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THE THEORY OF MATTER
and STANDARD MODEL(S)

F. Wilczek, LEPFest, Nov.2000 (hep-ph/0101187)

Theory of Matter = 8U(2), . xU(1), .. xSU[E), .

Theory of Matter refers to the core concepts:

- quantum field theory

- gauge symmetry

- spontaneous symmetry breaking

- asymptotic freedom

- the assignments of the lightest quarks and leptons

Standard Models: Choose the number of Higgs (scalar) doublets
SM=1HDM, 2HDM (MSSM), 3HDM ...
Note, that the lightest scalar is often

NonStandard Models are based on more radical assumptions.

See eg. CP Study and the Nonstandard Higgs Workshop 2002-2006
(CERN Report hep-ph/0608079)



Brout-Englert-Higgs mechanism

Spontaneous breaking of EW symmetry
SU(2) x U(1) — U(1)

QED

standard Vioc

Doublet of SU(2): ®=(¢*,v+H=+i()"
Masses for W*-, Z (tree p =1) , no mass for the photon
Fermion masses via Yukawa interaction

Higgs particle H,, - spin 0, neutral, CP even

couplings to WW/ZZ, Yukawa couplings to fermions
mass « selfinteraction unknown




Brout-Englert-Higgs mechanism
Spontaneous breaking of EW symmetry

SU(2) x U(1) — ?
yo Higgs _Doliblet Mode
Two doublets of SU(2) (Y=1,p=1) - ®,, D,

Masses for W, Z , no mass for photon?
Fermion masses via Yukawa interaction —

various models: Model |, Il, Ill, IV, X,Y,...
5 scalars: H+ and H- and neutrals:

- CP conservation: CP-even h, H & CP-odd A
- CP violation: h,,h,,h, with undefinite CP parity*

Sum rules (relative couplings to SM ¥)



2HDM Potential

Lee'73, Haber, Gunion, Glashow, Weinberg, Paschos, Despande, Ma,
Wudka, Branco, Rebelo, Lavoura, Ferreira, Barroso, Santos, Bottela, Silva,
Diaz-Cruz, Grimus, Ecker, Ivanov, Ginzburg, Krawczyk, Osland, Nishi,
Nachtmann, Akeroyd, Kanemura, Kalinowski, Grzagdkowski ,Hollik, Rosiek..

V= 7\1((1)1+<D1)2+7\2(C|32+q32)2+7\3(q31+q31)(q32+q32)

+ Ag(P17D,) (P, TD,) + [)\5(q)1+q)2)2+ h.c]

+ [(Ae(P11P1) + A7 (D1 D)) (D1 TD,) +h.C.
-m211(q>1+cD1)-m222(C|)2+q>2)- [m212(®1+q)2) +h.c.]

Z, symmetry transformation: ®;—®; ©,— - ©,

Hard Z, symmetry violation: Ag, A; terms
Soft Z, symmetry violation: m?;; term  (Re m*1,=p?)
Explicit Z> symmetrv in V: A, A m?:-=0



22 Symmetry: ¢1 — ¢1 q)z%' sz

- If Z, symmetry holds in the Lagrangian L
no CP violation in the scalar sector

Lee' 73

Glashow, Weinberg'77, Paschos '77
Despande, Ma' 78

- Softly broken Z,— Branco, Rebelo '85

CP violation possible, tree-level FCNC absent,
Decoupling and non-decoupling possible Haber'95

- Hard breaking Z,—

CP violation possible [* even without CP mixing]
Lavoura, Silva' 94 ; Kanishev, MK, Sokotowska' 2008

tree-level FCNC



Possible vacuum states (forreal V) _

A. Barroso, P.M. Ferreira, R. Santos, J.P. ., hep-ph /05073

The most general vacuum state

1’ 2’ u E‘
real, = 0
V2 =V 2 +V 2 +U?
= (246 GeV)?
Inert I u=v,=0
Normal (CP conserving) N u=¢=0
Charge Breaking Ch u#z0 v, =0

[ Vacuum B u=v,=0] (

CP violating CP u=0¢&=#0



Various vacua on (A, , A,) plane (£, sym)

Positivity constrains on V: X=VA A +A,>0
ANEA>-X

Charge
Breaking

Ch
Normal

Note the overlap of the Inert with N and Ch'!



Yukawa interactions
( with or without Z, symmetry)

Model | - only @, interacts with fermions
Model Il - CDlwith down-type fermions d, |

®, with up-type fermions u

Model lll - both doublets interact with fermions
Model IV (X) - leptons interacts with one
doublet, quarks with other

Model Y - ® with down-type quarks d
®, with up-type quarks u and leptons

Top 2HDM - top with one doublet
Fermiophobic 2HDM — no coupling to the lightest Higgs
+ Extra dim 2HDM models



Inert or Dark 2HDM Berbioni 06

Z, symmetry under ®; — @; Oy —- O,
both in L and in vacuum — Inert Model

NOZEN(0RY) <CD2T >= (0,0)

— @; as in SM, with Higgs boson h (SM-like)
— @, - no vev, with 4 scalars (no Higgs bosons!)
no interaction with fermions (inert doublet)

Conservation of the Z,symmetry; only @, has odd Z, -parity

— The lightest scalar — a candidate for dark matter
(P, dark doublet with dark scalars) .



