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Introduction

e Flavour in Two Higgs Doublet Model (2HDM) means suppress or
control Flavour Changing Neutral Currents (FCNC)

@ A natural scenario is using symmetries to avoid or suppress FCNC.

o A Z, symmetry a la Glashow-Weinberg leads to Natural Flavour
Conservation (NFC) in the scalar sector.

@ Beyond NFC there are 2HDM MODELS - enforced by symmetries-
that give rise to FCNC controlled by Vi realizing the Minimal
Flavour Violation (MFV) idea.

@ These are the so called BGL models (Branco, Grimus, Lavoura) that
have FCNC in the up or in the down sector, but not in both.

@ We will try to confront BGL models to charged Higgs data, in
particular to some hints related to a light charged Higgs.

@ We will use the framework of the so called generalized BGL models
(gBGL).
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2HDM |

@ The quark Yukawa sector of the 2HDM
Ly = —Qr (I1P1 + I®;) dp — Q. (A1q~>1 + A26132) ur +.h.c.
o With the vev's given by (®;)" = e (10 v;//2 ) we define the

Higgs basis by (H1)" = (0 v/v2 ), ()" =(0 0),v®=
v+ 03, g =v1/v,53 =V2/V,tg = v2/V1

e 1P, _ (s s Hy
efi92q)2 o Sg —Cp Hy

then we have

= ( (v+HOi+fc°)/ﬁ) e ( (ROﬂZ)/ﬁ)
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2HDM I

o G* and GY longitudinal degrees of freedom of W+ and Z°.

o H™ new charged Higgs bosons.

o A new CP odd scalar (if we have CP invariant Higgs potential).
o HO and RO CP even scalars. H? has the SM Higgs couplings.

@ The Lagrangian in the Higgs basis:

— V2 — /2 ~ ~
Ly = _QL\/l; (MJH: + NGH>) dg — QL\/l; (MSH1 + NSHz) UR
+h.c
/\/IS = (C/grl + €' SﬁFQ)

(sﬁfl — e cﬁF2>

SESE
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2HDM 11l

<C5A1 + e sﬁA2>

(sﬁAl — e C/3A2>

SESE

o The mass basis is obtained by bidiagonalizing M9, M9

Uit Mg Ug
urtMOug

My = diag (mg, ms, mp)

M, = diag (mur mc, mt)

The components of H; (HO, GO) are coupled in a flavour diagonal way.
e In the mass basis the neutral components of H, (RO, A) generate

FCNC proportional to the arbitrary matrices

dt p0
Ng = Uf N8UR
Ny = UL”*/\/

F.J.B. (IFIC, U.Valencia-CSIC) BGL vs Ht data 3 September 2024 5/ 40



2HDM IV

@ The components of H; and H, in the quark mass basis interact with

2H
Ly = — \[v o (VNd'yR — N} vn) d+ h.e.

HO _
—= (aM,u+ My d)

RO _

- [U(NuvR + Nfy ) u+d(Ngyg + Niv,) d}
AT -

+1; [u(Nu'yR - NI'yL)u —d(Ngyg — N:;’)’L) d]

e The flavour is in My, My, Ny, Ny and the CKM matrix V = Uf*Uf.

o It is trivial that the couplings N,, N, that appear with the new
neutral Higgs R° and A ( in general non diagonal ) also appear in
the charged Higgs H* couplings.

e This last statement will be the key to analyze how the flavour
structure of BGL models confront with the experimental data.
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The BGL models |

@ Remarkably enough it was shown that renormalizable models
enforced by flavour symmetries (Branco, Grimus, Lavoura) realize
the most simple MFV expansion with controlled FCNC. For
example one BGL model is enforced by the U (1) flavour symmetry

Qu, — €%Qu, ; ur, — eug, ; Dy — e P,

In the quark mass basis it correspond to the model defined by the
MFV expansion —(P3),-j = 030)3-
Ny = USTNOUS = [tﬁ/ _ <t5+ tgl) VP, v} M,
Ny = UFNOUS = [l — (t5+ 65 ) P3| My
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The BGL models Il

or —aL (F1<I>1 + FQCDQ) drp — GL (Alél + AQ&)Q) ug to the model
with the following Yukawa couplings

X X X 0 0 O

Iy = X X X I' = 0O 0 O
0 0 O X X X

X x 0 0 0 O

A = X x 0 DAy = 0 0 O
0 0 O 0 0 x

This model is called a top type model after ug, = tg.
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The BGL models IlI

