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Top Yukawa coupling
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ub>dth production
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Amplitudes
My= Y j(u—dW;) M(Wb— t.h)
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Amplitudes

My= Y j(u—dW;) M(Wb— t.h)
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distributions
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Q and W distribution

Q = v/—¢*? invariant momentum transfer of the virtual W+

W = Pt2 = m(th) the invariant mass of the th system
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WL is dominant in low Q (Q<100 GeV) and large W (W>400 GeV)
Wt is significant in large Q (Q>100 GeV) and small W (W<400 GeV)



Azimuthal angle distribution
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Asymmetry is large at small W & large Q (Wt is comparable to Wy)
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Azimuthal angle distribution
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Polarization

For general mixed state, we introduce differential cross section matrix
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where the phase space integration can be restricted. For an arbitrary kinematical

distributions, do = do 44 + do__ , the polarisation density matrix is defined as
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The 3-vector P =(P1,P2,P3) gives the general polarisation of the top quark. The
magnitude P = |P| gives the degree of polarisation (P=1 for 100% polarization, P=0
for no polarisation ). The orientation gives the direction of the top quark spin in the

top rest frame.

We find P lies in the W+b>th scattering plane in the SM (xi=0). Polarisation
component orthogonal to the production plane, P2, appears when xi is nonzero. The

sign of P> determines the sign of xi.
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naive T-odd asymmetries
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T-odd: p3 X ps-p3 — —p1 X P2+ P
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The top quark polarisation P =(P1,P2,P3) are obtained after azimuthal angle integration of the

Py ={

jet about the virtual W momentum direction in the rest frame of Wb and th. Therefore, we

are measuring the asymmetries in the 2>2 process
WT(A)+b—th

We can define more complicated T-odd polarisation asymmetries in the 2 >3 process such as

( (§'% Pj) X (g% Ph) - 5t S (Po X P;) X (Po X Ph) - 8t
(@ % 75) x (¢ x pn)| - (1/2) [Py % Pj) % (Py X Ph)| - (1/2)
P2 = Py(¢ > 0) — Pi(¢ < 0) k=1and 3 are T-odd, k=2 is not
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Expected number of events @ HL-LHC

v8 |Number of events Decay channel Branching Ratio|Number of events
14 TeV @3ab~!

o(th)+o(th)| 90 fb 270,000 (bév)(bb) 0.13 34,000 Vv

(bev) (v, £257, s, 46) 0.0011 300 v
o(tth)| 613 fb| 1,840,000 (blv)(bjj)(bb) 0.17 310,000 AN
(blv)2(bb) 0.028 52,000 AL
(blv) (b55) (v, €675, pps, 4£) 0.0015 2,800 AR
(blw)2(yy, €655, s, 4€) 0.00025 460 AL

et>blv mode for CP sensitivity (t vs. t)

eh decay should not have neutrinos to determine t(t) frame.

Decay channel|Branching ratio Decay channel Branching Ratio
t — bjj 0.67 h — bb 0.58 v
bv(l=e,pu)yf 0.2 00 (0.0025 |
brv v 0.11 Yy 0.0023 0.0051 v
L 0.00022
4¢ \0.00012 )

eFor a few percent asymmetry measurement, h> bb is necessary



Radiative corrections

Color singlet (W) exchange factorizes QCD correctlons into @> q V\Demlssmn

and@Vb>th)product|on parts @NLO. W
/ _
é : eb>bg makes W(mth) softer.
" . ni eg>bb correction depends on b PDF.

eCP conserving T-odd asymmetry @1-loop.

eNLO corrections are the same as
DIS and VBF process.

eg-jet miss-tag washes out Ap and -

PA1,3 but P2 is not affected. §\



sSummary

Single top+Higgs production is an ideal probe of the top Yukawa coupling
because the htt and hWW amplitudes interfere strongly.

Azimuthal asymmetry between the u>dW+* emission and the W*b>th
production planes probes the sign of CP violating phase.
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The azimuthal asymmetry A, arises from the interference between transverse

and the longitudinal W contributions and is large at large Q (Q>100 GeV) and
small W (W~400GeV).

Top quarks produced in this process are strongly polarized because it is
100% polarised at each kinematical configuration of the subprocess ub>dth.

Polarization can be measured by using the density matrix.

1 / M, |> M, M* 1 - k
PN = dd = - |d + Pi.oy
J(IM|? + [ M_[?)d® (M_M; |M_|? - 2 B

k=1

We find large P = |P| when jet momentum is integrated over with Q<100GeV,

at |al’ge W=m(th)>4OOGeV P ox siné' (P2 = (0 for € = 0)

P, > 0.5, atcos@* ~ —0.4 for £ = 0.057(W = 600 GeV, Q < 100GeV)



Summary (continued)

The azimuthal asymmetry of the top polarisation inside the Wb to th
scattering plane, P2 = P.(¢ > 0) — P(¢ < 0) k=1,3 are also sensitive to the sign
of 3. The asymmetries are large for large Q (Q>100GeV) and small W (W ~
400 GeV) because of Wi -Wr interference.

All the asymmetries that determine the sign of 3 are T-odd:

ﬁuxﬁd'ﬁt @Xﬁt'gt
A ~ — — — P — — =)
? <Ipu><pd|-|pt|> 2= (G pl- (/2

PR PR~ ((@% P5) % (Tx Pn) - 82), (Do X ;) X (Py X Ph) - 5¢)

T-odd asymmetries arise from SM radiative contributions at 1-loop order of
QCD and EW.

NLO corrections, b—-quark PDF uncertainty, b-quark mass effects, etc, should
be studied.




