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Lecture I: Electroweak symmetry breaking and

the Standard Model Higgs boson

Outline

The Standard Model—what's missing?
mass generation and the Goldstone boson
The significance of the TeV scale—Part 1

theory of the Standard Model (SM) Higgs boson

SM Higgs phenomenology—ypresent and future
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‘ What’s missing? I

The theory of W* and Z gauge bosons must be gauge invariant; otherwise
the theory is mathematically inconsistent. You may have heard that “gauge
invariance implies that the gauge boson mass must be zero,” since a mass

term of the form m?A{, A** is not gauge invariant.

So, what is the origin of the W= and Z boson masses? Gauge bosons are
massless at tree-level, but perhaps a mass may be generated when quantum
corrections are included. The tree-level gauge boson propagator Ggy (in

the Landau gauge) is:

—1 PuPv
Ggu(p) — (guv - M—) ’

p? p?

The pole at p? = 0 indicates that the tree-level gauge boson mass is zero.

Let's now include the radiative corrections.



The polarization tensor II,,(p) is defined as:
p P
— —

7 1% iH/,W(p) = i(pupu - pQQMV)H(pQ)

where the form of 11, (p) is governed by gauge invariance, i.e. it satisfies
p'uH,ul/(p) — pVH,LLl/(p) = 0.

The renormalized propagator is the sum of a geometric series

p,LLpl/)

—i(gur—"7
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The pole at p? = 0 is shifted to a non-zero value if:

— g2

Then p?[1 + II(p?)] = p* — g*v?, yielding a gauge boson mass of gu.



Interpretation of the p? = 0 pole of II(p?)

The pole at p2 = 0 corresponds to a propagating massless scalar. For example, the sum

over intermediate states includes a quark-antiquark pair with many gluon exchanges, e.g.,

This is a strongly-interacting system—it is possible that one of the contributing intermediate

states is a massless spin-0 state (due to the strong binding of the quark/antiquark pair).

We know that the Z and W= couple to neutral and charged weak currents

Line = 925, Z" + gw (G, W + h.c.),

which are known to create neutral and charged pions from the vacuum. In the absence
of quark masses, the pions are massless bound states of qg [they are Goldstone bosons

of chiral symmetry which is spontaneously broken by the strong interactions|. Thus, the

diagram: 0

Z0 AW\ - - AW Z0

yields TI(p®) = —g f2/p°, where f, = 93 MeV is the amplitude for creating a pion

from the vacuum. Thus, myz = gz fx. Similarly mw = gw fx.



‘ Vector boson mass generation and the Goldstone boson I

We have demonstrated a gauge-invariant mass generation mechanism for
gauge bosons! The p? = 0 pole of II(p?) corresponds to a propagating
massless scalar state called the Goldstone boson. We showed that the
W and Z are massive in the Standard Model (without Higgs bosons!!).

Moreover, the ratio

W _ 9w = cos Oy ~ 0.88

myz 9z

is remarkably close to the measured ratio. Unfortunately, since gz ~ 0.37
we find myz = gz f. = 35 MeV, which is too small by a factor of 2600.
There must be another source for the vector boson masses, i.e. another

source for the Goldstone boson.

The quest for electroweak symmetry breaking is the search
for the dynamics that generates the Goldstone bosons that

are the sources of mass for the W and Z.




Possible choices for electroweak-symmetry-breaking (EWSB) dynamics

e weakly-interacting self-coupled elementary (Higgs) scalar dynamics

e strong-interaction dynamics among new fermions (mediated perhaps by

gauge forces) [see lectures by Sekhar Chivukula]

Both mechanisms generate new phenomena with significant experimental

consequences.



‘ Significance of the TeV Scale—Part 1 I

Let Agw be energy scale of EWSB dynamics. For example:

e Elementary Higgs scalar (Agw = my,).

e Strong EWSB dynamics (e.g., Ag\l,v is the characteristic scale of bound

states arising from new strong dynamics).

Consider W;WL_ — WLJFWL_ (L =longitudinal or equivalently, zero helicity) for
m%v L s K A%W. The corresponding amplitude, to leading order in g*, but to all
orders in the couplings that control the EWSB dynamics, is equal to the amplitude for
GTG~™ — GTG™ (where GF are the charged Goldstone bosons). The latter is universal,

independent of the EWSB dynamics. This is a rigorous low-energy theorem.

Applying unitarity constraints to this amplitude yields a critical energy /s., above which
unitarity is violated. This unitarity violation must be repaired by EWSB dynamics and

implies that Apw < O ((/s. ) -



Unitarity of scattering amplitudes

Unitarity is equivalent to the conservation of probability in quantum mechanics. A violation
of unitarity is tantamount to a violation of the principles of quantum mechanics—this is

too sacred a principle to give up!

Consider the helicity amplitude M (AsAg; A1A2) for a 2 — 2 scattering process with

initial [final] helicities A1, A2 [A3, A4]. The Jacob-Wick partial wave expansion is:

8m+/s i(Ni—\¢)b — J J
e i (2J + HM5(s)d;  .(0),
(pips)'/2 JZ:]O ATy

M(A3ha; AiA2) =

where p; [py] is the incoming [outgoing] center-of-mass momentum, +/s is the center-of-
mass energy, A = {A3\4; A1 A2} and
Jo = max{\;, A\f}, where X\, =X — X2, and A= A3— ;.

Orthogonality of the d-functions allows one to project out a given partial wave amplitude.
For example, for W W, — W W (L corresponds to A = 0),

167s

0
/ dt M(L,L; L,L),

—S

where t = —1s(1 — cos 0) in the limit where mj,, < s.



