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Standard Model

principle of local gauge invariance

|

symmetry group SU(2) x U(1) x SU(3)¢

|

Higgs mechanism and Yukawa interactions
——  masses Mw. Mz. Mermion

renormalizable quantum field theory

SM 1

accurate theoretical predictions

detect deviations —  “new physics” ?




QED:

Precision Physics in the SM
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Precision Physics Beyond the SM
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First calculations in SUSY: | Grifols, J. Sola, Nucl.Phys.B253:47,1985.
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Mosle, S. Pokorski, J. Rosiek, Nucl.Phys.B417:101-
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Weber, G. Weiglein, JHEP 0608:052,2006.



Theory versus Data

| New physics?...
experimental results

Mz [GeV] =91.1875+ 0.0021 0.002%

r-[GeVv] = 2.4952+0.0023 0.09%
sin2g.sPt = 0.23148 +0.00017 0.07%
My [GeV] = 80.392 + 0.029 0.04%
mt [GeV] =170.9+1.8 1.05%
Gg [GeV™2] = 1.16637(1)10° 0.001%

quantum effects at least one order of magnitude larger than
experimental uncertainties



LEP Electroweak Working Group

My < 144 GeV  (95%C.L.
Myt = 144 GeY

Bl Theory uncertainty _f
‘ﬁaﬂj = :
—0.02758+0.00035 ff :
-0.02749+0.00012 Jff

1 —LEP1 and SLD
8054 - LEP2 and Tevatron (prel.)

68% CL

4 - ~ incl. low Q° data [f ; -
80.4 - o~ |
53 .
2 _
80.3- 1 _
] 00 0 | .."--..._ “f"-*.‘ V4 Preliminary
150 175 200 30 100 300
m, [GeV] M, [GeV]

Direct exp. Search: My > 114 GeV
m=) My < 182 GeV  (95%C.L.)



SUSY: Supersymmetry

[ [
[ [

Q=) |Fermion) = |Boson) )'"=2) |Boson) = |Fermion)

{Qﬁa QQB} = QJZBPM% (GUT"'QPCIVI"'Y')

P; (S = %) — ¢; (S =0)
fermion sfermion
quark (u, ¢, t) — squark (u,c.t)
u(S=1) —  A(S=3)

gauge boson gaugino
g, N g,7
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SUSY and the Hierarchy Problem

SMZ < M2 < 1Tev? Hp

Msysy 5 (1—-10)TeV

LHC II?



MSSM.

Minimal Supersymmetric SM

fields gauge group
superfield fermion boson SU3)e | SU2), | Uy
II Matter sector sfermions (R=T5+%)
Quarks Q% ( 2’1 ) ( 2’1 ) 3 2 %
Squarks " o L - L 2 1 4
U; us p il p 3 -3
: c T 3 4
D; di p di 3 1 _3
Leptons L; ( Vi ) ( Ifi ) 1 2 —1
Sleptons ) “i /L YL
E; e n € o 1 1 2
Gauge sector gauginos gauge
SU(3) e G Aa g2 8 1
U(l)y B g By, 1 1 0
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Higgs bosons and Higgsinos

fields gauge group
superfield fermion scalar SUB)e | SU2) | U(l)y
Higgs Sector | Higgsino  Higgs doublets
. H1 H1
A H?
. H H1
Ho ( 2 ) ( 2 ) 1 2 1 <«==m As in the SM
H3 H3
Hj— U1 T H-”
2 1
Hy = S Hi= B (Q=T3+%)
couples to u couples to d
— U2
tan g = v




» Higgs bosons in the general 2HDM

@ It is the minimal extension of the SM which adds new phenomena —
Hi
e.g.
@ It can easily embody new sources of CP violation
@ It provides a useful setup for building models of Baryogenesis

@ Extended Higgs sectors based on SUL(2)- Doublet structure
easily circumvent the major phenomenological constraints.

e

@ A Two-Higgs Doublet structure arises naturally as a low-energy
realization of some more fundamental theories (e.g. in SUSY).
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Higgs bosons in the MSSM and the 2HDM

2HDM CP-c

nserving, gau

<.
Y
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—
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ormalizable potential

