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Two-Higgs doublet models

@ The Higgs basis:
G+ H+
¢1:[%(v+51+ic°)] ¢2:{i(52+i53)]
o If p}(x) = {h(x), H(x),A(x)} = @i(x)=R;S(x)

@ When the potential is CP-conserving:

h cos& sina@ O Sy
H | =] —sinad cosa 0 S,
A 0 0 1 S3

@ G=a—f, v=y/vi+ =246 GeV, tan B = vo/v1.
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Yukawa Lagrangian

@ The general Yukawa Lagrangian in the Higgs basis:

2 ~/ ! ~ ! /
Ly = —% { QL(Mgd1 + Yy®2)dg + QL (M®1 + Y ®2)uk

+ I Moy + V@) 1}

@ with M and Y/ complex independent matrices (non simultaneously
diagonalizable) = tree level FCNCs.

@ One usually imposes a discrete Z; symmetry on the Higgs doublets:
@1 — ¢1, P2 — —¢2 (in a generic basis), etc.

@ However, a more general approach is to impose alignment in the flavour
space: Y/ ~ Mj}.
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Yukawa Lagrangian

@ Now we can simultaneously diagonalize both matrices and:
Ya,1 = Sd,0 Ma,i Yo =y My

@ The Yukawa Lagrangian now reads:

Ly =— ? H* {u [(d VMyPr — cu Mi VPL] d+ g,ﬁM,PR/}

- % ny?ap? [f M¢Prf] + h.c.

@), f

@ If the Higgs potential is CP-conserving then the neutral Yukawas read:

h ~ . H . ~ A .
Yd) =COSQ + g1 SINA Vg = —SINA+ G4, COSA Vg =1Gd,

h ~ - H - ~ A .
y, =cos&+g, sin& y, =—sind+g, cosi  y, =—ic,
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Yukawa Lagrangian

@ The complex parameters still allow for new sources of CP-violation in the
neutral Yukawa sector:

m 0 u 7
****** 'T’]?(t[g/’/’) + iy Im(yy')

0 0
@ SM: Re(y;") =1 and Im(y{") = 0.

@ For real ¢r we can recover the usual Z,; models:

Model Sd Su S/
Type | cot 3 cot 3 cot 3
Typell | —tanf | cot | —tanpf

Type X cot 8 cotfS | —tanp
TypeY | —tanf | cotf cot 3
Inert 0 0 0
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First Part

NEUTRAL SECTOR
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2 fit, CP-conserving potential & yukawas

@ If h — ~~ excess is "real”

t v w ol ¥
n h QA h PRI
L. S S
. i N /V\/\’V\/\, .
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x> fit, CP-conserving potential & yukawas

@ ATHDM and 2, types with Atlas + Tevatron + CMS:

< A2HDM m: Type |, 90% CL ° A2HDM m: Type I, 0% CL
2 2
1 r 4 1 >
Y Of cosa~-1 cose=1 v Of cosa~-1 cosa=1
-1 vl -1 > ’
-2 -2
-2 -1 0 1 2 -2 -1 0 1 2
h h
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Flavour sect

@ Flavour constraints on ¢,: Ry, ¢k, B— B mixing
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@ Flavour constraints on (su,54): B — X5
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Combined constraints

@ Joining all the relevant constraints LHC + Tevatron + R, + B — Xsv
we obtain at 95 % CL:

95%CL LHC, Tevatron
95%CL LHC, Tevatron, B-Xy, Ry

«wf 95%CL
LHC, Tevatron,

[ Ry B-Xgy.

da of N

-20
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CHARGED SECTOR
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Direct H* searches

@ Atlas and CMS direct H* searches:

~._ v
s, 7"

@ Limits on: BR(t — H™b) x BR(H" — ¢35, 71v)
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Direct H* searches

@ For the di-quark final state searches, H" — ¢5 is assumed to be the
dominant decay rate ( |Ve| << |Ve| ), however in the ATHDM:

F(H = cb) _ Vel (Isal® m} + [sul® m2)
F(H* = c3) ~ |Va]? (Isal? m2 + [cu[2 m2)

for |s4| >> [su| the HT — ¢b can also contribute.
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Direct H* searches

@ For the di-quark final state searches, H" — ¢5 is assumed to be the
dominant decay rate ( |Ve| << |Ve| ), however in the ATHDM:

F(H = cb) _ Vel (Isal” m} + [sul® m2)
F(H* = c3) ~ |Va]? (Isal? m2 + [cu[2 m2)

for |s4| >> [su| the HT — ¢b can also contribute.

00 H*-c5cb, v

H* - ¢5, ¢b, v

oA B NARPTIID 5N AR

12udil
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H* — t*bb — W™ bb decay

@ When My+ > Mw + 2m, there is a extra decay mode that can play a
important role:

>

------- w+
b

@ It has been previously analysed in MSSM and Z; models — important
contributions when My+ 2> 135 — 145 GeV, depending on the model and
on tan .

