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I. INTRODUCTION

We collect here the couplings of the neutral and charged Higgs bosons in the C2HDM in
the Unitary gauge. The conventions are that all particles and momenta are incoming into
the vertex. As for the SM subset we use the notation for the covariant derivatives contained
in Romao and Silva @], with all etas positive.

II. COUPLINGS
A. Couplings of neutral Higgs to Fermions

The couplings of neutral Higgs to fermions can be written in general for all the neutral
Higgs bosons of the model h; in a compact form

L= =L Flai+ibos) f b M

with the coefficients presented in table [l

Type I Type 11 Lepton Flipped
Specific
Up %"52 —icg %75 %’3@ —icg %’;375 %"52 —icg %75 %’3@ —icg %’;375
Down ]‘Z—? +icg 12’23 Y5 ]‘Z—;l —1i5g @;3 Y5 ]‘Z—? +icg 12’23 Y5 IE; — 183 IE? Y5
Leptons ]‘Z—? +icg 12’23 Y5 ]‘Z—;l —1i5g @;3 Y5 Ij—;'; —1i5g @;3 Y5 12’22 +icg Ij? Y5

Table I: Yukawa couplings of the scalar, h;, in the form a; + ib;s.

B. Couplings of charged Higgs to Fermions

The couplings of the charged Higgs to fermions can be expressed in the following La-
grangian

V2 o V2
L=y [0, 10 P+ M, i Pr| b, H™ + 5 Yu [0, 110 P+ g, P 0, HY(2)
where (1, ¥y,) = (u;,d;), (v, ¢;), for quarks and leptons in an obvious notation. The

couplings 7 g are given in table [Il In these expressions we neglect the masses of the
neutrinos, so in the last line in table [l the zeros mean that the corresponding mass in
Eq. @) is zero.



[h1, b1, b
[h1, b, hol
[h1, ha, hol
[ha, ha, hol
[h1, h1, hs]
[h1, ha, hs]
[ha, ha, hs]
[h1, h3, hs]
[ha, h3, h3]
[h3, hs, hs]

Type I|Type II| Lepton |Flipped
Specific
nt|—cotB| tanB |—cot S| tanp
77?% cot3 | cot | cotB | cotf
77% —cot 3| tanp | tanB |—cotf
nel 0 0 0 0

See Ref. |2
See Ref. |2
See Ref. |2
See Ref. [
See Ref. [
See Ref. [
See Ref. [
See Ref. [
See Ref. |2
See Ref. |2

C. Cubic interactions with Higgs

Table II: Couplings of the charged Higgs boson to fermions.

[hy, H, H™] = —i v [Im(Xs) Rys cos(8) sin(3)
+ Ryy cos(B) (A3 cos(B8)? — (Re(As) — Ay + Ay) sin(8)?)
+Ria(—(Re(As) — Az + Ag) cos(8)? sin() + Assin(B)°)]
[ho, H, H™] = —i v [Tm(Xs) Rys cos(8) sin(3)
+ Ray cos(B) (A3 cos(8)? — (Re(As) — Ay + Ay) sin(8)?)
+Rap(—(Re(As) — Az + Ag) cos(8)? sin(8) + Assin(B)°)]
[hs, H, H™] = —i v [Im(Xs) Rys cos(8) sin(3)
+ Ray cos(8) (A3 cos(8)2 — (Re(As) — Ay + Ay) sin(8)?)



+Rap(—(Re(As) — Az + Ag) cos(8)?sin(B8) + Agsin(8))|  (15)
To make contact with our previous notation E], we note that
[hi,HJr,Hi] Ei)\iUEighiH+H— (16)

where the A\; or g, g+p-can be read from Eqs. ([I3))-([I3). The \; are in the notation used
in Ref.[3] and should not be confused with the parameters in the potential.

D. Cubic interactions with Gauge bosons

One Gauge boson

(b H W) = & (= p-)! (Bug — i Ruzcos(8) +i Ry sin(5)) (17)
(ho H W] = & (pr = )" (Bas — i R cos(8) +i oy sin(8)) (18)
(has H W] = 2 (ps = p-)" (Ra — i Racos(5) + i R sin(9)) (19)
(b HY W) = 5 (1= po)” (Bua i Rz cos(8) — i Ry sin(9)) (20)
oy HY W] = 5 (b2 = p2)! (Ras + i Ry cos(8) — i Ry sin(B)) (21)
(hay W, = 5 (s = p4)" (Raa + i Raa cos(8) — i Ray sin(5)) (22)
(a2, 2 = =57 (1 = )" [(BasRon — Rz Fg) cos(8)

