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THDM

THDM = SM + 1 scalar doublet (take the SM fields, add one doublet and write the
most general renormalisable Lagrangian compatible with the symmetries).

Particle content

SM — 4 degrees of :> THDM — 8 degrees of freedom

freedom

If we can break all gauge symmetries — 4 NGB + 4 scalar bosons

Gauge U(1) conserved but not CP — 3 NGB + 5 scalar bosons (2 charged,
H*, and 3 neutral, h;, h, and h,)

Gauge U(1) and CP conserved — 3 NGB + 5 scalar bosons (2 charged, H*
and 3 neutral, h, H and A)

Includes the hit: THE INERT MODEL

. All gauge symmetries unbroken — 8 scalar bosons

. Other global symmetries can generate additional NGB.




“The" THIDM potential -DI'Y

1. Do not touch the gauge and fermion sectors

2. Duplicate the kinetic scalar term — write @ instead of @ in IL,.. . then add
another piece withi @, imstead ot @.

3. Don't write the' most general Higgs potential. Use a'symmetry!
7, symmetry: ®; = — 0,5 @5 = @5, soltly broken by the my, term

9 9 , o \ 1 WD 1 N
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+ )\3(-(1}){(1) ){(I} D, }+ \4((1) D, )(cI) D, )Jr 1 \5[((1} D, } +h_¢3_]

“Normal”* vacuum (CP'conserving and non charge breaking) —ift Y =/l

8+ 2 parameters — 2'are lixed by the minimum conditions and one by the V.
mass v2=v;>+ v, I choose the remaining 7 as

th MH: MA: MHia ta’nﬁa , M2




Yukawa lLagrangian

4. There are 4 ways to extend the discrete symmetry to the fermions — 4 possible
Yukawa Lagrangians (without FCNC at tree-level).

leptons (h)
down (h)
up  Po up (h)
down P-o leptons (H)
down (H)
up (H)

lepton P9

Model I Model 11

T
tan =1 4 i R — 7
mpo = 110GeV " ‘~ " mpe = 110 GeV

hY — bb
anf=1

‘.‘_ mh., = 110GeV Couplings tO
" gauge bosons

cos(p'=w)
sin(f'— o)

5. Serve with branching ratios and cross sections.



Best ol Experimental Constramts I

* Direct bounds
Charged Higgs'— LEP 79.3 GeV
B(H+ — 7t y)—}—B(H—}_ — ¢35)=1
Other Higgs — model dependent = hi can be very ligsht (angle dependence)
SMi like — ILEP bound 114.4 GeV

. 7 o3 Lxcludes low tan S in all models. Light charged Higgs
~100/GeV and tan = 1 are distavoured

0p| < 103 Hlectrowealk precision constraints (all models) — "'compact”
P~ mass spectrum




Best of Experimental Constraimts 11

Ulfir Collaboration (arXiv:0908.3470)

Models 11 and' I11

Excluded by: B —_— T 1/
- BR(B — X;y)

PBBrREB - ™
P BRB > X.y) & BRB - 7v)

Iixcludesihigh tan 5
Just in model 11




Theoretical Constraints

e Charge and CP breaking — for peace of mind

In a “Normal” minimum, the THDM is naturally protected against charge
breaking and against CP breaking.

o Vacuum stability
Conditions for the potential to be bounded from below at tree-level —
especially important for V> 0.

o Tree-level unitavity
Hull' set ol perturbative unitarvity conditions — very restrictive — small
values of tan (' (or not) and masses below =1 TeV.
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Theoretical Constraints :
M= <0

—M? sin® 3 + M3 cos? o + M7 sin? a
5 5 > 0
V= cos= 3
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So

 All Models — Avoid regions where (tanf3, My+) < (1, 100 GeV)
— Avoid regions where mass spectrum is not compact

— Avoid regions with large tanf3 (unless you have a good reason)
—ForM?>0; M?<2 M2

e Model II and IIT — Add

mg+ = 300 GeV

Terms and conditions apply




THDM = SM




A SM-like Higgs
cos(p—o) =0

sin(p - a) = 1 N

o [Lightest CP-even Higgs becomes SMElike: - the I couplings to the gauge
bosons and' te the fermions are the same as i the SIM

Jhvv - 9nhff 1

Q‘ h SM Vv g h S M f f

=sin(f—a) —1

o g 1s now the same 1n the SV and in the THIDM: (and gi,,..= 0)

9(hhh)
G(hhh) gy

o We take
Mg = Mg+ = Mg = Me

Why?

