan ) ::: ( ::: ’ .':32 )
Signal strength p expressed = WHH-WWiwZ2) a1 (37.%)
relative to SM expectation (3Tw 12247)

1H(H-sbb)
Qbserved significance k.

2.80 (expect 1.80)
Cf Run-1 expected 1.50

Upper Limit on signal strength: js_<3.0 at 95%CL (expected p_<2.1 for S case) €St it i for m =125 GeV
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Formalism from Higgs Precision
(Higgscision) analgsis

* Assuming that the Higgs boson h is a generic CP-mixed
state, we can write the gauge-Higgs and Yukawa

coupling as
e 1
Lryy = gmwy (ghwu'w’# W™+ gnzz 2(:{"2“'2“) h,
gmy (s |, . P
Lnpp = — f\Grss +i9ns57s) f 1
o f—:zb: 2my (9% +i91317)

We note gaww = Gnzz = q,’,e =1 and g,{f ;= 0 in the SM.




where k) » are the momenta of the two photons and ¢; » the wave vectors of the corresponding
photons, ek, = e — 2k (ky-e1)/m3, e, = & —2k% (ky-€2) /m} and (e162k1ks) = €00 €L ESRERS.
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

m(mh) =2 z N¢ Q?’g}fff F-'Sf('rf) - ghWWFl(TW) +AS” 3
f=bt,r

P(my) =2 z Ne Qi g,’:ff Foi(15) + AP, (4)
f=b.t.r

where 7, = m?/4m?2, N = 3 for quarks and N = 1 for tau leptons, respectively.

In the SM, P* = 0, Giss = gnww = 1 and AS” =0.




Similarly, the amplitude for the decay process h — gg can be written as

a, m? 5%

Miigg = = 47 v

2
{89(mn) (65, - 65.) = PP(ma) =5 (€iekaka) }
h
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(mp) = Y gfff Fos() + ASY,

f=bt

Po(mp) = Y Gnps Fos(7s) + AP,

f=bt

In the SM, P? =0, g5;; = 1 and AS? = 0.
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Formalism from Higgs Precision
(Higgscision) analgsis

* Since we are Primarilg interested in size of the

gaug@-Higgs and toP~Yu|<awa couplings and the
relative sign between tlﬁem, for bookkeeping

purpose, we use the ?o”owing simPliﬁecl notations

y . S P _ SP yS.P _ SP
C, = Ghww — 9hzZ C’r = Gn# Cb = G -
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Phys.Rev. D90 (2014) 095009

FIG. 2. The confidence-level regions in the plane of (C2, C,) of the CPC4 fit by varying C2, C7,
C?, and C, while keeping AS" = ASY = AT, = 0. The contour regions shown are for Ax? < 2.3

(red), 5.99 (green), and 11.83 (blue) above the minimum, which correspond to confidence levels of

68.3%, 95%, and 99.7%, respectively. The best-fit point is denoted by the triangle.
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Results from Higgs Precision

Higgscision) analgsis for Run-! data

arXiv:1407.8236

Phys.Rev. D90 (2014) 095009

FIG. 3. The confidence-level regions in the plane of (C2, C,), (C3, AS?), an (C5, AS?) of the
CPCE6 fit by varying C;f, Cf, C,S, Cy, AS?, and ASY. The contour regions shown are for Ax? < 2.3

(red), 5.99 (green), and 11.83 (blue) above the minimum, which correspond to confidence levels of

68.3%, 95%, and 99.7%, respectively. The best-fit points are denoted by the triangles.
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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 C{ = —1 is ruled at 95%CL if only the gauge-Higgs coupling C,

and the top-Yukawa coupling C? vary. However, CP = —1 is still allowed at 95%CL when

the gauge-Higgs C,, top-Yukawa C7, bottom-Yukawa Cp. and tau-Yukawa C> couplings

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

poeTy

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.
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Phys.Rev. D90 (2014) 095009

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]
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.__.ntangling Higgs Procluction associated

with a single top and a top»-pair in the

presence of anomalous tol:)~\/u|<awa

coupling
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Combined
u=100=014

Untagged

u=087=+0.16

VBF tagged

u=115+027

VH tagged

19.7fb" (8 TeV) + 5.1 fb”

u=100=0.14

H— yy (untagged)

ttH tac
H— ZZ (0/1-jet)
H— ZZ (2-jet)
H— WW (0/1-jet)
H— WW (VBF tag)

H — DD (VH tac

H-»bb(ttH)




ATLAS Preliminary

Vs=7TeV,4.5-4.71b" Vs=8TeV,20.3fb""

68% CL: —_——
95% CL: —

Hygr=123+032

i

pyy = 0.80 +0.36

”‘H- 1.81 t 0.80

- s

2 25 3
Parameter value

Ys=7TeV, 4547

Vs =8TeV, 203 b Signal strength (u)




TABLE I. The best-fit values for the category-dependent signal strengths 5™ and piif “S coming
from the CMS [7] and ATLAS [10][14][15] searches, respectively, for the associated production of
the Higgs boson with a top quark pair at y/s= 7 and 8 TeV for m; = 125.6 GeV (CMS) / 125
GeV (ATLAS).

Category
7Y
bb

ThTh
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 Inthis work, we attempt to interPret the excess 139 exploiting the strong
entanglement between the associated Higgs Procluction with a single top
uar and roduction in the presence or anomalous top-Yukawa
q k (thx) dt’cnp duct th P f | tPYk

coupling.

* As well known, tth Proclud:ion onlg clel:)ends on the absolute value of the tol:)—-
Yukawa coul:)ling.