2

V(®1,®2) = Aa(®]01 PP 4+ Xa(®F 2~ B+ A |(S]01 — ) + (0, —13)
f i i f i ? o]
A [(@101)(P]02) — (6] ®2)(S]01)| 425 |Re(®]D2) — vava| e |Im(®]d2)

qalz(fgg) (Y = +1). ¢2:(‘g§) (Y = +1)

MSSM

0 O
Hl—(ﬂz )ed)*—( ‘Dqg_) (Y = 1)
1 1

MSSM with soft-breaking terms. SUSY highly restricts the potential:

€ =109

Vi = (| +mi ) [H [ + (|p* + miy,) | Ha|* — pBey(HiH3 + h.c.)
7+ 9; 2 22 L 2t 2
+T(|Hl| — [Ha[") +§9’2|H1H2|

only gauge self-couplings !!



Physical parameters and fields in the 2HDM

Ai, (i=1...6) dimensionless real parameters and vi2 = ($7,)

(v2+3 =S =203 /0% )

(MhO; MHO: MAOa MH:I:J o, tan /83 )\5)

cp+ﬂ &> CP- (tan 3 = vp/v1)

2 2
Pt [ A03(A1FA3) +v3xs  (4A3+ As)vivn )
vt { (A)e L )\ nya oy A2( ) L Y2) L 2)- |
\ \—r/\:) | /\:)UJ_UZ _l'Ul \/\Z | /\5/ | Ul/\b /

HO cosa sina ) [Re(d9) — v
CP-even sector ( )= \/§( _ ) ( (cb(l)) 1)

—sina  COoSa
GO _ 5 cosfB sinf (Im(_cb?)
CP-odd \ 4%/ V< \ —sin8 cosp Im(®9)
GO,G:E

; +
Gt p— cos sinj clDl Goldstone bosons
charged \ HT —sinpg cosp CDS'



e In the MSSM the CP-even and CP-odd angles
are related:

1 M2 + Mz
0 = .L’ELII t’m(t’mi ?#)

- 0
Mz — M2 5 =
eIn the MSSM the only free parameters (at
the tree level) are
(M y,tan 3)

e The decoupling limit occurs when M, — oo

UV UTC Y

and when MA Z M for high tanﬁ

M9 is the limiting mass of th
even state in the MSSM

D
Qo

>
—t
D
n
—t
N
Y
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UL T T T Al T T T
My [GeV] Mg [GeV]
X, =0 X, = V6Mg
00 = 300 -
tan 7 = 3 —— tan 7 = 3 ——
tan 7 = 3 ------ tan [ = 3 -=----

200 2000

L5 [ 500

00 - .- 100 - .-

. | | | |
Al 100 150 200 300 ol &0 100 L0 200 300 ol

M, [GeV] M, [GeV]

Al

Xy = Ay —p/tan g, Mg = (mz +myz,)/2

135 GeV for high tan 3 and maximal mixing
M}rbnax ~
110 GeV for low tan 3 and no mixing
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» Higgs couplings

e CsFAanAAnA LlinA~Nce cAn~r+Avr v lavran oA~ v~ ~f 1A
@ LALCIHIUTU T1T1Yyyo STLLUIl — 1Idlytc Souuil L Ul [LwATAY)
Ariantiim nffarrte anA alen nf Iaranr Hinncec hnacnn
udiituiii €L diil disdVU Ol arycr miggygs vousLUibi
Nnrodiiction cronce—cectinng

Vl N\ AU LIV \ ) I I o LIV 19

e However, one has to be careful with tree-level

FCNC = two models or types of 2HDM:  Glashow-Weinberg-Paschos
Theorem (1977)

e In type [ 2HDM, @5 couples to all the Sm  Natural FC
fermions; ®; does not coupie to them at ail

e In type II 2HDM, P, couples only to up-like
quarks; ®71 couples to down-iike onily.

|

e 2vom | HOuu | HOdd | hOuu | hOdd | ASuu | ABdd
Sin o COS « 1
Model 1 sin 3 sinf3 _I tan g
Sin o COSa | CoOsa [-Siha
Model II sing | cos sinfg | cosp | tanp tanp




