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‘ What can we learn from precision MSSM Higgs studies? I

At the ILC, it may be possible to measure the hbb coupling to an accuracy

of a few percent or less. What is that good for?

In the MSSM, the tree-level Higgs—quark Yukawa Lagrangian is

supersymmetry-conserving and is given by:
£‘;/1;le§ = —EijhbHélpgglpD -+ Eijhthi ‘églp(] + h.c.

Two other possible dimension-four gauge-invariant non-holomorphic Higgs-

quark interactions terms, the so-called wrong-Higgs interactions,

Hyypyg  and  Hg"duig,

are not supersymmetric (since the dimension-four supersymmetric Yukawa
interactions must be holomorphic), and hence are absent from the tree-level

Yukawa Lagrangian.



Nevertheless, the wrong-Higgs interactions can be generated in the effective
low-energy theory below the scale of SUSY-breaking. In particular, one-loop
radiative corrections, in which supersymmetric particles (squarks, higgsinos
and gauginos) propagate inside the loop can generate the wrong-Higgs

Interactions.
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One-loop diagrams contributing to the wrong-Higgs Yukawa effective operators. In (a), the cross (X ) corresponds to a factor of the
gluino mass Ms. In (b), the cross corresponds to a factor of the higgsino Majorana mass parameter p. Field labels correspond to

annihilation of the corresponding particle at each vertex of the triangle.

If the superpartners are heavy, then one can derive an effective field theory
description of the Higgs-quark Yukawa couplings below the scale of SUSY-
breaking (Msusy), where one has integrated out the heavy SUSY particles
propagating in the loops.



The resulting effective Lagrangian is:

LN = —€ij(ho + Shy) o Hiw, + Ahyton H 0y,
e (he + 6he) e Hywly + Ahytb Hi ) + hec.

In the limit of Mgygy > mz,
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Ahy = hy

T

where, M3 is the Majorana gluino mass, i is the supersymmetric Higgs-mass
parameter, and 51,2 and %vl,g are the mass-eigenstate bottom squarks and top
squarks, respectively. The loop integral Z(a,b,c) ~ 1/max(a?, b*, c?) in the

limit where at least one of the arguments of Z(a, b, ¢) is large.*

Thus, in the limit where M3 ~ pp ~ Ay ~ My ~ M; ~ Msysy > myz, the
one-loop contributions to Ahy do not decouple.
*T(a, b, c) = [a2b2 In (a2/b2) + b2c21n (b2 /c?) + a2 1n (c2/a2)} /l(a? = b2) (b2 — ¢2)(a? — 2)].




Phenomenological consequences of the wrong-Higgs Yukawas

The effect of the wrong-Higgs couplings is a tan S-enhanced modification of
a physical observable. To see this, rewrite the Higgs fields in terms of the

physical mass-eigenstates (and the Goldstone bosons):

(vecos B+ H’cosa — hsina + iA”sin B — iG° cos B)

H2

(vsin B+ Hsina + hY cos o + 1 A° cos B + GV sin B)

E\H&\H

Hfl = H sinB — G cosp,
H'=H%cosB+ G sing,

with v? = v2 + v2 = (246 GeV)? and tan 3 = v, /vg. The b-quark mass is:

hy,
meT;}COSB(l—I—

which defines the quantity Ay.

(5hb Ahbtanﬁ h v
= — 1+ A



In the limit of large tan S the term proportional to dh; can be neglected, in
which case,

Ap >~ (Ahy/hy)tan 5.
Thus, Ay is tan f—enhanced if tan 8 > 1. As previously noted, Ay survives
in the limit of large Mgygy; this effect does not decouple. It can generate

measurable shifts in the decay rate for h® — bb:

my SIn « 1 dhy
Ihevb = — 1

v cos 3 +1+Ab ™ —Ab) (1+cotozcotﬁ)] :

