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e Introduction

e Bosonic decays of charged Higgs: H* — W*A/W*h,
( h-SM like and H-SM like)

e Charged Higgs production: W-Higgs fusion: pp — H*bj

e subprocess W*b — bH™ and unitarity

e Numerical results (constraints from 7 data in the (ma, tan j3)
plan).
e Conclusions

Abdesslam Arhrib Enhanced charged Higgs production through W-Higgs fusion



Introduction:

After the Scalar boson discovery at 7@ 8 TeV LHC, the mission of
the LHC run at 13 TeV is:

e The improvement of the scalar boson mass and scalar
boson coupling measurements.

e Find a clear hint of new physics beyond SM
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Introduction:

After the Scalar boson discovery at 7@ 8 TeV LHC, the mission of
the LHC run at 13 TeV is:

e The improvement of the scalar boson mass and scalar
boson coupling measurements.

e Find a clear hint of new physics beyond SM

e Accurate measurements of the scalar boson couplings
to SM particles would help to determine if the
Higgs-like particle is the SM Higgs or a Higgs that
belongs to a higher representations:
more doublets, doublet & triplets, doublet & singlets

e Most of the High representations predicts: singly
and/or doubly charged Higgs
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2HDM: G. Branco et al Phys rep'2012

o — 2 o é3
1 %(vl—i—(b(l)%—ial) ' 2= %(V2+¢8+I.a2) ’

—Ly = 3 [ QY3 @adp+ Qu Vg Baup + L V7 Ol +hc|
a=1,2

leads to FCNCs at tree level.
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2HDM: G. Branco et al Phys rep'2012

¢ = ( ¢+o ;o $o = 1 (b;o - :
f(V1+<Z> ia1) ﬁ(V2+¢2+’32)

—Ly = 3 [ QY3 @adp+ Qu Vg Baup + L V7 Ol +hc|
a=1,2
leads to FCNCs at tree level.
e Classification of 2HDMs satisfying the Glashow-Weinberg
condition which guarantees the absence of tree-level FCNC.

Type-I Yld =0, Yg =0

Type-lI Yyl = Y3€ =0
Type-lll (X) | Yi,=Y7=0
Type-1V (Y) YL},Z =Y7=0
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2HDM:

&1 = ! L Py = #2
' Fa+ed+ia) ) TP (et e tian) |

o first rotate a; and qﬁf in order to obtain the goldstones G°, G*
o CP-odd A® = —sga; + cgap and a pair of H* = —s3¢T + cpos.
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2HDM:

Oy = & Oy = &
! St tia) ) TP T+ +im) |

o first rotate a; and qﬁf in order to obtain the goldstones G°, G*
o CP-odd A® = —sga; + cgap and a pair of H* = —s3¢T + cpos.
e In the general case with CP violation, the neutral mass matrix
M3 is diagonalized by an orthogonal 3 x 3 matrix O:

(¢9,99,3), = Oai(H1, Ha, Hs)]

such that 0T M20 = diag(Mg, , M, , M,z_,3) with
Muy, < My, < My,.
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Lyzr = f( +1Yf’75>in,

2mW
Lysw = +ﬁmW5(CL P, +crPr)tH™ + h.c.,
Luvw = —g,:—v‘; (cos 3Og,i + sin BO0y,i) gu V*V”
H; vV
Lupews = —2(5+iP) [H‘ (i 5;) H,} W+ he.
Si = c304,i —5804,i, Pi= 0,
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m -
Lyzr = _2ngf(Y +1Yf’75>in,
m —
Lrewy = +—2 B(c PL+crPR)tH™ + hec.,
V2my
m .
Luw = _gcv\; (cos 3Og,i + sin BO0y,i) gu V*V”
H; vV
g . (. -
Lhynzw= = —E(Si—l—lP;) H™(i0u,) Hi| W™ + h.c.,
Sio= CBO¢>2I'_550¢1I'7 Pi = O,

Sum rules: (B.Grzadkowski et al PRD'1999):
o Y, (H;W)? =1

o (HHVV)? + |HEWTH;|? =1for i =1,2,3
o sin? B[(Y2,)? + (Y7)?] +cos® B[(Y73,)? + (Y, = 1
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Charged Higgs production

o Light charged Higgs, i.e, with my4 < my — my: are copiously
produced from tt production pp — tt — tbH™ + c.c.
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Charged Higgs production

o Light charged Higgs, i.e, with my4 < my — my: are copiously
produced from tt production pp — tt — thH™ + c.c.
@ various direct production modes:
QCD: gb — tH™ and gg — thH™,
gg — W*HT (loop),
bb — WEHT
qq —~v,Z = HTH™,
gg — HTH ™ (loop)
qg — W* — ¢H* where ¢ = h°, HO, A,
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Charged Higgs production

o Light charged Higgs, i.e, with my4 < my — my: are copiously
produced from tt production pp — tt — thH™ + c.c.
@ various direct production modes:
QCD: gb — tH™ and gg — thH™,
gg — W*HT (loop),
bb — WEHT
qq —~v,Z = HTH™,
gg — HTH ™ (loop)
qg — W* — ¢H* where ¢ = h°, HO, A,
@ Resonant production: ¢35, cb — H*

e W — Higgs fusion : gb — q'H™b
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H* decays: tan 3 = 4.5, my = 300 GeV, (left) my = 125

