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Introduction

@ The Two Higgs Doublet Model (2HDM) is a simple and testable
extension of SM

@ It offers rich phenomenology at the LHC

@ Properties of the 125 GeV SM-like Higgs may be significantly
modified

@ In particular, tth production and hh production can shift significantly
compared to SM, consistent with known Higgs properties

@ Correlated enhancement in these rates is the main result of this talk
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tth production in SM
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@ Probes Yukawa coupling of the top quark directly
@ Cross section ~ 507 fb in SM, 1/96 of single Higgs production

@ CMS and ATLAS have preliminary evidence for seeing tth process
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tth measurements
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Di-Higgs production in SM
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@ Probes trilinear Higgs coupling and tests EW symmetry breaking
mechanism

@ Cross section ~ 34 fb in SM — the two diagrams interfere
destructively

@ If new resonances are present, they can decay into two Higgs and
enhance di-Higgs production

@ Current upper limit on di-Higgs production rate is about 29 times the
SM cross section
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L —
Di-Higgs production measurements
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L —
Knowledge about 125 GeV Higgs

@ Any deviation in tth and hh production should be consistent with
known information about 125 GeV Higgs

@ Signal strengths normalized to SM values:

foy = 0.95%0750
pzze = 1.05%079
pww = 1097338
o = L1172
pp = 0.7070%
o Here ,ufr = pipt, where
; o BRy
C T e M BRsu
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NN
The Two Higgs Doublet Model (2HDM)

@ Renormalizable standard model with two Higgs doublets ®; and &,
@ Both ®; and ®; couple to fermions

o Flavor changing Higgs interactions are naturally suppressed as Yukawa
couplings are proportional to fermion masses Cheng, Sher (1987)

o “Type lII" or "most general” designations not necessary
[+ <¢(1)> = Vi, <¢(2)> = Vzei£
@ Rotate ®; and ¥, so that only one combination H; has nonzero

VEV: (H9) = v, (HQ) =0
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NN
2HDM

@ Rotated doublet fields:

Hi = ®icosf+e Cdysing
H, = —ei5¢1sinﬂ+¢2cosﬁ

@ Can be written as:

G+ H+
Hl:(%(vﬂo?wco))’ H2:<%(gog+m)>
@ Scalar potential:
V = M3 HIHy + M3,HIHy — [M2,H] Hy +hec.]
+ 3M(H{H1)? + 3Aa(HS Ho)? + As(H] Hi) (H3 Ha) + Aa(H] Ho)(HiHh)

+ {SAs(HEHR)? + [As (Hi ) + Ar(Hi )] H{ My + bc.}
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L —
Higgs Boson Masses

@ Minimization conditions:
2 1 2 2 1 2
Mll = —§A1V N M12 = E/\GV

@ Mass squared matrix:

% Re(Ag)v? —~Tm(Ag)v?
M2 = Re(Ag)v? M2, + 3v2(A3 + A4 + Re(As)) —1m(As)v?
—Im(/\s)vz —%IIH(/\5)V2 M222 + %VQ(/\3 + Ny — Re(/\5))

@ Assume CP invariance (for simplicity of presentation). CP-even Higgs
masses:

m,2,’H = % [mi +v2(AL+Ns) F \/[mi + (As — A)v2)? + 4/\(23v4]

@ CP-odd and charged Higgs masses:

2 2 1.2
ma = myx — 5V (As — Ag)
2 2 1.2
mH;I: = M22+§V /\3
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R ——
2HDM: Parameters

o Neutral Higgs boson mixing angle:

h = ¢lcosa+ ¢Isina,

H = ¢Jcosa — ¢dsina,
: 26V

sin [20{] = % .
my, —m

@ Yukawa couplings:

Ly, = YqQudrH1 + Y4QrdrHs + Y, QrugHy + Y, QLugHa
+Y o Hivr + Y Hapr + h.c.,

@ Relevant parameters for collider physics are:

{Vt, \7/3, )77, My, sina}
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L —
Decay widths of h

Mixing modifies SM Higgs partial decay widths:

rh—W’V = 2 rh—>'y'y7

Chswws = rh_> W Cos% a,
rh_>zz* = FE%ZZ* COS2 «,

Chobh = ﬂ%rﬁgbb’
rh—>T+T* = K rh—)TT?

Mhoge = i rh—>gg’

rh—)CE = rh—)cca

rh—>27 = ﬁZ’yrh—>Z'yv
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L —
Scaling factors

Rw,z = Cos «,

Rt =

Rp =

Ky =

Ky =

K/Z-Y =

cosa +

cosa +

cos o +

4keFiyo(mp) + F1(mp) cos o +

sin

fmt

sina

\@mb

v .
sin

Y,
V2m;,

Vgt~ Fo(mn)

)
2mHJr

2_(1-

cos Oy

$F10(mp) + Fi(my)

%sin2 6'W) keFy2(mp) + F1(mp) cosa +

M
2mH+

woay (L= 5sin? Ow) Fyja(mp) + Fi(ms)

13 /21



Constraints on Model Parameters
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Figure: Contour plot of utt". Here Y, = —0.09 is kept fixed. White region is
allowed.
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Constraints on Model Parameters

1 Ll Hyy K Hyy
K #ee O Bl He s
H 45 @ [
| ST (S
[T B e
-1.04t 15
-020 -0.15 -0.10 -0.05 0.00 0.05 0.10 -020 -0.15 -0.10 -0.05 0.00 0.05 0.10
Yy Yy

Figure: sina = 0.5 (left); Y, = 1.25 (right)
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Di-Higgs production

Resonant H production, followed by H — hh, enhances di-Higgs
production

Signal strength relative to the SM expectation pup, defined as follows:

thh = a(pp — hh)arpm _ [oRe(pp — hh) + o™Vor=Res(pp — hh)) rpm
o(pp — hh)sm o(pp — hh)swy ’

where

oRes(pp — hh) = o(pp — H) x Br(H — hh)

- 2
o(pp — H) = o(pp — h(Mp)) x (— sina + —2 cos a)
\/imt
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Branching ratio of H
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Figure: Branching ratio to different decay modes of H as a function of mass My.
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Contourplot of 1p,
3.0

Hith
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FIgU re. Black meshed zone excluded from current di-Higgs limit, red meshed zone excluded from resonant ZZ and W+ W —
production constraints. sina = 0.5, \;b = —0.09, Y~T =10"3.
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Sample Points

Benchmark| Y, Yy Y., sin o My [GeV] Iein Hhh
Points

BP1 1.1 -0.1 1073 0.5 500 2.01 24
BP2 1.5 —0.09 103 0.56 700 2.81 14
BP3 -1.0 0.01 1072 -0.2 600 14 19
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T and S parameters
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FIgU €. T and S parameters as a function of sin « for different heavy Higgs masses.
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R
Conclusions

@ 2HDM provides a framework to check EWSB dynamics

@ Correlated enhancements is tth and hh production possible

o Additional Higgs bosons below a TeV will be confirmation of the
scenario
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