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Foreword

A one-slide motivation

@ To seek for the most favorable regions for 2H/hZ production , and to

correlate them with alternative multiparticle Higgs-boson final states

@ To quantify the importance of the quantum effects associated to these
processes

@ To single out the impact of the 3H self-couplings and their potential

enhancements .
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The Two-Higgs-Doublet Model: basic settings

@ Canonical extension of the SM Higgs sector with a
second SUL(2) doublet with weak hypercharge Y =1
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The Two-Higgs-Doublet Model: basic settings

@ Canonical extension of the SM Higgs sector with a
second SUL(2) doublet with weak hypercharge Y =1

ot _ _ oF _
q>1—<©?> (Y = +1), %(@g) (Y =+1) .

9@ The Higgs potential can be written as:
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& Most general form compatible with i) gauge symmetry ; ii)
renormalizability ; i) CP-invariance ; iv) discrete symmetry ¢; — (—1)" ¢;
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The Higgs sector in the 2HDM: degrees of freedom & parameters

o

5 physical Higgs fields: 2CP-even Higgs bosons (h°, H® ), 1 CP-odd Higgs
boson A’ and 2 charged Higgs bosons H*
7 free parameters:

(7

@ 6 couplings in the Higgs potential, \; i=1...6

o 2 VEV's, v1,v2 with one constraint: v2 = Uf + v% = G}l/\/i

= We relate them to physical quantities

The masses of the physical Higgs particles (Mo, Mo, Mpo, My )

(7

(7

0
The ratio of the two VEV's, tan 3 = g%; = Z—f
1

@ The mixing angle o between the two neutral CP-even states

©
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The Higgs sector in the 2HDM: degrees of freedom & parameters

o

5 physical Higgs fields: 2CP-even Higgs bosons (h°, H® ), 1 CP-odd Higgs
boson A’ and 2 charged Higgs bosons H*
7 free parameters:

(7

@ 6 couplings in the Higgs potential, \; i=1...6
@ 2 VEV's, v1, vz with one constraint: v? = v? +v2 = G}l/\/i

= We relate them to physical quantities

The masses of the physical Higgs particles (Mo, Mo, Mpo, My )
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The ratio of the two VEV's, tan 3 = g%; = Z—f
1
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@ The mixing angle o between the two neutral CP-even states

©

The coupling A5
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Higgs-fermion Yukawa sector: = Types I/l 2HDM
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Phenomenological and Theoretical constraints
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@ H* contribution to - & - = restrictions over the
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Phenomenological and Theoretical constraints

@ H* contribution to - & - = restrictions over the
- plane [Mahmoudi, Stal '07.]

@ Extra Higgs-boson one-loop corrections to .: _

[Barbieri & Maiani, '83]

9 _ on the Higgs-quark Yukawa couplings:

Y; Yy o ﬂbza—nﬁ = [El Kaffas, Osland & Greid '07]

me
v tan 8

[Kanemura, Kasai & Okada '09]; +
Kanemura, Kubota & Takasugi ['93]; Akeroyd, Arhrib & Naimi, ['00];
Horejsi & Kladiva, ['06]

Restrictions over combinations of the Higgs self-couplings
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2HDM Higgs boson production at the LC (I): theory setup Probing the Higgs boson self-interactions

Probing the 3H self-couplings at Linear Colliders
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Hodgkinson, Ferrera, Guasch, DLV, Sola ['07], DLV, Sola ['09], DLV, Sola ['09], Bernal, DLV,
Sola ['10]. For a recent update see Sola, DLV, arXiv:1107.1305 [hep-ph], in the LC10
proceedings
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Renormalization of the Higgs sector

& Higgs fields: 1 WF constant per SUr(2) doublet
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Renormalization of the Higgs sector

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

oF o oF oF
)z ) . (B )ear( ).
D7 o7 D, D3

@ In the mass-eigenstate basis:

=

8 Zoo = sin®ad Zo, + cos’ ad Zs,
0 Zyopo = sinacosa(dZo, —0Zs,)
O Zpp = sin® 86 Zo, + cos® B 6 Z o,
1 . 6 tan 3
5ZAO_ZO = 5 <5ZA0_GO +Sln2/8 tan/ﬁ )
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Renormalization of the Higgs sector

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

oF e [ ®F o 2 [ ®F
0 - Z‘I>1 0 ’ 0 - Z‘I>2 0 ’
D7 o7 D, D3

@ In the mass-eigenstate basis:

=

8 Zoo = sin®ad Zo, + cos’ ad Zs,
0 Zyopo = sinacosa(dZo, —0Zs,)
O Zpp = sin® 86 Zo, + cos® B 6 Z o,
0 tan 3
5ZAO_ZO = 2 <5ZA0 Qo + SIHQ/B n/B )
Svi _ Svp
& tanf renormalization: v1 v2

thopo + O thoo =0
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Renormalization of the Higgs sector