+(=Ri3Ra1 + Ri1Rys) sin(f)] (23)

= 5o (1= p2)" [cos(B) Ry +sin(5) R (24)

[hy, hs, ZM] = —QL (p1 — p3)" [(RisR32 — RiaRs3) cos(f3)

: +(—Ri3R31 + Ry1 R33) sin(f)] (25)
:%wrm%wmw%me@J (26)

(ha: s, 2 =~ (p2 = )" [(Ras B2 — Roa i) cos(8)
+(—RogR31 + Ro1 Rs3) sin(f)] (27)



-9 (p1 — p2)! [cos(B) Ry + sin(B) Ry (28)

2CW
[AM7H+7H ] = _Z.e<p+_p*)‘u (29)
(HY H, 2] = —i =2—(&, — s%) (py —p_)" (30)

Notice that we can also write a simplified version of the couplings h;h;Z as

[hiy hy, 2] = ﬁ (pi — pj)" €iji [cos(B) Rp1 + sin(3) Ryo) (31)

Two Gauge bosons

[h1, W:, W, ] =i gMw g [R11 cos(B) + Rizsin(5)] = i gMw g Ci (32)

[ha, W:, W, ] =i gMw g, [Ro1 cos(B) + Raa sin(f)] = i gMyw g Co (33)

[hs, W[, W] = i gMyw gy [Rsi cos(8) + Rsasin(B)] = i gMw g Cs (34)

\h,Z,, 2, =1 g¥z G [R11 cos(B) + Ripsin(B)] =i 9¥z G Ch (35)
Cw Cw

(13, 2, 2] = i 2L g, [Rox cos(8) + R sin(8)] = i =L g, C (36)
Cw Cw

\h3, Z,, Z,) =i gc—WZ G [Rs1 cos(B) + Raosin(f)] =i gc—WZ G Cs (37)

where in Eqgs. (32)-(34) and ECE B3)-([B7) we used a shortened notation to make contact
.

Sometimes it is useful to write some couplings in a shortened version. For instance we

with our previous conventions

can write
[hi, H= W] =i (pi — p-)" % (=i Rig — Riz cos(B) + R sin(f))
=i (pi —p-)" gnm-w+ (38)
where
ghinwjt = % (—’l Rig — Rig COS(B) + Ril Sln(ﬁ)) (39)
In a similar way
(i, HY, W™ = —i (pi — p)" gnm+w- (40)
where
JhH+W—- = QZZ-H*W+ (41)



E. Cubic Interactions with Goldstones

Here we collect some cubic interactions with the Goldstone bosons.
[hi, Gi, W+‘u] = — g(pl — p,)'u(Rl'l COSB + RZ'Q sin 6) =1 g(pl — p,)‘u Im(VTv>1,i+1

1
2mW

= —i(pi —p-)" Ighww (42)

[hi, GH W H] = g(pz — p)*(Ricos B+ Ripsin ) = —i g(pi — ) Im(VIV)y 0

2
1
— i (p; — I 43
i(pi — py) 2nghWW (43)
[hi, G°, Z"] = —ﬁ(po — pi)"(Ri1 cos B+ Ripsin 3)

= 5o (0 =) (V1Y) (44)

m2 , gm3.
[hi, GO, GO] = —ng—‘f;(Rll COSB + RZ'Q S11 6) = ng—:; Im(VTV)LiH (45)

m2 , gm;.

[hi, G+, Gi] = —Zg m:; (Rll COS 6 + RZ'Q S11 6) = ng—:; Im(VTV)LiH (46)
GO H" H =0 (47)
[G07 h,l-, h]] = zﬁ(mil — mi]) [sinﬁ (RHR]’;; — Ri3Rj1) -+ COSﬁ (Rl'gRjg — RiQRjg)]

=3 . (mi, —mj ) Im(VIV )i 510 (48)
mw
2 .2
[hi, GJr, Hi] = —gu <R23 - ZRZQ COSﬁ -+ ZRzl sin B)
2 my
UL Sl 0
2 mw 2,i+1
m2.,. —m2
= —1 Mghi]{—w-o— (49)
myy
2 2
[he, G~ H ] = —i %ghiHﬂ/V— (50)
W
[(WFr G* AY] = iempy g (51)
[G+7G_aAM] - _ie(p-l- _p_)ﬂ (52)
G0, G W) =T (py— py ) (53)

2



GG W) =2 (pg—p_ )

2
[GT,G™, 2" = i cos 20w (py — p)*
Cw
[GE, WFH, Z¥] = —i gmy sin® Oy g™

where
ghww = gMmw (Rzl COSB + RZ‘Q sin B) = —gmywy Im(VTV)LZ'Jrl

F. Quartic Interactions with Goldstones

Here we collect some quartic interactions with the Goldstone bosons.

