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MODEL S 2 HIGGSOVA

DUBLETA (2HDM)

= IDENTIFICIRANJE FIZIKALNIH POLJA
= MASE BAZDARNIH BOZONA

= VEZANJA NEUTRALNIH SKALARA

= ELIMINIRANJE FCNC



Podvostrucenje dubleta (2HDM)

el o,
! (h1 + v + -z'-a.l)/ﬂ ’ : (ho + v9 + 'i-a.g)/\@

= Oba VEV u neutralnim komp. za
neslomljenu bazd. simetriju EM

= Uz realnost oba VEV izjegnuto je
narusenje CP u skalarnom sektoru



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)
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Identificiranje “"Goldstoneova”

= Podsjetnik na eliminaciju nezel jenog
(annoying) c¢lana za Higgs SM-a
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Goldstoneova stanja u 2HD iz

. . €
£ =i, (v16] + vedy ) WH + hoc. +

V2 : V25w ew

Stanja iz nefizikalnih interakcija s W i
Z su Goldstoneova (normirana) tanpg =wvy/v

8# (!Ul a1 + va2a9 ) 7H

- HT + OF = cos BT +sin BT
\/.,2_|__,2 1 \/_,Q_I__,Q 2 ' 1 ' 2
1) 1 ?_..2 () 1 () 2

GV = ' —11 + ' (19 = cos [Fay + sin 3 as.
VR AN
| , H* = —sin 3 o7 +cos By
OPJRQOHGOHSPSTGHJG - A" = —sinBay + cos B as
nabijeno | neparno ) = —sina h1 + cos a ho

i dva neutralna: -
H" = cosa hy + sina ho
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Mase bazdarnih bozona u 2HDM

LD (D,d) (D'®y) + (D, D2)" (D' Do)

involving only A", HY, and the vevs

L %(aﬁm)(aﬁ*m) + %(aﬁhg)(a#hg)
J& g° [(h1 +v1)* + (hg +v9)?] WHW —#
+%(g2 +g7%) [(hy +v1)* + (ha +v9)?] Z, 2"
MR, = Ef (02 + 02) = Qg?fm‘
= Mase: Mg = g° + g" (02 +v3) = (g% + ¢")v3y
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Vezanja CP-parnih neutralnih
skalara: hhvv su kao u SM

L5 gz[hlehg} wrwr 4 & ;g D 112 + 12 2,20
g

N TOR T T u— (0% +3d"7) 1, 0.0 042 .
= 7 [(h )"+ (H") } WWw=H + 2 [(h )"+ (H”) } Z,Z

= Vezanja hVV imaju dodatni faktor - iz

)
L D % [hl-’{!l + h,g-vz] [VJ‘ W= H (Q —zg )

UZ » U1 = Vg Cos 3, U9 = vg)\ Sin 3,
hi = —sinah’ + cosa HY, ho = cos o hY + sina H

[hﬂ!l -+ hg"ug} ZHZ’U’

(hivy + havg] = -1.-*51\_.{}10(— sin o cos 3 + cos acsin [3) + vgn H O(COS (v oS [3 + sin aesin [3)

= ugyh' sin(f3 — «) + vsm H 0 cos(f3 — ).



Feynmanova
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"Higgsova baza” 1)za (3-a)=72
sin(f —a) =1

' = —sina hq1 + cos a ho

T

— —sIn (5 — 5) hi + cos (.5 — ﬂ_) o

= cos 3 hy 4+ sin 3 ho.

T
b — 53 P sin 3 &y =
o CosS P Py + s g P2 ( ( hO + veang + i Gg) / NG, )
] f- e H—l_
q)o — —bllllﬁq)l—I—CObﬁ(I)Q— ( (HO—|—2AO)/\/§ ) .

m2)za (B-a)#n/2
Gt
i = ( (10 sin(5 — a) + H' cos(8 — a) + vsm + iG] /2 )

HJr
P ( —hVcos(—a)+ Hsin(3 — a) +iA"] /2 ) |



Pojav'jivcmje i eliminiranje
FCNC
ﬁYukawa — _yfjl ER'E.(I)];LL_}' — yi,lJR@J{ QLj — y.};lﬂ-Ri(i)-{QLj + h.c.

