2HD U PRIMJENAMA

= OPCI CP-SIMETRICNI 2HDM

= KOMPLEKSNI C2HDM S CP NARUSENJEM
prema Fontes et al./1506.06755
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Motivacija za dodatni HD

= U supersimetriji - vidjeti MSSM
= Uz Peccei-Quinninu simetriju
= U modelima bariogeneze

2 U modelima tamne tvari -

detaljnije od inertnog dubleta do
skotogenickih modela



= Uz P-Q simetriju
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= U modelima bariogeneze

N. Turok and J. Zadrozny, “Electroweak baryogenesis in the two doublet model,” Nucl. Phys.
B 358, 471 (1991).



rFoavosirucenje aubiera (cum)-
"alignment” u parametrizaciji

wy (x)
d; = v; + hy(x) +iz(x) : 1=1,2 tan 5 = .
V2 1

= Svodenje na poravnatu,SM-granicu, rot. p

(H) — ( ‘o Sa ) (hl ) - HY B Cg Sg3 hy
h —Sq Co ho R —s5 cs hy
The physical scalar h is related to H"

sin(f—a) = 1,

h =sin(B —a)H" +cos(f — a)R . B—a=



Najopcenitiji (ne-SuSy) 2HDM
uz potencijal koji cuva CP
1 ( V2 (G* cos 3 — H sin 3) )

$1= ﬁ vy — hsina + Hcosa +1(G cos 3 — Asin )
By — L ( V2 (G‘+ sin 3+ H™ cos _,B) )
V2 \ vy + hcosa + Hsina +i(Gsin 3+ Acos 3)
VoHDM = -m.%l@]ii)l — -m%@%(bg — ['TT?.-%}Q(I)-{(I)Q + h.c]
+ A (D] @1)7 + FA(RF Do) + N3(R]@1) (D] By) + Ay(D] Do) (D] )

{5501 @2)% + [No(@]@1) + Ar(@]s)] Bl + e}

= Izbjegavanje FCNC uz "natural flavor cons”

impose a Z9 symmetry so that each type
of fermion only couples to one of the doublets

(forcing A¢ = A7 = 0)



Type-I1 Type-I1 Type-X Type-Y
D4 - d, e e d
Do u, d, e U u, d u, e
(&, €a, Ee) | (cot 3, cot B, cot 3) | (cot 3, — tan 3, — tan 3) | (cot 3, cot B, — tan 3)|(cot 3, — tan 3, cot 3)

e Type I: All quarks and leptons couple only to the doublet ¢-

e T'ype II: @2 couples to the up-type quarks and ¢; couples to
down-type quarks and charged leptons
e Type X or lepton specific: All quarks couple to ¢4, while ¢4
couples to the charged leptons
e Type Y or flipped: Up-type quarks and charged leptons couple
to ¢9 and all down-type quarks couple to ¢

M.

‘L?

- M - M _
Ly = QLTd((I) - \/Egdq})dﬁ 1 QLTu(iUQ(I)* + ﬁﬁu{iag)\ﬂ*)u;g + Ly (P + \/556\1’)63 + h.c.
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Modifikacija Higgsovih vezanja u
nekoliko poravnatih modela

= Devijacije izrazene “faktorima skaliranja”

oo Invv 9nff
W "SM  ™Mf — TSM
Ihvv Ihff

Na temelju postojeéih mjerenja

ky = L15+£0.08, rp=0.99%39%  ATLAS [2],

ky =1.014£0.07, r,=0877515, CMS [4],

where universal scaling factors, 1.e., kp = Ky = Kp = Ky

and Ky = Ky = K, are assumed
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Simple extended Higgs sectors with piree = 1 and without tree level FCNCs

Models Doublet-Singlet Model | THDMs GM Model Doublet-Septet Model

Scalar field contents|® + ¢(0,0) D+ (1/2,1/2)|P + ¢(1,0) + ¢(1,1)|P + ¢(3,2)
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The flavor universal scaling factors ke and kg4 for each value of 8 and a in the four THDMs with different types

we can distinguish non-minimal Higes sectors by fingerprinting the
Higgs boson couplings. namely, comparing the predicted Higgs boson couplings
and precisely measured values at future collider experiments



2HDM s globalnom U(1)