2HDMs

2HDM potential, its symmetry before & after EWSB
theoretical constraints: positivity, unitarity
vacua and physical masses
gauge interaction, selfinteraction
Models of the Yukawa interaction
symmetry, perturbativity

Sum rules and pattern relation

SM-like scenarios (decoupling and nondecoupling),
very light neutral scalar scenarios

Constraints on Model |, Il..., Inert Model
Future measurements LHC, ILC/CLIC, PLC



2HDM: old idea and recent progress

T.D. Lee 1973 — mainly for spontaneous CP violation
Rich phenomenology ....

2004-2009: deeper understanding of V using symmetry
(reparametrization freedom or is tan 3 a physical

parameter?, condition for CP conservation, vacuum states)-
Haber, Gunion; Ginzburg, MK; Nishi, Nachtmann, Maniatis,
Manteiffel, Ivanov, Kanishev, Sokofowska, Barroso, Santos,
Ferreira, Silva, Botella, Lavoura, Branco, Rebelo, Grimus, Osland,
Vives...

2006-9 Dark matter: Ma, Barbieri;

Evolution of the Universe: Ginzburg, Ivanov, Kanishev, MK,
Sokofowska

New analyses for LHC, ILC, PLC
Constraints from Flavour data
Generators for 2HDM



The explicit and spontaneous CP
violation Sokofowska, Kanishev, MK’ 08

Distinguishing the explicit and spontaneous CP
violation using the |- and J -invariants
(CP-odd weak-basis invariants)

Special case: CP violation without CP mixing,
l.e. CP violation in V only in selfinteraction
- a hard CP violation due to the hard Z,

violating terms



Distinguishing direct vs spontaneous
CP violation Sokolowska, Kanishev, MK’ 08

We must identify CP-invariant part in
order to determine CP transformation

Branco, Rebelo, Grimus,
Nachtmann, Nishi, Haber,...

The simplest CP transformation:
D(x,t) — Ot(-x,t)

Then

CP-even ny, N

CP-odd A

Higgs basis



J-Invariants

Mass matrix: J, ~ Im (As*/As?)
Interactions: J,~ Im (As*N\72), J, ~ Im (A7"Ne)

= (P conservation: all J =0

- It J, not zero — CP mixing in states, no definite
CP-parity for hl,h2,h3

-1f J,=0 and J, , not zero — no CP mixing

CP violation in the interaction at the tree level

Lavoura, Silva, Botella' 94



[-invariants
» Other invariants formed from the parameters of the potential:

1
V=Y ;bld, + > Zake (DL, (L)

1 1
|""“[f[ }f 5L bzedYda) = Im(Y Y, dfbﬂdf/[ }

1 1 - - - - - -
I3 = Im{fﬂrbd‘f{ :I"f{ :I‘/fﬂjhfijmnfﬂmh ), la= Im{zaﬁ_bd_‘.'dfﬁdﬁﬁeﬁfq‘}ﬂﬁ}hE}qu

bf dh

» 4 invariants formed from quartic and quadratic parameters of V'

» The potential is explicitly CP conserving < all I; are 0

< there exists .real basis” of fields ®;, ®> in which all A;. m?j are real

= CP symmetry can be conserved or violated spontaneously

p If 31; &= 0 then CP is explicitly violated. _
‘Haber, Gunion '05]

Branco et al.



J- and [-invariants: a comparison

Model J-invariants | I-invariants
properties
CP explicitly 4J; =0 4I; # 0

violated

CP spontaneously 4J; = 0
violated
CP conserved vJ; =10

p if ¥.J; = 0 then we have CP conserving case
p if 4.J; #+ 0 then we have CP violation

e if ¥I; = 0 then we have spontaneous CP violation

e 1f J7; % 0 then we have explicit CP wviolation

Sokotowska, Uppsala 2008



2HDM - what do we know?

Most results for the Normal (CPconserving)
case

- Direct measurements
- Undirect measureament

Sum rules useful !



Relative couplings (respect to SM)

Haber, Wudka';
Kalinowski, Grzgdkowski, Gunion

For neutral Higgs particles h., i = 1,2,3

there are relations among couplings, eqg.