@ In the ATHDM it can bring sizeable contributions BR ~ 10 — 20%
already when M+ 2 110 GeV.
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H* — t*bb — W™ bb decay

@ Red: BR(H" — WTbb) > 20% , Yellow: BR(H* — W"bb) > 10%

40
20 A §

luly O PR P7 1util4

-20 2

o H0 120 130 40 150 foo Mmoo

@ Wide regions - partially overlap with the allowed parameter space region
from direct searches. Therefore this decay mode should be included for a
correct analysis and

@ The experimental searches should be enlarged by also including this
channel!
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Fermiophobic H*

@ For a fermiophobic charged Higgs (¢r = 0) therefore H™ does not couple
to fermions at tree level.

@ All experimental bounds are trivially satisfied; other production channels
and decay rates would be needed to prove such a scenario.

(2.0) (2.0) (2.0)

(3.a) (3.b) . (3.¢)
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M = D ei(@en(k), T = (g"k-q—k'g") S + i P keqs §

Se) = 2WSW Z A 0H+H— Riz — iRi3) / dX/ dy
Xy (1= x)
x k)
Mavx(x_l)+MiQ(1_X)+M;2./j:X+(M5V_M,24j:))<y(1_x)
i
S = R — iR /dx/ dy x?
(3) 27"V5\N Z: 11 Ri2 13 y

oMy, + (M2, + My, — M2 0)yx—1)

MaVX2+Mi0 (17X)+(Mav - Mi/i)xy(lfx)

i

327 M2

M3 m2,\* .
FHT = Wty) = H: <1_ W> (|5|2+|5‘2) )
HE
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BRs and total decay width

@ Different mass configurations and couplings
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Fermiophobic H*

@ Dominating production modes.

q %LH w

Gu

+ QCD corrections
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H*? associated production

2 2 2
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LO production cross section o (pp — H* Lp?)/RZ at /s = 14 TeV (left), as function of M, ., for different values

i

of Mwo' The QCD K factor is shown (right) for MSOO = 125 GeV and different choices of ug and pfp
i i

@ Knio = omo/oto
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H* W~ associated production

If My, = 125 GeV H can reach on-shell region

a(gg~H"W")(pb)

o(gg->H"W™)(pb)
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Conclusions

@ The BR(H*) depend sensitively on the chosen parameters.
@ There are only a few decay channels to be analysed.

@ The largest decay widths are the tree-level ones, (on-shell production of
scalar bosons).

@ Thus, the number of decay channels decreases as the number of neutral
scalar bosons that are heavier than the charged Higgs (i.e., Mo > My=+)
increases.

@ The W+ decay mode can bring sizeable contributions below and close to
the the on-shell production threshold of a scalar boson !.

@ 7.+ is short, ranging from 107! to 1072 s — its direct detection very
compelling at the LHC.

@ If a fermiophobic H™ is discovered the precise value of its mass would
provide priceless information about all other parameters.

@ The masses of the remaining scalars would also be highly constrained by
the electroweak oblique parameters.
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Backup slides
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Backup slides

@ The one loop corrections introduce some misalignment. Using the
renormalization-group equations one finds FCNCs structures:

4(23( 1+ cuca Zso,

X {(sz + iRiz)(sd — Cu)[dL Vim, Miv My dR]

[:FCNC

— (Ri2 — iRis)(s — g;)[mv My MiVTM, uR]} + he.

@ The leptonic coupling ¢/ does not introduce any FCNC interaction.

@ Assuming the alignment to be exact at some scale po (C(po) = 0), a
non-zero value is generated when running to another scale:

C(p) = —log(p/ o)

@ These effects are very suppressed by mqmﬁ,/v3 and by the quark mixing
factors, avoiding the stringent experimental constraints.
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Backup slides

@ The x° used for the fit is defined as:

f::§:(0w—ﬁﬂ +0w—fw‘7%m0u—ﬂﬂwb—m))

2
g g 030
atb a b a0b

@ /i, and o, are the experimental signal strength and error; p.p is the
correlation coefficient and:

W _ olpp—¢f) Br(g! — a)
N a(pp — h)sm Br(h — a)sm

Br(gof—J —a) 1 r(np? — a)
Br(h— a)sm  p(¢%) T(h— a)sm

(¢?) = p(&!)Fsm(h) (1)
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Backup slides

@ For THDMs with a general potential A_oy+ - is a free parameter. When
the potential is CP-conserving (\; € R):

AhHt+H—- = A3COSa + A7sin&

Appt+H— = —A3sind + A7 cos &

@ As it depends on yet unknown parameters we can calculate the one-loop
correction:

(A¢9H+H— )eﬂ = /\p?l-ﬁH— (1 + A)

@ and impose A < 50%.
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