For example, the J = O partial wave for WELWL_ — WJWL_ in the limit of m%v <
s K A%W is equal to the corresponding amplitude for GTG~ — GTG ™

MJ:O _ Gps
167V2

Partial wave unitarity implies that:

(M < Im M7 <1,
which gives
(Re M”)? < |Im M| (1 _ |Im MJ|) <1l
Setting |Re ./\/l‘]:O| < % yields \/s.. The most restrictive bound arises from the isospin
zero channel \/%(QWZ“WL_ + Z1721):

47’(‘\/§
Se =
Gr

Since unitarity cannot be violated, we conclude that Agw < /Sc. That is,

— (1.2 TeV)?.

The dynamics of electroweak symmetry breaking must

be exposed at or below the 1 TeV energy scale.




‘ EWSB Dynamics of the Standard Model I

e Add a new sector of “matter” consisting of a complex SU(2) doublet, hypercharge-one
self-interacting scalar fields, ® = (®* ®") with four real degrees of freedom. The
scalar potential is:

V(@) = 2(21® — L),
so that in the ground state, the neutral scalar field takes on a constant non-zero value
(®Y) = v/\/2, where v = 246 GeV.

e The non-zero scalar vacuum expectation value breaks the electroweak symmetry,
thereby generating three Goldstone bosons (exactly massless), which become the
longitudinal components of the W and Z. Here, v plays the role of f., so we get

my = gzv >~ 91 GeV.

e One scalar degree of freedom is left over—the Higgs boson, h' = /2 Re(®" — %) It
is a neutral CP-even scalar boson, whose interactions are precisely predicted, but whose
mass my — %Mﬂ depends on the unknown strength of the scalar self-coupling—the

only unknown parameter of the model.



‘ Mass generation and Higgs couplings in the SM I

Gauge bosons (V = W or Z) acquire mass via interaction with the Higgs
vacuum condensate.

f\/\//\\/\/ V V f\/\//\\/\/ |4 V f\/\/\\/\/ V
‘ b ‘ \ / \
0 0 0
v v h h h
Thus,
= 2m? d = 2m?2 Jv?
ghvv = mv/U, an ghhVV = mv/U 3

i.e., the Higgs couplings to vector bosons are proportional to the

corresponding boson squared-mass.

Likewise, by replacing V with the Higgs field A" in the above diagrams, the
Higgs self-couplings are also proportional to the square of the Higgs mass:
Sm%

3 3
Ghhh = 5AU = ) and  ghhhh = 5A = 2

2
Smh




Fermions in the Standard Model

Given a four-component fermion f, we can project out the right and left-handed parts:

fr = Prf, fr=Prf,

Under the electroweak gauge group, the right and left-handed components of each fermion

where Ppr = 3(1 4 ;).

has different SU(2)xU(1)y quantum numbers:

fermions SU(2) | U(1)y

(v, e )L 2 —1
€x 1 —2

(u, d)r 2 1/3
uR 1 4/3
dp 1 | —2/3

where the electric charge is related to the U(1)y hypercharge by Q = T5 + %Y.

Before electroweak symmetry breaking, Standard Model fermions are massless, since the

fermion mass term L,, = —m(frfr + frfr) is not gauge invariant.




The generation of masses for quarks and leptons is especially elegant in
the SM (in other approaches to EWSB, fermion mass generation is often
a challenge). The fermions couple to the Higgs field through the gauge

invariant Yukawa couplings, e.g.,

Lyviukawa = —hu(ﬂRuLCI)O — ’L_LRdL(I)+) — hd(CZRdL(I)O* —+ CZR’LLL(I)_) + h.c.

The quarks and charged leptons acquire mass when ®° acquires a vacuum

expectation value:

f

S e----y

Thus,
Inpf =mys/v,
i.e., Higgs couplings to fermions are proportional to the corresponding

fermion mass.



‘ Loop induced Higgs boson couplings I

Higgs boson coupling to gluons

At one-loop, the Higgs boson couples to gluons via a loop of quarks:

q 00000 g

9 vYooooo 9
This diagram leads to an effective Lagrangian

. gasNg hOGa G,ul/a

Lot
hgg — 247TmW

where N, is roughly the number of quarks heavier than h". More precisely,

m2

Ny = Fip(x), T; = qu- :

2
h

where the loop function F /5(z) — 1 for z > 1.



Note that heavy quark loops do not decouple. Light quark loops are
negligible, as F} 2(z) — S2%Inx for z < 1.

The dominant mechanism for Higgs production at the LHC is gluon-gluon
fusion. At leading order,
m°L'(h” — gg) 2 2

—(pp — h + X) = 3m3 g(zy, mh)Q(fl?—, mp,)
h

where g(z, Q?) is the gluon distribution function at the scale Q* and

Ty = il y = =1n B
=7 5 .

The rapidity y is defined in terms of the Higgs boson energy and longitudinal

momentum in the pp center-of-mass frame.



Higgs boson coupling to photons

At one-loop, the Higgs boson couples to photons via a loop of charged particles:

f 8

8

If charged scalars exist, they would contribute as well. These diagrams lead to an effective

Lagrangian - gaN, .
Chrr = Tommp ™ T E
where
m>
‘Z\[,y — Z chezsz(ZEZ) , xr;, = m% .