Z;e(l?:})z =1, for j=V,u,d




Pattern relation- for each h_(or h,H,A)

Ginzburg, MK, Osland

Haber, Gunion
Ginzburg, MK



Higgs search at colliders

—

The Standard Model and Beyond Standard Model:
2HDM/MSSM
Colliders: LEP, Tevatron and LHC

Low energy measurements:
B-decays constraining Higgs sector,
g-2 for muon — new physics?
Future colliders ILC and PLC

Cosmic connection



Existing constraints for 2HDM (II) with CP conservation

CP conserv. 2HDM(II) Wwith soft violation of Z> symmetry (u2 term):
— five Higgs bosons: h,H,A,H=

| Re m?
= 7 parameters: M;, My, My, My, a,tan 3, and p? 12
MODEL II (as in MSSM)
Couplings (relative to SM): h A
to W/Z: v =sin(3 — a) 0
to down quarks/leptons: Xd =XV — R__.-"l — \"%— tan g3 —ivs tan 3
to up quarks: Xu = Xv + Hk__.--"'1 — x;%— /tan 3 —iyg/ tan 3

efOr couplings like for h with:
sin(3 —a) — cos(3 — a) and tan3 — —tan g.

eFFor large tan 3 — enhanced couplings to d—type fermions (and 7, ., e)!

-Y‘E;,HJF = cos(3 — a) - complementarity to AV V!



DATA

direct:(h) Bjorken process 7 — Zh, — sin( — o)
(hA) pair prod. ete™ — hA, — cos(f — a)
(h/A) Yukawa process ete~ — bbh/A, TT7h/A, — tanj3
(H*) ete — HTH™
via loop:(h/A, and H=) Z — h/A~

via loop:(h/A) T — h/Ay — upper limits for y,
loop: (H) b— sy, — lower limit for M.
leptonic tau decay — — lower & upper limit for M, .
g-2 data , — allowed bound for y,

B — tau nu, D — tau nu — lower limit on mass H+

(all Higgses)
Chankowski at al.,’99 (EPJC 11,661;PL B496,195)

Cheung and Kong '03 Akesson et al...
GGG



Neutral Higgs bosons - couplings to gauge boson, and mass exclusion

LEP: 2HDM with Z2 symmetry

Light h OR light A in agreement with current data
hZZ: sin(3 —«a) and hAZ: cos(8 — a)

B 0.4 < tamfi < 58
C10.4< tanf < 103
[0 1.0< tanp < 58

Limit on k
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Light scalar h — small k = sin?(8 — a) !




Upper (95%) limits for Yukawa couplings v, (tan 3)in 2HDM (1II)
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Global fit to EW precision data

Upper limit for MH for light h (20 GeV) sin(B-«)
=0 for H+ =1000-800-600 GeV Chankowski, MK
Zochowski' 99

104

, , R
0.4 0.5 0.6 0.70.80.91

Tang




A very light Higgs boson scenarios (h or A)
upper limits for mass of h

- MA=1 GeV




g-2 for muon (Jegerlehner’07)

CERN (79) | o
KNO (85) Theory e
E821 (00) x* | 5
E821 (01) p* |
E821 (02) " ——
E821 (04) o=
Average - 1208.0L£6.3
E969 goal | | I au><1010-11659000
100 200 300
EJ 95 (ete) —— [ | 181.34+16. [1.6 0]
(eTe) o= 180.9+8.0 [2.7 0]
DEHZ03 (+7) - 195.6+6.8 [1.3 0]
GJ03 (ete) —e—| 179.4+9.3  [25 0]
SNO03 (e¢te~ TH) - 169.2+64  [4.3 o]
HMNTO03 (ete™ incl.) o= 183.5+6.7 [2.7 7]
(¢"e7) - 180.6+59 [3.2 0]
TYod (+7) - 1889+59 [2.2 0]
DEHZ06 (ete™) - 180.5+5.6 [3.3 7
HMNTO06 (ete™) - 180.4+5.1 [3.4 7]
LbLBPP,HK,KN |=0=| 1776+ 64 [3.3 O’]
FJ06 (efe”) ¢ LbLgy o= 179.3+6.8  [3.2 7]
LbLyy o= 1829+6.1  [2.9 0]

New Physics?
5a, = (287 +/- 91) 10"
3.20




2HDM contribution to ay: af"PM = a) + i} + o] + ol
elight 1 scenario : a7"PM = o
elight A scenario : {I-EHDM ~ a.ﬂ*

g-Z2 formuo

9 ¥ . two o
H- H- T / o w
F 4 -

h,A LA .

! p Py . hi

4 | i 4
j el i : o :
Zochowski, MK'06 MK'01:Dedes, Haber'0l _hang at al..Cheung at al, Wu,Zhou, MK'01,'02

Two loop contributions larger than one-loop for mass ~ few GeV!
Note, that ~vh and ~v+A effective couplings enter |

So, hHTH~ coupling relevant...

