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Outline

» Properties of the Higgs boson observed by ATLAS and CMS
(with a cameo appearance by the Tevatron)

» The decoupling limit of the Higgs sector

O Heavy mass limit vs. weak coupling limit

O Tree-level Higgs mixing vs. loop level corrections
O The decoupling limit of the general 2HDM

O The decoupling limit of the MSSM Higgs sector
O Are we approaching the decoupling limit?

> Conclusions



A Higgs boson of mass 126 GeV

A new boson was born on the 4t" of July 2012. Its properties
seem to be close to the ones predicted for the Standard
Model (SM) Higgs boson. As further data comes in, some
key questions must be addressed:

1. Is the spin of the new boson 07

» It cannot be spin 1, since the yy decay mode is observed. In principle,
it could be spin 2 (or higher). Fans of Kaluza-Klein excitations of the
graviton would be thrilled if it turned out to be spin 2, although the
present data do not favor this spin assignment.

2. ls the new boson CP-even?

» Ruling out a mixed-CP scalar may take a while.
» A CP-odd assignment is disfavored by the Higgs data (although it is
unlikely anyway in light of its observed couplings to vector boson pairs).



3. Is it a Higgs boson?

4. s it the Higgs boson?

» We really want to know whether this state is completely responsible

for repairing unitarity in the scattering of longitudinal gauge bosons,
or whether it is one of a number of scalar states.

» We would also like to clarify the role of the new boson in the
fermion mass mechanism.

The limited Higgs data set (as of March 2013) does not
permit us to answer any of these questions definitively.
Nevertheless, let us see what the present data indicates for

the properties of the new boson, normalized to the corresponding
properties of the SM Higgs boson.
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Summary of the individual and combined
best-fit values of the strength parameter for
a Higgs boson mass hypothesis of 125.5 GeV.
Taken from ATLAS-CONF-2013-014,

6 March 2013.

The ATLAS yy signal strength deviates from the
Standard Model prediction by 2.3 c.
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Values of {i = o/a,, for the combination (solid
vertical line) and for sub-combinations grouped
by decay mode (points). The vertical band shows
the overall [i value 0.88 + 0.21. The horizontal
bars indicate the 1o uncertainties (both
statistical and systematic) on the i values

for individual channels. Taken from
CMS-PAS-HIG-12-045, 16 November 2012.



Even the Tevatron has something to contribute
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The local p-value distribution for background-only hypothesis,
for the combination of the CDF and DO analyses. The green
and yellow bands correspond to the regions enclosing 1 ¢ and
20 fluctuations around the median predicted value in the
background-only hypothesis, respectively.
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Best fit signal strength for a hypothesized Higgs
boson mass of 125 GeV for the combination
(black line) and for the three sub-combinations.
The band corresponds to the * 1o uncertainties
on the full combination.

Reference: Aurelio Juste, presentation at the HCP Symposium in Kyoto, Japan, November 15, 2012.




How well does ATLAS Higgs
data fit the Standard Model

expectations for Higgs couplings?

Top figure: Fits for 2-parameter benchmark models
probing different Higgs coupling strength scale factors

for fermions and vector bosons, under the assumption
that there is a single coupling for all fermions t, b, T (k)

and a single coupling for vector bosons (k).

Bottom figure: Fits for benchmark models probing for
contributions from non-Standard Model particles:
probing only the gg > H and H-> yy loops, assuming
no sizable extra contribution to the total width. The
magnitudes of the ggH and yyH couplings relative to

their Standard Model values are denoted by k, and k.

Reference:
ATLAS-CONF-2012-127 (September 9, 2012)
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How well does CMS Higgs data fit the Standard
Model expectations for Higgs couplings?

CMS Preliminary Vs=7TeV,L<5.1fb" ys=8TeV,L<12.21b"
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Tests of fermion and vector boson couplings of the Test of custodial symmetry: the Standard Model
Higgs boson. The Standard Model (SM) expectation expectation is Ay, = K, /K, = 1.

is (ky , K )=(1,1).