= Poopéenje Z2 na globalnu simetriju U(1)
(Biswas-Lahiri/arXiv:1412.6187 ,realni Ai)

r ) i : ) U3 i
Vi= A ([ 4] D) + Ao | D2 D)

2+ 032 :
+ A3 (|(I)1|2—|— (I)2|2 _ 5 2)
+ Ay (|¢’1|2|‘b2 ? — |‘I’J{¢’2|2)
)’T ;" 2
s ‘cﬁ»{% _ “2”

invariant under the symmetry &, — ¢?®; &y — Dy,
a soft breaking term /\51;11;23?(@1 Dy) .
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Granica “stabilnog poravnanja

The general 2HDM potential with Z5 symmetry under which ¢ — @1 and ¢ — — o9

_ o 2 ot (2 ot Ao N A2 ()T
Voupm = m11@1@1+”122@2@2 mis@yd2 + h.c. | + 5 0101 ) T 5 Do D2

. o As /[ + 0 \?
+A3 (0101) (o;o;)) + A\q (01@2) (Gg@l) + {?5 (@1@2) + h.c.} ;

where the term proportional to m?%, breaks the Z, symmetry softly.

= 8 parametra: dva v:: i Sest p

i A i EAY i . v 42\’
Voubom = [O1 (6‘516‘5’1 — 21) + 32 (@26‘52 — 22) + 33 (@1651 + hpg — — 5 2)
o Lot Nt RURYY viva\? TRN
849 (0] 01) (phda) — (61 2) (phd1) ¢ + B (Re 6] — 5 ) + 0 (Im d100

35 plays the role of the soft breaking parameter

in the limit 35 = 3 the symmetry of the 2HDM potential is enhanced
from softly broken Zs to softly broken U(1)

under which ¢1 — ¢1 and ¢g — ¢ g
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Neinertni slucaj - veza
parametara za neiSezavajuéi tan p

m%l — —(511!% -+ ,53’1--‘2) : A1 =2(814 F3) :
m3, = —(Bav3 + Bav?) : Ao = 2(89 + 3) :
m2, = ;5 ViU A3 = (285 + 1) :

Ag = Ps ; s _ By A5 = Ps ; Ps -
= Pra¢enje mekog loma simetrije:
the relation between m?, and 35 m2, = %11 Vs

suggests that 55 1s a better parameter
for tracking the effect of soft breaking
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Neinertni slucaj - veza
parametara za neiSezavajuéi tan p

m3, = —(B1v? + Bav?) : A1 = 2(01 + F3) :
m3, = —(Bav3 + Bav?) : Ao = 2(8Bo + B3) :
5
TR%Q = %’Ul’t’g A3 = (2;:1]3 —+ 34)
3 + 3 By — 3
/\4:'52'6—_.342 /\5:'52'6-

= Kut mijeSanja u CP-parnom sektoru (a)

i Cetiri mase skalara
2(33 + %)’Ul U9
Bivi — Bavs + (B3 + %)(’U% —v3)

tan 2a =

mp.mpg.ma and myg+



= p-parametri (osim P5) mogu se izraziti s
cetiri mase fizikalnih skalara i kutom a

1 S C O,

By = mac? L mes? — 2 (mE —m?2)| = tan® 3 —1) .
ol QUQC% [ H"a hZo tan.ﬁ( H h’) 4 ( " ) "
By = I [me_? L m2,52 — s c.tan 3 (m2 — mQH — 3— (00t2 g — 1)
2 — QUQSJ% h H"”« St Ve H h 4
e — mir —msz) — — .
o 202 sgcp (i ) 4

2
Bas = —m

2
B = —2??1124
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U granici poravnanja ;_._-

h will have the exactly SM-like tree-level couplings . mj; ~ 125 GeV

five unknown parameters (mg.ma, myg+. 35 and tan 3)
will be constrained from the requirement of
high scale stability of the 2HDM potential

= Teor. granice u pocetnoj parametrizaciji
the necessary and sufficient conditions for the potential
to be bounded from below read [22,23]

)\1>U,
Ay > 0,

A3 + VA1 Ao > 0

A3+ Mg — [ As| + VA1 Ag > 0
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Eksperimentalna ogranicenja

= Expt. granice iz fizike okusa (b->s y)

e There 1s a very strong lower limit on mpy+. for Type II models,
.}TI’H-F = 300 Gev [28., 29} f].“OlIl ﬂE?LVOI‘ d-':-ita — hold for Type Y models too

for Type I and X models
we only consider the direct search limit mg+ > 80 GeV [30].