In the sum over loop particles ¢ of mass m;, N.; = 3 for quarks and 1 for color singlets,
e; is the electric charge in units of e and F;(x;) is the loop function corresponding to ith
particle (with spin 7). In the limit of x > 1,

(

1/4, j=0,
Fj(z) —<{ 1, ji=1/2,




‘ Expectations for the SM Higgs mass I

1. Lower experimental bound

From 1989-2000, experiments at LEP searched for ete™ — Z — hYZ
(where one of the Z-bosons is on-shell and one is off-shell). No significant

evidence was found leading to a lower bound on the Higgs mass

mp > 114.4 GeV at 95% CL.

In 2000, the report of the Higgs/Supersymmetry Tevatron Run-2 Workshop
suggested that the Tevatron could extend the LEP Higgs reach with
sufficient data. A few weeks ago, CDF and DO announced that a small
region of the SM Higgs mass range centered around 170 GeV is now
excluded at 95% CL. With at least one more year of running, the Tevatron

will further extend the Higgs mass reach.
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2. Upper bound from precision tests of the Standard Model

Very precise tests of the Standard Model are possible given the large sample
of electroweak data from LEP, SLC and the Tevatron. Although the Higgs
boson mass (my) is unknown, electroweak observables are sensitive to my,
through quantum corrections. For example, the W and Z masses are shifted

slightly due to:

hO hO

W By &

The my dependence of the above radiative corrections is logarithmic.
Nevertheless, a global fit of many electroweak observables can determine
the preferred value of mj, (assuming that the Standard Model is the correct

description of the data).



3

Measurement Fit  |O™**-Q"|/c™e?
o 1 2
m, [GeV] 91.1875+0.0021 91.1874
T,[GeV]  2.4952+0.0023  2.4959
6. [Nb]  41.540+0.037  41.478
R, 20.767 £0.025  20.743
A 0.01714 +0.00095 0.01643
A(P) 0.1465+0.0032  0.1480
R, 0.21629 + 0.00066 0.21581
R, 0.1721+0.0030  0.1722
AP 0.0992 +0.0016  0.1038
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A, 0.923 + 0.020 0.935
A 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1480
sin"07(Q,) 0.2324 +0.0012  0.2314
m,, [GeV]  80.398 +0.025  80.377
I, [GeVl  2.097 +0.048 2.092
m, [GeV] 172.6 + 1.4 172.8
March 2008 6 1 2



LEP /Tevatron Electroweak Working Groups: the SM global fit

my, = 87135 GeV imp, < 160 GeV one-sided 95% CL].

Including the direct LEP search data yields mj;, < 190 GeV at 95% CL.
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(a) The blueband plot shows Ax* = x* — x2.. as a function of my,. (b) Probability
distribution function for my, [J. Erler, hep-ph/0701261].
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‘ Can a Light Higgs Boson be avoided? I

If new physics beyond the Standard Model (SM) exists, it almost certainly
couples to W and Z bosons. Then, there will be additional shifts in the W
and Z mass due to the appearance of new particles in loops. In many cases,

these effects can be parameterized in terms of two quantities, S and T
[Peskin and Takeuchil:

iy (0) — IT57(0)

a’l

my,  omy
Lo Iypmy) ~Up0) (¢ - sp) L mE)  I55(m)
45%,¢% m?, CzSy m2, m2

where s = sin 6y, ¢ = cos Oy, and barred quantities are defined in the MS
scheme evaluated at m,. The 1Ty, are the new physics contributions to

the one-loop V,—V} vacuum polarization functions.
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In order to avoid the conclusion of a light Higgs boson, new physics beyond
the SM must be accompanied by a variety of new phenomena at an energy
scale between 100 GeV and 1 TeV. This new physics will be detected at

future colliders

e either through direct observation of new physics beyond the Standard
Model

e or by improved precision measurements that can detect small deviations

from SM predictions.

Although the precision electroweak data is suggestive of a
weakly-coupled Higgs sector, one cannot definitively rule out

another source of EWSB dynamics (although the measured S

and T impose strong constraints on alternative approaches).




‘ Can the Higgs Boson mass be large? I

A Higgs boson with a mass greater than 200 GeV almost certainly requires additional new

physics beyond the Standard Model. But, how heavy can this Higgs boson be?

Let us return to the unitarity argument. Consider the scattering process
W (p1)W, (p2) — W, (p3s)W, (p4) at center-of-mass energies /s > my. Each

contribution to the tree-level amplitude is proportional to

2
S

ler(p1) - en(p2)] [en(ps) - eL(pa)] ~ o

after using the fact that the helicity-zero polarization vector at high energies behaves as
e (p) ~ p"/mw. Due to the magic of gauge invariance and the presence of Higgs-

exchange contributions, the bad high-energy behavior is removed, and one finds for s,

2 2 .
m;, > My

t
MZ—\/ﬁGFmi[< > 2—|— 2)

s —mjy t—mh



. . . . 2
Projecting out the J = O partial wave and taking s > mj,

Gpmi
477\/5 .

Imposing |Re ./\/l']| < % yields an upper bound on mj. The most stringent bound is

MJ=O —

obtained by all considering other possible final states such as Z; 4, Z:h? and RORY.

The end result is:

47/2
3G

m; < ~ (700 GeV)”.

However, in contrast to our previous analysis of the unitarity bound, the above computation
relies on the validity of a tree-level computation. That is, we are implicitly assuming that
perturbation theory is valid. If m; 2> 700 GeV, then the Higgs-self coupling parameter,

%

A= 2mi/v2 is becoming large and our perturbative analysis is no longer valid.

Nevertheless, lattice studies suggest that an upper Higgs mass bound below 1 TeV remains

valid even in the strong Higgs self-coupling regime.