Taken from: CMS-PAS-HIG-12-045, 16 November 2012.



CMS Higgs couplings summary

e Overall good compatibility with SM predictions
e Still limited precision

Marco Zanetti, presentation
at HCP 2012, Kyoto
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From A. Falkowski, F. Riva and A. Urbano, arXiv 1303.1812 based on Higgs data through
March 6, 2013. “Overall, the data are well consistent with the Standard Model Higgs
boson, except for the slight excess in the h—> yy channel.” Moreover, Falkowski et al.
assert that the Higgs couplings to VV (V=W or Z) relative to the Standard Model are
“constrained in the range [0.97,1.07] at 95% confidence level.”
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The 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The color bands
are the 1o regions preferred by the Higgs data in the
vy (purple), VV (blue), tt (brown), and bb (mauve) channels.
The meshed regions are excluded by the ATLAS Z+h->invisible
search (red) and the monojet constraints (black).

The 68% (darker green) and 95% (lighter green) CL best fit regions
in the ¢, —c;parameter space. The yellow regions are fits without
the electroweak data. The color bands are the 1o regions preferred
by the Higgs data in the yy (purple), VV (blue), Tt (brown), and

bb (mauve) channels.



The Decoupling Limit of the Higgs sector

The Higgs boson serves as a window to physics beyond the
Standard Model (SM) only if one can experimentally establish
deviations of Higgs couplings from their SM values, or discover
new scalar degrees of freedom beyond the SM-like Higgs boson.
The prospects to achieve this are challenging in general due to
the decoupling limit.

In extended Higgs models (as well as in some alternative models
of electroweak symmetry breaking), regions of the parameter
space exist in which one of the neutral scalars resembles the SM
Higgs boson. That is, the lightest neutral scalar is (approximately)
CP-even with SM-like Higgs tree-level couplings.



Mechanisms of decoupling

» The effective one-doublet Higgs theory

Much of the parameter space of extended Higgs models consists of
a scalar mass spectrum in which all but one of the scalars are some-
what heavier in mass (of order Agy) with small mass splittings of order
(mz/Ag)mz. Below the scale Ay, the effective Higgs theory is the SM.
Thus, the lightest neutral scalar resembles the SM Higgs boson.

» Weak couplings to the Higgs portal

Since HTH is an singlet with respect to the electroweak gauge
group, the effective Lagrangian

ﬂ%nt — AHTHf(Cb) wa A/J,)

provides for the possibility of Higgs boson interactions with electroweak
gauge singlet combinations of the fields ¢, ¢ and A,. In the limit of
weak coupling (A — 0), H resembles the SM Higgs boson.



Two aspects of decoupling via heavy mass states

» It is important to distinguish two energy scales:

O A, :the scale of the heavy non-minimal Higgs bosons.
O Ayp:the scale of new physics beyond the Higgs-extended SM.

» The departure from the decoupling limit can receive
contributions from both the heavy Higgs states via
tree-level mixing and from new physics via one-loop
radiative correction effects.

O Separating out these two effects if deviations
from SM Higgs couplings are confirmed will be
important (and challenging).

Note: new invisible decays of the Higgs boson (e.g. via the Higgs portal) can
complicate further the interpretation of deviations from SM Higgs couplings.



The two-Higgs doublet model (2HDM) provides a laboratory
for studying the phenomenology of an extended Higgs
sector and possible departures from the decoupling limit.

» It is often motivated by the MSSM, which requires a second
Higgs doublet in order to cancel anomalies that arise from
Higgsino partners.

» The MSSM also provides a scale of new physics beyond the
Higgs-extended Standard Model that can also generate deviations
from SM-like Higgs behavior.

» In addition, the MSSM allows for a possible invisible Higgs
decay channel, h? >x%®.