» Because 1f we find a Higgs we want to make sure that it 1s (or maybe not)
indeed the SM Higgs boson (look for non-decoupling effects) 13




A SM-like Higgs

SM ~ THDM
(Zhvy) (Zhyv ) (S )M~ (St ) LHDM

(e OV = (g )M

A. Djouadi, J. Kalinowski, M. Spira

(thh )THDM ~ |

WW

Same couplings, same signatures,
SN same results.

M, (GeV/c?) 14



[LHC hh production (pp — hh)

Tree-level contribution

One-loop contribution

One loop corrected hhlv vertex in the two-Higgs doublet model in the limit
sin(fp—-a)=1

11 ( ) 3 mj M2\® A
Nifh(THDM) == {1+mH (1— ) NI S—

1272m2 v?

2,22 B
127 mjv Kanemura, Okada,

. 2 N\ 3 s 9 ..
My ( {_ M? ) N, m; L (PPm% omi pim? Senaha, Yuan 04

)
v "ITI-"H

Gm2m3 v2 My 3m2mio? miv?’ w2 miv?
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Non-decoupling efiects
cos(p—-ao)=0

sin(p— a) =1
My = Mg+ = Mg = Ma

myp = 120 GeV

— Calculation: FeynArts, FormCalc

100 GeV and LoopTools
£ 200GeV

#*
*
#*
*

— One-loop corrected hhh included

— Theoretical and experimental
300 GeV
300 400 500 600 700 800
Mg (GeV)

constraints included

Very hard if M* > 0 — small enhancement for heavy M, and small V>

16




Non-decoupling efiects/
Non-THIDM = SM efttects cos(fp—a)=0

sin(p— a) =1

M =300GeV
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Better it VI* < 0= enhancement all M, for large M?




Photon Collider hiv production (y7y —> hh)

SM:-like contributions (same as before with gluon replaced by photon)
plus new and dominant scalar loop contributions

Contributing scalar couplings

* 2hhhe 8Hnh

® St b (e St g Only i photon
collider

New: set of diagrams
appear only because of
the charged Higgs




Photon Collider hiv production (y7y —> hh)

- SM ——— - SM
G (pb) | M, +=200 GeV .- .4 o(fb) [M_+=400 GeV -
" Cornet and Hollik
10
have looked ftor effects
, {rom
-4
10
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Full cross section (Root(s)=600GeV)
0.35 T T T T
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0.3

Asakawa et al

have looked for effects

£
E’.\ THDM (2-loop) _ from gH+H_ 12® gH+H_ I5 |
& 015 Jooor
Ty T and one loop effects

04 | SM (1-loop) 7

(hiah)
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Non-decoupling efiects

10 10—
Decoupling Limit Lloop; myz = 200 GeV
Mo — 300 eV o0 GV o Decoupling Limit
Mo = 3GV i = 200Ge £, 500GeV [Largest cross
Mg = 300GV myp = 0 - sections are
Mg =400GeV; mia =0 .
My = 500 GeV'; myg =0 obtained for
1t . 2loop; myz = 200 Gel

M? < 0 including
the one-loop

* ) corrected hhh

e ,\ .......... VErtex

1loop; mis ; 0

2loop; mys =0

o(yy — hORY) (£b)

01} £

SM

200 250 300 350 400 450 500 550 600 650
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(Left) vy — hh at LO,
(Right) vy — hh at LO and LO + High order corrections to hhh




Seli-couplings or
just a dark plan te kill the TEHIDM?

i\

Just to use the word dark




Reconstructing the TE

M Higgs potential

e Can we use the SM results; to lind/measure couplings/exclude the lightest CP-

even Higgs (=120 GeV) at the ILHC?

 ILHC - Almost impossible to measure the triple Higgsicoupling in the SV for:

masses below 140 GeV.

e Parton level studies were performed for gg — hhin the SV for the ILHC by
Baur, Plehn and Rainwater in (other channels V. Moretti et al — best VBE)

gg — hh — bbbb G — hh — bbr 7~

... and using rare decays

gg — hh — bbvy~y gg — hh — bbu™ ™

xmost promising




Reconstructing the THIDM Higgs potential

e In some regions of the THDM cross sections can be much larger than the
corresponding SV ones. We can use SV analysis to find the regions ofi the THIDM
that can be probed with' less' luminosity. Two of° the Baur; Plehn and Rainwater:
analysisiare

NN g9 — hh — bby~y

Signal 0.0106 1b
All' backgrounds,  0.0186 b
To establish a non-zero coupling at 95 % ~ 600 b= are needed

= A hopeless scenario inithe SIVI - /gy y RNy ? o

Signal 0.0066 1H
All backgrounds  0.056 {b

M, = 120 GeV.




bbtt vs. bbyy analysis

» The production process does not depend on M., and on M,
— S variables: My, M, , tanf}; sina and M.