At large tan 8 ~ 20—50, A, can be as large as 0.5 in magnitude and of
either sign, leading to a significant enhancement or suppression of the Higgs

decay rate to bb. If my+ > my (the Higgs decoupling limit), then

i 2m?2 sin” 2
_2ha =sin(f —a) —tanfcos(f —a) =1 — stm2ﬁcos 6+(9 ( Wi
cos 3 Moy Mo
2 2 4
14+ cotacotf =— 7727/2 cos2ﬁ—|—(9(wzz) :
mi My




‘ The decoupling limit of the MSSM Higgs sector I

In a significant fraction of the MSSM Higgs sector parameter space, one finds
a neutral CP Higgs boson with SM-like tree-level couplings and additional
scalar states that are somewhat heavier in mass (of order my+), with small
mass splittings of order m7,/m?,.. Below the scale m g, the effective Higgs
theory coincides with that of the Standard Model (SM).

In the limit of my+ > my, the expressions for the tree-level MSSM Higgs

masses and CP-even neutral Higgs mixing angle o simplify:

m; ~ m7 cos> 203, m3, ~ m% +m?3sin® 23,
4 2
m~, sin” 40
2 2 2 2 ~ Mz
M+ = My + myy, cos“(8 — a) ~ o
Mo

Including radiative corrections does not alter the following conclusions:
1. The two neutral heavy Higgs states and H* are approximately mass-

degenerate up to corrections of O(m37,/m3,.).

2. cos(8 — a) = 0 up to corrections of O(m3,/m?,.).



In general, in the limit of cos(8 — a) — 0, all the hY couplings to SM

particles approach their SM limits. For example, if we keep only the leading

tan S-enhanced radiative corrections, then for m 4 > my (approaching the

decoupling limit),

gi2zVV ~ 1

2
IhgmVV

2
Ihitt

2
Ihgprtt

gf%bb ~ 1

2
Ihgpbb
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c“m7, sin” 43

~ 1+

4 Y

4mHi

cm7 sin 43 cot 3

2 y
mHi

4em? cos 23

5 [Sin2 b —

Ay ]
H* |

m 1+ Ay

where ¢ = 1+ O(g?) and A, = tan B x O(g?) [g is a generic gauge or

Yukawa coupling]|. The quantities ¢ and A depend on the MSSM spectrum.

The approach to decoupling is fastest for the h” couplings to vector boson

pairs and slowest for the couplings to down-type quarks.
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Deviations of Higgs partial widths from their SM values in two different MSSM scenarios (Carena, Haber, Logan and Mrenna).



Take home message

e In the approach to the decoupling limit, it is critical to measure deviations
of the SM-like Higgs boson couplings from the predicted SM values to
detect evidence of an extended Higgs sector (or other manifestations of

new physics beyond the SM).

e Precision Higgs measurements can be sensitive to mass scales of new

physics that lie beyond the reach of the collider.

e Given a 2HDM with symmetries that restrict the form of the Higgs
interactions (e.g. discrete symmetries or supersymmetry’), the breaking
of these symmetries can yield an effective low-energy 2HDM that contains
all possible dimension < 4 gauge-invariant interaction terms (e.g. the
“wrong Higgs" couplings of the MSSM). That is, the effective low-energy
Higgs sector may be a general 2HDM.

TThese are needed, e.g., to avoid tree-level Higgs mediated flavor-changing neutral currents (FCNCs).



‘ The general 2HDM I

Consider the most general 2HDM potential,

V=m?®ld +mi,®®, — [m?,®d; + h.c.] 4+ Ir (2D))
X2 (B]D2)” + A3 (D1 @1) (D1®2) + Aa (@] Do) (2 P1)

+ {%A5(¢Iq’2)2 + [>\6((I)I(I>1) + A?((I);(Ib)] O] Dy + h°C'} :

In a general 2HDM, ®; and P, are indistinguishable fields. A basis change consists of
a global U(2) transformation ®, — U, ;®, (and ®! = q)gUga). Note that the gauge-
covariant kinetic energy terms of the scalar fields are invariant with respect to U(2), whereas
the scalar potential squared-masses and couplings change under U(2) transformations and

thus are basis-dependent quantities.