[Wi’u, G$, hl', Ay] = ’l% (Rll COS 6 + Rig sin 6) g'wj

e
2mW

=1 grww 9"

G~,G" H" H | =—i [()\3 + A\y)(cos* B + sin’ )

—2sin? Bcos? B(2Re (A5) — A\p — Ao + A3 + )\4)}

G~,GT,G™,G"| = -2i {)\1 cos B + Agsin® B + 2sin® B cos? B (Re(As) + A3 + )\4)}

G~,G",HY,H"| = —2i {)\5 cos* B4+ Aisin B +sin? Bcos? BN + Ay — 2(A\3 + )\4)}

G. Quartic interactions with Higgs

[hl, hl, hl, hl] See Ref.

=

[hl, hl, hl, hg] See Ref.

=

[h1, ha, ha, ho]  See Ref.

—

[h1, ho, ha, ho]  See Ref.

—

[ha, ha, ha, ho]  See Ref.
[h1, b, iy hs]  See Ref.

—

[h1, ha, ha, hs]  See Ref.

—

o o  ow o o I ow o |

=

[hl, hg, hg, hg] See Ref.

(58)

(59)
(60)

(61)



[ho, ha, ho, h3)
[h1, hi, hs, h3)
[h1, ha, hs, h3]
[ho, ha, hs, h3]
[h1, hs, hs, h3]
[ho, h3, hs, h3]
[h3, hs, hs, hs]
(i, hy, HY, H™]
(hi,ho, HY, H™]
(Mo, ho, HY, H™]
(i, hs, HY, H™]
[ho, hs, HT, H™]
[hs, hs, HY, H™]

[HY H™ H H]|

See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.
See Ref.

H. Quartic interactions with Gauge bosons

[AM,AV,HJF,H_] = 22’ezgw

_ € . . .
(A, hy, H™, W = —Eg [Rys — i Riz cos(B) + i Ry sin(B)] g

cg

(A ho, H- W] = -y [Ra3 — i Ryg cos(B) + i Ry1 sin(B)] g
Ay ha, H W = —% [Ras — i Ray cos(B) + i Ray sin(8)] g
[Aps ha, HY W] = % [Ri3 + i Riacos(B) — i Ryysin(B)] gy
(A, ho, HY W] = % [Ra3 + @ Rog cos() — i Roy sin(8)] g

_ € . . .
(A, hs, HY W] = Eg [R33 + 1 R cos(f) — i Rsy sin(f)] g,

g2
i g;,LV

HY H W W, =i

o i i w o o R ow G o O o o o .

=

P T W W e e e e o e e W W W W



o],

[hl,hl,W:,W;] =1 g“,,

[h17h27W:7Wl/_] :0

2

(o, o, WiF, W] :z’%gw
[h17h37W:7W17] =0
[h27h37WJ7W;] =0
2
[hg,hg,W:,W;] =1 %guu
_ . €9
[A,tu H+7 H 7ZI/] =1 _<C%/V - S%V)gl“’
Cw
2
e . . .
[hl, Hi, WJ, Z,/] = E [R13 — ZR12 COS(ﬁ) + ZRH sm(ﬁ)] gl“/
2
(& . . .
[hg, Hi, W:, Z,/] = E [R23 — ZR22 COS(ﬁ) + ZRQl sm(ﬁ)] gl“/
2
(& . . .
[hg, Hi, W:, Z,/] = E [R33 — ZR32 COS(ﬁ) + ZR31 sm(ﬁ)] gl“/
2
e . . .
[hl, HJr’ W;, Z,/] = —E [ng + ZR12 COS(ﬁ) — ZRU sm(ﬁ)] gl“’
2
€ . . .
lho, HY\ W, Z,] = . [Rag + i Rao cos(8) — i Roy sin(B)] g,u
w
2
e . . .
lhs, HY\ W, Z,] = T [Rs3 + i Rgo cos(8) — i Ray sin(B)] g,u
HY H. Z Z]—ig—2( 2, 52)?2
) y Hpy Hu) — 202 w w g;w
4%
2
.9
[hl,hl,Z 7Zu] =155 9w
I 26%/[/ I

[hh h27 Z;m Zl/] =0

g2

[h27 h’27 Z,Lu Zl/] =1 %guu

[hhh'?nZ,mZu] =0
[h27h'3uz,u7zu] =0

(100)

(101)

(102)

(103)

(104)

(105)

(106)
(107)
(108)

(109)
(110)



2
[hs, by, Z, Z,) = i =2 (111)

%guu
We can use Eq. ([B9) to write,
(A, hi, H W = —ie gnu-w+ G (112)
[A;m hi, HY, W, = —iegi;.mw G (113)

ITII. FORMULAS FOR THE DECAY WIDTHS WITH CHARGED HIGGS

We collect here relevant formulas for the decays of neutral and charged Higgs.

