1309.6633v2 [hep-ph] 30 Jun 2014

arxXiv

FERMILAB-PUB-13-186-T
LA-UR-13-24173

Supersymmetric Exotic Decays of the 125 GeV Higgs Boson

Jinrui Huang,! Tao Liu,? Lian-Tao Wang,** and Felix Yu®
! Theoretical Division, T-2, MS B285, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

2 Department of Physics, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong

SEnrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA
4KICP and Dept. of Physics, University of Chicago, 5640 S. Ellis Ave., Chicago, IL 60637, USA

° Theoretical Physics Department, Fermi National Accelerator Laboratory, P. O. Boz 500, Batavia, IL 60510, USA

We reveal a set of novel decay topologies for the 125 GeV Higgs boson in supersymmetry which
are initiated by its decay into a pair of neutralinos, and discuss their collider search strategies.
This category of exotic Higgs decays are characterized by the collider signature: visible objects
+ Fr, with Fp dominantly arising from escaping dark matter particles. Their benchmark arises
naturally in the Peccei-Quinn symmetry limit of the MSSM singlet-extensions, which is typified by
the co-existence of three light particles: singlet-like scalar h; and pseudoscalar a;, and singlino-like
neutralino y1, all with masses of < 10 GeV, and the generically suppression of the exotic decays of
the 125 GeV Higgs boson he — hihi, a1a1 and xi1Xx1, however. As an illustration, we study the
decay topology: h2 — X1X2, where the bino-like x2 decays to hix1 or aixi, and hi/a1 — ff, with
ff =ptp™, bb. In the di-muon case (Mhy /0, ~ 1 GeV), a statistical sensitivity of % > 60 can

be achieved easily at the 8 TeV LHC, assuming %Br(hg — T x1x1) = 0.1. In the bb

case (Mp, /a, ~ 45 GeV), 600 fb~! data at the 14 TeV LHC can lead to a statistical sensitivity of
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(ha — bbx1x1) = 0.5. These exotic decays open a new avenue

for exploring new physics couplings with the 125 GeV Higgs boson at colliders.

[Introduction] The discovery of a 125 GeV Higgs res-
onance at the CMS [I] and ATLAS [2] experiments has
launched an era of precision Higgs phenomenology, em-
phasizing C'P and spin discrimination and exotic Higgs
decays. Of particular interest are exotic Higgs decays
that arise in well-motivated new physics (NP) scenar-
ios aimed at solving the gauge hierarchy problem by
stabilizing the Higgs mass against divergent quantum
corrections, such as supersymmetry (SUSY). The Higgs
mass stabilization mechanism generally manifests itself
through Higgs couplings absent in the Standard Model
(SM). The 125 GeV Higgs therefore is expected to be a
leading window into NP.

Because the 125 GeV SM Higgs decay width is small
(' ~ 4 MeV), a new coupling between the Higgs boson
and some light particles may lead to a large exotic Higgs
decay branching fraction. The current bounds on such
channels are still weak: a branching fraction as large
as ~ 60% is allowed at the 20 C.L. [3H7], in a gen-
eral context, e.g., if new physics is allowed to enter the
Higgs-glue-glue coupling. If SM couplings are assumed,
theorist-performed fits constrain the invisible branching
fraction to be < 25% at 95% C.L. 3| [4]. Even with
the full 300 fb~! of the 14 TeV LHC, the projected up-
per bound is ~ 10% at the 20 C.L. on such channels [§]
(mainly driven by estimates of systematic errors), which
still leaves appreciable room for an exotic decay mode.
Searches for exotic decays are therefore very natural and
effective tools to explore possible and exciting new cou-
plings to the 125 GeV Higgs boson.

Exotic Higgs decays are often grouped into two cate-
gories according to their collider signatures: (1) purely
E+; (2) visible objects (no Er, except for neutrinos from

heavy quark or tau decays). Case (1) is mainly dark mat-
ter (DM) motivated and was originally studied in [9]. A
well-known example for case (2) is the R-symmetry limit
of the Next-to-Minimal Supersymmetric Standard Model
(NMSSM) [10], in which the SM-like Higgs can signifi-
cantly decay to a pair of light singlet-like R-axions (a1).