Physical quantities that can be measured in the laboratory must be basis-independent.
Thus, any model-independent experimental study of 2HDM phenomena must employ basis-

independent methods for analyzing data associated with 2HDM physics.



Caveats

e The most general 2HDM contains large tree-level Higgs-mediated FCNC
and CP-violating effects, which are inconsistent with present experimental
data over a large range of the 2HDM parameter space. This can be

rectified by either

— fine-tuning of 2HDM parameters to reduce the size of the FCNC and
CP-violating effects below the experimentally allowed limits; or

— imposing additional symmetries (discrete and/or continuous) on the
Higgs Lagrangian to eliminate tree-level Higgs-mediated FCNCs and
CP-violation. The latter can distinguish between ®; and ®5, in which

case a choice of basis acquires physical significance.

e Basis-independent methods can be employed to experimentally identify
and distinguish among possible symmetries. In cases where these
symmetries are broken, it is again useful to regard the Higgs theory

as a general 2HDM.



‘ The basis-independent formalism I

The scalar potential can be rewritten in U(2)-covariant notation:
V=Yl d, + 175810 (@B,  a,bc,d=1,2,

where Z ;.7 = Z_.g.; and hermiticity implies Y, ; = (Y33)" and Z_ ;.5 = (Zpaaz)”- The

cda

barred indices help keep track of which |nd|ces transform with U and which transform
with U'. For example, Y,; — Ua:Y, U and Z,5.5 — UaéUT UegU -Z o f i

The vacuum expectation values of the two Higgs fields can be parametrized as

0 .
(P,) = Y R , with v, = e ?OS g :
V2 UV, e's sin B

where v = 246 GeV, 0 < B < 27 and n is arbitrary. Define V; = 0,05, which is

hermitian with orthonormal eigenvectors ¥, and Wy, = V. €4. Under a U(2) transformation,

Vg — U0y, f&?a—>e_XUbwb, where e”* = det U .
That is, W, is a pseudo-vector with respect to U(2). One can use w, to construct a
proper second-rank tensor: W_; = w,w; = 6,5 — V,;- Moreover tan 8 = |02/01] is

basis-dependent, and hence is not in general a physical parameter.



All 2HDM observables must be invariant under a basis transformation ®, — U _;Ps.

Examples of manifestly real invariants and potentially complex pseudo-invariants:

Y1 =Tr (YV), Yo = Tr (YW), Ys =Y, 00 Wy,

Z1 = Zypeq Voa Ve Z2 = Zypeq WeaWae Z3 = Zapea VoaWae
4y = ZaEcJ VieWaa Js = ZchJ@\; ’L/U\b @\;—k ’&J\d ,

Z6 — Zchci@; i)\b @\; T/Ed , Z7 = ZchJ@\; ”&75 ”&7; T/Ed .

The pseudo-invariants above transform as

Y3, Zs, Z7) — e 'X[Y3, Zs, Z7] and Zs — e *XZs.

Physical quantities must be invariants. For example, the charged Higgs boson mass
IS mzi = Y5 + %ng2. The potential minimum conditions, Y; = —%Z1v2 and
Ys = —%Z(wz, are covariant conditions with respect to U(2). Pseudo-invariants are useful

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



‘ The Higgs basis I

Define new linear combinations of the Higgs doublet fields:
H, = (H{ , H) =70.%,, H, = (H , H)) = 0. ®, .

Equivalently, ®, = H,v, + Hsw,. It follows that

<H1>:E7 (H,) =0.

Under a U(2) transformation, H is invariant, whereas Hy — eXH,. That is, the Higgs

basis is define uniquely up to a possible rephasing of Hs.