‘ Beyond the SM—The decoupling scenario I

One message of the precision electroweak data is that the Standard Model is a good
approximation to the theory of fundamental particles and their interactions at an energy
scale of order 100 GeV. Thus, if new physics beyond the Standard Model exists, it is likely
to consist of new degrees of freedom whose masses are somewhat larger than the scale of

electroweak physics (Mpeavy > mw ).

Using effective field theory techniques, we can integrate out this “new heavy physics.”
What remains is the Standard Model Lagrangian, accompanied by higher-dimensional

operators (d > 5) with coefficients suppressed by powers of My / Mpeavy-

If the Higgs sector is non-minimal, but the additional Higgs degrees of freedom are
associated with the mass scale Mycayvy, then the effective low-energy theory will contain a
single CP-even neutral Higgs boson, whose properties approximate those of the SM Higgs

boson (up to corrections of order m%,v/M}? . This is the so-called decoupling limit.

eavy)

These arguments provide additional motivation for studying in detail the phenomenology

of the SM Higgs boson!



‘ Higgs phenomenology at colliders I

A program of Higgs physics at colliders must address:

e Discovery reach for the SM Higgs boson
e How many Higgs states are there?

e Assuming one Higgs-like state is discovered
— Is it a Higgs boson?
— Is it the SM Higgs boson?

The measurement of Higgs boson properties will be critical in order to

answer the last two questions:
e mass, width, CP-quantum numbers (CP-violation?)
e branching ratios and Higgs couplings

e reconstructing the Higgs potential



‘ SM Higgs Branching Ratios and Width |
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‘ Higgs production at hadron colliders I

At hadron colliders, the relevant processes are

99 — h" — 7,

gg — h0 - VvV V=W or Z]

qq — qqVHIVE) —gqh®, B0 — vy, T, VYV )
¢q" =V VR B — bbb, W)

99,97 — tth®, R — bb, vy, WW ) |



g 0000) g 0000 —> Q
H
0 g H
g TOOOD g OO0 — Q

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.



‘ SM Higgs production cross-sections at the LHC I
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Significance

LHC Discovery Potential of a SM Higgs
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Higgs mass and width measurements at the LHC
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Accuracy of Higgs cross-section measurements
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Precision Higgs coupling measurements at the LHC

width ratios (partial) widths
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‘ Constraints on the non-minimal Higgs sector I

Three generations of fermions appear in nature, with each generation
possessing the same quantum numbers under the SU(3)xSU(2)xU(1)y

gauge group. So, why should the scalar sector be of minimal form?

For an arbitrary Higgs sector, the tree-level p-parameter is given by

_ myy _ > oryAT(T +1) = Y2V yPery
~ miy cos? Oy ZT,Y 2Y 2|V y |2 7

Po

where Vi y = (¢(1,Y)) defines the vacuum expectation values (vevs) of
each neutral Higgs field, and T" and Y specify the total SU(2) isospin and
the hypercharge of the Higgs representation to which it belongs. Y is
normalized such that the electric charge of the scalar field is Q = T3+ Y/2,

and

. B 1, (T,Y) € complex representation,
T.Y = :
, (T,Y =0) € real representation.

N



For the complex (¢ = 1) Higgs doublet of the Standard Model with T' = 1/2
and Y =1, it follows that pg = 1 as strongly suggested by the electroweak
data. The same result follows from a Higgs sector consisting of multiple
complex Higgs doublets (independent of the neutral Higgs vevs). One can

also add Higgs singlets (T'=Y = 0) without changing the value of py.

But, one cannot add arbitrary Higgs multiplets in general® unless their

corresponding vevs are very small (typically |Vry| < 0.050 ~ 10 GeV).

Thus, we shall consider non-minimal Higgs sectors consisting
of multiple Higgs doublets (and perhaps Higgs singlets), but no
higher Higgs representations, in order to avoid the fine-tuning

of Higgs vevs.

*To automatically have pg = 1 independently of the Higgs vevs, one must satisfy
(2T +1)* —3Y% =1

for integer values of (27", Y"). The smallest nontrivial solution beyond the complex Y = 1 Higgs doublet is
a Higgs multiplet with 7" =3 and Y = 4.



Danger: neutral Higgs-mediated flavor changing neutral currents

It is remarkable that in the SM, the neutral Higgs boson coupling to fermions is flavor-

diagonal. This is a consequence of the Higgs-fermion Yukawa couplings:
Lyvuiawa = —h (ahul @° — @ di®t) — b (dd? d°* + dou’ @) + hc. |

where 7, 7 are generation labels and h, and h, are arbitrary complex 3 X 3 matrices.

Writing ®° = (v + h")/V/2, we identify the quark mass matrices as:
M”—h”\/_ M;j: d\/_
One is free to redefine the quark fields:
up — VLUuL, UrR — V]guR, d;, — VLDdL, dr — Vé)dR,
where VLU, V]g, VLD, and Vlf are unitary matrices chosen such that

VJ_-({]TMUVLU = diag(my , me, my), VJ_-?TMdVLD = diag(myg, ms, myp) ,

such that the m,; are the positive quark masses (this is the singular value decomposition

of linear algebra).



Having diagonalized the quark mass matrices, the neutral Higgs Yukawa
couplings are automatically flavor-diagonal.” Hence the SM possesses no
flavor-changing neutral currents (FCNCs) mediated by neutral Higgs boson

(or gauge boson) exchange at tree-level.

In models with multiple Higgs doublets, this is no longer the case in
general, since more than one Yukawa coupling matrix (one for each
Higgs doublet) contributes to each of the up and down-type fermion
mass matrices. Diagonalizing the quark mass matrix diagonalizes only one

linear combination of the Yukawa coupling matrices.