Theoretical structure of the 2ZHDM

Start with the 2HDM scalar doublet, hypercharge-one fields, ®; and ®,, in
a generic basis, where (®;) = v;, and v? = |v(|? + |v2]|? = (246 GeV)?. It is
convenient to define new Higgs doublet fields:

+ o 0 +
le(Hl):vl Lot Hz:(HQO)

—vo P + v1 Py
HY v H; |

(Y

It follows that (HY) = v/v/2 and (HS) = 0. This is the Higgs basis, which
is uniquely defined up to an overall rephasing, Hy — ¢'XH,. In the Higgs
basis, the scalar potential is given by:
V =YiH{H, + Yo HYHy + [Y3H] Hy +h.c.] + L 2, (H] Hy)?
+3Z2(H Ha)? + Z3(H] Hy)(HJ Hy) + Z4(H{ Hy)(H} Hy)

+{325(H{H2)? + [Z6(H] Hy) + Zo(H{Ho)| H{H> +hc.}

where Y7, Y5 and Z1,..., Z, are real and uniquely defined, whereas Y3, Z5,
Zg and Z7 are complex and transform under the rephasing of Ho,

Y3, Zg, Z7) — e X[Y3, Zg, Z7] and Zs — e *XZ5.



The Higgs mass-eigenstate basis

The physical charged Higgs boson is the charged component of the
Higgs-basis doublet Hs, and its mass is given by m%i =Y+ %Z3v2.

The three physical neutral Higgs boson mass-eigenstates are deter-
mined by diagonalizing a 3 x 3 real symmetric squared-mass matrix
that is defined in the Higgs basis

Z1 Re(Z6) —Im(Z6)
M2 = ’U2 RG(Z(;) %2345 -+ YQ/U2 — éIm(Z5)
—Im(Zg) —1Im(Z5) 7345 — Re(Zs) + Yo /02

where Z345 = Z3 + Z4 + Re(Z5). The diagonalizing matrix is a 3 x 3
real orthogonal matrix that depends on three angles: 615, 613 and 6s3.
Under the rephasing Hy — X Ho,

015, 013 are invariant, and fy3 — O3 — Y.



The Decoupling Limit of the 2HDM

In the decoupling limit, the following conditions are neccesary and suffi-
cient for achieving a SM-like neutral scalar state, hq:

|SiIl 912| ] ‘ sin 913‘ , |Im(Z5 6_2?;923” < 1.

This decoupling can be achieved in two ways:

e Heavy mass decoupling. In this case, my, v < mg, mg, my+, and

V2 - v?
[sin fys| ~ O (—2)  |sinfys|, [Tm(Zs e~225)| ~ O (_2> |
ms Hig

In particular, the properties of h; coincide with the SM Higgs boson
with mi = Z1v up to corrections of O(v*/mj3 3), and the heavy
scalars are nearly mass-degenerate, ms >~ ms ~ mpg+, with squared-
mass splittings of O(v?).

e Weak-coupling to the Higgs portal. In this case, the Higgs basis field
H1 is identified as the SM-like Higgs boson, with weak coupling to
the Higgs portal field Hy (which need not be heavy).



Decoupling limit without heavy Higgs masses

The case of Z,=0 is special (since it forbids H,—H, mixing). It leads
to one scalar state with exact SM tree-level couplings. Choosing
this state to be h,, then sinf;; = sin ;5 = Im(Zse2%23) = 0.

In light of the scalar potential mimimum conditions,
Y] = —%Zva and Y3 = —%261}2,

we have Y,=Z.=0. This condition is not natural unless
Z,=0 as well, in which case we have a Z, symmetry in

the Higgs basis. The 2HDM with Y;=Z7.=7,=0 is called
the inert 2HDM. In this model, the Higgs basis field

H, is identical to the SM Higgs boson. The lightest
neutral scalar inside H, is absolutely stable (and provides
a possible candidate for dark matter).