GeV (right) ma = 90 GeV: 2HDM-I
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H* — tb vs HE — WA/Wh: my = 300 GeV, mj o = 125 GeV, my+ = 170 GeV

Yellow excluded by data, black by theoretical constraints
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very light A%: tan 3 300 GeV, sin([
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19.7 fb™ (8 TeV)

L CMS t-HbH -ty

1, +jets final state
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ATLAS and CMS Limits from HE — ¢35 are weaker.
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ATLAS and CMS Limit on H*: low mass

19.7 fb™ (8 TeV)

S SNBSS —————— UL A A
7 [ CMS t - HbH - v, |
T T, *jets final state 1
o L —a— Observed d j; F A#'LAS ‘ ‘ ‘ ‘ ‘ ™
>f:: EEE Expected median * 1o ; F —+«— Observed CLs Tata 2012 . E
f Expected median * 20 o [ Expected Ldt=19.5fb ]
@ 10? Tl o \s=8TeV -
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ATLAS and CMS Limits from HE — ¢35 are weaker.

M(t—bH*
Br(t — bHT) = F(t—)blgli—)>+r(t)—>bW) . depends only on

(tan/B7 mHi)
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Implication for 2HDM

@ In 2HDM-II and IV: my4 > 480 GeV for any tan 8
@ in 2HDM-I my4+ > 100 GeV: for tan5 > 1.5

@ in 2HDM-III, light charged Higgs < 200 GeV with large
tan 8 > 30 is excluded from 7 — uvv
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Implication for 2HDM: (left) 2HDM-I, (right) 2HDM-III,

WA open for my = 40 GeV
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H-SM like

2HDM-| with m;, +m, <m,
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Comparison: o(pp — tF) x BR(t — Hb) vs. L;0(qq’ — H*h;)
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W — H; fusion: gb — g'H'b

@ In 2HDM:ZW=*HTF mediated at 1-loop ;

o W-Z fusion process to produce H* is very suppressed

( )

@ W-Z fusion possible only in Model with triplet representation
such as Georgi-Machacek model

( )

e W — H; fusion process
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Subprocess W™ b — H™ b and unitarity

o In gb/b— q'"H* b/b the dominant contribution comes from
the region where the W emitted from the incoming quark g is
close to on shell and one can approximately represent the
process by W — b or W — b scattering

o W¥(q1) b(p1) — H"(qz2) b(p2)
W*(q1) b(p1) — H*(g2) b(p2)

@ use the effective W approximation

H H

e .-~
W Hy Ty
Hi w < Hii
| A b |

IS NS BEPES S

b b
a b c d
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The interactions needed for these subprocesses can be obtained
from the Yukawa interactions and from the covariant derivatives:

£H,'Bb = _%E<KS+IKP75>[JHH
Lyt = +\/%n;b B(CL P.+crPr)tH  + h.c.,
w
8 . _{(. 5 Tu
£H,’HiWi = —5 (5, + IP,') H I 8# H,‘ W + h.c. 5
Sio= Cﬁo¢>2i - 550¢>1i7 P; = O,
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The interactions needed for these subprocesses can be obtained
from the Yukawa interactions and from the covariant derivatives:

mp — .
Lybp = —5717:‘/ b (YIS +1i YiP75> bHi,
Lyt = + b B(CL P.+crPr)tH  + h.c.,
V2mw
L — _E&siwip) |H (i0,)H| w1
HHEws = =2 (Si+iP) i 0y | Hi + h.c.,
5,' = CgO@,’ — SgOm,’, P,' = Oa,'
In type Il and IV:
1 Oy, i
¢ =tanp, CR:ﬁi; Yiszﬂ, Y,-P:—tanﬁOa;
myp, tan 8 cs
in types | and Il
Cc = —i, CR = ﬁ 71 ; \/IS = O¢2I R \/IP = 703,
tan 3 myp tan 3 3 tan 8
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The amplitude of each diagram for W™ (q1)b(p1) — H™(q2)b(p2)

reads
_gzmva - ,
Mp) = m{”(m)(q p,¢(q1)PL + crme¢(q1)Pr)u(pr)
—o2m 4P
sl = ZEmSIE B (0 pye(an) (a(p)(VE + 1Y s u(py

4mw(t — MI2-I,)

s=(pr+ @) =(p2+ @)’ t=(p1—p2)* = (32— q1)*,
u=(p1—q)? = (p2 — q1)? and ¢"(q1) polarization vector of W,
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In the high-energy limit, s, [t[, |u| > m3,, m?, Mlz_, , M2, we find
that

M= Mb)+ZMa) L '"bx
W

U(p2)Pru(p1) +

{ [Z(Siy,-s —PYP) + ,'Z(S,-Y,-P +P;Y?)