= Expt. granice iz parametara “nagnuca” (oblique)

e The oblique T'-parameter can restrict the splitting between
the heavy scalar masses. In the 2HDM alignment limit, the expression
for the new physics contribution to the 7T-parameter AT =0.05+0.12

|
A= e Oy M2, [F(myge.mpy) + F (mjps,m3) — F(mi,m3)] .

Tty Ty T S
Fley) — 5 p— 111(y) for = # vy,
0 for t =vy.

F(x,y) is symmetric under x <> y and is sensitive only to the difference |z — y|
Thus AT = 0 when either mpyg+ = mpg or mg+ = ma - no constraints

if, for some reason, mpyg =~ my4 then AT severely restricts the splitting between charged and neutral
scalar masses
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C2HDM S CP NARUSENJEM

= prema Fontes et

al./1506.06755
has a softly broken Zs symmetry ¢ — ¢1.02 — —@o and the scalar potential
Vi = mi|o1]* +m3y|dnl? —mis @J{@Q — (m3,)* @;@1

A No L L
+ 5|¢>1|4 + 7|¢>gl4 + a1 2 a)? + Mg (01 d2) (0hor1)

A
2

v AL
(6T 2)? + Z2(dhp1)?,

T >

all couplings except m%Q and Ax are real.
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= Da se dvije faze nebi istovremeno
uklonile e impose arg(\s) # 2 arg(m?,)

By taking m%z and A5 real we recover the corresponding CP-conserving 2HDM

The mass matrix ot the neutral scalar
particles with no definite CP
1s obtained via the rotation matrix

C1C9 S1C9 59
R = —((':18283 + 8163) C1C3 — S15953 953
—(159C3 + 5153 —(6183 + 818263) 23

with s; = sina; and ¢; = cosa; (i = 1,2.3) and

—r1/2<tr1 31/2 —u/2<0f2 /2 —31/2<CE3 /2



9 nezavisnih parametara u

C2HDM - odabir za studij
raspada higgsa u 1506.06755

v, tan 3, mpy+, aq, ao, ag, mq, moy, and R.e(m%g)

= U tom odabiru je masa tezeg neutralnog skalara

e .m..% ng(ﬁlg tan 3 — RH) + m% Rgg(ﬁgg tan 3 — Rgl)
? R33(R31 — R3g tan f3)

a parametarski prostor ogranicen

to values which obey mg > mo



=
Studij CP primjese stanju
126 GeV
= Prema Chen-Zhang/1503.01114

V(61,62) = —5 [ (600) + (mha(6len) +be) + miy(oln)

2
A \o

+7(@1@1>2 + 7(%@? + A3(01 1) (D) d) + Aa(0] do) (dh 1)

+3 [Ms(0]62)? + Aa(0]62) (6] 01) + Ar(6]62) (0h02) + hic.|

the 1maginary parts of mjo and A5 lead to mixing in the
neutral Higgs sector between H _-?, Hg and A",

and that 1s the source of CP wviolation
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9 fizikalnih parametara prema
1503.01114

e The scalar masses, my,,, mp,., mp, and mpy+
e The neutral scalar mixing angles, a. ayp. .
e The ratio of vev's, tan /3

e One potential parameter, Re(m?,), or v = Re(m12)?/(v? sin2.3)

g

The v parameter controls the decoupling limit, 7.e., when

Re(mlg)2 approaches infinity, the masses of ho, hg and HT also go to infinity.



The mmaginary part of A5, which is a source ot CP violation

2 COS (p, _
ImAy = ——— (m;2 — m? ) COS (x SIn (v, COS Qv
v?sin 3 12 '3

Jr(mf11 — mfw sin® o, — mﬁg cos? o) sin o sin oy,

in order for the 126 GeV Higgs boson to have CP violating
couplings, the heavy Higgs states must not decouple



Type—1 w. approximate Z;: my, =550GeV, my, =600GeV , m,+ =620GeV, v=1

p—a=n/2
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