However, even in the inert 2HDM, there are some clues to distin-
guish h; from the SM Higgs boson. In particular the hy HTH—, hiAA
and h1 H H couplings are nonzero (H.E. Haber and D. O’Neil):

Gh H+H- = 43V,
GhoAA = |Zs+ Zy — RG(Z5€_2Z623)]07

ghimn = |Z3 + Zy + Re(Zse2%2) 0.

Hence, even without detecting the non-minimal Higgs states, the prop-
erties of hq can be shifted:

e The tri-linear Higgs couplings can introduce new radiative cor-
rections. For example, a charged Higgs loop would (slightly)
modify the rate for hy — .

e If any of the non-minimal Higgs states were lighter than %mhl,
then new hq decay channels would open up. In the inert 2HDM,
this would lead to invisible Higgs decays (e.g. hy — AA).

Scenarios of this type can also arise in Higgs portal models.



Higgs Yukawa couplings in the 2HDM

In the Higgs basis, k¥"” and pYP, are the 3 x 3 Yukawa coupling
matrices,

— L =U(VHY + pVHINUR — DK (kYH + pV Hy )UR
+U L K(kPTHY + pPTHYDRr + D (P THY + pP TH))DR + hec.,

where U = (u,c,t) and D = (d, s,b) are the physical quark fields and K
is the CKM mixing matrix. (Repeat for the leptons.)

By setting H) = v/+/2 and HY = 0, one obtains the quark mass terms.
Hence, kY and x? are proportional to the diagonal quark mass matrices
M and Mp, respectively,

v _ v
My = —krY = diag(my, , me, my), Mp = —kPT =

V2 V2

Note that p© — e~Xp@ under the rephasing Ho — ¢XHy, (for Q = U, D).

diag(mg, ms, mp) .



In general p¥ is a complex non-digaonal matrix. As a result, the
most general 2HDM exhibits tree-level Higgs-mediated FCNCs
and new sources of CP-violation in the interactions of the neutral
Higgs bosons.

In the decoupling limit where m; < mag 3, CP-violating and
tree-level Higgs-mediated FCNCs are suppreseed by factors of
O(v?/ m%3) In contrast, the interactions of the heavy neutral
Higgs bosons (ho and h3) and the charge Higgs bosons (H¥) in
the decoupling limit can exhibit both CP-violating and quark
flavor non-diagonal couplings (proportional to p?).



How to avoid tree-level Higgs-mediated FCNCs

Arbitrarily declare p¥ and p” to be diagonal matrices. This is
an unnaturally fine-tuned solution.

Impose a discrete symmetry or supersymmetry (e.g.“Type-I"
or “Type-II” Higgs-fermion interactions), which selects out a
special basis of the 2HDM scalar fields. In this case, p¥? is
automatically proportional to Mg (for Q = U, D, L), and is
hence diagonal.

Impose alignment without a symmetry: p® = a%k® (Q =

U,D, L), where the o® are complex scalar parameters [e.g. see
Pich and Tuzon (2009)].

Impose the heavy Higgs mass decoupling limit. Tree-level Higgs-
mediated FCNCs will be suppressed by factors of squared-
masses of heavy Higgs states. (How heavy is sufficient?)



‘ The CP-conserving 2HDM with Type | or |l Yukawa couplings I

The scalar potential exhibits a Zo symmetry that is at most softly broken,
2 2
V = m2,8®; + m2did, — (-m%Q@{@;, + h.c.) + 1 (@’{@1) + 12 (@;@2)
t&. &1 t .51 1y (16 )

where m?%, and )5 are real. The most general Yukawa Lagrangian, in terms of

the quark mass-eigenstate fields, is:
-2y = UL(I"gr/f[ UR+_D—IJKT¢-I.);'I](II'.UR—I——ULK@:J]({) TD;;g—i—_D_[}I)gr]({) "Dp+h.c.,

where a = 1.2, P, = (ifo, &)‘) = i09®’ and K is the CKM mixing matrix.
The n¥-P are 3 x 3 Yukawa coupling matrices.