In the Higgs basis, the scalar potential is given by:

V =Y HH, + YoH Hy + [Y3HIHy + h.c.] 4+ 12, (H] H,)?
+1Z,(HYH,)® + Zs(H| Hy)(H}Hy) + Zy(H{ Hy)(H} Hy)

* {%ZS(HIH2)2 ™ [Z6(H1TH1) + Z7(H§H2)] HIHz + h.c.} ,

which provides an interpretation for the (pseudo-)invariants Y1, Y5 Y3, Z1, Zo, ..., Z7.



‘ The Higgs mass-eigenstate basis I

The three physical neutral Higgs boson mass-eigenstates are determined by
diagonalizing a 3 X 3 real symmetric squared-mass matrix that is defined in
the Higgs basis.* The diagonalizing matrix is a 3 x 3 real orthogonal matrix

that depends on three angles: 615, 613 and 623. Under a U(2) transformation,

015, 013 are invariant, and %23 — (det U)_lew%.

One can express the mass eigenstate neutral Higgs directly in terms of the
. . . . _O ~
original shifted neutral fields, ®_ = <I>2 — vva/ﬁ:

a
1 1= T = ~ —109 xS %~k 3093\ U
hi = —= {(I)a (qr1Va + qroWqe 3) + (g710; + qraWze B)q)a} a

V2

for k=1,....4, where hy = G°.

iFor details, see H.E. Haber and D. O'Neil, “Basis-independent methods for the two-Higgs-doublet model.
lI: The significance of tan 8,” Phys. Rev. D74, 015018 (2006) [hep-ph/0602242].



The tnvariant quantities qiy are given by:

k dk1 qK2

1 C12C13 —812 — 1€12513
2 $12€13 C12 — 1512513
3 S13 1C13

4 ) 0

The gy are functions of the angles 612 and 013, where ¢;; = cos 6, and s;; = sin 0;;.

Since wW,e~ %23 is a proper U(2)-vector, we see that the neutral mass-
eigenstate fields are indeed invariant under basis transformations.® Inverting

the previous result yields:

G+ L+ H+

¢CL — v 4
f f Z leva + Qk26_w23wa) hk

SLikewise, €??23 HT and its charge conjugate are U(2)-invariant fields.



The gauge boson—Higgs boson interactions

g
2CW

BV = (ngWJ_W’u T4 mZZMZ'“> Re(qj)hy, + emyy AF(W,F G~ +w, G™)

2 _ _
—ngsWZ'UJ(W[L'_G + Wy, G+),

2
1 2,4+ — g

‘W

Re(q;1a51 + 9;24%2) hjhg

2
1 20 tvb— o 24 a9 (1 2N\2, u 29¢ /1 2 7 [P T
‘|‘|:§g WEwH ™ 4 e?a,A +CT(§—Sw) Zpzt + == (3 - siy) Auzt | (GTGT +HTHT)

2 2
1 + 9 °w + - —i093 17—
+{ (269A'LLWM — 27ZMWM ) (qp1G~ +agoe 23H )hy + h.c.} ,

‘W

g
‘w

* * < 1 cx —2 —10 —<2 U
LvHH = . m(g1951 + qj2432) 2" hj By by, — Qg{zW’u [qle 0" hy +qgge 23H 9 hk] + h.c.}

i < - e
—|—[ieA’u—|—$(%—s%V)Z’u] (GT 8, G +HT S, H).



The cubic and quartic Higgs couplings

—2160
L3, = —Fvhjhghy {qjlq;;lRe(qu)Zl + a2k Re(ap1)(Z3 + Z4) + Re(aj1ap2de2Z5¢ ' 23)
+Re([2 4 a0 Ze e 1923) 1 Re(q 7 e 1023)
951 T 495119190246 € e\q429K29¢247 €
+ ~— —i693 + —i693
—vhp,G"G |Re(qp1)Z1 + Re(qpae Zg)| +vhpH"H |Re(qr1)Zs + Re(qpge Z7)

