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‘ Highlights of the early history of the 2HDM I

e T.D. Lee, A Theory of Spontaneous T Violation, Phys. Rev. D8, 1226
(1973).

The first motivated 2HDM: an attempt to find a new source of CP-violation.

e S.L. Glashow and S. Weinberg, Natural Conservation Laws For Neutral
Currents, Phys. Rev. D15, 1958 (1977).

To avoid neutral-Higgs-mediated tree-level flavor changing neutral currents
(FCNGs), all fermions of a given electric charge can couple to at most one

Higgs doublet (in a model with multiple scalar doublets).

e N.G. Deshpande and E. Ma, Pattern Of Symmetry Breaking With Two
Higgs Doublets, Phys. Rev. D18, 2574 (1978).

Parameters of the Higgs potential had to lie in an appropriate region of

parameter space to ensure that U(1)gy is not broken.



e J.F. Donoghue and L. F. Li, Properties Of Charged Higgs Bosons, Phys.
Rev. D19, 945 (1979).

The inventors of the 2HDM with Type-Il Higgs-fermion interactions: one
Higgs doublet couples to up-type fermions and the other Higgs doublet

couples to down-type fermions.

e H.E. Haber, G.L. Kane and T. Sterling, The Fermion Mass Scale And
Possible Effects Of Higgs Bosons On Ezxperimental Observables, Nucl.
Phys. B161, 493 (1979).

The inventors of the 2HDM with Type-lI Higgs-fermion interactions: one
Higgs doublet couples to both up-type and down-type fermions, and the

other Higgs doublet does not couple at all to the fermions.

e L.J. Hall and M.B. Wise, Flavor Changing Higgs Boson Couplings, Nucl.
Phys. B187, 397 (1981).

The inventors of the Type-l and Type-Il nomenclature.



e T.P. Cheng and M. Sher, Mass Matrix Ansatz and Flavor
Nonconservation in Models with Multiple Higgs Doublets, Phys. Reuv.
D35, 3484 (1987).

The first realistic Type-lll 2HDM (defined as a 2HDM with all possible

Higgs-fermion couplings allowed).

Other important 2HDM milestones

e the axion as the CP-odd scalar of a 2HDM [the Peccei-Quinn mechanism].

e the requirement of a second Higgs doublet in the minimal supersymmetric
extension of the Standard Model (MSSM).

In a supersymmetric extension of a one-doublet Standard Model, the
corresponding higgsinos are anomalous. Anomalies are canceled if the
higgsino doublets come in pairs with opposite sign hypercharges. Influential

early papers: Fayet; Inoue et al.; Flores and Sher; and Gunion and Haber.



The MSSM Higgs sector

The Higgs sector of the MSSM (at tree-level) is a constrained Type-Il
2HDM. One of the key parameters of the model is:

tan 3 = v, /vg,

where v, [vg4] is the vacuum expectation value of the neutral Higgs boson

that couples exclusively to up-type [down-type| fermions.

But, one-loop radiative effects generate corrections to the tree-level structure
of the model due to SUSY-breaking effects that enter in loops. In particular,
for MSSM Higgs couplings to fermions, Yukawa vertex corrections modify
the effective Lagrangian that describes the coupling of the Higgs bosons to
the third generation quarks:

—Leogr = € [(hb + Shy)brHAQ, + (hy + Shy)tRQY HI
+AhpbrQ% H™ + ARt Q% HY* 4 h.c.

Thus, the MSSM Higgs-sector is actually a type-lll model.



For example, in some MSSM parameter regimes (corresponding to large

tan 0 and large supersymmetry-breaking scale compared to v), *

20 2 2 2 h% 2 2 2
Ahbﬁ’hb 3 MMQI(M617M527M§)+ 167T2/,LAtI(M£1,M£2,ILL ) .