MK, hep-ph/0103223v3, Acta Phys. Pol. B 33 (2002) 2621 (hep-ph/020807)



Combined 95% CL constraints for h and A in 2HDM(II) '2004

scalarhfor 3 —a=0, p* =0 pseudoscalar A
' g ' Exclusion 95%C.L. for Ain 2HDM(I
Exclusion 95%C_L. for h in 2HDM(Il) o () upper
bR LN R | LY LY | LELERRLL) ! A IR
i ' i allowed 7 &/
100 E ; fevalron 100 £ byg2 /& o
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- etc

If all existing data are taken into account — allowed regions for A only
A with mass 25-70 GeV and 25 < tan3 < 115 in agreement with data



Leptonic tau decays

In SM - tree-level W exchange, in 2HDM: tree-level charged Higgs

In 2HDM loop corrections involve also neutral Higgs bosons — dominant
contributions at large tan (gﬂ{] =h,H,A) - with D. Temes EPJC 2005




05% CL extra contributions

The lowest order of SM

Brflgy = (17.80 £ 0.07)%, Br*|gy = (17.32 £ 0.07)%.

Together with the experimental tau data we get

Af = (0.20+0.51)%, A" = (0.26+0.52)%.

95% C.L. bounds on A!, for the electron and muon decay mode:

(—0.80 < A® < 1.21)%, (—0.76 < A* < 1.27)%.

The negative contributions are constrained more strongly..



Partial widths or leptonic = decays: SM vs 2HDM

SM at tree-level = the W= exchange ( with leading order corrections
to the W propagator, and dominant QED one-loop contributions)

2HID M extra tree contribution due to the exchange of HT

rHi B [mgmf tan® 3 mymrtan? 8 my (m?)
tree — 4 o 2 - 2
AM . Mg. my \mg

where k(zx) = "-'.L'T glz) =149z — 9% — * 4 6x(1 + z) In(x).

The second term - from the interference with the SM - much more
important. It gives negative contribution to Br:

—m? H” tan 32



N
One loop contribution for large tan /3

A, toon & ~ GFmz stan? g A
OTLE C"Dj‘.? 8\..-""{2
. Mz,
A — —|In 5 + F(Rys)
M3
-|-% (In ( ) + F(Ra))
mT
2
_|_L;;.:352(_.{:f — a) (m (M ) -I-F(Rh))
2 mT
_|_15|'r12(;3 — ) (In (MFH) + F(RH))]
2 mT

where R.:_:': = ﬂ'fq'-,fﬂ'fH:I: and F(R) = -1+ 2R?InR?/(1 — R?)

NOTE, A does not depend on my!
Loop corrections are the same for e and p channels

The exact and approximated expressions can not be distinguished




Mass of H+ from tau decay

oo
loop only -excluded

MA=MH+
\ sha2=0

Mh=

= tree only -excluded
i |

100

tan beta




Mass of H+ from tau decay

loop.only -excluded
N MA=MH+
\sba2=0

~ tree only -excluded

100
tan beta




_
Experiment — NNLO Theory
=+1.20

B factories
are likely to improve
precision to 5%

Super B could push
down Ey cutoff from current
1.8 GeV to 1.5 GeV

Super B incl. ACP precision:
0.9% @5 ab’
0.3% @ 50ab’

Super B can measure incl.
b —dy rate to
25% with 5 ab’

sive b —s vy

NNLO SM Prediction

3.15 = 0.23 x10™ i
hep-ph /0609232
CLEO Phys. Rev, Lett, 87, 251807 (2001) et

(down by 1.27)

BELLE Phys.Lett, B 511, 151 (2001)

BELLE Phys.Rev.Lett.93:061803,2004 —ii—
BABAR TRD 72, 052004 (2005) | i
BABAR hep-ex,/ 150N] ——il—
HFAG Average
3.55 £ 0.26 x10% ¥
Exrapodation fo By = 1.6 Gav
froitn PROY 3:073008,2006
. 1 1 1 ] I ] ] 1 1 I [ | ] ] n I
2 2 4 &

BH(bH“ S"]") Ei,>1.'5 GEVX.I 0-4



The weak radiative B-meson decay branching ratio:

BlB - JYHF-::E:}E“.-‘:}]-':j GelV = BlB — J{c'ﬁ?.’;’:}.'x]n [r_.{h—'hﬁ:' ll f (m)

|['(b—cer fIJLU - \ aslmg) )

[ o~ ‘ o~ _’" y \
x {1+ Olag) + Ola?) = Olagy) + O |25+ 0 ( } + O (Ir}—r{'l"-\,-)
NLO NNLO ’”b mg RIS
~30%  ~ 10% ~ 4% ~ 1% ~ 3% <~ 5%
1::*1'1IH']:;11 h':*T‘cJt't't*c'l 10115 L ‘[mll—]:c*]'HH']J;H'l::'x' corrections

(methods: Optical Theorem,
Operator Product Expansion,
” Heavy Quark Effective Theory)
The latest HFAG average: '[-' Hh = 0.24 7 “l y = (L0 }] x 107

(hep-ex /0603003, does not yet include the new BaBar result from hep-ex/0607071)

Combined error of the HFAG average ~~ .4
— need for the NNLO.

Sample LO EW diagrams:

NMSSM

LO QCD effects that originate from two-loop diagr Miaggsdf Ht apove 295 GeV at 95 % CL

enhance the B — _Ti_g“;- rate by more than a factor of 2.