Trilinear Higgs couplings  (h= 1. H° A%

@ In the case of the MSSM, and due to the SUSY invariance, the
Higgs self-couplings are of pure gauge nature. This is the reason for

the tiny triple-Higgs boson production rates obtained within the
framework of the MSSM

Al = Ao,
T e
)\3 _ . -:n; B )\1 ,_
285, C |
w Cw
e
)\_]: — 2)\1 L 2 eTr ﬁ
CJI’{'“T
2T (v
- L EeTr
As = Ag = 271 — — B
W Cw
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@ In contrast, the general 2HDM accommodates trilinear Higgs
couplings with great potential enhancement.

I As (1 — tan? 3) N oy T
T ; Y2 2 o
After SSB- 4 2 Mg s3; cos? 3
. b [fl-f}iw cos o+ M g.:. sin? a
1
— (M2, — M? 2 t /3
(A17A27A39A43)\57)\69,U) 2( He " o) sin 20 co }
\ — As (1 —1/tan? 3) N Qo T
B 1 2M3Z2, st sin” 3
w | M fc. cos? o + fl-f;}:‘;.;. sin? a
r2 T2 N e _.
(Mo, Mo, M g0, My, o, tan 3, As) 5 (Mo = Mpo) sin 2a tﬂnr&} ?
\ Yo T SIN 20 (”2 V2 }
3 — M 7o — Mo
A5 is a free parameter 4 2ME. s34 sin23 f
that remains unrelated \, = 2ag, T 172
) 1 = 11_!"‘ 2 H*»
to any physical mass or W SW
mixing angle! e = 2ovem T M2,

Mg, sy



> Triple Higgs self—couplings‘

0,09, 0 3ie 172 . - G Vv il A4 v
h"h"h __QAﬁystﬁsmr[lﬂﬂ(2005014_j)_FEHIZ&h”Jgj;Zﬂ))
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01,070 ie cos(B—a) A2 A2\ o | oo g o o @) 2As M, sy
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. P T 2 4AXs M,
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> ... more trilinear couplings

e

h"A"G" Tt (Mo — My ) cos(8 — a)
LG G —aires Mo sin(5 — o)

ie sin( o+ ) 4}-.5_-11'9 - St ) ) )
HOACA | —ppie [ Smet?) (2070 — o) — cos(5 — a) (Mo — 2M30) |
HAG" — st (M0 — M) sin(3 — a)
H'GG" — sirte Mo cos(f — a)

i cos( o4 :,_--2:32: . ) . )
hHYH™ | — gyt [ slatp) (EMED - M‘*H) — (M2, —2M?%_) sin(3 — &'}]
Ot | e [sizi(fg-ﬁﬁ:l (QM?JD _ Mﬂj — cos(B — a) (M2a — gmg,_]]
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> Decoupling limit

It correspons to a — 5—% and with all masses

much larger than M,

(In the particular case of the MSSM, this limit

is correlated with M ,0 — oo)

In this limit, it is easy to see that
2 r2
\ __\ySM 3eMp
/‘hOhOI/LO ’ /‘_L__L_HH o _2iv4—vj‘—/r STTT

~ n /r’)
O qg VIry
r) Tr7r
LJ.VJ.W

and similarly with the Yukawa couplings of the

hO:

type I

type 11

h'tt

cos v/ sin 3

cos v/ sin 3

h°bb

cos v/ sin 3

—sina/ cos 3

) | ]




'S.I'?EHDM'

> Constraints on 2HDM models ‘

@ Maintain the (approximate) SU(2) custodial symmetry: p = pg 4 dp
where po = M3, /M3 cos? Oy = 1. |dpappm| < 1073 from
experimental constrain.

Sp = i’;z) _ ZW(QkQ)| .
Mz Mg, ‘k2=0

16ppsm| < 1073 (exp.)