—%v hk{G_H+ 1023 [q;:;2z4 + qro e_2i923Z5 + 2Re(qp1)Zg e_i923] + h.c.} ,

Lpp = —%hjhkhlhm {%1%1@1(1;@121 + 4j29K2929m 272 + 24;14519029m2(Z3 + Z4)
+2Re(q} 1011 2020m2Z5 € 2023) + dRe(q 145 aj1amaZe e 23) + ARe(q) apodpatimaZr e 023)
~ghihGTGT [qjlq;::lzl + 4524923 + 2Re(qj1952%6 6_2023)}
—%hjhpH H™ {%2‘11}2222 +aj145123 + 2Re(q;1a5227 6_1023)}
—%hjhk{G_H+ 928 [aj10f020 + GrarZs e~ 2023 + ajrafy Zo e 028 4 qjodiaZr e 023] 4 h'c'}
321G e GG — A u T H T HTHT — (234 2)GTGTHTHT

—S(ZsHTHYGTGT v ZiH H G TGN 6T G (ZgHTGT v Z§H GT) - HTH (Z;HTG™ +Zz3H GT).



‘ The Higgs-fermion Yukawa couplings |

The Yukawa Lagrangian, in terms of the quark mass-eigenstate fields, is:
— Ly =U 0V W UR—D K o W UR+U KO hE "D+ D ®°hY TDp+h.c.,

where K is the CKM mixing matrix. The hY"? are 3 x 3 Yukawa coupling

matrices. It is convenient to write:

he = k94 p%0, = kK9=0:hY and pY=wihY, (Q=U or D).

2_; a a'’a
Under a U(2) transformation, k€ is invariant, whereas p% — (det U)p¥.

U and kP are proportional to the (real non-negative)

By construction,
diagonal quark mass matrices My and Mp, respectively, whereas the

matrices pV and p” are independent complex 3 x 3 matrices. In particular,

v v
MU — —K’U — dlag(mU7 M, mt) ) MD — —K’DT — diag(mda ms, mb) .

V2 V2



The fermion—Higgs boson interactions

The final form for the Yukawa couplings of the mass-eigenstate Higgs bosons
and the Goldstone bosons to the quarks is [with P g = 2(1 F 7;)]:

1— * v 7 * 7
— Ly = ZD{MD(QMPR + g1 Pr) + 7 iz e 923pP1T Pp 4 ¢y e 923PDPL] }thz

1— * v * 1 1
+-U {MU(QMPL + qi1 Pr) + V2 a2 €2 p" PR + qia [e'2p" ] P }U hi
U D1t U7 + V2 +
+<U |K[p”]"Pr — [p”]'"KP| DH" + —U [KMpPgr — MyKPr) DGT + h.c.
Since €2 H* and the hy, are invariant fields, %5 depends only on invariant
quantities: the matrices M ¢ and p%e23 and the invariant angles 05 and ;5.

The unphysical parameter tan 5 does not appear.

The couplings of the neutral Higgs bosons to quark pairs are generically
flavor-nondiagonal and CP-violating (since the gx2 and the matrices 923 p%

are not generally either pure real or pure imaginary).



Symmetries in the Higgs-fermion interactions

A general 2HDM exhibits CP-violating neutral Higgs boson couplings to
fermions and tree-level FCNCs mediated by neutral Higgs boson exchanges.

These effects can be removed by imposing a symmetry.

e Condition for CP-conserving neutral Higgs—fermion interactions: ¥

Z5(p®)?, Zgp® and Z;p® are real matrices (Q = U, D and E).
e Type-l and Type-ll Higgs-fermion interactions

Type I Eaghfhg] = eabhc—?ThgT =0, i.e., hY =hY =0in some basis;
Type ll: 0 hé’*h}{ = 0, i.e., hY = hY = 0 in some basis,
which can be implemented with a Zy symmetry (with appropriate choices for

the transformations of the scalar and fermion fields), or with supersymmetry.