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

oF o oF oF
)z ) . (B )ear( ).
D7 o7 D, D3

@ In the mass-eigenstate basis:

=

8 Zoo = sin®ad Zo, + cos’ ad Zs,
0 Zyopo = sinacosa(dZo, —0Zs,)
O Zpp = sin® 86 Zo, + cos® B 6 Z o,
1 . 6 tan 3
5ZAO_ZO = 5 <5ZA0_GO +Sln2/8 tan/ﬁ )
Svy _ Swg
vy

& tanp: b B L (570, — 6 7s,)

thopo + O thoo =0 tanf
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Renormalization of the Higgs sector

Higgs fields (OS scheme)

Rei:/AOAO(qz)]q2=M2 =0 , ReSAoZO(qz)]q2=M2 =0
Y 20
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Renormalization of the Higgs sector

Higgs fields (OS schem

& 2 _ 2 2 _
ReXp00(q )] =2, =0 , ReXyz(qg )] 2=M2, =0
1
6Z<I>1 = —Re E/AOAO(MAQO) — m Re EAO 70 (MAQO)
t
0 Zs, = —ReE'Avo(MA20)+ an/B ReEAozo(MAo)
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Renormalization of the Higgs sector

Higgs fields (OS scheme)

1
6 Zs, = —ReXhon(Mg)— 3, Re X0 70 (M)
t
0 Zp, —Re Xop (M) + ?\;B Re X0 720 (M)
zZ

Physical content of the OS conditions:

@ On-shell A’ renormalized propagators have unit residue ,
1/[1+ Re Zp(M3)] = 1

@ No A’ — Z° (nor A’ — G°) mixing occurs for on-shell A’ bosons at any
order in perturbation theory.
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Renormalization of the Higgs sector

Higgs masses (OS scheme)

Re ihoho (Mth) = 0, Re SHOHO (Mﬁg) = 0, Re i:AOAO (MAQO) = 0,
ReSyty- (M2:)=0.
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Renormalization of the Higgs sector

Higgs masses (OS scheme)

Re Sopo (M3) = 0; Re Spopo (M72) = 0; Re Spop (M32) = 0;
ReSyty- (M2:)=0.

Renormalization of the mixing angle a

& As usual, we introduce a 1-loop counterterm a(®) = o+ d
& Renormalization condition: Re 300 (q2 = MHQO) =0 =

Smifono = Shopo (M) + 8 Zyowo (Mio — Miio)

(Mfo—Mio) S

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

(p2 - MI-210 + ZA:HOHO) (p2 - Mh20 + i)hoho) - iEoHo =0.
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Computation setup

.® Analytical calculation & Numerical evaluation : FEYNARTS,
FORMCALC, LOOPTOOLS T. Hahn; T. Hahn, M. Pérez-Victoria
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2HDM Higgs boson production at the LC (I): theory setup Renormalizing the 2HDM Higgs sector

Computation setup

.® Analytical calculation & Numerical evaluation : FEYNARTS,
FORMCALC, LOOPTOOLS T. Hahn; T. Hahn, M. Pérez-Victoria

& Constraints :

@ Unitarity, perturbativity, vacuum stability = 2HDMC D. Eriksson et al.
& in-house routines

@ B-physics observables = SUPERISO v3.1 F. Mahmoudi
@ Higgs boson masses = HIGGSBOUNDS v3.3 P. Bechtle et al.
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2HDM Higgs boson production at the LC (I): theory setup Renormalizing the 2HDM Higgs sector

Computation setup

.® Analytical calculation & Numerical evaluation : FEYNARTS,
FORMCALC, LOOPTOOLS T. Hahn; T. Hahn, M. Pérez-Victoria

& Constraints :

@ Unitarity, perturbativity, vacuum stability = 2HDMC D. Eriksson et al.
& in-house routines

@ B-physics observables = SUPERISO v3.1 F. Mahmoudi
@ Higgs boson masses = HIGGSBOUNDS v3.3 P. Bechtle et al.