: A2 PR
—GF ¥ + | 1—= Ma In M
; T H AT 2 AT2 A2
8vZw2 | M2, —M3, T M2,
M2, M2 M2 M2
+cos (8 — L't:lflr'fiﬂ [1 4 5 In y = - 5 Hii — In 1},{:':
J'IAG _J..I!'rhl::l J..I!'rhl:l AIH:t - J..I!'rhl:l J..Iirhl:l
2 2 2 2
M2, M2, M M
+ sin” (3 — o) ;‘Lff_f.:. A In—— — HE In —EHE
A H H H H H
_I_If\lf‘ 'alaY e If\f\ "\f‘lf\:f\\lhf\l 7\ ~ \Allf\/\l/\ 7\/’- \ 7\/’- .
111 CLdil v dlllicvclUu T.y. VVIICII lVlAO — lVlHj:



Restrictions: B(b — s7)

@ We have strong constraints coming from flavor physics
B(B — Xsv) ~ (3.55 £0.25) - 104 from BaBar and Belle
B(B — X.v) ~(3.15+0.23) - 104 SM NNLO prediction

@ The good agreement between the SM prediction and the experimental result
puts severe constraints on the flavor structure of NP models.

New charged-particles contribute to this rare decay.

The charged Higgs bosons contribution:
@ positive

@ increases when MHT decreases

Type-1 2HDM: Couplings H*¥qq' o 1/tanf3
Couplings highly suppressed for tan 3 > 1
Type-1l 2HDM: Couplings HTqq' o< tan 3
Couplings enhanced for tan 3 > 1
Restriction  My+ > 295 GeV Misiak et al., 2006
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Present Constraints from Flavour Physics!

10 20 30

My+ % 130GeV

msysy = —2A; = 1'1eV
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» Perturbativity and unitarity

@ Keep the theory within a perturbative regime: 0.1 < tan 7 < 60

hy = gmy hy = gmy, , gmp tan g
V2 My, sin 8’ V2 My cos 3 V2 My,

@ Unitarity bounds: we bound the size of the trilinear Higgs boson

couplings by the value of their single SM counterpart at the scale of
1 TeV.

3 e M2
C(HHH)| < oMY vy =1 Tev)| = ————H |

(This would be at least the simplest unitarity
requirement to start with)
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> More strict unitarity bounds

& Asymptotic “flatness" of the scattering amplitudes < Unitarity of the
S-matrix

& Standard tree-level unitarity condition: |ag| < 1/2

& Lee-Quigg-Thacker bound in the SM:

A2 -l B — § 2
JIH < BT 1 = m = (]_2 TEV)

Similarly with the 2HDM :

Higgs and Goldstone boson 2 — 2 S-matrix elements, S;; = Unitarity
condition over its eigenvalues || < 1/2Vi.
e.g.

ax = g {30+ +203) £ (/O0M — A2 + (4hs + Aa + 3 + 32
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» Vacuum stability bounds

We assume that the quartic interaction terms in the potential do not give negative
contribution for all directions of scalar fields at each energy scale up to A
Require a Higgs potential bounded from below

A+ A3 >0 A+ A3 >0

1
2V/ (00 +23)(Rz + Xs) +20s + A + 5 Min(0, X5 + Ae — 2Xs —

Kanemura, Kasal & QOkada, 1999

A5 —3\5|) >0
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With all these restrictions in mind
we are ready for particular calculations
of 2HDM production at e.g.

>LHC

>Linear Colliders

Joan Sola (UB) Corfu 09




» Higgs boson production at the LHC in the SM

100 pr——r : ——]
q o ; o(pp — H +X) [pb] :
gg — H Vs =14 TeV
""" MRST /NLO
V*
1 q
10
_ F Hqq ..
q t i ..
.~ - WH-,
q E "’ -‘.‘ .,
1 E
g
g 3
T 1000

My [GeV]



» Higgs boson production at the LHC in the MSSM

100 |- o(pp — ®+X) [pb] { 1000 o(pp — ¢+ X) [ph] -
_ V5 =14 TeV | S | Vs =14 TﬂV _
__/ tanf=3 ] tan 3 = 30

: 100 | .