I'he function f | kgl _Ur“ I/ Cigl THE )| arises from Two loops at the LO
Iy - 3] | O T . . . : ——
resummation of |1 n A 4"'1‘;-__-" H‘e‘lrj_] using = Four loops at the NNLO

the renormalization group technigues.



B to tau nu’ 2006-7

Simple decay through weak b
annihilation B

Sensitive to B decay constant _
fg or to charged Higgs boson

%

1 o2 2 =
- sm GEmpm; = 2\
E_.g{:B“ — Tjrf’j = — 1 - 2 fB|I in“r;l

| °Tp = (1.59 + 0.40) % 104
87T My ‘ ’

tan*p modifications in 2ZHDM |l model:

B(B — 11/) : m
R y b L _- — I = ]_ - -t‘.-" 2 "? 'B
Bri B(B, — )M 'H [ s m‘:‘}Hi

fg dependence can be removed via ratio with Amy, error shrinks 25% — <13%
(Isidori & Paradisi)

S T 2 o
ﬁ{B“ — TV SM _ 177 « 10-% H"-.;.,L," E"m‘| 0.836
5 A My, 0.464 .




B to tau nu

1N

Exc F:r f-ﬁffl B&'}éIHT |

Excl Lljd-::d (95% [l L.} |

20 40 60 80 100
tan

lLI-_"PI




R(B=Dmv)@25'
BriB—=1v) r
-]:_'-.'.—R-'J}.Ii | :F--




2HDM: Combined Fit

#i%e CL exclusion from MG toy

| 05% CL axelusion from MC toy

% GL exclusion from MG toy
95% GL for Pro I;;-i_.'-._:njz.r1ﬂ=|-1:

54 CL for Prob( '-.-,;E,n! =2
[& i

LEP 85% CL exclusion

20 60 70
tan,

Baak, EPS2009: Gfitter



Flavour constraints Model I, I

- . Model lll - Y
In 2HDM F. Mahmoudi, O.Stahl odel 1V s X

5 1E =
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Figure 10: Excluded regions of the (mig.,tan ) parameter space for Zs-svimmetric 2HID M
types. The color coding is as follows: BR{E — Xg7v) (light red), Ag_ (dark red), MM g, (cyan),
S + T (blue), B — D7y (yellow), K — pey (gray contouar), U, » T (light green), and
Dy — pry (dark green).




S, T,U-
from

Grimus..08

.29 S0 I L L O A I L S N N R

Mh=114
TR GeV;
500 400 500 others
Mgl (GeV) Higgses
EEVIE

-

PDG limits [19] at the 2o level are 1 'lluhtmi{ul in Fig. 1. The hﬂm{* .hm-m the mass splittings
mpy+ — ma| and |mg ‘here m2 = ”’H sin (3 — o) + m, cos”(3 — ) 1s a combined
scalar mass. We see that the custodial symmetry, which ensures T' = 0, 15 restored 1 either of
the two cases: 1) my+ = my, or ii) my+ = mg [8,20].

12l




Observable Couplings Experimental value SM prediction
BR(B — Xv) AL A e (3.52 +£0.23 £ 0.09) x 10~ [26] (3.11 £0.22) x 104
Ag(B — K*y) AL, A e (3.1 +£2.3) x 1072 [24] (8.24+2.0) x 1072
AMp, A2 (0.507 + 0.004) ps—1! [26] (0.67 £0.15) ps!
BR(B, — 711 AppArr (1.73 + 0.35) x 10~ [27] (1.06 + 0.33) x 104
£ Div Abb AT, AccArr 0.416 + 0.117 £ 0.052 [28] 0.29 £ 0.02

Rpos( K — pvy,) Ass Ay 1.004 £ 0.007 [29] 1

BR(D; — p1,) Ass Ay AceAuy (5.8 +0.4) x 1072 [30] (4.98 £ 0.15) x 10~
BR(D; — 7vy) AssArrs AceArr (5.7 £ 0.4) x 1072 [30] (4.82 £ 0.14) x 1072

ATl alternative 10 IMpPOSINE a dIScTete sYIINetry 15 to make the dangerous of-dlagona
elements sufficiently small to avold experimental bounds from FCNC, but still allow for non-
zero values. The trick is to achieve this without imtroducing too much fine-tuning. A step
towards this end is taken by introducing a Cheng-Sher ansatz [22]

(no sum), (14)

o/ 2mm,

1

which leads to a natural suppression of the off-diagonal elements for A ~ O(1). This is true in
yarticular for the lichter penerations, where the experimental constraints are most restrictive.




Flt for MOdel " best fit for mass H+ 608 GeV
and tanbeta=6.4 |

100 200 300 400 500 600 700 800

m, (GeV)

Figure 11: Combined parameter estimation in (mpg+,tan 3) for the 2HDM II. The red cross

ndicates the best fit point my+ = 608 GeV, tan § = 6.4. The contours show levels of ﬁ.\_f =
2.30 (6.18), corresponding to probabilities for 1 o (20) Gaussian confidence intervals with two

decrees of freedom.