The tree-level relation between my and hy is modified (first pointed out by
Hempfling and later emphasized strongly by Carena, Olechowski, Pokorski

and Wagner):
V2my,

T cos (1 + Ay)’
where Ay = (Ahy/hy) tan 8. That is, Ay is tan S-enhanced, and governs

the leading one-loop correction to the physical Higgs couplings to third

hy,

generation quarks. In typical models at large tan 3, A can be of order 0.1

or larger and of either sign.

*I(a,b,c) = [abln(a/b) + bcln(b/c) + caln(c/a)]/(a — b)(b — c)(a — ¢).



‘ The paradox of tan (3 I

If the 2HDM is realized in nature, it is likely that its effective Lagrangian
will consist of all possible dimension-four terms or less, consistent with the

electroweak gauge invariance—that is a general type-Ill model.

The general 2HDM consists of two identical (hypercharge-one)
scalar doublets ®; and ®5. One can always redefine the basis,

so the parameter tan 3 = vy /v1 is not meaningful!

Nevertheless, the literature is filled with 2HDM Feynman rules that depend
on tan 8 and many phenomenological proposals to measure it! Hence, the

paradox.



The parameter tan 3 makes sense only if there is a physical principle that
distinguishes between ®; and ®5. Such a principle is model-dependent.
Any experimental study of 2HDM physics should avoid theoretical bias in
defining their measurements. The theoretical interpretation should be a

consequence of the observations.

To determine the relevant physical quantities for measurements, one must
develop “basis-independent” techniques. Inspired by a beautifully written
chapter on the 2HDM by G. Branco, L. Lavoura and J.P. Silva, in CP
Violation (Oxford University Press, Oxford, UK, 1999), my collaborators
(S. Davidson, J.F. Gunion and D. O'Neil) and | set out to develop the
basis independent formalism of the 2HDM in order to identify the relevant

invariant (basis-independent) quantities.

In particular, O'Neil and | were able to write down a complete set of
Feynman rules that completely avoid the parameter tan 3, while describing

all the CP-violating and flavor-violating phenomena in an elegant form.



‘ The General Two-Higgs-Doublet Model I

Consider the 2HDM potential in a generic basis:
V=m} & & 4+ mL®®, — [m,®]®y 4+ hoc] + Ia (2]®))?
+EX(BI@2)7 + As(D] 1) (RLD2) + Aa(D] ) (DD1)

+{ DA (@1 @2)7 4 [Ao(@]1) + Ar(®]5)] 8] + hc. |

A basis change consists of a U(2) transformation ®, — U_;®, (and ®! = QDgUJ&).

Rewrite V in a U(2)-covariant notation:

V = Y@l @y + $7,5,4(2L @) (P21 D)

where Z ;.7 = Z.g,; and hermiticity implies Y ; = (Ysa)™ and Z ;.5 = (Zbaaz)”- The
barred indices help keep track of which indices transform with U and which transform

with UT. For example, Y5 — UaeYoqUly and Zyseq — UacU S UgUS 1 Z i



The most general U(1)gpm-conserving vacuum expectation value (vev) is:

v 0 ; Cﬁ
b,) = — : with V, = e . :
(®a) \/5( Vg ) < Sg et >

where v = 2my /g = 246 GeV. The overall phase 7 is arbitrary (and can be removed
with a U(1)y hypercharge transformation). If we define the hermitian matrix V,; = 0,9;,

then the scalar potential minimum condition is given by the invariant condition:

Tr (VY) + 20’ Z5.0ViaViae = 0.

CLEC
The orthonormal eigenvectors of V,; are ¥, and wy, = V. € (with €12 = —e21 = 1,
€11 = €22 = 0). Note that 9;;, = 0. Under a U(2) transformation, 9, — U0, but:

Wo — (det U) ' Uz,

where det U = e'X is a pure phase. That is, W, is a pseudo-vector with respect to U(2).