& MSSM Higgs spectrum : = FEYNHIGGS v2.8 T. Hahn et al. (2-loop
accuracy)
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© 2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at one loop
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at onc

Exclusive 2H production: CP-allowed 2H channels

ete™ — HTHT
ete™ o hoA°
ete™ —  HOA®

LO: tree-level diagrams (O(a2,) , o ~ 0.01 — 0.1 pb.)
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Exclusive 2H production: CP-allowed 2H channels

te~ — HTHT

efem —  hOA°

e — HWA

LO: tree-level diagrams (O(a2,) , o ~ 0.01 — 0.1 pb.)
@ C(HHV) couplings are of purely gauge nature
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Exclusive 2H production: CP-allowed 2H channels

efe™ — HEHT
efem —  hOA°
ete™ —  HOA
LO: tree-level diagrams (O(a2,) , o ~ 0.01 — 0.1 pb.)
@ C(HHV) couplings are of purely gauge nature

e cos(8 — a)

A7)y = — 2 =)
O2HDM( ) 2 sin Ow cos Ow
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Exclusive 2H production: CP-allowed 2H channels

efe™ — HEHT
efem —  hOA°
ete™ —  HOA
LO: tree-level diagrams (O(a2,) , o ~ 0.01 — 0.1 pb.)
@ C(HHV) couplings are of purely gauge nature

e cos(f — a)

WAz)y= ——2F =)
OMSSM( ) 2 sin Ow cos Ow

& There is no dynamical distinction between the general 2HDM and the MSSM
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at onc

Exclusive 2H production: CP-allowed 2H channels

tem -  HEHF

tem — KA
ete™ —  HOA

LO: tree-level diagrams (O(a2,) , o ~ 0.01 — 0.1 pb.)
@ C(HHV) couplings are of purely gauge nature

e cos(f — a)

WAz)y= ——2F =)
OMSSM( ) 2 sin Ow cos Ow

& 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, Driesen, Hollik, Rosiek ['96]; Arhrib,
Moultaka ['98]; Guasch, Hollik, Kraft ['01]; Heinemeyer et al. ['01]
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at onc

Quantum corrections to ete~ — h9A%: an overview

A° /,’
e . e
y z
e S~ e
A0 //
e VA . e VA
N 0
f nan

i) loop-induced vh%Z° interaction; ii) h°A°Z° vertex corrections; iii) ete~Z vertex corrections;
i) v — 7°,7°% — 7° self-energy insertions; iv) WF corrections to the external Higgs boson legs;

v) Box-type diagrams
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at onc

Quantum corrections to ete~ — h9A%: an overview

A0 Al
e Z e e z e

f QR A HQ

i) loop-induced vh°Z° interaction; ii) _; ii) ete=Z° vertex
corrections; iii) v — 79,2° — Z%self-energy insertions; iv) WF corrections to the external Higgs

boson legs; v) Box-type diagrams
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at onc

The Z° A% h0 interaction at 1-loop

AU A(} AU
0 - 0 - o @

e Z 1/4//‘ e Zz 1/4// e Z 1/4//'
e e E
e n° ‘\ e H? @ _ e h g -
ho " ho " ho "

& 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:

Fgohozo — zY? (Fgohozo +Fiohozo)
~ Z/? (erhozo +FthOZO)

e Ay
Tz ~ 1—‘2%02016 g F(M/s, Mg /s)
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at onc

Trilinear couplings: gauge vs Yukawa-like

AO
0 - —i -
A /.. CRHY = _—tecosBza) [ (2Mh20 + M,fo) sin 20
e ) h” 2 My sin Oy sin 28
! 1 2 .2 . .
HO \6\ -2 €—2)\5 My, sin® Oy (3sin 2a0 — sin 25)]
o~

ie My
C ROROHY = oMW 9
Mssml ] T 008 00 sind (cos2a cos(a + B)

—2sin 2« sin(a + 3))
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at ont

et e — AYhC at one loop: phenomenology in a nutshell

S(0+1) _ (0 Mo [ GeV] Mo GeV] My [ GeV] M+ [ GeV]
= 130 200 260 300

| | | |
500 1000 500 1000 -10 0 10
Ecm [GeV] Ecm [GeV] A
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2HDM Higgs boson production at the LC (I1): Neutral Higgs-pairs at onc

et e — AYhC at one loop: phenomenology in a nutshell

5. = S(0+1) _ (0 Mo [ GeV] Myo[ GeV] My[GeV] M+ [ GeV]
) 130 200 260 300
& Optimal rates: _ fb (@
0.5 TeV)
L (for [As| ~

5—10, tan 3 ~ O(1))
 [ausnim effects s albocet Vs suprwession]

5r > 0 (/5 ~ 0.5TeV)

A5

5, <0 (V52 1TeV)

®
Higgs masses, type-1/II ...