Tcp symmetry cannot be exact due to the unremovable phase in the CKM matrix that enters via the

charged current interactions mediated by either Wi, H* or G* exchange.



Invariant expressions for the Type-l and Type-Il conditions are given by:

Type I kPpY = pPKY, Type Il: kPrY +pPTpY =0,

where in both cases, p@ x k¥ = \/§MQ/U (for @ = U, D). Hence, in both

cases there are no off-diagonal neutral Higgs—fermion couplings.

The existence of a special basis (up to a rephasing of the Higgs fields) in
which hY = hY = 0 (Type-l) or hY = hY = 0 (Type-Il) promotes tan 3 to a
physical parameter (where tan g is defined to be the magnitude of the ratio

of the neutral Higgs vacuum expectation values in the special basis).

For example, suppose we define the invariant parameters

‘Tr(pDMl;l)‘ : tan By = g ’Tr([pU]_lMU)’ :

v
3v/2

Then, in a Type-ll model these two quantities coincide and the physical

tan Bp =

parameter tan 8 = tan 8p = tan By. Thus, in a model-independent analysis,

measuring tan Op and tan Sy can shed light on the symmetries of the Higgs

Yukawa couplings.



‘ The decoupling limit in the general 2HDM I

In the decoupling limit, one of the two Higgs doublets of the 2HDM receives
a very large mass and is therefore decoupled from the theory. This is achieved
when Y3 > v? and |Z;| < O(1) [for all i]. The effective low energy theory
is then a one-Higgs-doublet model, i.e. the SM Higgs sector.

We order the neutral scalar masses according to m; < mg 3 and define the

Higgs mixing angles accordingly. The conditions for the decoupling limit are:

V2 Ik
|812| 5 O <—2) < 1, ‘813‘ 5 O <—2> < 1,
ma ms
. ,02
Im(Zs e 2923) < O (—2) < 1.
m
3

In the decoupling limit, m; < mo, m3, my+. In particular, the properties of
h1 coincide with the SM-like Higgs boson with m? = Z;v* up to corrections

of O(v*/m3 3), and my >~ m3 ~ m g+ with squared mass splittings of O(v?).



Far from the decoupling limit, one typically finds that all Higgs bosons have

a similar mass of O(v) and none are SM-like.

In the decoupling limit of a general 2HDM, the CP-violating and flavor-
changing neutral Higgs couplings of the SM-like Higgs state h are suppressed
by factors of O(v?/m3 3). In contrast, the corresponding interactions of the
heavy neutral Higgs bosons (hy and h3) and the charged Higgs bosons (H¥)
can exhibit both CP-violating and flavor non-diagonal couplings (proportional

to the p@).
The decoupling limit is a generic feature of extended Higgs sectors.!!

e Thus, the observation of a SM-like Higgs boson does not rule out

the possibility of an extended Higgs sector in the decoupling regime.

e A precision Higgs program can reveal small deviations from the

decoupling limit, indicating the existence of a new heavy mass scale.

||However, if some terms of the Higgs potential are absent, it is possible that no decoupling limit may exist.

In this case, the only way to have very large Higgs masses is to have large Higgs self-couplings.



‘ Lessons for future work I

e Precision measurements of the properties of a SM-like Higgs may reveal
small deviations, which can indicate the presence of a non-minimal Higgs
sector and/or new physics beyond the Standard Model (characterized by a

new mass scale > my).

e Basis-independent methods provide a powerful technique for studying the

theoretical structure of the two-Higgs doublet model.

e These methods provide insight into the conditions for CP-conservation
(and violation), as well as other exact or approximate symmetries of the
2HDM that can distinguish between the two Higgs doublets.

e If nature suggest an elementary scalar sector with the structure of the
2HDM, then basis-independent techniques will be essential for performing a
model-independent analysis to determine the p% (Q = U, D) and eventually
the Z;. The tools for such an analysis have yet to be fully developed.
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