10 =,

0= h

1 -

i -
0.1 Py 3
0.1 -
'\‘1

0.01 4 . L . T W (.01 | | (S ! ! ! I VA

100 ; 1000 100 ) 1000
Mg [GeV] My [GeV]
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» Higgs boson production
at the Linear Colliders

within the general 2HDM

ILC/CLIC

) -

Te~ - 2H (at the quantum level)

D. Lépez-Val, JS, arXiv:0908.2898 [hep-ph]

e

ete — 3H

(very promising too!)
ete™ — 2H + X N. Hodgkinson, D, Lépez-Val, JS,
Phys. Lett. B677 (2009) 39

G. Ferrera, J. Guasch, D, Lopez-Val, JS,

Phys.Lett.B659: (2008) 297
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CP forbidden channels G. Ferrera, J. Guasch, D, L&pez-Va
Phys.Lett.B659: (2008) 297

@ CP conservation will be assumed
ete— hYh®
H°H" LO: 1-loop C'P-conserving boxes (O(aZ,,))
ete— —  AVAC

|

(T
+

(T

|

|

- R Lt z L L e
o Y T,
v b £ z Ve W A -s=‘
1 1.*
- e T A R e T e

& ] ¢ .
T W W0 T z hE S T W ke
1, L7 A 5, !
vl ml'u z u vel wiy
1 ’ " I ’ " - L]
r——1 ;:'-\. o . g =l
_—F-'E W h W h - 7 h B ,_,—"l';_ W .

& o ~ 107" pb — at the same level than o(2H g )

[ e a F o e , o
- W II'-'J ;-"-. T < —i:’-- Tr—— £ lI:-"_ T — W _fr"
.-"r 1 1 |
”I;\?:- K "I A '-‘I | 7 "rl bH
=1 H ! |
- W - = _ el
% - e z B — Z Wi —F oy 5



CP allowed channels

ete” — HEHT

etem —  hOAC LO: tree-level diagrams (O(a?,))
e+e_ — HDAU

@ C(HHV) couplings are of purely gauge nature

> cosl 7 — o
CfMSSM[:’hD A‘D Z\J — € CDb(-' ﬂ)

2 sin Ay cos Oy

& There is no dynamical distinction between the general 2HDM and the
MSSM

& Dedicated studies on radiative corrections in 2H processes are hence
mandatory: Chankowski,Pokorski,Rosiek (94, 95); Driesen,

Hollik, Rosiek (95, 96); Arhrib, Moultaka (98);

Kraft (PhD Thesis, 99), Guasch, Hollik, Kraft

(01); Heinemeyer et al (01)
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I T I T I T I T I T
01k ) L }.-J'.; =100 GV | 1po0n
e a-"HH M= 150 GV
:‘-:H- =120 GeV
:"I.!-.‘ = 141 GV’
[GeV ] -
z ;
005 —{ 000 =
i | 1 | 1 ]
u 0
250 00 150 1000 1250

[ 1
Sqrt (5) [GeV

(= CAavvara (Ciincr h mn I Anoa—-Z_\/~l |
J. rcirceira, Jg. Yuasiii, v, LopclZ-vai, J.
> Phys.Lett.B659 (2008) 297
I:l.:l.l:l-.-_I 1 I 1 I I T
M =200 GeV
- WL =250 GeV e e =EH i
M- = 350 GeV
o0l Mo =340 GeV B
Tl oreevs
=
(=9 | ¥ - 0.0 ]
= e e-=Ah
h‘.“ﬂ--____q__
T
0005 Tre—
1 I 1
00 750 1000 250

Sart (%) [GeV]

Figure 1: Total cross section o (in pb) and number of events per 100 fb! as a
function of Ec, = /s for the tree-level Higgs boson pair production channels in the
general 2ZHDM within two representative regimes of Higgs boson masses

& Up to 103 — 10% events per 100 fb—1
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c - HP [ =

[ [ | ~-\/ NANNO NN M~ 1
> L, LOpez-vai, J5, arXiv.09U0o.20590 [nep-pn]

» Quantum effects on ete™ — 2H in the 2HDM

(similarly with eTe™ — A9 HO)

Basic one-loop amplitude:

ﬂfel-lr e—_ADRD T (_-nlfl‘z_z + ﬂfl‘ﬁ':_z

+i”1~e+e—z 4 ﬂflﬂ"‘e_“y
LML AR prrbox 4 gt WE 5
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Some of the diagrams involved...
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Why we expect important effects in the 2HDM?