Observable Experimental SM prediction ; 2HDM fit

BR(B — Xs7) 352x107" 311 x 107 : 3.50 x 10
Ag(B — K*v) 3.1 %1072 8.2 x 102 7.3 % 1072
AMg, (ps) <1071 6.72 x 10 1.18  6.75 x 10
BR(B, — 71, <1074 1.06 % 102 1.07  1.05x 10
Epe 0.29 0.84 0297
Res(K ) 1.000 0.33  1.000
BR(D, ) 198 x 10-3 332  4.98 x 107
BR(D; — Tur) 182 x 1072 3.82  4.82 x 107?

Total ¥ (v): 14.7 (8)

23] D. Eriksson. J. Rathsman,. and O. Stal arXiv:0902.0851. Code website:
http://www.isv.uu.se/thep/MC/2HDMC.

124] F. Mahmoudi Comput. Phys. Commun. 178 (2008) 745-754, [arXiv:0710.2067];
F. Mahmoudi arXiv:0808.3144. Code website: http://superiso.in2p3.fr.
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o (PP — H*) x B(H* — b) [pb]

95% CL Upper Limit on
2HDM Type-ll H' Production

95% CL Upper Limit on
2HDM Types-| & -lll H* Production

D@ preliminary
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Expectad limit
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SM-like scenarios

® [n many Standard Model
SM-like scenarios are realized
(Higgs mass >114 GeV, SM tree-level couplings
or SM tree-level decay width)
® [n models with two doublets:

- MSSM with decoupling of heavy Higgses
— LHC-wedge
- 2HDM with and without CP violation
both h or H can be SM-like
- Dark 2HDM (Intert Model)



Signal of SM-like 2HDM

m Scalar h — mass region as allowed for H_,
— direct couplings as for H,,
(within exp. accuracy) X = 1,
in practice |[x| =1, sign may differ.
So, loop coupling ggh andyyh

may differ from the SM prediction
(also other contributions possible)

— no other Higgs particle seen
typical decoupling (in 2HDM, MSSM)



Loop couplings ggh, ywh in 2HDM

The coupling between neutral and charged Higgs bosons: h;HT™H™

M? M? —vv? - -
X = (1 T i) SNt Mg Re(x4” 4+ x4).
H Ginzburg,Osland, MK

For small 2. Zeven for xv.xu,xq equal 1, (SM-like scenario A) —
large non- dm oupling effects due to heavy H=. 600 GeV

HOMA A5 — Seluqion B ZHOMO /SM = Solation E ZHEMCIN /5 — Solutions A
14 ZHOM) A5 — Selution B 2K ZHEMCI S =M [ution | 1 A10F =
13 k= _ :--RHJ 05 |- _
N d, u ] H‘*\
ER s 2r A\ ] 1+ —
1 ,
11 F s [ ] 0.95 |- e
1.5 - - -
1 09 :_f’”r/ .
B 7 [ ] 0.85 |- -
i ] 1 R ——— I
T T e P T TR T P I S N PP TP S I
T OI0 140 150 180 200 120 240 120 140 160 180 200 220 240 120 140 160 180 200 220 240
My [2] My [524] My [22Y1

ggh - solution B ,wrong” signs of fermion couplings




D@, 2.7 fb'

= observed Limit
== @Xpected Limit

[Jexpected Limit + 1 s.
[ expected Limit +£ 2 s.
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19,4

the SM Higgs production rate at the Tevatron is not suf-
ficient to observe it in the vy mode, the Hgg and Hyy
couplings, being loop-mediated, are particularly sensitive
to new physics effects. Furthermore, in some modelz be-
+ 7)) can be enhanced signifi-

L

yond the SM [2], B{H
cantly relative to the SM prediction.

Often just opposite




Inert Model or Dark 2HDM

Ma.." 78, Barbieri.. ' 2006
M exact Z, in L and in vacuum —

Z, parity — odd are only dark scalars

B nonzero vev only doublet @; — only it couples to
fermions (Model I) — Higgs boson h SM-like

2 _ 2 _ 2
M? =m, )\lv

B four scalars from @, with Z;-odd parity (dark scalars D)
(no Yukawa interaction (so ,,inert’))

|

B the lightest dark scalar candidate for a dark matter
here we consider H



Testing Inert Model

= To consider
properties of SM-like h (light and heavy)

properties of dark scalars
(produced only in pairs!)
DM candidate

= Colliders signal/constraints

Barbieri et al '2006 for heavy h
Cao, Ma, Rajasekaren' 2007 for a light h

LEP I My —|-” My, A(A,H) =5—30 GeV for M; =105—-110 GeV
EW precision JIHH +— My HH +— My, ) = M2, H—l |-|-_.'_;' GeV