@ In the quark sector we have three up type models
(u1 = u, uy = ¢, u3 = t) defined by the following symmetries and
with the corresponding couplings

Qu .= e"Qu [ (Ny); = [tﬁ‘sif - (tﬁ + tﬁ_1> V/Zij} mj
UR, — e/2auRk

dy — e "D, (Nu)ij = [tﬁ — (tlg + tﬁ_l) (5,'/(] 5,-jmuj

They have FCNC in the down sector Ny.
e And three down type models (d; = d,d» = s,d3 = b)

QL — ﬁi“QLk (Ng);; = [t/; — (t/s + tgl) 5/4 dijmy;
G Loy = [ (s ) v m,

They have FCNC in the up sector N,.
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The BGL models IV

o BGL models have FCNC either in the up or in the down sector
never in both

@ A general BGL model is defined both in the quark and in the leptonic
sector. There are 6 different models grouped by having FCNC either
in the up or down sector and 36 if we include the leptonic sector.

@ All BGL models are invariant under ®, — e'*®,. Therefore the
Higgs potential should be the CP conserving

Vo= 010+ 12,050, — my; (00, + dley )
1275 (@1@1) (010;) + 214 (@10, (011
2 2
+A4 (‘DICI%) + As (‘D;rq)z)

where a soft breaking term has been introduced to avoid a Goldstone
boson.
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The BGL models V

@ By expanding the neutral scalar components around their vacuum

. 0 _ i0; .
expectation values @7 = i@ (vj + p; + in;) we can connect the

neutral real mass eigenstates with the neutral fields in the Higgs basis:
H\ cosa  sinx 01
h )\ —sina cosa 0y
HO . C‘3 5‘3 01
RO o S/g —Clg |2

The relevant angle is (B — &) : cgy = cos (B — &), sgy = sin (B — a)

()=(5 2)()
R —S‘[ga C,B“ h
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The BGL models VI

@ The Yukawa couplings of the 125 GeV scalar is for all type of
fermions f

Lz = —fYOfeh+hc
1
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Generalized BGL models: gBGL |

@ The generalized BGL models (gBGL) are implemented through a 2,
symmetry, where ug and dgr are even and only one of the scalars
doublets and one of the left-handed quark doublets are odd:

Qu, = — Qs dr = dr; uUp = ug ; Py — =Dy ; O — Py

@ Now the Yukawa textures are:

X X X 0O 0 O
= x x x s ITho=1 0 0 O
0 0 O X X X
X X X 0 0 O
Al = X X X ; AQ = 0 0 O
0 0 O X X X
Obviously they include both up-type and down-type BGL

models.
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Generalized BGL models: gBGL Il

@ This time, in the quark sector, the model is fully defined , in the mass
basis, by

(V) = [tady— (b + &) Aty | mu,
(Nd)ij = [tﬁé,-j — <tﬁ+t ) ng)n [ I } mg;

where it can be chosen

_ ~ o (dt
s = (Uf"),, and g = (Uf"),
in such a way that
)i = Vi)

the new free parameters are two angles to define the unitary vector
ﬁ[u] or /ﬁ[d] and two phases of the three complex component
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Generalized BGL models: gBGL Il

o Note that N“ and N9, in BGL models, inherit from the standard
Yukawa couplings the masses and V. gBGL models additionally
inherit also a unitary vector from Z/{i”, introducing four additional
parameters.

@ This is the generalization of BGL models that correspond to the down
models (d, s, b)

R 1 0 R 0
d[d] = 0 ) S[d] = 1 ’ b[d] = 0
0 0 1

R Vud Vus . Vub
d[u} = Ved ) /S\M = Ves , b[u] - Veb
th Vts th
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Generalized BGL models: gBGL IV

@ and for the up models

1 0 0
/J[u] = 0 ; /C\M = 1 ; t[u] = 0
1
or
Ve (e Va
Ug = | Vis C Ca = | V& Dot = | Vi
ub Vb Vib
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Generalized BGL models: gBGL V

@ The Higgs sector coincides with the Glashow-Weinberg NFC model.
Both have the Z, symmetry

V o= 12,070 + 12,050, + [Ag, (q>{<1>2)2 + h.c.]
1275 (@1®1) (01@;) + 214 (@10, (011
A (@{@)2 + Ao (cb;f%)z
we do not need the softly breaking piece (m12CI>I<I> + h.c.) , therefore
there is no CP violation in the Higgs sector and the physical Higgs

fields are defined as in the BGL case by H, h and the unmixed
pseudoscalar A.
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The charged Higgs couplings |

o If we write

L=-ya (V"L+ Y[ R) diH* + he
7
—21/, (V)L +Y"R) H* + hc.