02 — d2 7 2— F
—yFeRi®i L — yRdri®lQr; — yiPup®lQr; +hee

= Na primjeru vezanja (0] + y21) dniQu; + bc.
u Higgsovoj bazi (

d _ (. d1t1 | g2 V2
M;; = (y@j /2 + Yij \/5)

Diagonalizing ij diagonalizes y%l cos 3 + -y%g sin /3,

the coeflicient of the down-type quark coupling to ®g in the Higgs basis.
does not in general diagonalize the orthogonal — -y%l sin 3 + ufu? cos /3,

the coefficient of the down-type quark coupling to ®¢g in the Higgs basis.

7_71 y ’Ug —
dl + -ydz ) dR-idLj + h.c.

KRV RN
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FC-vezanje na donje fermione
any neutral scalars that live in &g will have
Primjer mijesanja d s
neutralnih kaona
od vrha Asd - 40

dvije metode T

eliminiranja:

= Prirodno ocuvanje
okusa

= Yukawino poravnanje
(alignment)

VAl
ng
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Prirodno ocuvanje okusa
o Tip I: up.dp.ep — —up., —dr. —€pR
m Tip It ur = —up and dr.cr — dp.cp
o Tlp I: up.dn — —up.—dp and ep — ep

N Tip I: URp,.€p — —upR,—€R and dR —7 d‘R

TABLE I. Four types of the charge assignment of the Z,
symmetry.

®, ®, Ug dg CR Q. L;
Type-I + — — — — +
Type-11 — — — i 4 +
Type-X + - - — + +
Type-Y + - — + — +
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Tip I: Svi R-fermioni su vezani na &,
£l = —y2ep®iLr; — y2dpi®iQr; — v 2ag®5Qr,; + e, (Type 1)

= Mase fermiona - Yukawina matrica

Yrvo  YFUSM . V2myg 1
Jf YrUSM sin /3. Yyr = !

mys = = | —
f V2 V2 o vspy sin 3

- a lower bound on sin /3;
perturbative y;  °
- i.e.. v9 cannot be too small

the Feynman rules for

_ m S (v m
OFF LS 5 a) 4 cot feos(d - a)]
vg\ sin 3 USM
_ M ¢ SIN (v m
Hoff : i f 5_ — = —i f — cot Bsin(ff — a) + cos(3 — a)]
vg\ sin 3 USM

neither the AY nor HY coupling to fermions can be significantly
enhanced over the corresponding SM Higgs coupling
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Tip IL: R-up-kvarkovi su vezani na o,
appears in the Higgs sector of the Minimal Supersymmetric Standard Model
L8 = —ylep®i Ly — vl dr®lQr; — v?ar®Qr; +he.  (Type II)

= Mase fermiona - per"l'ur'ba’rlvnosf Yukawe:
YuU2  YuUSM Yd eVl Yd eUSM cos 3

V2 V2 V2 V2
V2m, 1 \/§-m.d? ¢ 1

My, =

sin /3. My =

a1 — M1 n —
0o _ MMy, COS Q0 My ]
h i - —i o S G —1i o [sin(3 — «v) + cot B cos(ff — )],
- mgy — sl m
hVdd - P — = —i d (8 — ) — tan 3 cos(F — a)].
USM COS [3 USM
m
H'ui - AL sina = —j— |—cot Bsin(3 — ) 4+ cos(f — a)],
vgM sin 3 USM
- Mg COS v m
H'dd _j L TP [tan Ssin(ff — a) + cos(ff — )] .