AG‘
Al O
Z PR
[
N h
~_ |
H" “@®._
hv
whnarnae in +hnaa NMCCNA
VVIICTICTdJdO 111 LI1ICT |V|JJ|V|,

ie My

2sin Oy cos Oy,
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The Z° AP hO interaction at 1-loop

& Due to its sensitivity to 3H self-couplings, the strenght of the Z”A°h°
interaction (which is purely gauge-like at the leading-order) may be
largely enhanced at the quantum level:

rgu ho7o o 7 ZUE (Fgu ho Z0 + Fiﬂ @ zu)
= 22 (Thopozn + Tt o)
A%y

. 0 172 172
]__'igﬁu Zo ~ FAU hnzﬂ m f(ﬂfhu_;f.'-i. ﬂfﬂpf.ﬁ{)
[
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> Renormalization conditions and counterterms ‘

Renormalization of the Higgs sector OS (on-shell) scheme

& Higgs fields: 1 WF constant per SU; (2) doublet

‘I’T ﬁZéﬁ ‘I’ir , ‘I’Er ﬁzgz ‘I’2+ !
B A 5! 2 | @

(Zop, =14 2g,)

v — dug |
‘ T d tan 3 ov dv 1
tan TSt } - = — - — 4> (078,07
4 -~ thoHo + O thogo =0 tan 3 vy o 3 (0 Ze, @, )
L.
:E(éZ@g—(SZ@l),
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Higgs masses (OS scheme)

Re X (Mp2) = 0; ReX (M2) = 0; Re X (M3,) = 0; ReX (M24) =0

o 2 _ y 2 _
Re EA“AU (fll ) kﬂzﬂffu =0 . Re EAUZU(I'EL } kzzﬂfiu =0
. 1 :
lf' Z;I;l — — RE ELPAD(JIED} — 1{3 ta__l]_ 3 RE EAU 70 (.:ilfiﬂ)
) tan (3
0Zp, = —ReXpop(Mu)+ T Re X070 (M)
dtang 1
| QT PHENE.
dtan 3 1 9
— = ) ozol VM o
tan 3 Mz sin 23 feeipozo(Mo)




Physical content of the OS conditions:

@ On-shell A’ renormalized propagators have unit residue,

0 .. ,
@ No A’ — Z" mixing occurs for on-shell A’ bosons at any order in

perturbation theory.

@ Likewise, the absence of A’ — G¥ mixing is guaranteed by the

Slavnov-Taylor identity: (Feynman gauge)

ffiﬂpzﬂ (qg) + Mz igﬂgn{qg\) =0

2_Aaq2
q _J'LfAn

Joan Sola (UB) Corfu 09



Renormalization of the mixing angle «

# As usual, we introduce a 1-loop counterterm al®) =a+da
# Renormalization condition: Re Xpope(g? = M%) =0 =

dmiopo = Shope(Mis) 45 Zhoro (M — Mo)
0 Zypopo = sin2a(0 tan 3/ tan 3)

6-??1.121DH0
_.'.'“‘Il? o - JﬂII?ID

o =

& The same condition ensures that the CP-even Higgs final state is
on-shell, as the physical masses must fulfill

(_I}E — J.fﬁn —|— iHDHD) (_I}E — JIED —I— ihﬂhﬂ) — iﬁan =0,



et e= — AYh® phenomenology in a nutshell

@ Two main scenarios of phenomenological interest are identified:
As| ~ ©O(0.1) and moderate tan 3

& Regions with small
(tan 7 ~ O(10))

Quantum effects turn out to be ...

@ Subleading, with respect to the former scenario.
@ Typically not larger than ~ 5% — 10 % at the topmost.