A. Decays of Neutral Higgs
1. Decay of Neutral Higgs into Charged Higgs

We get for the decay h; — HT + H™,

2 2
. - 4
D(hy — H* + H~) = Jhtionz fy 2 (114)
16mmy, mp,

where gp, y+p- is given in Eq. (I6]).

2. Decay of Neutral Higgs into Charged Higgs and W boson

We also have the decay into charged Higgs and W bosons,
- - L TR TR 2
D(hi = W™+ HT) = |gnorew-[" 75 A (miy, mig+; my, ) (115)
™ Mmiy

where

A(:c,y;z):\/(l—f—gy—zl% (116)

z oz 22
and the coupling gp, y+w- is given in Eq. (89). One should note that in the literature there
are different definitions of the A\ function. Ours it is dimensionless, and it includes the

square root. We also divide by the last argument, and the arguments are the squares of
the masses.

10



3. Decay of Neutral Higgs into Charged Higgs and off-shell W boson

We also want the decay h; — W** + H~ with an off-shell W* boson. This can be done
using the method explained in Ref.|4]. In fact we can write the result, for massless decay
products of the W*, in the form,

T'w M
D(hy — W*H™) /dA2 |DWA2V|V2 o(A) (117)
where
2 mj, 3/A2 2 2
Lo(A) = [gn,m+w-] T6mm2 AN (A%, mipe;my,,) (118)
W

is the on-shell decay for a boson with k&* = A2, and the denominator is from the off-shell
propagator,
[D(A%)]? = (A% = miy)? + miy Ty (119)

The integral in Eq. (II7) in not easy to give in analytic form, but it can be done numerically.
For this we introduce the following variables,

r 2 FEy-
.[L'W:@, TH = mH+7 5:—W7 Yy = il (120)
mp, mp, mp, mp,
where Ep- is the the energy of the recoiling H~. Using
2 2 2
my. + M+ — A
Eyg- = — 121
" e (121)
we finally get
'wvm
U(hi — W*" +H") = #L‘]h wiw-PR(xy, tw, ) (122)
where the function R is given by
3/2
R 5= [y (v~ aat)” 123
(wn, 20,9) _/z;pH 4 (1+ 2% — 2%, —y)? + a} 02 (123)

B. Decay of Charged Higgs
1. Decay of Charged Higgs into Fermions
For the decay into quarks, like HT — t + b we have, without radiative corrections,
+ 3G My 2 2 2. 2 a2 a2
D(H" = t+4B) == [V PA(m7, mg; mips) [(1 = 20 — m) (nfwe + 0 )
A7t/2

— 4,y 77%7)}1%} (124)

11



where

2 2
m m
=, D= (125)
My My

and the 7’s can be read from Tabldlll For the other families the same formula can be used
with obvious modifications. For the decays into charged leptons, we neglect the neutrino
masses and obtain

GFmH+ m2 2

THT =" +7)=—F7mi|1——~]| 72 126
( 5) 47T\/§ {4 m%{-% Ui ( )

2.  Decay of Charged Higgs into Gauge Bosons

We have
m3
D(HT = W+ k) = |gnarw- | = A (i, my, s mipe) (127)
167 m¥,

3. Decay of Charged Higgs into off-shell Gauge Bosons

We also want the decay H™ — W** + h; with an off-shell W* boson. This again can
be done using the method explained in Ref. M] In fact we can write the result, for massless
decay products of the W*, in the form,

T'w M
D(H — W* + hy) / an, TR sz\z o(A) (128)
where
Fo(A) = [gnow- P X(A?, ? i) (129)
1 16mmz, " o

is the on-shell decay for a boson with k* = A2, and the denominator is from the off-shell
propagator,

[D(A%)]? = (A% = miy)? + miy Ty (130)
We notice that these expressions are just what we had in Eq. (IT7) and Eq. (II8), with the

exchange of h; <> H~. The integral will have the same form if we introduce the variables,

: r 2 E),
- myy - M, 5= w oy = hi (131)
M+ M+ M+ M+

where now L}, is the the energy of the recoiling h;. In the same way we get,

FW M+

+ *+
FHT™ > W""+h;) = 6m2m

|gh H+W-— | R(ZL‘h,ZL‘w,é) (132)

where the function R function was given before in Eq. (I23). The agreement can be seen
in Fig. [

12
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Figure 1: Comparison of the off-shell formula with the on-shell case. In blue we use Eq. (I22]) and
in red Eq. (I27). We put the dimensionless coupling |g, g+ - |2 =1.