AN . L — A Ak _ _
One can use w, to construct a proper second-rank tensor: W ; = W, wW; = 0,5 — Vi

Remark: U(2) 2 SU(2)xU(1)y/Zs. The parameters m3,, m3,, mi,, and Ay, ..., A7
are invariant under U(1l)y transformations, but are modified by a “flavor’-SU(2)

transformation; whereas ¥ transforms under the full U(2) group.



A list of invariant and pseudo-invariant quantities

Yi=Tr (YV), Yo=Tr (YW),
Z]_ = Za,EcJ ‘/ba,vd(_37 ZQ = Za,EcJ WbC_LWd(_Z7
23 = Zyped VeaWae 24 = Zypeq VoeWaa

are invariants, whereas the following (potentially complex) pseudo-invariants

Ys=Y ;v wy, Zs = Z ped Va Wp Uz Wy ,
Ze = Zypeq Vs Up Vs Wy Lt = Z peqg Vs Wp W Wy

transform as

Y3, Zg, Z7] — (det U) ™'Yz, Zs, Z7] and Z5 — (det U) *Zs.

Physical quantities must be invariants. For example, the charged Higgs

boson mass is mHi =Y + %Z;;vQ. Pseudo-invariants are useful because

one can always combine two such quantities to create an invariant.



The invariants and pseudo-invariants in the generic basis are given by:

2 2 2 2 2 1
Yl ] mllcﬁ + m2286 — Re(leeZS)SQQ y
Yoy = m%ls% + m%26% + Re(m%2ezf)s25 ,
] 2 2 2 1 ) 2 1
Y3 eis = %(m22 —mi1)so3 — Re(m12ezf)625 —1 Im(m12ezf) ,

Z = )\16% + )\28% + %)\345836 + 2826 [C%Re(k6ei£) + S%Re()\7ei£)} ,

Zo = Alsé + AQC% + %)x3458%6 — QSQQ [S%Re(k(geis) + c%Re()\7ei£)} ,

2 .
Z3 - %826 [)‘1 + >‘2 - 2>\345] + >\3 — 8266261:{8[()\6 — )\7)615] ,
2 .
Zy = %826 [)‘1 + Ao — 2>\345] + Agq — 8266261:{8[()\6 — )\7)615] ,
' 2 21 . 2
Z5 e*' = %825 AL+ Ag — 22345] + Re(A5e2%) + icggIm(A5e i€y

Zg o' = ~hsgg [ MG — hosh — Agaseg — ilm(A5e?)] + cgeggRe(rge’)

+s5535Re(A7e’%) + ichIm(Age’®) + isFIm(A7e’S),

Z7 e = ~bsgp [Msh — Aach + Agaseap +ilm(A5e”)] + sgszaRe(ree)

—|—66C35Re()\7ei£) + is%lm(AGeig) + ic%Im()qei&) .

where Ag45 = A3 + A\gq + Re()\5 627;5).



‘ The Higgs mass-eigenstate basis I

The three physical neutral Higgs boson mass-eigenstates are determined by
diagonalizing a 3 x 3 squared-mass matrix that is defined in a basis in which
only one of the neutral Higgs bosons has a vacuum expectation value (the
so-called “Higgs basis”). The diagonalizing matrix is a 3 x 3 real orthogonal
matrix that depends on three angles: 615, 013 and f33. Under a U(2)

transformation,

015, 015 are invariant, and €72 — (det U)_lew%.

