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Longitudinal polarization enhancement in h — VV

o V=W=*Z7

@ Longitudinal polarization of a massive gauge boson
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@ When my, > my, I'(h — V; V) is dominant:

[(h— V V}) x m;.



The same thing happens
when a new heavy
scalar boson decays
only radiatively?



General setup

o Consider a JP¢ = 0t scalar particle S.
@ S-V-V vetex:

S(p)Vyulp1) Vi (p2) : ms AgWJerz“pl” ,

ms
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@ Helicity amplitudes for the decay S — V'V’

<V,u(p1,)\1)\/;(p2,)\2)|5(P)> = m57;\1)\27



Crucial condition for the longitudinal enhancement

@ The dimensionless amplitudes Ty, x,

Tiv = T-—=-A
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0, If my, = 0 or my, = O,
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@ Required!
2A+ B # 0



Crucial condition for the longitudinal enhancement

@ The dimensionless amplitudes Ty, x,

Ty = T-—=-A

2
4'”—52(2A+B) —(A+B), ifmy=my =my,#0

Too = my,
0, If my, = 0 or my, = O,
@ Required!
2A+ B #0
@ In the SM,
2m?
AhSM _ % BhSM —0.

VIMp ’



Model with a singlet scalar S

@ CP-even singlet scalar boson Sg

@ The most general scalar potential of the Higgs doublet H and 5

V(H.So) = —uH'H + \(HH)? + T2SHH + %S@HTH

b2 b3 D4
+b1So + 355 + §53 - ng.




Model with a singlet scalar S

@ CP-even singlet scalar boson Sg

@ The most general scalar potential of the Higgs doublet H and 5

V(H,S0) = —u2HH + MHTH)? + %SOHTH 4 %S@HTH
3 220"

b
+b150 + 3253 + =5 +

@ No tree level coupling of 5S¢ with the Higgs boson:

a‘iree _ O _ agree.

@ No tree level S-V-V and S-h-h.



Model with 3 VLQ multiplet

@ VLQs: 1 doublet and 2 singlets

QLR = ( T ) , Ur, DLRr.
L/R

@ [he Yukawa terms of VLQs

— %y = S0 |y0QQ + yuldd + ypDD]
+ Mo QQ + MyUid + MpDD

—+ [YDQLHDR -+ Y{DQRHDL + YMQLﬁUR —+ YZQQRHZ/{L —+ H.C.]



Mass matrices of VLQ

@ The VLQ mass matrix Mg and the mixing matrix is

MQ Y/:V
V2 Cor —50
MF — ( Yev MI: ) : R@/: — < 59:: C@,_-F > :




VLQ coupling in mass eigenstates

@ h-F-F

Y Y
T YhraFy T _ﬁ S20F ; YoriFy = YorF, — _ﬁ C20F -

thl F1

Suppressed couplings for diagonal when 0 < 1.



VLQ coupling in mass eigenstates

@ h-F-F

Y Y
T YhraFy T _ﬁ S20F ; YoriFy = YorF, — _ﬁ C20F -

thl F1

Suppressed couplings for diagonal when 0 < 1.

o V-F-F

A . =v 2 —v 2 A _ =v 2 —v 2
gZFlFl — 80, + EF50F gZF2F2 £0°50, + EFCor>
A _ —V —V
8zFF, T (gQ - gF) S0F COF >

Ewu,p, — CO0uCp> EBwuyp, = COu6p;

Ewu,p;, = 0uCp> 8Bwu,p, = b0ubp>

uppressed for off-diagonal when 1. _ 1 2
Supp gonal when 0 < 3 = L77 — 2,QF



Effects of the VLQ loops

© S5-h mixing
© Loop corrected Higgs modifiers
© Radiative decays of S



@ Though the VLQ loops Ui/ D
2A\v? M3
Vs = ( M2, M2 > ’ S h

where M.%S — bs.



@ Though the VLQ loops Ui/D;
2 2

M%’S = 2)\‘/2 5/\425/7 y
5M5h MSS

where M%S — bs.

@ At one loop level,

ysN (S S S e
5M§h — 47T2C S: S‘thF MI%‘ 4(tg —1)g(7g) — 47 + 5],
Fooi : |



@ Though the VLQ loops Ui/D;

2AvZ M2
M2 — ( 25h > y S------1  F------ h
h> 5M§h MSS
where M%S — bs.
@ At one loop level,
ysN ' s
SMZ, = 47T2C D> Ve ME|A(1R — 1)g(7R) — 472 + 5] ,
F i - -

@ Note

it Mr, = M, 5M§h =0 <= |YhFF = YRR




Modified Higgs couplings

© Through the S-h mixing to all k;.

@ Through new triangle diagrams for kg and k..

@ Both corrections are suppressed when Mg, ~ ME,.



Radiative decays of S (i)

@ The decay into a top pair is through the S-h mixing

[(S — tt) = s, [(hsm — tE)

Y
Mhgy —Ms

@ Decay into hh and VV are from the S5-h mixing and the VLQ
triangle diagrams:




Radiative decays of S (ii)

@ Decay into hh

Bhh
[(S hh C
(S — hh) = 30 ms |C|°,
where
_ySNC ~ ~ 9 I 3m%
= A2 >‘ >..‘th:'5' Cr(mn, ms, Mr,, MF;) 1 Vmssm



Radiative decays of S (iii)

@ Decay into VV, governed by A and B
T+ = T-—=-A,

2
Ty — { m52 (2A+ B)|— (A + B), if my = my, = my, #0;
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Radiative decays of S (iii)

@ Decay into VV, governed by A and B

T+ = T-—=-A,

y
Mg

Ty — an? (2A+ B) — (A+ B), if my =my, = my, #0;
0, if my, = 0 or my, = O,
where
g\z/)/SNc ~AD | 2m%/
a2 b o) ) <

)

2

gy ysNc A

By = V87T2 E | [g\?vu,-DjBT(Mui’ ij) + {Z/{ <> D}} :
I,J

where gw = g, gz = g&/cw, and 7 is the 5-h mixing angle.



The condition for the longitudinal enhancement

@ Asymptotically
AT+ B ~ O (m%//m%) if Ap =0

@ Mass differences in VLQ and thus multi VLQs are crucial to
longitudinal polarization enhancement.



Benchmark point

@ \We consider

MQ = Mu = Mp, Yu — O, YD varies.




Branching ratios of S
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W/ mass degeneracy, the decay into gg is dominant.



Branching ratios of S
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W/ mass differences, decays into hh,WW,ZZ are all significant



Total decay width of S

YD
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W/ the fixed lightest VLQ mass,
increasing mass difference mean increasing VLQ masses



Yp

Total decay width of S
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Even with increasing VLQ mass,
longitudinal polarization enhancement dominates the decay



Check with the Higgs precision
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Current VLQ search constriants for ms = 500 GeV
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8 TeV constraints from WW, hh, ZZ



Current VLQ search constriants for ms = 750 GeV
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Prospect at the 13 TeV LHC
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Conclusions

@ Longitudinal polarization enhancement in the heavy scalar boson
decay into a massive gauge boson pair can happen even at loop level.

@ In a new physics model with one singlet scalar boson and three LQ
multiplets, the crucial condition for the enhancement is sizable mass

differences among VLQs.

@ The WW and ZZ channels for a heavy scalar boson can be very
efficient.
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