Scan in all allowed tan 8 and sin« (IT and I1T)
100

The branching ratios for hi— bband

Mp = 120 GeV 4 J
[ awepnmeagl 1| — 77 are functions of Vi, . tanf, sina.

10 | 1

The branching ratio for h— yy

& dependsion M, , tanf}, sina, VM and M.
= 1110 fb=1 (bbrtr-) ]
;
= 10 fo= 1 (bby) The numbersistill have to be scaled by a
° o1l J| factor that is Yukawa model dependent.
001 | sM ] BR(h — T+T—)THDM BR(h — E’b)THDM
I ] BR(h—>T+T_)SM BR(h%bb)SM

260 280 300 320 340
My (GeV)

Comparison between the two analysis for My > 2 M,, and M? < 0.

24
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Measuring any coupling?

Models IT and IIIT
[s the diagrami with: the

M), = 120 GeV; tan 8 = 1 Hhh coupling alwaysi the

M? = —200? GeV? dominant above threshold?
Hhh = all (siha = —0.8)

Diagrams with the Flhh
Hhh (sina = —0.3) e — coupling dominant

280 300 320
My (GeV)



(g9 — h'h")(pb)

100 ¢

0.1 |

0.01

...and the reason is

M, = 110 GeV
M2 = — (240)2 GeV?

*

mpo = 200GeV -+
mpo = 220GeV
mpyo = 240GelV  »

(o]

)‘:z! P ,/ /"\5 A
]

mpyo = 200GeV
tan 3 =1

Apropopo [ Asnm
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IS 15 |
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1 1 1 1 1 1 1 1 1 20
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Sin v
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Sin o

Cross section and couplings as a function of sin o




Photon Collider

E.,, =500 GeV E. 800 GeV

Osm= Gappm < 30 Ogyg
300 g= Goppm < 100 Oy

5005~ Gappig = 100 Ogpgg

o = 100 Oy 1

| .

my, (GeV)

Scan over sin «

mpo = 115 GeV m 40 = 270 GeV mpy+ = 350 GeV




o(gg — hh) (pb)

100 ¢

10

0.01
0.001

0.0001

Complementing the LHC?

pp — hh

Scan in all allowed tan 5 and sin o (II and III)

sin ZI—CI.S I

0.1}

sin v =-0.6 %
sin v =-0.4 *
L sin v =-0.2 o
sina =0.2 L]
sina =0.4
" " " sina =0.6n =
L 010 fb! (bbrat ) n sina=08g =
«10 fb=1 (bby) * )
& “ +
L SM -
+ . v
M;, =120 GeV
a M? = —200% GeV?
140 160

ry.— hh

Scan in all allowed tan 3 and sinea (I and III)

1 FT T T T T T T
2 M, =120 GeV s::m o = -0.8
M2 = —2002 CeV sina = -0.6
sinao = -0.4
Mg+ = 300 GeV s Gina — -0.2
sina = 0.2
sina = 0.4
0.1 ¢ : sinae = 0.6
L sina = 0.8

SM

0.0001 ™ '

150 200 250

300
My (GeV)

350 400

By the end of the LHC some regions of the THIDM

will remain inaccessible

450




Summary

o Can we distinguish the SM from the THDM when cos(p— o) = 0 ?

(hyy MR (Eryy VTTOM 5 (e )M = (g ) THPM 5(8pp, )PM = (g )TPM and (g, )PV =0

M2>0 M2 <0

e ILHC - no one loop hhh corréction — No!

—with one loop hhh correction :
Harder Irasier

» At the ILHIC non-decoupling effects in pp — hh canonly be measured at the two-loop
levell via radiative corrections to the triple hhh vertex.

= Photon collider'= no one loop hhh correction —non DE can come from charged Higgs
couplings
— with one loop hhh correction — further enhance non DE

e Can we kill the THDM? Which one? Some Yukawa versions' - like Model I — we can
probably exclude a very large portion by including other production channels and
other decay modes in the gluon fusion process.

» Some regions could be probed with just a few tb-' and a photon collider will help
to complete the picture 50




Thank you!