One can express the mass eigenstate neutral Higgs directly in terms of the
original shifted neutral fields, 52 = oY — 7, /V2:
1 =0 ~ -~ —7 kK xSk g =0
e =75 [(I)aT(le’Ua T qr2We€ 7J‘923) + (q105 + qk2wa6w23)¢a} ’

for k =1,...,4, where hy = G°. The invariant quantities qx; are given

by:



k qr1 k2

1 C12C13 —812 — 1€12513
2 $12€13 C12 — 1512513
3 S13 ’I:Clg

4 ) 0

Since Wa,e~ %23 is a proper U(2)-vector, we see that the mass-eigenstate

fields are indeed U(2)-invariant fields. Inverting the previous result yields:

GTv, + H 1w,
@CL = v

\/_/Ua—i_ \/—Z leva+Qk2e Z92371)&) hk:
If Im (ZXZZ) = 0, then the neutral scalar squared-mass matrix can be
transformed into block diagonal form, containing the squared-mass of a

CP-odd neutral Higgs mass-eigenstate and a 2 x 2 sub-matrix that yields

the squared-masses of two CP-even neutral Higgs mass-eigenstates.



If Im (Z:Z2) # 0, we can write Zg = |Zg|e?’s. Then the neutral scalar
mass-eigenstates do not possess definite CP quantum numbers, and the

three invariant mixing angles 615, 613 and ¢g = 6 — 023 are non-trivial.

The angles 613 and ¢g are determined modulo 7 from

2Im(Zg e~ 023)
7y — A2/v2

Im(Z5 e~ 21%23)
2Re(Zg e=1023)

tan 913 = tan 2913 =

where A? =Y, + $[Z3 + Zy — Re(Zze #"%23)]v? . These equations exhibit
multiple solutions (modulo 7) corresponding to different orderings of the

hj masses. Finally,

2 CcOoS 2913 RG(ZG 6_7;023)

tan 2015 = 023)]
an zti2 C1a [C%S(AQ/?F _ Zl) + cos 26043 Re(Z5 e—2z923)]

For a given solution of 613 and ¢g, the two solutions for #15 (modulo 7)

correspond to the two possible relative mass orderings of h; and hs.



The gauge boson—Higgs boson interactions

_ g _ _
BV = <ngWjW“ + 2chZZ“ZM> Re(qj)hy, + emyy AF(W,r G~ +w, G™)
2 — —
—ngsWZ'UJ(W[L'_G + Wy, G+),
vVHHE = |19 Wi WHT + 55 2u2" | Relqjiap + djap2) hihy
‘w
2
1 20 vbh— o 24 4 9 (1 2N\2, _pu 29¢/1 2 7] P E
T 114
252 »
+{ 5eg Al W = T WZM W | (ap1 G +agg e V2BH iy, +h-0-} :
20W
g * * < 1 ot —p —10 — T
YVHH = Im(q;1a)1 + 42052 2" hj Op hy; - QQ{WVM 481G 0" byt apge” P2BHTT | h-C-}

+ [z‘eA“ + L (5 -siy) 2*| (¢ eT + BT G,

‘W




The cubic and quartic Higgs couplings

—2i6
L3}, = —gvhjhghy le1QZ1Re(qe1)Zl + aj2apo Re(ag1)(Z3 + Z4) + Re(qj1a2002Z5 ¢~ =" 23)
+Re<[2 4 g at a0 Za e 1923) 4 Re(q Z- ¢ 1023)
451 T 9511919246 € e\q429K29¢247 €
+ ~— —i693 + —i693
—vhpG"G |Re(qp1)Z1 + Re(qpae Zg)| +vhpH"H |Re(q1)Z3 + Re(qpoe Z7)

—%’U hk{G_H—i_ 1023 [QZQZZL + qio e_2i923Z5 + 2Re(q1.1)Z¢ e_wQS} + h.c.} ,

1 * % * * *
Zap = —ghjhrhihm [Qj1%1%1qm121 + 4j20K29029m2%2 + 24519k19%29m2(23 + Z4)
—2i0 —if —if
+2Re(q;1951902am225 ¢ " 23) + 4Re(qj19519p19m2%6 ¢ | 23) + 4Re(q;19k2d2am227 ¢ " 23)
1 +a— * * —ib
—5hjh,GTG {Qj1Qk1Z1 + 452q19%3 + 2Re(qj1912%6 € 23)}
1 + - * * —10
—ghjhH"H le2%222 +¢j19123 + 2Re(qj1952%7 € 23)}
Ly Ve BT 923 (g0 a0 20 4 a5 aroZe e 20023 1 g 0¥ 7071023 o o% 7o —1023] 4y
ok e 9j19K244 T 4519245 € + 4519146 € +aj2qp247 € + h.c.
—szieteeteT ~1zoH " H HTHT —(z3+ 26T G HYH™