IV. COMPARISON WITH THE FORMULAS IN HDECAY

As there were some differences for the off-shell decays with W and Z bosons we address
the comparison here.
A. Decay h;— > H™ +W**

We start from our result, Eqs. (I22)) and (I23)), which we write here again,

_ L'y mp,
D(hi = W 4 H™) = o5 lgnrew— | Rz, 2w, ow) (133)

13



where the function R is given by

T ( (v — 4s)"”

R(zi, 70, 0) = / (134)

2wy L+ a¥ —ad, —y)2+ 23,03,

To make contact with the expression in HDecay, Eq. (131) of Spira’s hep-ph/9705337, we
first write our couplings in terms of the definition of HDecay (which we denote with an hat)

g .
Ih,H+W—- = 5 Gh; H+W— (135)

and use the theoretical formula for the width of the W,

3Gpm3
s = 4 136
w 27T\/§ ( )
to obtain
_ 3GF 92m2 my,.
C(hi = W*t + H™) =|gn.grw- | W_"" Ry, vw, 0 137
( + H7) =[gnm+w-| 128751/3 (xm, 2w, ow) (137)
. 3GZmiymy,
:|ghiH+W_|2%3mR<xH7xW75W) (138)
327
9GZms,my,. 1
A 2 oy oh,
=|Gn,r+w-| T 1608 6 R(zy, zw, ow) (139)
which leads to the identification (in the limit oy — 0)
1
GHiWJF = 6 R(ZL‘H,I‘W, 5W — 0) (140)

I have verified numerically that this is correct. Now, why do we still have a small difference
when comparing the outputs? The reason is that I have used the experimental width of
the W and in the above formula we used the theoretical result. Putting numbers,

Fexp
TP =2.0843GeV, T'ib =2.04339741 GeV, Fl 1.0200169 (141)

th
w

In conclusion, my result for the off-shell decays of the W should be higher by that factor.
I verified that this is indeed the case.

B. Decay h;— > h; +Z
1. The expression

Our result now reads

L'z mp,

hin;z|* R, 22, 07) (142)

14



where the function R was given before and

, r
ZL‘hj :mhj, ZL‘Z:%, 5Z:—Z . (143)
mp, mp,

7 7

Now we put the couplings in the HDecay notation

g .
ez = ——Gn.h, 144
Ghih;Z 2 oy 9hih;Z (144)

and use the theoretical width of the Z,

3
th o 9GFmZ

zZ 3\/§7T 5,2 (145)
where
6, = T E52 @54 (146)
Zo12 9T T
Putting everything together we have
9G pm?2 g*
A 2 Z !
P(hz — hj + Z) _|ghihjZ| 71927(3 20%[/52 R($hj,l‘z,5z) (147)
. 9G2m}
:|ghihjz|2 #WZ R(xhﬁva 62) (148)
. 9G2m? 1
=[Gnin;2|* 8:;3 24, ¢ @n;, v2,02) (149)

Now if we use the identification of Eq. (I40) we agree with Eq. (130) of Spira without the
extra % factor.

2. The theoretical and experimental width

As before our way of doing, using the experimental width will differ slightly from HDecay.
Putting numbers we get

exp

r
[P = 2.494270 GeV, D' = 2.4415103GeV, —Z— = 1.02161 (150)
ry

3. Numerical precision

For Point 3 we agree after we introduce the above corrections: factor of two and the
ratio of the experimental width over the theoretical formula. However for Point 2, even
after we introduce the previous corrections we are not in complete agreement for the decay
hs — ho + Z. Also if I implement the Spira formula I get a different result from Maggie.
I believe that this is due to numerical problems with the formula for HVH (or G;;) for X
very close to 1. We are getting a number of order 10! subtracting numbers close to 1.

15



In my way of doing things the integral is very well behaved in the whole interval, in fact
the function is almost constant. I checked with Mathematica and then I get a result very
close to Maggie’s, which is off by the factor of two. It turns out that my compiler gets less
precise there.

In summary:

e For h;— > H™ + W™t we agree except for the correction factor for the widths. Note
that here the charged Higgs is some GeVs away from hs, so no precision problems.

e h,— > hj+ Z I think that the factor 1/2 should not be there. Also we need to correct
for the ratio of widths. But for the case where he masses are almost degenerate I get
problems with G;; and HVH. For Point 3 where this does not occur precision is not
a problem and with the above corrections we agree.
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