@ In general we have

V2 V2

Y(u) — _7Nu+\/ . Y(d) — VNd
v ' v
V2 V2
Yy = —TN’”UJ ; Y<’>:7UJN’

where V is the CKM matrix and U the PMNS matrix.
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The charged Higgs couplings Il

@ For our fits we need (yq,. = \ﬁmqi/v> , (in gBGL)

(10)y = 0l (),

idj

= —F =R
FLEI-ud)J- — _tﬁ VUidj + (tﬁ + t/3_1> /ﬁ[”]’ﬁrd]l
W) | @ |
T + . — u
T (HY - ud) = ‘(Y )u,.dj + (Y )u,.dj]
2
= (2 +v) RS

where we have introduced the reduced rate T (H+ — u,-dj)
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The charged Higgs couplings Il

@ In the BGL model g, we have

@] _ 2 (q)
‘Fu,-dj - |Vuldj‘ gu,-;j

with

g = t5? Ui = qe or dj = qi
uid; té : other cases

@ In the leptonic sector we get

().,

"

2

~

T (H+ . v,-/j*) —
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The charged Higgs couplings IV

@ In the BGL L, = v, |, model we get

(L)

2 .2
:‘U,j,/i 8,1

'

l/,'/

with
(L) tgz;V;:LkOI’/j:Lk
o tg; other cases
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Rates and branching ratios |

@ The relevant hadronic rates for us are:

[ (H" — udj) = 31,2": (1 + 17“53(:H+)> r (HY — uid;)

and the leptonic one will be

+ g+ — MHA T (g+ s
r(H —>1/,IJ->—167_(1“<H _>V,/j>

the total hadronic and leptonic rates are

3my+ 17065 (m +) -~
+ - H H
Ir(H - Q) = o (1+3n )r( — Q)
T (H+ — Q) = Z T (HJr — u,-gj)
dj-li::dl{gb
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Rates and branching ratios |l

T(H"— L) = i ( f)ZTg;f(W_’L)
T(Ht = 1) = if( - vilt)

e In BGL model (g, /), because

and
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Rates and branching ratios Il

F.J.B.

(a./)

and the 8y d: factors are either té or t/§2 we have
idj

Tigu) (HY) ~ (a(Q,L)tg + b(Q,L)t[;Q) x 1074 GeV

aqu = L11xAg+256xA,
by = L11xBg+256x B,
with
Auce = (1.045,6.7 x 107*,1.045) ; B, c,r = (6.7 x 107*,1.045,0)
Agsp = (0.9942,0.1016, 1. 0058) ; By.s. = (0.051,0.95,0.0387)
Z\V1 vows = (0.82,0.63,0.51); By,.1,., = (0.16,0.35,0.47)
Aepr=(1,1,3%x1073); Bepur = (0,3 x1073,1)
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Data on top going to b and charged Higgs |

o ATLAS [2302.11739] presented results on the search of a light
charged Higgs boson in the t — H™b decay, with H™ — cb. The

largest excess in data is my+ = 130 GeV with a local significance of
30. The best fit is

Br(t — Hb) Br (H* — cb) = (1.6 +£0.6) x 107>

If we write
_ Iyq (t — H+b) _ P _
2
= 022x% (y2+y2) Ft(;’))
In BGL models
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Data on top going to b and charged Higgs Il

£ ‘2

2
el IS IVAEPSNY

By = 0.198g 7

with

@) té ig=u,c,s,d
S cqg=1t,b

We also have in BGL

16T 37T

3my+ 17 (mH+)
= 1+ — 7
167 ( + 3

Ty (H* —cb) — mu (1 T 17"‘(’"”)) T (H* — cb)

> (V2 +y2) |Vas? '
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Data on top going to b and charged Higgs IlI

and we get
T, (H" — cb) = 433 x 10 %57 GeV

(q) té iq=u,t,sd
8 — 2 cg=c,b
/5 1 1

Our initial constraint can be written as

Btb rq (H+ — CB)
14 By F(qv/) (H+)

=(1.64+06) x 10

and we arrive to

0.198g." 4.33g.;) = 0.16 + 0.06

1+0.198g," (a(0.1)t3 + biou) )
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Data on top going to b and charged Higgs IV