—S(ZsHTHTGTGT +ZEH H GTGN) -Gt G T (ZgHTGT + z{H GT) ~HTH (Z;HTG™ +z;H GT).



‘ Example: Higgs self-couplings |

Lightest neutral Higgs boson cubic self-coupling:

g(hihihy) = —3’0{ Z10?2C?3 + (Z3 + Zél)012(313|3123|2 + C12C13 Re(s%23Z562i923)

0 0
—30?2633 Re(8123Z6€z 23) — |8123|2 Re(3123Z7e7’ 23)}
Lightest neutral Higgs boson quartic self-coupling:

g(hihihihy) = —=3{ Ziciycls + Zalsias|’ + 2(Zs + Za)clychs|s12s|”
+20?20?3 Re(s%23Z562i923) — 46?2(3?3 Re(s123Z¢e'"23)

2 10
—4ciaci3]s123]” Re(s12527¢"23) }
where S$193 = S12 + 7:(312813.

Note that these quantities depend on U(2)-invariants. In particular Zse 2923, Z;e 1923

and Z7e %23 are U(2)-invariants!



‘ The Higgs-fermion Yukawa couplings |

The Yukawa Lagrangian can be written in terms of the quark mass-eigenstate fields as:

— Py =U 80 " Ur+ D K'®_ 0 Ug+ULK® 1)) ' Dr+ D ®°n" "Dr+h.c.,
where ®; = (B°, &) = i02®; and K is the CKM mixing matrix. The n"" are
3 X 3 Yukawa coupling matrices. We can construct invariant and pseudo-invariant matrix

Yukawa couplings:
= @;ng : pQ = @27722 :
where (Q = U or D. Inverting these equations vyields: nff = k%, + p®W,. Under a

U(2) transformation, k< is invariant, whereas p© — (det U)p®.

U D

By construction, k= and k

are proportional to the (real non-negative) diagonal quark

mass matrices My and M p, respectively. In particular,

v v
My = — kY = diag(m. , me, my) , Mp = __kPT

V2 V2

The matrices pU and pD are independent complex 3 X 3 matrices.

= diag(myg, ms, myp) .



The final form for the Yukawa couplings of the mass-eigenstate Higgs bosons and the

Goldstone bosons to the quarks is:

v
V2

1_— * v * 7 7

+;U{ Mu (i Pr + a5 Pr) + —= | @i €2 Pr + apa [€7220"] P } Uh

V2
T7 Dyt U1t + \/5— +
—+UMMH%%MKHMM%%—WM%&—MMEWG+ho.

(¥

g ;D{ Mo (g P + qklPL) n [Qk2 e 923pD]TPR + g5 € 923pDPL} }th

By writing [p@]THT = [p¥e23]T[e23 HT], we see that the Higgs-fermion Yukawa
couplings depend only on invariant quantities: the diagonal quark mass matrices, p“e’?23,

and the invariant angles 615 and 03.

The couplings of the neutral Higgs bosons to quark pairs are generically CP-violating as a
result of the complexity of the gj2 and the fact that the matrices €23 p% are not generally
hermitian or anti-hermitian. %% also exhibits Higgs-mediated flavor-changing neutral
currents (FCNCs) at tree-level by virtue of the fact that the p“ are not flavor-diagonal.
Thus, for a phenomenologically acceptable theory, the off-diagonal elements of p® must

be small.