— indep.  of
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© 2HDM Higgs boson production at the LC (l11): Higgs-strahlung at one-loop
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2HDM Higgs boson production at the LC (Ill): Higgs-strahlung at one-Ic

Quantum corrections to eTe™ — h%Z°: an overview

i) loop-induced vh°Z° interaction; ii) Z°Z°h® vertex corrections; iii) loop-induced ete™h®
interaction; iv) ete™7Y vertex corrections Z° — 729, v — Z° self-energies; v) WF corrections to

the external Higgs boson legs; vi) Box-type diagrams

David Lépez-Val LC12 — February 9th 2012 — DESY Hamburg



2HDM Higgs boson production at the LC (Ill): Higgs-strahlung at one-Ic

Quantum corrections to eTe™ — h%Z°: an overview

i) loop-induced fyhOZO interaction; ii) Z9Z°h° vertex corrections; iii) loop-induced ete h®
interaction; iv) e"e~Z° vertex corrections Z° — Z°, v — Z° self-energies; v)

; vi) Box-type diagrams
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2HDM Higgs boson production at the LC (Ill): Higgs-strahlung at one-Ic

ete™ — h%ZY at one loop: phenomenology in a nutshell
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2HDM Higgs boson production at the LC (Ill): Higgs-strahlung at one-Ic

et e= — AYh? at one loop: phenomenological analysis
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2HDM Higgs boson production at the LC (Il): Higgs-strahlung at one-lc Correlating different multi-Higgs production modes at the LC

Correlating different multi-Higgs production modes at the LC

Phenomenological highlights

@ Enhanced Higgs production rates

@ Enhanced quantum effects

@ Correlation of hZ, 2H and 3H signatures at different V'S, unmatched to the MSSM

tan8 o  As Mo [ GeV] Mo GeV] My[GeV] M+ [ GeV]
1 B -10 130 150 200 160

Process || o(v/5 =0.5TeV)[fb] | o(v/5=1.0TeV)[fb] [ o(v/5 = L5TeV)[fb] ]

hoA° 26.71 (31.32%) 4.07 1.27
HOZ° 19.09 (—61.56%) 3.73 1.47
hOHOA? 0.02 5.03 3.55
HOHTH™ 0.17 11.93 8.39
hoh0 + x 1.47 17.36 38.01

Hodgkinson, Ferrera, Guasch, DLV, Sola ['07], DLV, Sola ['09], DLV, Sola ['09], Bernal, DLV,
Sola ['10]. For a recent update see Sola, DLV, arXiv:1107.1305 [hep-phl, in the LC10
proceedings
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2HDM Higgs boson production at the LC (Il): Higgs-strahlung at one-lc Correlating different multi-Higgs production modes at the LC

Probing the 3H self-couplings at Linear Colliders

Phenomenological highlights

@ Enhanced Higgs production rates

@ Enhanced quantum effects

@ Correlation of hZ, 2H and 3H signatures at different VS, unmatched to the MSSM
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Summary

Take me messages

@ Higgs boson self-interactions constitute a - piece of the 2HDM dynamics =

unrelated to the gauge symmetry | | NN
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Summary

Summary

Take-home messages

@ Higgs boson self-interactions constitute a - piece of the 2HDM dynamics =

unrelated to the gauge symmetry | | NN

@ Observables which are sensitive to _, either directly or through
quantum corrections, gives rise to _ — very distinctive of
_ multi-doublet Higgs sectors.

) _ of 2HDM Higgs boson production @LC for large Higgs

boson self-couplings:

o Large Higgs boson production event rates in a variety of channels, both
from direct processes (ee™ — 3H,eTe™ — 2H + X) and loop-induced
processes (yy — h, eTe™ — v*y* — h+ete™)

— 0 ~0.0L—1pb for /s ~0.5—1.5TeV
o Large quantum effects ( &, ~ +50% ) (ete™ — 2h,ete” — hZ0)

o Highly complementary signatures at different /S ranges, stemming from
the combined analysis of hZ, 2H and 3H channels
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Summary

Renormalization of the Higgs sector

Physical content of the OS conditions:
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Summary

Renormalization of the Higgs sector

Physical content of the OS conditions:

& On-shell A’ renormalized propagators have unit residue,
L/[1 + Re Sp(M3)] = 1
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Summary

Renormalization of the Higgs sector

Physical content of the OS conditions:

& On-shell A’ renormalized propagators have unit residue,
L/[1 + Re Sp(M3)] = 1

s No A’ — Z° mixing occurs for on-shell A° bosons at any order in
perturbation theory.
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Summary

Renormalization of the Higgs sector

Physical content of the OS conditions:

& On-shell A’ renormalized propagators have unit residue,
L/[1 + Re Sp(M3)] = 1

s 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:

*Sz0(a’) + Mz Sco (47)] s =0

20
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Summary

Higher-order corrections to eTe™ — hOA®
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Summary
Interplay of perturbativity and unitarity in the 2HDM
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Summary

ete™ — h%ZY at one loop: some analytical properties

The leading q um effects can be estimated as:
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Summary

ete™ — h%ZY at one loop: some analytical properties

The leading q um effects can be estimated as:
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