Dark 2ZHDM: LEP Il exclusion
Lundstrom et al 0810.3924

»  LEP excluded | |
DM region

=
r m
e
B
T
e
=

%
s, LIP not all D

mas=s Ap [Gey

LEP Il + WIMP | =
M =200 Gev [RIE G

150 200
MA— MH > 8 Gev mass A" [GeV]




Inert Model: constraints LEP+DM —

LHC E. Dolle, 5. Su, 0906.1609 [hep-ph]

LEP (exclusion and EW precision data)
+ relic density using MicroOMEGA/CalCHEP

01=MH+-Ms B2=ma-Ms

Vigble region for relic density s=H

ms 51,52 AL
30 — 60 GeV 20 -90 GeV | -0.21t0 0

60 — 80 GeV at least one | -0.2t0 0.2
is large
50 — 75 GeV large 64 -1to 3
O2< 8 GeV

~ 75 GeV large 64,02 |-1t0 3

900 — 1000 GeV | small &4, 62 | -0.2 t0 0.3




Collider reach @ LHC

pp—SA—SSZ"SSI'I

(84, B2) S B S/B SH(B)
GeV fb fb L=100 b
(100,100) 0.04 3.64

(70,70) 1.11 10.37 <futemn

(50,50) 0.40 2.75

(10,50) 0.47 3.23

(50,10) 0.09 0.52 {—

(250,100) 0.03 1.33

(200,30) 0.04 2.32
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Significant Gamma Lines from Inert Doublet Model

Gustafsson,Lundstrom,Bergstrom,Edsjo’ 2007 studied direct annihilation

of HH into ~v and Z~ for My between 40-80 GeV (loop process, energy
below WW threshold).

- b4 L B :"
> DM NFW, AN~ 10", o =7% 1 2 w0’
(418 : i : |
2 b f\ 7] 3
i . | 50 GeV, boost ~10° 1 =
i e
[y N = [1]
=10
= e
3 70 GeV, boost ~100 ]
"EI: _—' 1
: HESS:AN=10"7] 10
: I E— w0
2 3 4 ET] i) ) 70 81

Log(Ey [GeV]) WIMP Mass [GeV]




Conclusion on gamma lines

Gustafsson et al.2007: striking DM line signals -promising
features to search with GLAST

Mass of: H =40-80 GeV, H+ =170 GeV,
A =50-70 GeV, h=500 and 120 GeV

Honorez, Nezri, Oliver, Tytgat 2006-7

H as a perfect example or arcgetype of WIMP — within reach of
GLAST (FERM]I)

Here mass of h = 120 GeV, large mass H+ close to A =400-550 GeV



Dark 2HDM —

additional decays for h

l[]l ET T T T [T T T T[T T T T[T T T T[T 717113
Br [ (a) SM -
]
10— =
- N/ E
LN —w
e/ U
_ — WW
-2 i 'ZZ |
107 - =
— \ ot ]
- AN ]
1{}'3 L1 |.-':| lov v b v Iy |||| L1 11
50 100 150 200 250 300

m, (GeV)

Ma' 2007
1D'IE|||||||||||||| T 11 "_'_-'-E
BR [ (b) DSDM .
10" F—— _ =
1 __ — HH __
10 E - A{I A-ZI E
- — bb ]
B Y _
2 N — WW |
ST (A AN ZZ 3
[ | \.1 _ rmt _
| . ! r -...__._.. _
].'D'3 L1l J l J [ | b1 1 1 | L L LT L L1
50 100 150 200 250 300
m, (GeV)

For My =50 GeV, A(A, H)=10 GeV, My1=170 GeV, mpr=20 GeV
.



Dark 2HDM - total width of h

o = 40 GeV
Mo = 50 GeV
Mo = 60 GeV

p—
!
p—

100 150
my (GeV)

200

]
50

N (b)

._x-

= |
-,

.".'\-

., i

b e

100 150
m, (GeV)

200




Dark 2HDM: wh

" m =170 GeV
W, = 20 GeV

100 150 200 250 300
m, (GeV)




ILC experiments

Highest e*e- energy and variable energy: 200-500 GeV
High luminosity: 500-1000/fb

>80% e-polarization (mandatory)

>50% e* polarization

Upgrade to ~1 TeV in the second stage.

Possible Options: GigaZ, ee, vy, ey (PLC)

Excellent detector performance: tracking, vertexing, jet
energy resolution.

Energy scan, polarization, detector performance are all
essential for physics studies at ILC.

Some of options may become very important from the
results from LHC and early stage of ILC.



PLC: Photon Linear Collider

vyvyand ey

Resonance production of C=+ states (eg. Higgs) Ginzburg et al

Higher mass reach
Polarised beams — CP filter Gunion, Grzadkowski, Godbole,Zarnecki

H yy coupling — sensitive to charged particles in theory
(nondecoupling) Ginzburg et al.., Gunion..