Type-1 Yukawa couplings: ¥ =nP = 0.

h AD HY
up-type quarks cos o/ sin 3 cot 3 sin o/ sin 3
down-type quarks and leptons cos o/ sin 3 —cot [3 sin o/ sin /3

Type-1l Yukawa couplings: ¥ = n& = 0 [employed by the MSSM].

h° A0 HY
up-type quarks cos/ sin 3 cot 3 sin o/ sin 3
down-type quarks and leptons —sina/ cos 3 tan (3 cos a/ cos 3

Here, o is the CP-even Higgs mixing angle and tan 3 = v, /vg. The hY and
HY are CP-even neutral Higgs bosons with mo0 < myo and A is a CP-odd

neutral Higgs boson.



Example: decoupling of the non-minimal Higgs bosons
of the MSSM Higgs sector (tree-level analysis)

The MSSM employs a type-II Higgs-fermion Yukawa coupling scheme.
In addition, supersymmetry restricts the Higgs potential parameters,

M=X=—As+\)=3(9°+9"7), A =—39%, As = 0.

In the limit of m4 > my, the tree-level expressions for the MSSM
Higgs masses and mixings are:

mi ~ m?% cos* 23, m3, ~ m% 4+ m7 sin” 20,
4 i 2
m~, sin” 43
2 2 2 2 ~ Mz
M+ = my +myy, cos” (8 — a) =~ i,
m

Indeed, my ~ myg ~ mpy+, up to corrections of O(m?%/ma), and
cos(8 — a) = 0 up to corrections of O(m%/m?), as expected. This is
the decoupling limit of the MSSM Higgs sector.

To connect with previous notation, sinfs = —cos(f — a), 023 = 0
and sin 013 = Im(Z5e=2%23) = (.



In general, in the limit of cos(8 — «) — 0, all the h” couplings to SM particles
approach their SM limits. In particular, if Ay is a Higgs coupling to vector
bosons and Ay is a Higgs couplings to fermions, then

Ay
Av]sm

=sin(f—a) =140 (m3/m%) , =1+ 0 (m3/m3%) .

Aflsm

The behavior of the R f f coupling is:

017 0+ _—. _ sina o N _
h°bb (or h"t7 717 ) : -y sin(f — a) — tan S cos(f — a),
0. cosa .o B
h°tt g sin(8 — «) + cot B cos(f — ) .

Note the extra tan f enhancement in the deviation of Ay, from [Appsp]sn -

Thus, the approach to decoupling is fastest for the h°V'V couplings, and slowest
for the couplings of h’ to down-type quarks and leptons (if tan 3 is large).



More evidence for the decoupling limit?

0
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If you also impose the constraint of the observed Higgs mass,
the lower bound on m, is raised above 200 GeV, which is

approaching the Higgs decoupling regime.
60
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Taken from M. Carena et al., arXiv:1302.7033



Conclusions

e The current LHC Higgs data sets are limited in statistics. Despite some
intriguing variations, the present data is consistent with a SM-like Higgs
boson.

e If further data reveals no statistically significant deviations from SM Higgs
behavior, then we are in the domain of the decoupling limit.

e The decoupling limit can be achieved in two different ways:

1. an extended Higgs sector in which all scalar states (save one) are heavy

2. weak coupling to Higgs portal states (these may include new singlet
states with respect to the SM or new states with electroweak quantum
numbers)

e The interpretation of small deviations from SM-like Higgs behavior is both
theoretically and experimentally challenging.

e The LHC has the capability of exploring Higgs couplings with O(10%)
accuracy. However, in the decoupling regime, we will require a precision
Higgs factory with O(1%) accuracy in order to elucidate the possibility of
new Higgs physics beyond the Standard Model.