qu +Y (S + P,-Y,-P)> —iy (SYF = PYP)

we have taken:

e longitudinally polarized W: €"(q1) = q}/mw = (p; — p')/mw
e p;: top quark momenta p? = s.

e the square of the momenta of H; is pH (p1 — p2)? =t

D(Pz)'DLU(Pl)}
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We note that, in the high-energy limit,

> (Sig? — Pigl)

2
}(—f)

2
M o { 20+ ) (Sig? + Pigl)| +

2
+|D_(=Sigl + Pig?)

i

+1> (Sigl + Pig?)
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We note that, in the high-energy limit,
2

> (Sig? — Pigl)

2
}(—f)

therefore the absence of this unitarity-breaking term requires the
following three types of sum rules:

) 2cL—|—Z (S;Y°+PYP)=0,

H)Zsys ZPY and III)ZSYP ZPYS

2
M o { 20+ ) (Sig? + Pigl)| +

2

+|> (=Sl + Pig?)

i

+1> (Sigl + Pig?)

i
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We note that, in the high-energy limit,
2

> (Sig? — Pigl)

2
}(—t)

therefore the absence of this unitarity-breaking term requires the
following three types of sum rules:

i) 2cL+Z (S;Y° +PYP)y=0,

H)Zsys ZPY and III)ZSYP ZPYS

e The first one gives the relation between tbH™ coupling and
W*HTH; and H;bb: (Y?S; + YFP)

e The second relation shows the sum over the Higgs states of the
scalar products should be the same as that of the pseudoscalar.
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Proof in 2HDM-1I

. Opqi
i 3257 = 32i((c800mi — 55 0pi) 22 = —tan 3

> PiYP =3, 0si(—tan $0,) = —tan B

then: Zi 5,'YI-S = Z,- P,'Y,-P
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Proof in 2HDM-1I

. Opqi
i 3257 = 32i((c800mi — 55 0pi) 22 = —tan 3

> PiYP =3, 0si(—tan $0,) = —tan B

then: Zi 5,'YI-S = Z,- P,'Y,-P

P 2c+ Y (SiYPH+PYP)=2tan B+, S Y+, PiYP =0
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Proof in 2HDM-1I

. Opqi
i 3257 = 32i((c800mi — 55 0pi) 22 = —tan 3

> PiYP =3, 0si(—tan $0,) = —tan B

then: Zi 5,'YI-S = Z,- P,'Y,-P

P 2c+ Y (SiYPH+PYP)=2tan B+, S Y+, PiYP =0

it 32, SiYP = 3i((c804,i — 5304,i)(—tan $0,;) = 0

Z,'Piyisz0
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Subprocess cross section: strong cancellation

MSSM: My =~ My ~ 400 GeV, tan 3 =30

a b c
100 T T op T T T T 100 T T T ‘tO‘p

g 10 |4 top+A g 10 / top+A

= 1 = :

tr E: .

N N

+§ 0.1 all :; all

T ool g ol
0.001 R 0.01 PN

012 3 45 6 7 8 910 01 2 3 45 6 7 8 910

VS (TeV) ¥S (TeV)
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{gb,qb} — q'H*b at LHC-14 TeV

Cross section (pb)

102 10
" toponly —— ~ ~ toponly ——
\ ", qb>qH"'b+CC ] . qb->q H"b+CC ]
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10° 1 8 P ]
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2
> 8
10 §
10° 1
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pp — jH™b at LHC 14 TeV

a b c d
10
toponly ——
f Sum pony
10 tan p=30,sina=-cosp top+A q
top+H
10° E
all s

Cross section (pb)
3

100 150 200 250 300 350 400 450 500
My=Ma=My; (GeV)
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Large tan 5 and 7 data at the LHC 7 6 8 TeV

2HDM-1 , IV: A%77 o L 2HDM-II , 1l A% 7 tan g

tan g3
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pp — jH* b and light A°

10°
107 Type I, Ill 1 Type Il IV
tan =1 Myp+=M,=300 GeV e 50 Myy+=M,,=300 Ge
2 1l =
810 8 10" 30 E
c c
S S 1
2 5 2 ]
g 10° 18
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g 15 § 10 E
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Conclusions

@ In 2HDM-I there is regions of the parameter space compliant
with theoretical and experimental constraints yielding
substantial BRs for HT — W**h/W**A in which the
my+ < m; — mp, wherein W — v (I = e, ).

e o(pp — tt — tbH* — tbWA) could be sizeable
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Conclusions

@ In 2HDM-I there is regions of the parameter space compliant
with theoretical and experimental constraints yielding
substantial BRs for HT — W**h/W**A in which the
my+ < m; — mp, wherein W — v (I = e, ).

e o(pp — tt — tbH* — tbWA) could be sizeable

o We studied b- and b-initiated processes of pp — jHTb/b in
the 2HDM at the LHC-14 in the decoupling limit

@ Due to unitarity, we have shown strong cancellations between
the top diagram and the W-H;(H; = h, H, A) diagrams which
rendered the process very suppressed.

o Light CP-odd can enhance pp — jH*b/b
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