However, one can recover flavor-diagonal Yukawa couplings by restricting
the form of the Higgs-fermion Lagrangian. Glashow and Weinberg showed
that a sufficient condition is to require that at most one neutral Higgs field

couple to fermions of a given electric charge.

Tlndependently of the Higgs sector, the quark couplings to Z and ~ are automatically flavor diagonal.
Flavor dependence only enters the quark couplings to the W= via the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, K = v,/ Tv}P.



‘ Higgs boson phenomena beyond the SM I

Consider the two-Higgs-doublet model (2HDM), consisting of two-complex hypercharge-
one scalar doublets. Of the eight initial degrees of freedom, five are physical (after three
Goldstone bosons provide masses for the W and Z). The five physical scalars are: a
charged Higgs pair, Hi, and three neutral scalars. In contrast to the SM, where the
Higgs-sector is CP-conserving, the 2HDM allows for Higgs-mediated CP-violation. If CP
Is conserved, the three scalars can be classified as two CP-even scalars, h° and H° (where

myp, < mp as the notation suggests) and a CP-odd scalar AY.

Thus, new features of the extended Higgs sector include:

e Charged Higgs bosons
e A CP-odd Higgs boson (if CP is conserved in the Higgs sector)

e Higgs-mediated CP-violation (and neutral Higgs states of indefinite CP)

More exotic Higgs sectors allow for doubly-charged Higgs bosons, etc.



‘ The significance of the TeV scale—Part 2 I

If a SM-like Higgs boson is discovered, should we expect any additional new physics

phenomena at the TeV scale?

The Standard Model (SM) describes quite accurately physics near the EWSB scale
[v = 246 GeV]. But, the SM is only a “low-energy” approximation to a more fundamental

theory, whose degrees of freedom are revealed at some high energy scale A.

e The SM cannot be valid at energies above the Planck scale, Mpy, = (ch/Gn)Y? ~

10" GeV, where gravity can no longer be ignored.

e Neutrinos are exactly massless in the Standard Model. But, the neutrino mixing data
imply that neutrinos have very small masses (m, /m. < 107 7). Neutrino masses can
be incorporated in a theory whose fundamental scale is M > v. Neutrino masses of
order v2/M are generated, which suggest that M ~ 10'° GeV.

e The radiatively-corrected Higgs potential is unstable at large values of the Higgs field
(|®| > A) if the Higgs mass is too small.

e The value of the Higgs self-coupling runs off to infinity at an energy scale above A if

the Higgs mass is too large.
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and Riesselmann] Higgs mass bounds as a function of energy scale A at which the Standard Model breaks down, assuming
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Depending on the observed Higgs mass, we may be able to
conclude that the SM breaks down at an energy A that is
considerably below 10'° GeV.




The significance of the TeV-scale as the energy scale where new physics beyond the SM
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‘ Low-Energy Supersymmetry I

Supersymmetry (SUSY) provides a mechanism in which the quadratic sensitivity of scalar
squared-masses to very high-energy scales is exactly canceled (see Steve Martin's lectures).
Since SUSY is not an exact symmetry of nature, the supersymmetry must be broken. To

maintain the naturalness of the theory, the SUSY-breaking scale cannot be significantly
larger than 1 TeV.

The scale of supersymmetry-breaking must be of order
1 TeV or less, if supersymmetry is associated with the

scale of electroweak symmetry breaking.

We shall initially focus on the minimal supersymmetric extension of the Standard Model
(MSSM), which is constructed by starting with the 2HDM and adding the associated
superpartners.t  One bonus of this construction is the elegant way in which EWSB

is radiatively generated (providing a nice connection between SUSY-breaking and the
mechanism of EWSB).

Two Higgs doublets are required for anomaly cancellation by higgsino pairs of opposite hypercharge.
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‘ The Higgs sector of the MSSM I

The Higgs sector of the MSSM is a 2HDM, whose Yukawa couplings
and Higgs potential are constrained by SUSY. Instead of employing to

hypercharge-one scalar doublets ®; 5, it is more convenient to introduce a
Y = —1 doublet Hy = 102®7 and a Y = +1 doublet H,, = ®,:

H, PP+ H, d3
Hd = 5 = _ , H’LL = = .
The origin of the notation originates from the Higgs Yukawa Lagrangian:
Lyukawa = —hi (uu), H2 — wlpd), HY) — hY (disd), HY — du’), H3) + h.c. .

Note that the neutral Higgs field H? couples exclusively to up-type quarks

and the neutral Higgs field HC% couples exclusively to down-type quarks.?

8This is an example of the so-called Type-1l 2HDM, which satisfies the Glashow-Weinberg condition and
has no tree-level Higgs-mediated FCNCs.



The Higgs potential of the MSSM is:
V= (md o ) HE () HEHE i (G )
1 2 /2 1k it VER S &) 2 1 2 Tk ol )2
where €2 = —€?! = 1 and €'l = €% = O, and the sum over repeated indices is
implicit. Above, p is a supersymmetric Higgsino mass parameter and mfl, mi, mid
are soft-supersymmetry-breaking masses. The quartic Higgs couplings are related to the

SU(2) and U(1)y gauge couplings as a consequence of SUSY.

Minimizing the Higgs potential, the neutral components of the Higgs fields acquire vevs:Y

L (w _ 1o
<ch>—\/§ N <Hu>—\/§ o )

where v* = v7 + v = 4m3, /9> = (246 GeV)?. The ratio of the two vevs is an

important parameter of the model:

v
tan 8 = —.
Uq

T The phases of the Higgs fields can be chosen such that the vacuum expectation values are real and
positive. That is, the tree-level MSSM Higgs sector conserves CP, which implies that the neutral Higgs mass

eigenstates possess definite CP quantum numbers.