USN COS [3 USM



" JEE
Feynmanova pravila

My, COS (X m.
hui - e — = —j— [sin(f — a) + cot Fcos( — a)].
Ugn S .D_’ UsM
- mg —Sin o m
hVdd - e — = —i d sin(3 — a) — tan 3 cos(5 — a)] .
vgny COS 3 UsSM
My, S m _
Hu - L S?H?{ = i |—cot Bsin(f8 — «) + cos( — a)],
v\ Sin 3 VSM
- Mg COS (x m
H dd - e PR — = — a ‘tan Ssin(f — a) + cos(f — a)] .
Ugpn COS ;.‘3 UaM

= Fenomenologija Tipa IT 2HDM
in the limit sin(3 —a) — 1, the couplings of hY reduce to those of the SM Higes boson

the scalar couplings to down-type quarks and charged leptons

contain a factor of tan /3 by replacing mg — my

the phenomenology of the Type 11 2HDM when tan 3 1s large
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Tip III/"FIipped“
R-donji kvarkovi vezani na ¢,

L8 = —y2ep®iLr; — ylldpi®lQr; — v ar®3Qr; +he.  (Flipped)

The Higes couplings to quarks are the same as in the Type II 2HDM.,
while the couplings to leptons

- My COS QY my .

e - —1 _ = — sin(/3 — ) +cot Fcos(B — a)l.
vgM sin 3 USM sin( ) f cos( )]

HO07 e PR T ot Bsin(B — a) + cos(8 — )

UsM sin 3 USM

= FenomenologijaTipa III

The perturbativity constraints on tan/ are the same as in the Type II 2HDM
couplings to down-type quarks can be quite significantly enhanced

scalar couplings to charged leptons contain a factor of cot 3
and cannot be significantly enhanced compared to SM Higgs couplings
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Tip IV/"Lepton-specific”/Tip X:
R-nabijeni leptoni vezani na

Eg:—-uwe 3<I)TL —uwdRi(I)TQLJ U;;dﬂRg(I)gQLj—l—h.C. (Lepton specific)

The Higgs couplings to quarks are the same as in the Type I 2HDM.,
while the couplings to leptons

- my — sl o m
hoee - e = —j—" sin(3 — ) — tan S cos(f3 — a)] .
Usn COS 3 UsM
H00 et e tan Fsin(3 — a) + cos(f — a)] .

vsM cos [3 USM

= FenomenologijaTipa X

tan 3 can be large as 200 before the tau Yukawa coupling becomes nonperturbative, so

that the scalar couplings to leptons can be quite significantly enhanced
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The Hunt for the Rest of

the Higgs Bosons: Type I, IT

In theories with two Higgs doublets @1, P2 and the most general renormalizable CP-
conserving potential, there are nine free parameters that remain after minimizing the potential
and fixing the symmetry breaking vev v* = v? +v3 = (246 GeV)?. There are various possible
parameterizations. Here we use the conventions of [14], taking for the free parameters the
ratio tan 3 = [(®Y)/(®Y)|, the mixing angle «v that diagonalizes the neutral scalar mass matrix,
the four physical masses {my, mg, ma, my+ }, and the dimensionless couplings As ¢ 7.

The coupling of the physical states h, H, A, H* to SM fermions and gauge bosons are fully
determined by the angles v and 3, while the renormalizable couplings involving three or four
physical Higgs bosons depend on the additional parameters of the potential. The couplings
of physical scalars to SM fermions and gauge bosons as a function of v and 3 in Type 1 and
Type 2 2HDM are summarized in table 1. In this work we will assume that the observed 125
GeV Higgs is the CP-even scalar i with SM-like Higgs couplings, with the additional Higgs
scalars H, A, H* parametrically heavier. The case of additional scalars lighter than the 125
GeV Higgs is also quite interesting but qualitatively distinct.

= N.Craig et al./arXivi1504.04630



Y2HDM / YSM Type 1 Type 2

hV'V SB—a SB—a

hQ’LL SB—a + Cﬁ—a/tﬁ SB—a + CB—Q;-/tB
th SB—a + C,@’—o:/tﬁ SB—a tﬁcﬁ—a
hlLe SB—a =+ Cﬁ—a/tﬁ SB—a tﬁcﬁ—a
HVV Cl—a Cl—a
HQU C—a — S,L‘i’—c):/tﬁ Ch—a S,L‘i’—c):/t@
HQd Cl—a — Sﬁ—a/tﬁ Cl—a + tBSB—a
H Le Ch—cx — 85_@/&9 Ch—a T 18S8—q
AVV 0 0

AQu 1/tgs 1/ts

AQd —1/t@ t3

AlLe —1/?&@ tﬁ

Table 1: The coupling of Higgs bosons h, H, A to SM bosons and fermions as a function
of the angles o and 3, expressed in terms of the alignment parameter cz_, = cos(f — a),
and t3 = tan . The coupling dependence of the charged scalars H + is the same as the
pseudo-scalar A.