Direct production of charged scalars, fermions and vectors —
higher cross section Monig,

Pair production of neutral particles (eg. light-on-light) via loops
Jikia, Gounaris...

Study of hadronic interaction of the photon Godbole,Pancheri; MK
Brodsky, deRoeck,Zerwas



Higgs coupling to : Br ~2%
gg pling 0

Niezurawski et al.,

Monig, Rosca
e Results for M, = 120 GeV Results for M, = 120-160 GeV

[ Higas signal
A, = 120GV
Hac kground:
hil.lljl:lii:.l
eolgl
[T [
T
resalved

B tis asalywis
T sarr—sgg gl st 1. rmabed
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P T
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X
i
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e
E
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o
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K
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E
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L]
IEFE I 1 M ¥ |4 B o 1F (L1
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Comected invariant mass distributions For M, = 150, 160 GeV additional cuts to
for signal and background events reduce vy — WHW—



MSSM Higgs searches/overall discovery

potential (300 fb-")

X scenario

ATLAS (prel.)
only h

] Handior A
EZ ’H-

N

excluded by
LEP (prel.)

VBF channels, H/A—=»tT only 30f

Result assuming no H>SUSY

I

at least 1 Higgs boson is
observable

ein some parts >1 Higgs bosons
observable in the whole
parameter space

e But large area in which only
one Higgs boson observable

@ Jack Gunion

Basic question: Could we distinguish between

SM and MSSM Higgs sector
- e.g via rate measurements?




wf INIezurawski' et

al., Spira et al

Covering the LHC wedge

Precision of o(yy — A, H — bb) mesurement

Results for M4 = 300 GeV Results for M 4 = 200-350 GeV
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Corrected invariant mass distributions .
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Neutral Higgs bosons decaying into WW/ZZ pairs
with mass above 200 GeV at PLC
Simulations for CP conserving and violating 2HDM

PLC

Cross section for the Higgs boson  In SM, dominant contributions to two-photon
produc ‘r|nn at the Photon Collider is  amplitude A are due to 17" and top loops.
proportional te the two-photon width M, = 250. GeV | Im(A)

—_ Sum
-_— W
t

Phases of W' and top |::.:t:1ntrit::-uti:::n-:—:; differ
Phase of top distribution thanges with @ 4 |

- Both I~ and the phase of the amplitude ¢ -

E S depend on yy- and y
Interference with SM both partial width and phase for h yy vertex can be tested.

Similar effect in the tt final state - Asakawa et al




2HDM (II) with CP violation

Mass eigenstates of the neutral Higgs-bosons hy, ko and g
o not need to match CP eigenstates i, i ana A.

We consider weak CF viclation through a small mixing between [/ and | states:

h

X
w.:f.,fj Cos Py T+ 1:4.1- sindy 4

A - H
Y ":'::'*"r'."."_l Xy - sl -I-..-..-_1

- additional model parameter:  CP-violating mixing phase 4y 4
In general case

combined analysis of LHC, Linear Collider ana Photan Cellider cata is needed

We consider fio production and decays, for @ 4 1 (weak CF violaion)

Zarnecki, Niezurawski, MK




LHC & ILC ¢ PG

Sensitivity of LHC, ILC and Photon Cellider measurements
o CP-violating mixing phase @ 4

Cross sections = BR relative to SM

ILC
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CPX scenario (max CP violation in CMSSM)
studied for LHC, ILC, PLC (CLIC ?)
by Heinemeyer, Velasco 2004

CPX T, BR(h — bb) FeynHiggs
feay U

M, =125 GeV

X

M, = 120 GeV.

J




Conclusions

= 2HDM - a great laboratory for physics BSM
" |n many Standard Models SM-like scenarios
can be realized:
[Higgs mass >114 GeV, SM tree-level couplings]
" |n models with two doublets:
- MSSM with decoupling of heavy Higgses
— LHC-wedge
- 2HDM with and without CP violation
both h or H can be SM-like
- Dark 2HDM (Intert Model)



M=0 (Max. Non—Decoupling Case)

My =M=, (=My)
NG =2m,

Kanemura,2002

F
.
=
;o
- &
. Fy
a .
' Py
Fi
i

sin’ (0—P)=1 m,=100GelV" /:

A
.-
r r
.I i
. i
.. g
- _.'.
-- rd
I. 4
&
-I a
'
1 -
o & }
:

mgy (Gel’)




Search for Higgs bosons predicted in two-Higgs-doublet models via decays to tau
lepton pairs in 1.96 TeV pp collisions

—
=
=

' 95% C.L. upper limits
observed
Expﬂ-l:ta-d I .

=1
=

o(pP—¢X)B(¢p—1t) (pb)

50 200
m(A), GeV/c?

FIG. 2: Observed 95% C.L. upper limits on the cross sec-
tion for ¢ = h/A/H production as a function of m4. The
grey bands show the median expected limit under the null
hypothesis, and mdicate the +£1- and +2-standard-deviation

arX1v:0906.1014v1 [hep-ex]
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