‘ The significance of tan (3 I

So far, tan B has been completely absent from the Higgs couplings. This must be so,
since tan 3 is basis-dependent in a general 2HDM. However, a particular 2HDM may
single out a preferred basis, in which case tan 3 would be promoted to an observable. To
simplify the discussion, we focus on a one-generation model, where the Yukawa coupling

matrices are simply numbers.

As an example, the MSSM Higgs sector is a type-Il 2HDM, i.e., nf = né) = 0.

A basis-independent condition for type-ll is: n?*naU = 0.

In the preferred basis,
b = (cos B, sin B e®) and w = (—sin Be™**, cos B). Evaluating k% = o* - n% and
p? = w* - n% in the preferred basis, it follows that:

pD* l/\,'U

—i€
e tan 0 = — —

where k% = v/2mg/v. These two definitions are consistent if k”x" + p?*p¥ = 0'is

satisfied. But this is equivalent to the type-Il condition, n?*ng = 0.



Since pQ Is a pseudo-invariant, we can eliminate & by rephasing ®5. Hence,

"] kY
kD pY|’

tan 8 =

with 0 < 8 < /2. Indeed, tan 3 is now a physical parameter, and the |pQ| are no

longer independent:

|PD| B ﬂmdtanﬁ |pU| B V2m, cot 3
v ’ V '

In the more general (type-11l) 2HDM, tan (3 is not a meaningful parameter. Nevertheless,

one can introduce three tan B-like parameters:"
K
tan By = —— tan B8, = —— tan B, = ——

the last one corresponding to the Higgs-lepton interaction. In a type-lll 2HDM, there is

no reason for the three parameters above to coincide.

f Interpretation: In the Higgs basis, up and down-type quarks interact with both Higgs doublets. But, clearly there exists
some basis (i.e., a rotation by angle (33, from the Higgs basis) for which only one of the two up-type quark Yukawa couplings is

non-vanishing. This defines the physical angle (.



The MSSM Higgs sector is a type-lll 2HDM

Recall the effective one-loop Higgs-fermion Yukawa couplings in the MSSM are of the
form:

~Legr = €ij | (b + 8hp)brHQY, + (hi + 5he)TRQL HY| +AhybrQY Hy +AhErQE H +h.c.

For illustrative purposes, we neglect CP violation in the following simplified discussion.

Keeping only the leading tan B-enhanced terms, Ay = (Ahy/hy) tan G,

vpP tan 3 V2 my tan (3
~ tan 3; = ~

v = ~ —, - '
an [y N 1+ A, vpV 1 — tan B (Ah¢/hy)

Thus, supersymmetry-breaking loop-effects can vyield observable differences between
tan (B-like parameters that are defined in terms of basis-independent quantities. In
particular, the leading one-loop tan 3-enhanced corrections are automatically incorporated
Into:

my my
A — _v tan 5b> gatt — _v cot 5t .



‘ Lessons for future work I

e If phenomena consistent with the 2HDM are found, we will not know a priori the
underlying structure that governs the model. In this case, one needs a model-independent

analysis of the data that allows for the most general CP-violating Model-IlI.

e Instead of claiming that you have measured tan 8 (unless you wish to test a specific
theoretical framework), measure the physical parameters of the model. Examples include
the tan 3-like parameters introduced in the one-generation model. (For three generations,
the formalism becomes more complicated. However, one has good reason to assume that

the third generation quark—Higgs Yukawa couplings dominate.)

e Which tan (3-like parameters will be measured in precision Higgs studies at the ILC?

How can one best treat the full three-generation model at one-loop order?

e Even in the MSSM where tan B at tree-level is physically well-defined, the scheme
presented here might be useful in achieving a more direct connection between model

parameters and physical observables (when radiative corrections are incorporated).



‘ And finally ... I
Happy 70th Birthday, Gordy!!!

| am looking forward to a time in the not too distant

future, when we will celebrate together the discovery

of the Higgs boson(s)!

(We've waited long enough, don’t you think?)
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