Separately, there is the deep cosmic mystery of DM.
In the past decade, a few DM direct detections have re-
ported excesses, which can controversially be interpreted
as hints of a sub-electroweak (EW) scale DM particle
with a relatively large spin-independent direct detection
cross section [I1IHI4]. One of the most interesting possi-
bilities arises from the approximate Peccei-Quinn (PQ)
symmetry limit in the NMSSM [15], [16]. In this scenario,
the lightest neutralino is singlino-like and has a mass of
< 10 GeV, providing a naturally light DM candidate.
Moreover, pair annihilation into the light pseudoscalar as
well as exchange of the light scalar with nucleons allow
the singlino to achieve simultaneously the correct relic
density and the large direct detection cross section indi-
cated by some experiments [15].

In this letter we will note that the PQ-symmetry limit
not only provides a supersymmetric benchmark for sub-
EW scale DM, but we also emphasize its very rich Higgs
physics. The phenomenology is characterized by new
SM-like Higgs (hg) exotic decays: ha — X1X2, X2X2
with the subsequent decays xo — hix1, a1x1 and hq,
ay into SM particles (here x; and y2 are the lightest and
the second lightest neutralinos, respectively). The PQ-
symmetry limit therefore provides benchmarks for a third
category of exotic Higgs decays: (3) visible objects and
FEr, where Fp dominantly arises from DM candidates.

[Theoretical Motivations] To address the notorious



1 problem in the MSSM, various singlet-extensions of
the MSSM have been explored, such as the NMSSM [17]
and the nearly-MSSM (nMSSM) [I8], where different
symmetries are introduced to forbid the bare p term in
the MSSM. These models share a common global PQ-
symmetry limit [19], with the superpotential and soft
SUSY-breaking terms given by

W = ASH, H4 + (9(/{) )
Viott = miy, |Ha|* + m¥; |Hu|* + m3|S|?
— (MNH,H4S + h.c.)+O(k) , (1)

where Hy, H, and S are the neutral fields of the Hg,
H, and S superfields, respectively. Small explicit PQ-
breaking terms (denoted by O(k)), such as xkS® and
its softly SUSY breaking term A,xS® in the NMSSM,
are surely allowed in realistic scenarios. Once the sin-
glet scalar S obtains a vacuum expectation value (VEV)
(S) = vg, an effective p parameter u = Avg can be gener-
ated. Since the current LHC data constrains large mixing
between the C'P-even and C'P-odd Higgs sector [5, 20],
we assume no C'P-violation in the Higgs sector.

One feature of this scenario is that in the decoupling
limit (A = £ < 0(0.1)), the lightest C'P-even (h1), CP-
odd (a;) Higgs bosons and the lightest neutralino (x1)
form an approximate singlet-like PQ-axion supermulti-
plet. These states, mainly the saxion, axion, and ax-
ino, respectively, are much lighter than the PQ-symmetry
breaking scale. This is because the PQ symmetry break-
ing is mainly controlled by the singlet superfield S in this
scenario, while the mass splittings among the saxion, ax-
ion and axino are induced by SUSY breaking and are
suppressed (recall, if SUSY is unbroken, their masses are
degenerate). Explicitly, m%l, m,, are given by

4N202? em 2e
2 2_2 Z 1%
my,, = —4ve + 25(1 /\u)<1+)\mz>

)\5—1’

mz

vsln2ﬁ Z <

with € = )‘“ 5’ e’ ( _Ax
ptan g

h1 mass 1mmed1ately requires

_|_

), )

). Avoiding a tachyonic

le

2
< ——5— + loop corrections . (3)
a

tan?

This constraint has important implications for the decay
of the SM-like Higgs. Note the contribution of Z — x1x1
to the Z invisible decay width is small, because the non-
singlino content in 1 is of the order Av/u, and the Zx1x1
coupling is suppressed by (A\v/u)?, where v = 174 GeV.

Though kinematically allowed, the decays of the SM-
like Higgs ho — aja1, hihy are suppressed in the PQ-
symmetry limit. The tree-level couplings of the SM-like
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Higgs boson hy with hihi and aja; are
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both of which are suppressed by |A\e| < 1. Unlike the

R-symmetry limit of the NMSSM (defined by Ay, — 0),
these decay channels are therefore rather inconsequential
for the SM-like Higgs in our scenario.