@ The results of the fit are

tp values | b

s d

T 1.06£519 | 0.97£33% | 0.96+59¢

7 L0303 [ 0.04%311 | 000018

e 1.03+£3%8 1 0.94£311 1 0.90+£3 18

V1 1.04435 | 0.94+397 [ 0.92+7 12

Vo 1.04+32110.9543% 1 0.93+913

V3 1.05+32% 1 0.954£338 | 0.94+3 18
tg values | t c u
T 1.95:&8:2{;0.87:&838 7.06i%:98;0.90i8:%? 0.96j:8:8;
1 1.124333:0.138+£9-912 | 1.15+]3%;0.51+33 | 0.90+]%8
e 1.1249333 1.154931:0.514+3% | 0.90+3%8
V1 1.16+938,0.4543%9 [ 1.2149%;0.61+,,, | 0.91£5 12
Vo 1.12409%5:0.604,,, | 1.32+£939;0.714,,4 | 0.93£3 1
V3 1.2240%:0.60+, ;, 1.43+£041:0.764, 5, | 0.94+318

. (IFIC, U.Valencia-CSIC)

BGL vs HT data

3 September 2024
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Data on top going to b and charged Higgs V

All the models could fit the data.

Some of them even with two solutions

0.25

0.20

0.15 ///

0.10

\\..

0.05

0.00 { ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢
00 02 04 06 08 10 12 14 16 18 %O
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Bounds in leptonic modes |

@ ATLAS [arXiv:1807.07915] and CMS [arXiv:1903.04560] published
bounds corresponding to

Br(t— H'b)Br (H" — t7v) <15x 103

@ Because there is signal in H — cb and not in HT — 7Fv

T(H+—>CB) :3(1_}_17“) f(H+—>cB) S o7

['(Ht — 1tv) 3 [ (H+ — 1+v)
T(H" —cb) _ (mb>2 - <mc>2
mp

Viaol? Fro gy (t
T (H+ N T+1/) | b| (q,/) ( .B)

gty

Flan (tp) = ————5
! :3:1 ’UTI|2g1£,-/%
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Bounds in leptonic modes Il

meaning

gy

Fq (tﬁ) >413; Fg (tﬁ) ]l B
(@ (@0 U2 g)

® Models (u/t,e/p) and (d/s,e/p) and (c/b,T) has Fiq ) (tg) = 1.
These 10 models would be excluded.

@ All neutrino models (18) are excluded because the maximum of
Fiq.) (tg) is smaller than 41.3

® The models (u/t,7) and (d/s, ) has F, ) (ts) = t; and are
valid with tg > 2.54.

o The models (c/b,e/u) has F, ) (t5) = t;;4 and are valid with
t‘3 < 0.39.

e The models (t,7),(c,e) and (c, u) are compatible with the fit
to the potential signal.
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Bounds in hadronic modes |

e CMS [arXiv:2005.08900] presented bounds that can be translated, for
our 130 GEV charged Higgs, into Bernal et al. [2307.11813]

B, (t — H"b) B, (H" — cb+c5+cd) <27 x1073
and therefore

I'(H" — ¢5+cd)
[ (H* — cb)
p=B,(t— H"b)B, (H" — cb) = (1.6£0.6) x 10~°

o1+ <27x1073

So B
[(H" = cs+cd) _27x107°

T(H* —cb) —  p

-1<17
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Bounds in hadronic modes I

@ Therefore

o — Iy (HY — cb) - 0.59
7 Ty (HY = c5) 4T, (Ht —cd) =

And in BGL’s we have

2
(mb)z(H(mZ)) Vop|* g
T ;c ms 2 Vs 1+(2d 2
(14 (m)) 1 a0 e ol

@ The additional constraint is

4.09 x 1029
@, = Bcb > 059

(9 4530 x 1029
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Bounds in hadronic modes Il

@ Note that when gc(g) = gc(sq) = gc(j) we get ®, = 3.88 x 1072 that is
excluded.
models u, ¢ and t should be excluded

model d is excluded
model s is allowed with tg > 2.80
model b is allowed with t5 < 0.51

@ But, the allowed tg region of the s and b models are not compatible
with the fits to the signal.
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General constraints |

e In JHEPO07(2014)078 we presented

M., GeV)
@
%

400~ - £
300225 < a1, /G 542 < My, /GeV 47T < My /Ge
2001166 < My /CoV uy 597 < M po /GeV. 116 < Mpo /CeV
100191 < M0 /GeV b 7602 < Mo /GeV 121 < Mo /GeV