@ Driven by the interplay of quark, Higgs-boson and gauge-boson
mediated 1-loop contributions

5, =

g (0+1) =@ { Vs =0.5TeV:100%
o (0) Vs=10TeV: —-80%




@ Typical maximum cross sections:

o(ete™ — A’h%) (/s =0.5TeV) ~ O(10fb)  ~ 103 events per 100fb~1

tan 3 o Mo GeV] My GeV] My [ GeV] Myt [ GeV]

=k AT [

[5['.:. £

1 3 130 150 200 160
et I1 o=p
30 1 T T T T T 1.5 150 = T | ' | '
| - — h.=-10 ]
' | 11| he=-6 _
' | ) -— .T-.:. =1
| - 4
R 50
| FI =
| = ; |
[ 4 =)
|I il = ___‘ e . _ -
ol | ] ——m
d S
,{ S0 H =
| I R
I - _
! ] ) ] ) I — _1ook | ] ] ] ] ]
500 1000 1300 2000 500 1000 1300 2000
Eem [GeV] Ecm [GeV)

Computational tools:FeynArts, FormCalc, LoopTools,



& Radiative corrections over the tan /3 — A5 plane and its interplay with
the unitarity and vacuum stability constraints.

Set 11

vacuum stability e R

: —109% ssvsussmnn

D57,
5%

109 =eimen T
15%

209 rmimomni—
25% -
305, =essmssss=
BETL crvemerranns

Vs =500 GeV Vs =1TeV
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> Mass sets for the numerical analysis

Mo [GeV] | Mgo [GeV]| Mo [GeV] [ Mg+ [GeV]
Set | 100 150 140 120 }t o
, Set 11 130 150 200 160 yP
MSSM-like Set TIT|| 150 200 260 300 | type-l/I
masses at Set TV 95 205 200 215 type-I
one-loop :> Set V 115 220 220 235 type-I
FeynHiggs Set VI 130 285 285 300 type-1/11I
(Heinemeyer et ai)
& /5 =1500 GeV
o= |a=30-7/3 | a=30—-—7/6 | a=7m/2
Set [I Trmazx [fb] 26.71 7.34 20.05 13.10
or [%0] 31.32 44 43 31.42 28.81
Set IlI Trmax [fb] 11.63 3.60 9.08 6.36
& [%) 35.17 67.59 40.68 47.86
MSSM-like | Set IV Trnazx [D] 27.44 12.12 18.37 15.41
masses o 7] 12.66 09 .42 0.76 26.81




Compared predictions for 2H and 3H events

Vs

o eTe —2H 0.5 TeV

Combined strategy for Higgs

Teo— H ~ 1TeV
boson search at Linear Colliders ° ete —3

* eTe” -2H+X >1TeV

& For the 2H channel, analysis of quantum effects is essentiall!!

& For the 3H and 2H + X channels, analysis at leading order
may be sufficient
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eg e+e_—>2H—|—X

» Double-Higgs production through gauge boson fusion

et e~ = V*V* 5 hh + X - 1O

+ etc.
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Numerical example:

tan3 o A5 Mpo[GeV] My [ GeV] My[ GeV] Myx [ GeV]

1 3 -10 130 150 200 160
Vs [TeV| 0.5 1.0 1.5
hYAP 26.71 4.07 1.27
o (in fb
( ) hYHPA° 0.02 5.03 3.55
H°HtH— 0.17 11.93 | 8.39
hYh® + X 1.47 17.36 | 38.01

Great complementarity is observed between the different channels at
different energy ranges.



> Conclusions

@ We have presented a complete O(a?,,) calculation of the pairwise
production of neutral Higgs bosons (Aﬂhﬂ{Hﬂ}) at Linear Colliders
within the general 2HDM.

@ Qur

i

9
" ]
"]

analysis identifies sizable quantum effects:

up to 100%

In regions with ta,nB ~ 1 and [A5] ~5—10(A; < 0)

either positive (/s = 0.5 TeV) and negative (/s = 1.0 TeV)
sourced by the H|gg5—med|ated vertex corrections at one-loop, which
are sensitive to the potentially enhanced 3H self-couplings

@ The production rates at /s = 0.5 TeV may amount up to a few
thousands of 2H events per100 fb—1
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@ The combined study of 2H and 3H processes at different energy
ranges may provide a manifold of complementary signatures, which
might reveal strong hints of (non-SUSY) Higgs physics BSM.

¢ Build the Linear Collider !!

both ILC and CLIC!!

T hank you!!
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