The five physical Higgs particles consist of a charged Higgs pair
HE = H;tsinﬁ—l—HjEcosB,
one CP-odd scalar
A’ =+/2 (ImHgsinﬁ — ImHScosﬁ) :
and two CP-even scalars

h' = —(vV2Re H) — vg)sina + (V2Re H., — v,) cos o,
H’ = (\/§ReH3 — vg) cos a + (\/§ReHS — v,) sin «
where we have now labeled the Higgs fields according to their electric charge. The

angle « arises when the CP-even Higgs squared-mass matrix (in the Hg—H,S basis) is

diagonalized to obtain the physical CP-even Higgs states.

All Higgs masses and couplings can be expressed in terms of two parameters usually

chosen to be m 4 and tan (3.



Tree-level MSSM Higgs masses

The charged Higgs mass is given by
m?{i — mi + m%/v 3

and the CP-even Higgs bosons h" and H" are eigenstates of the squared-mass matrix

—(m?% +my)sinBcosB m*cos® B+ mysin’ 3

M2 — ( m? sin® B + m3 cos® B —(m?% + m7)sin 3 cos [5’)
;=

The eigenvalues of ./\/lg are the squared-masses of the two CP-even Higgs scalars

My, = - (m?4 + m2Z + \/(m?4 + m%)? — 4m%m? cos? 203 ) ,

and « is the angle that diagonalizes the CP-even Higgs squared-mass matrix. It follows
that

mp < mz|cos28| < my .

Note the contrast with the SM where the Higgs mass is a free parameter, mi = %Afuz.
In the MSSM, all Higgs self-coupling parameters of the MSSM are related to the squares

of the electroweak gauge couplings.



Aside: the decoupling limit of the MSSM

In the limit of m 4 > m, the expressions for the Higgs masses and mixing

angle simplify and one finds

~ a2 2
m; ~ mycos” 273,

2 2 2 2
mi ~ m3y +mysin® 23,
2 2 2
M+ = My + My,
4 i 2
m7 sin“ 4
cos’(f —a) ~ —2L—
4m’y

Two consequences are immediately apparent. First, ma >~ myg >~ mg=+, up
to corrections of O(m%/ma). Second, cos(8 — «) = 0 up to corrections
of O(m%/m?). This is the decoupling limit, since at energy scales below
approximately common mass of the heavy Higgs bosons H* H, A°, the

effective Higgs theory is precisely that of the SM.

In particular, we will see that in the limit of cos(3 — a) — 0, all the h°

couplings to SM particles approach their SM limits.



Tree-level MSSM Higgs couplings

1. Higgs couplings to gauge boson pairs (V =W or Z)

9p,0vy = gy Sin(ﬁ - a) ) 9ygoyvy — vy COS(ﬁ — a) )

where gy, = 2my /v. There are no tree-level couplings of A° or H* to V'V.
2. Higgs couplings to a single gauge boson

The couplings of V' to two neutral Higgs bosons (which must have opposite
CP-quantum numbers) is denoted by g4 40 (pg —p%), where ¢ = h" or HY

and the momenta pys and pY point into the vertex, and

oo :gcos(ﬁ—oz) P —gsin(f — a)
h"A"Z 2cos by H A Z 2cos by




3. Summary of Higgs boson—vector boson couplings

The properties of the three-point and four-point Higgs boson-vector boson
couplings are conveniently summarized by listing the couplings that are
proportional to either sin(3 — «) or cos(8 — «), and the couplings that are

independent of o and (3

cos(fB — «) sin(8 — ) angle-independent
HOW+W - ROW+W— —

HYZZ h0ZZ —

Z ARV ZAHO ZHYH-, yHTH™
WEHThHO WrHTH° WEHTA°
ZWEHTRHO ZW*THTHO ZW*THTAC
YWEHTRHO YWEHTHO YWEHTAO

- - VVos, VVA A VVHTH-

where p = hY or HY and VV = WTW —, ZZ, Z~ or 7.



4. Higgs-fermion couplings

Since the neutral Higgs couplings to fermions are flavor-diagonal, we list only
the Higgs coupling to 3rd generation fermions. The couplings of the neutral
Higgs bosons to ff relative to the Standard Model value, gmy/2myy, are

given by (the 75 indicates a pseudoscalar coupling):

017 0+ _—. _sma oo o _
h°bb (or h'1t777) : cos sin(8 — a) — tan B cos(B — a),
hOtt ZOSg = sin(3 — «) + cot B cos(fB — a),
in
Hb (or H'7777) TR cos( — a) + tan Bsin(f — a),
cos 3
HOt : ?ng = cos( — a) — cot Bsin(f — a),
in
A%b  (or A'7T77) Vs tan 3,

AVtt 5 cot 3.



Similarly, the charged Higgs boson couplings to fermion pairs, with all

particles pointing into the vertex, are given by!!

JH—5 = ﬂLm my cot B Pr + mytan B Py, |
W L
g ]
b, = —— |mytanpg Pr| .
9gg + \/imW ] 6 L

Especially noteworthy is the possible tan -enhancement of certain Higgs-
fermion couplings. The general expectation in MSSM models is that tan 5

lies in a range:

m
1 < tanﬁg—t.
mp

Near the upper limit of tan 5, we have roughly identical values for the top

and bottom Yukawa couplings, h; ~ hy, since

V2m,  V2my, ,
p— p— t

Vg vcos 3’ Va vsin B

, V2my  V2my
b p—

||Including the full flavor structure, the CKM matrix appears in the charged Higgs couplings in the

standard way for a charged-current interaction.