. Meanwnile, in thX Procluction, this clegeneracg is lifted tnrougn the strong
interference between the two main contributions which are Propor’cional to

the toP~Yu‘<awa and the gauge-Higgs couplings, resl:)ectivelg.

. Especia”g, when the relative sign of the toP~Yu‘<awa coupling with respect to
the gauge-Higgs coupling is reversed, the thX cross section can be enhanced

bg more tnan one orcler O1C magnituc]e.
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FIG. 1. Feynman diagrams contributing to tth production at LO.




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



FIG. 3. Feynman diagrams contributing thX production with X = jb.
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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, = Cy =1

and Ct"’b = 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=j+b X=W
CF=+1(SM) 79.4(17.1) 27.1(5.95) 17.0 (2.89) 2.32(0.833)
Cf = 305 (71.4) 90.0 (19.8) 34.4 (4.66) 0.368 (0.126)
Cf=-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 Cf,, = 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.
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Figure 6. Production cross sectlons at the LHC-14 for pp — thj versus ¢ = arctan(C{ /C?)
under the constraint !‘z ! + I:Z 56 = 1. We take C, = 1. The shaded regions are those
disallowed at 68% C.L. by the Higgs data obtained in ref. [3].




First we note that signal strengths depend on the decay modes of the top quark and the
Higgs boson, as well as their productlon mechamsms For a choice of experimentally-defined
deca.y mde D 'tng into account tX uctlon processes, we define the signal
strength p(tth) with respect to the SM tth production as follows
mo(tth)B(tth — D) + X x—; sw Nx0o(thX)B(thX — D)
T e B D

where o(tth) = o(pp — tth) and o(thX) = o(pp — thX) + o(pp — thX) are understood.




The detection efficiencies n’s depend on the experimental apparatuses and cuts for the

spemﬁc pfodétioh and dééay mode. By ihﬁoducing the cross-section ratios

o(tth)
g (tt_h)SM k
o(thjb)
g (tt—h)SM ’

o(thj)
o(tth)sm ’
o(thW)
a (tfh)SM ’

R(tth) = R(thj) =

R(thjb) = R(thW) =

and the D-dependent detection-efficiency ratios

(o _mBUh=D) Bt 5 D)
'T pMB(tth - D)sy®  © niMB(tth — D)sy |

_ m;B(thjb — D) _ nwB(thW — D)

= PVB(tth = D)sw’ ' VB(tth — D)su | (10)

one may have
p(tth) = €1 R(tth) + e R(thj) + €3 R(thjb) + €4 R(thW) . (11)

We note that €; = R(tth) = 1 in the SM limit of C, = 1, C¥ = +1, and CF = 0 and p(tth)
is always larger than 1 due to the entanglement of thX production. Our main task is to
calculate the cross section ratios R’s in the presence of anomalous top-Yukawa coupling and

the detection-efficiency ratios €; 534 for various top-quark and Higgs-boson decay modes.




TABLE IV. The cross-section ratios R(tth) and R(thX) with X = j, jb, W defined in Eq. (9). We
are taking /s = 8 TeV (LHC-8) and C{ = +1,41.5.

LHC-8

Cross Section of tth(pb)
R(tth)

R(thj)

R(thjb)

R(thW)




In the 4+ category for h — 4, both CMS [7] and ATLAS [14] included all

the decay modes of a top-quark pair: semileptonic (¢ — lvjjbb), leptonic (£ — lvlvbb),
and hadronic (¢ — j5;jbb) modes. On the other hand, in the bb category for h — bb, both

CMS [7] and ATLAS [15] considered only the semileptonic and leptonic decay modes of the

top-quark pair. Finally, in the categories of ss2£ and 3/ for h - multileptons, both CMS
[7] and ATLAS [10] included only the semileptonic decay mode of the top-quark pair.
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FIG. 8. The Pr, distributions for the tth and thX processes in the h — vy channel at LHC-13
taking C;g = +1,—-1,+41.5,—1.5 from left to right. We use the Delphes ATLAS template for

detector simulations.

the thW process has a harder pr photon



LHC-13, ATLAS, € = 1,1 = hadronically, H = vy LHC-18, ATLAS, €' = -1, 1 = hadvonically, H - 1y LHC-13, ATLAS, C'w 1.8, -« hadvonically, H -« v LHC-13, ATLAS, C} = 1.5, 1 = hadrorically, H = vy

Vo dam,(llo b
Vodam (1/4.1)
Vodain (1/0.1)
Vodam (1/0.1)

r - - . r !
op bt yututibutisat b Bty e S R -c-c-a-a-aola:cs N N
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FIG. 9. The same as in Fig. 8 but for the 7; distributions.

The dominant thX processes are thj and thjb, both of which contain a very forward energetic jet.
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Conclusions

» Inthis work, we have demonstrated explicitlg that the thx
processes can signiﬁcantlg increase the experimentaug measured
signal strength mu (tth) when the relative sign of the toP~Yu‘<awa
coupling to the gauge-Higgs coupling is reversed.

- -~ Rt o s o Dvv N ————

o The signal strengths can be as large as 2-4 in the categorg

Lel:)tons forh -> multileptons, 7-13 in the category chPhoton for h
~-> cliphoton, and 2-4 in the categorg bb for h -> bb.

+ When more data are collected at 19 TeV: we g choose more

speciﬁc cuts to single out the thx processes, which can egectivclg

determine the size and the sign of the top—-Yukawa coupling. i




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).
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+|tis time to Pin down both
the Sign and Size of the TOP~
Yukawa Coupling at the LHC
NOW !
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