M, (GeV)
@
=3
b
|
i

400~ : £
300240 < A1 /G 517 < My (GeV 250 < M+ /Ge
200265 < Mpo /GeV uy, 567 < Mpo /GeV. o, 1250 < Mpo /GeV

t.v,
100290 < Mo /GeV 57T < My /GeV 265 < Mo /GeV 3

M, (GeV)
®
S
S
I
T

400
300 35 < ar,,. 507 < M4 /GeV 349 < M4 /GeV'
20097 < M0 /4 ust 5557 < Mpo /GeV o 369 < Mo /GeV te
100311 < My0/ | 567 < Mo /GeV| 5379 < Mo /GeV

2 4 0 1 2 2 1 0 1 2 2 1 0 1 2

log(tan 3) logy(tan 3) logy(tan )
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General constraints |l

o the regions allowed for the 36 (Q, L) models

M, (GeV) M, (GeV)

M,, (GeV)

300428 < My, 4 /GeV
200488 < M po /GeV
100493 < M;0/GeV

==l

512 < My /GeV
572 < Mpo /GeV

u,v. B
o 577 < My /GeV

cv,

1295 < My, ¢ /Ge
309 < Mpo /GeV
319 < M0 /GeV

800 57 < A,y
200-97 < M,y /
100111 < Mo/

B

503 < M+ /GeV
55T < Mpo /GeV
567 < Mo /GeV

ce

349 < My ¢ [GeV'
1369 < Mo /GeV
379 < Myo /GeV

900:

800=

700-

600 -

500

400

300389 < M+ /GeV
200443 < Mo /GeV
100448 < M o /GeV

512 < My ¢ /GeV
567 < Mo /GeV

u,v,
T2 577 < Mo /GeV

BGL vs HT data

cV,

265 < My [Ge
1270 < Mo /GeV
1285 < Mo /GeV
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General constraints Il

@ Where all kinds of flavour constraints -tree and loop induced- were

651 < My 4 /GeV
59T < Mpo /GeV
597 < M0 /GeV

811 < My /GoV
TT5 < Mpo /GeV gy
ST70 < Mo [GeV

included
3
<}
=
602 < My 4 /GoV
d 567 < Mpo /GeV g
H 567 < Mo [GeV i
s )
<] 3
X
B :
= !
400 0
300 87 < Az, .8 666 < M, /GeV
200102 < Mpo dw, 616 < Mpo /GeV _ g,
100102 < M, / i 621 < Mo /GeV "3
s T
[0}
Qe
=

656 < My /GeV

661 < My /GeV

dr 616 < Mpo /GoV— g 611< Mpo/GeV
‘ 621 < Mpo/GeV 6l1< Mpo/GeV|
2 1 0 12 24 0 i 2 1 0 1 2
logyg(tan 3) logy(tan 3) logg(tan §)

BGL vs HT data

ember 2024 37



General constraints 1V

@ And also oblique parameters

671 < My + /GeV
dv 626 < Mpo /GeX
o 631 < Mo /GeV

30042 < A1y,
20092 < Mpo /!
10092 < M0 /G

M, (GeV)

611 < My /GeV
de 592 < Mo /GeXl

30022 < My
20082 < M poq
0082 < Mo/

661 < My +/GeV
611 < Mpo /GeV__
611 < Mo /GeV

by,

636 < My + /GeV
606 < Mpo/GeV g g

597 < Mo /GeV

661 < My /GeV
611 < Mpo /GeX
616 < M0 /GeV

M, (GeV)

400
30082 < M,; ¢
200136 < Mo/

100136 < A1, /G vz

sV,

BGL vs HT data

606 < Mo /GeV/

676 < My /GeV
621 < Mpo /GeV__
616 < Mo /GeV 2

3 September 2024




General constraints V

@ There is not any special region that reinforces some of the
previous findings. For example, If we look at models (t, 7), (c, )
and (¢, i) none of them matches a charged Higgs of 130 GeV.
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Conclusions |

@ We have confronted BGL models to the 3¢ signal of a H* of 130
GeV, produced in t — H" b — (cb) b

@ Even if all BGL models can fit the data, once we include other
leptonic H™ bounds from ATLAS and CMS only the models
(t,7),(c,e) and (c, p) survive.

@ When including other hadronic H* bounds from CMS only s and b
models could survive but with wrong tg values.

@ The my+ = 130 GeV regions allowed in our 2014 analysis - including
tree and loop flavour constraints, and electroweak- do not match any
of the previously mention more favoured regions.

@ We are working on the gBGL models confronting this charged Higgs
hint.
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