Saving the MSSM Higgs sector—the

impact of radiative corrections

We have already noted the tree-level relation m; < my, which is already
ruled out by LEP data. But, this inequality receives quantum corrections.
The Higgs mass can be shifted due to loops of particles and their
superpartners (an incomplete cancellation, which would have been exact if

supersymmetry were unbroken):

where X; = A; — pcot 3 governs stop mixing and M3 is the average

top-squark squared-mass.



The state-of-the-art computation includes the full one-loop result, all the
significant two-loop contributions, and renormalization-group improvements.
The final conclusion is that m;, < 130 GeV [assuming that the top-squark

mass is no heavier than about 2 TeV].

130 T 1 T T 1 T 7T 1 T 7T 1 T 7T T T T T T T T T 140 |
maximal
120 i B mixing
120
—~ / —~
% B PN 7 \ %
S 110~ ~ / RIS minimal mixing
~ AN Va ~—
L/ i
=] N a <
100 —
gt ~ P &
~ 7
100 — _ M, = 175+5 GeV
L tanpf = 30 ( ) Mgysy = my = 1 TeV - Mgysy = m, = 1 TeV
| tan@ =3 (————— ) w = —200 GeV i 80 u = —200 GeV ]
go i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L 1 1 1 1 1 1 | | 1 1
-3 —2 —1 0 1 2 3 1 2 5 10 20 50
X, (TeV) tan B

Maximal mixing corresponds to choosing the MSSM Higgs parameters in such a way that
my, is maximized (for a fixed tan 3). This occurs for X, /Mg ~ 2. As tan (3 varies, my,

reaches is maximal value, (7}, )max =~ 130 GeV, for tan 3 > 1 and ma > my.
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taken from Brignole et al., Nucl. Phys. B631, 195 (2002).
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‘ Radiatively-corrected Higgs couplings I

Although radiatively-corrections to couplings tend to be at the few-percent levels, there is

some potential for significant effects:

e large radiative corrections due to a tan 3-enhancement (assuming tan 8 > 1)

e (CP-violating effects induced by complex SUSY-breaking parameters that enter in loops

In the SUSY limit, bottom quarks only couple to Hg and top quarks only couple to H,S.
However, SUSY is broken and a small coupling of the bottom quark [top quark] to H,S
[H 3] will be generated from the one-loop Yukawa vertex corrections. These results can be
summarized by an effective Lagrangian that describes the coupling of the Higgs bosons to

the third generation quarks:
— Lo = €7 | (hy + 6hy)brHAQ', + (hy + 5hy)trQ" H),
+AhERQY HY + AhybrQ' HY + h.c.

As a result, the tree-level relations between the Yukawa couplings and quark masses are

modified. For simplicity, we neglect below possible CP-violating effects due to complex



couplings. Then, e.g.,

hbv

6<1+5hb+Ahbtanﬁ) _hb’U B(I—I—A)
mMyp — —— COS — —— COS ,
’ V2 Py Ry V2 ’

The dominant contributions to A, are tan B-enhanced, with A, ~ (Ah/hy) tan (3.
Explicitly, one finds that for large SUSY masses and tan 8 > 1,

2048 5 9 5 h2 , , ,
Ap ~ 3 ,LLMQ I(MI;17 MEQ’ Mg) + 16;_2,&1475 I(M{l, Mfg’ s ) tan G,

where Mj is the gluino mass, Mj _ are the bottom squark masses, and smaller

electroweak corrections have been ignored. The loop integral I(a,2, b?, cz) Is given by

I(a,b,c) =

a’b?*In(a’/b%) + b*c* In(b*/c?) + c*a?1n(c*/a?)
(a,2 _ b2)(b2 _ c2)(a,2 _ c2) ’

and is of order 1/max(a?, b%, ¢*) when at least one of its arguments is large. That is,
if all SUSY-mass parameters are simultaneously large, their effects do not decouple in
Ay. Below the SUSY-scale, the effective theory is a general 2HDM, in which all possible

Higgs-fermion Yukawa couplings are allowed!



From the effective Yukawa Lagrangian, we can obtain the couplings of the physical Higgs

bosons to third generation fermions. Neglecting possible CP-violating effects,

Lint = — Z [ghoqqhoqq + gHoquOch — ingqqAOq_%q} + [BgH_tl—)tH_ + h.c.} :

q=t,b,7

For example,

my Sin o [1 1 <5hb

In0vp = _TCOSB * 1+ Ay \ hy

— Ab) (1 4+ cot acot 5)] :

Two limits are noteworthy. First, in the decoupling limit where cos(8 — a) < 1, we can
put o >~ B — m/2 to obtain g,0,; = my/v which is the expected SM result. Second,
away from the decoupling limit, if tan 3 > 1, then

(0)
91,005

1—|—Ab,

9p0pp =

where the superscript zero indicates the tree-level coupling. In some regions of SUSY
parameter space, the tan 3-enhanced A, can be as large as 25% and of either sign,
leading to significant enhancements or suppressions of the h’bb coupling with respect to,

e.g., the h°7T 7~ coupling.