Single Heavy Higgs O(gﬁ)\?) gg— H, A
Strong Production

Single Heavy Higgs O(gﬁ)\?) gg — bbH , bbA, thH™* | ttH . ttA
Associated Strong Production

Single Heavy Higgs O(959wA7) gqg — by’ bHT | bgtH , bgtA
Associated Weak Production

Double Heavy Higgs O(gt) g — HA, HH* 6 AH* HtH™
Weak Production

Light + Heavy Higgs O(ggl)\?) gg — hH , hA
Strong Production

Double Heavy Higgs O(g:A}) gg— HH,HA, AA, HH™
Strong Production

Table 2: Hierarchy of heavy Higgs leading LHC production channels that do not vanish in
the 2HDM alignment limit.



In table 2 we summarize the the leading LHC production channels for heavy Higgs bosons
in 2HDM that are non-vanishing in the alignment limit, ordered by their relative size at LHC
energies. These include resonant production of heavy neutral Higgses by gluon fusion; single
production of heavy neutral or charged Higgses in association with top and bottom quarks;
heavy Higgs pair production via Drell-Yan processes; heavy-light Higgs boson production via
gluon fusion; and heavy Higgs pair production via gluon fusion. Other production modes that
vanish in the alignment limit are significantly suppressed near the alignment limit, rendering
them unpromising in the parameter space currently allowed by Higgs coupling fits. We
likewise summarize the Standard Model decay channels of heavy Higgs bosons in table 3. In
contrast with production modes, decay modes that vanish near the alignment limit may still
be appreciable near the alignment limit, given the relatively small partial widths of competing

decays. oA gt

Standard Model WW,ZZ —
Decay Channels tt,bb, T upe vV
Yy v v

Zh —

hh -

Wh —
tb, TV v

Table 3: Standard Model decay channels of 2HDM heavy Higgs bosons. A checkmark
indicates that the partial decay width approaches a constant in the alignment limit, while a
dash indicates that the decay width vanishes in the alignment limit.



" N
The Hunt for Flipped (IIT)

= Rare t-decay t->c gamma (Gaitan et
al./1503.04391)

m h->tau mu (Dorsner et al./1502.07784,
Omura et al./1502.07824)



THe"HMunt for Charged Higgs in
Lepton specific (2HDM-IV)

= Logan, McLennan/0903.2246
m Aoki et al. CKP



Ydkawino poravnanje (“alignment”)
zahtijeva proporcionalnost matrica

1 = dl 7 -
ﬁYuka.Wa — _U;U ERs(I)-{LLj — Y dR-i(I)TQLJ UE HRE(I)-{QL_}' + h.c
2 — d2 2 -
—Y;; eri®i L — Yi; dri®YQL; — Yi; UR; OLQr; +h.c.
. (2 d2 1
'yg'.j = Ef'y-ijr y-f.j = zdyij ; U:f} — "uyi.j

tan 3 can be absorbed into the definitions of 2y 4.,

CP-conserving A2HDM
has separate parameters for the up-tvpe aduarks. the down-type
quarks and the leptons, usually denoted by BY. g and st

= A2DM u Higgsovoj bazi (samo jedan VEV)

input parameters include sin « diagonalises the CP-even Higgs-sector

Mo, A3. A7 and the above-mentioned alignment angles gY:D-L
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Nabijeni Higgsevi
= Kanal W higgs na LHC-u (Enberg et al.)

2HDM-I 2HDM-I11 A2HDM

2 . 2 o2 2 7 A2 fand [ . 2 2t D 2t U
G+ | ™My cot B+ mjcot” 3 | my tan® 3 + mj cot® 3 | mj tan® 5 + myi tan” 3

ggHi in the 2HDM-II 1s 1dentical to the one m the SUSY