Summary of the LEP MSSM Higgs Search [95% CL limits]

LEP 88-209 GeV Preliminary LEP 88-209 GeV Preliminary
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e Charged Higgs boson: mg+ > 79.3 GeV

e MSSM Higgs: my > 92.9 GeV; m 4 > 93.4 GeV [max-mix scenario]

WARNING: Allowing for possible CP-violating effects that can enter via

radiative corrections, large holes open up in the Higgs mass exclusion plots.
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Figure 19: Exclusions, at 95% c.l. (light-green) and at 99.7% c.l. (dark-green), for the CP-
violating CPX scenario, for four top masses. From upper left, right to lower left, right: m; =
169.3 GeV/c?, 174.3 GeV/c?, 179.3 GeV/c*and 183.0 GeV/c?. In all cases and in each scan
point the more conservative of the two theoretical calculations, FeynHiggs 2.0 or CPH, was
used.
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‘ Implications of the precision electroweak data I

In the decoupling limit (assuming that the SUSY particles are somewhat
heavy), the effects of the heavy Higgs states and the SUSY particles
decouple and the global SM fit applies.

In the latter case, h” is a SM-like Higgs boson whose mass lies below

about 130 GeV in the preferred Higgs mass range!

If SUSY particle masses are not too heavy, they can have small effects
on the fit to precision electroweak data. With additional degrees of
freedom, the goodness of fit can be slightly improved (and possibly argue

for SUSY masses close to their present experimental limits).

The MSSM fit is further improved if one wishes to ascribe deviations
of (9 —2), and b — sy from their SM expectations to the effects of

superpartners.
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MSSM Higgs boson decay branching ratios
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Branching Ratio (h,H)
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MSSM Higgs production cross-sections at the LHC
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In

‘ MSSM Higgs Searches at the LHC |

addition to the standard SM-Higgs searches, new possibilities arise:

gluon-gluon fusion can produce both CP-even and CP-odd Higgs bosons.

V'V fusion (V =W or Z) can produce only CP-even Higgs bosons (at
tree-level). Moreover, in the decoupling limit, the heavy CP-even Higgs

boson is nearly decoupled from the V'V channel.

Neutral Higgs bosons can be produced in association with bb and with ¢t

in gluon-gluon scattering.

Charged Higgs bosons can be produced in association with ¢b in gluon-

gluon scattering.

If mpy+ < my—my, thent — bH ™ is an allowed decay, and the dominant

H= production mechanism is via ¢ production.



e Higgs bosons can be produced in pairs (e.g., HTH~, H*h°, h0AY).
e Higgs bosons can be produced in cascade decays of SUSY particles.

e Higgs search strategies depend on the region of m —tan 3 plane
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Discovery potential for one, two, three, ... many Higgs states at the LHC.
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... although there is a large region of MSSM parameter space (the “infamous

LHC wedge" ) where only a SM-like Higgs boson can be discovered.



‘ Beyond the MSSM Higgs sector I

The Higgs sector of the MSSM is minimal (as both doublets are needed).
The most common extension is one where a complex Higgs singlet is added.
The resulting model is called the NMSSM. Another possible extension is
the expansion of the electroweak gauge group, e.g. adding an additional
U(1). The corresponding Higgs sector is expanded as well, often with the
addition of extra singlets.

For a motivation for such extensions, ask Steve Martin. Here, | will simply

note a few interesting consequences:

e The upper bound on the MSSM Higgs mass is somewhat relaxed
(depending on the model parameters). In particular, the NMSSM
possesses a new Higgs self-coupling parameter \ that is not related to

gauge couplings.



e The lightest Higgs boson of the model can be dominantly singlet and
hence very weakly coupled. Mass limits on such a Higgs boson are not

very stringent.

e The LEP lower limits on the neutral MSSM Higgs bosons can be evaded
to some extent. In particular, the SM-like Higgs boson can dominantly

decay into a pair of the light singlet-like Higgs scalars.

The last observation has spawned a minor industry—construct bizarre Higgs
models to avoid the LEP Higgs mass bounds (SUSY may or may not be
involved). To play the game, invent new physics that couples to a SM-like
Higgs boson, Arrange the model so that the dominant decay mode of the
Higgs boson is into new particles. Eventually, these will decay to SM
particles—so the end result of one Higgs decay could be, e.g., six hadronic
jets. Observe that LEP has no limit for such a strange possibility, and claim
victory (and/or submit to the ArXiv).



‘ Conclusions I

e The Standard Model is not yet complete. The nature of the dynamics responsible for
EWSB (and generating the Goldstone bosons that provide the longitudinal components of

the massive W= and Z bosons) remains unresolved.

e There are strong hints that a weakly-coupled elementary Higgs boson exists in nature
(although loopholes still exist). If a weakly-coupled SM-like Higgs boson is not discovered
at the LHC, then other new phenomena (that are responsible for “fixing up” the precision

electroweak data) will be detected.

e Strong theoretical arguments based on naturalness suggest that the Standard Model
must be superseded by a more fundamental theory at an energy scale of order 1 TeV. This

new physics is intimately connected with the dynamics of electroweak symmetry breaking.

e Low-Energy Supersymmetry provides a consistent framework for the weakly-coupled

Higgs boson.

e Nature may still have some surprises up her sleeve. Perhaps extra dimensions will

emerge at the TeV scale, with interesting implications for EWSB dynamics.



‘ Conclusions (continued) |

e Once (or if?) the Higgs boson is discovered, one must verify that its
properties match expectations (a scalar state with couplings proportional
to mass). Next, one must check whether its properties are consistent with
SM Higgs predictions. Any departures from SM behavior will reveal crucial

information about the nature of the EWSB dynamics.

e Ultimately, one must discover the TeV-scale dynamics associated with
EWSB e.g., low-energy supersymmetry and/or new particles and phenomena
responsible for creating the Goldstone bosons. We expect the LHC to yield

a very rich menu of new phenomena.

e But what if there is only a SM Higgs boson and no evidence for new
physics beyond the SM? . ..
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