In the PQ-symmetry limit, however, the SM-like Higgs
has a significant decay width into a pair of neutralinos
ha — X1X2, X2X2, if kinematically allowed. Since xi is
light, he — x1x2 can be significant, e.g., if x2 is bino-
like, with m,, < 100 GeV (note hy — x2x2 is also
possible but tends to be phase-space suppressed), while
ho — x1X1 is suppressed by the small mixing angle of
the singlino-like 3. Their relative strength can be un-

derstood via the couplings
Ag1v A2
Yhoxixe ™ O( i]j ) » o Yhoxaxa ™ o (utanﬁ) : (5)
The decay width I'y,_y,y, therefore is typically larger
than thﬂxnm Given that I';_,,; is dictated by the cou-
pling 72, Br(he — x1x2) can be sizable, as shown in
Fig. |1 and even larger than the partial widths to SM
final states. The xs dominantly decays into xija; or
x1h1, which are usually the only kinematically accessi-
ble channels. Therefore, the PQ-symmetry limit of the
MSSM singlet-extensions provides new supersymmetric
decay topologies for the SM-like Higgs boson, including
the one shown in Fig. [2| which we now discuss in detail.
[LHC Studies] The branching fractions of h; and aq
(we do not distinguish h; and a; below) into the SM
fermions ff are highly sensitive to their masses. The
decay products ff tend to be soft, because of the re-
stricted phase space, and to be collimated: their char-
acteristic angular separation AR = /(An)? 4+ (A¢)? ~
2mp, /pr,h, is small since typically my, < prp,, where
An and A¢ are the differences in pseudorapidity and az-
imuthal angle of ff, respectively. Our new exotic Higgs
decay collider signature is therefore ff + Er + X, where
ff behaves as lepton-jet(s) or jet(s), and X denotes the
particles associated with the ho production. Two bench-
marks, with ff = ptp~ and bb, respectively, are listed
in Table [l Another interesting possibility is ff = 7+7~
which is challenging, however, because of the failure of
the standard tau identification method due to the soft-
ness and collimation of the 7777 signal. Thus, extract-
ing the ditau signal requires a sophisticated treatment of
backgrounds, exemplified by QCD and soft tracks. We
will present the relevant sensitivity analysis in [22].
To design the collider strategies which can optimally
cover the full space of models, we perform the analysis
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FIG. 1: Masses of (A) hi and (B) x1; branching ratios of hz into (C) hihi, (D) aia1, (E) xix1, (F) x1x2, (G) x2x2 and
(H) x2 into x1h1 and xi1a1, in the PQ-symmetry limit of the NMSSM. Points are sampled in the ranges 3 < tanf < 30,
0.015 < XA < 0.5, 0.0005 < k < 0.05, —0.8 < &’ < 0.8, =50 GeV < A, <0, and 0.1 TeV < p < 1 TeV. We have assumed soft
squark masses of 2 TeV, slepton masses of 200 GeV, A, 4. = —3.5 TeV, and bino, wino and gluino masses of 30-120, 150-500
and 2000 GeV, respectively. Green (light gray) points cover the whole scan range, red (medium gray) points correspond to
A < 0.30, /A < 0.05 and p < 350 GeV, and blue (dark gray) points correspond to A < 0.15, /A < 0.03 and pu < 250 GeV. In
addition to the regular LEP, Tevatron and LHC bounds set in NMSSMTools 3.1.0 [21], we require mp, to be within 124 — 126
GeV. The dashed orange line in (C-G) depicts a 60% exotic Higgs decay limit allowed at 20 C.L. [3H7] (see main text).
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FIG. 2: A new decay topology of the SM-like Higgs boson.

Mhp, Mhy My, Mo
hi — pTp~ |1 GeV [125 GeV |10 GeV |80 GeV
hi —bb |45 GeV

TABLE I: Two benchmarks used for the collider analyses.

model-independently and introduce a rescaling factor

o(pp — ha)
it = P2 By
Ceff (op hSM)X r(ha — x1Xx2)

xBr(x2 = hix1) x Br(h1 — ff) ,

(6)

where o(pp — ha, hsm) are the production cross sections
for the SM-like and SM Higgs in the relevant production
mode, and we assume the narrow width approximation
for each intermediate decaying particle. Given the ab-
sence of dedicated collider searches so far, the current
upper bound for ceg is from fitting the results of stan-
dard Higgs searches, and hence is not sensitive to myp, .
The samples for both analyses are simulated using
MadGraph 5 [23] with CTEQG6L1 parton distribution
functions [24] and, for the h; — bb benchmark, MLM

matching [25] 26]. They are showered and hadronized
using PYTHIA v6.4.20 [27]. For the putu~ case, we use
PGS v4 [28] for basic detector simulation. For the bb case,
since we will perform a jet substructure analysis, we use
a more sophisticated mock detector simulation based on
physics object studies performed by ATLAS and CMS

for jets [29], electrons [30], muons [31], and Er [32].

[Case I: ho — putp~ + Frp] For mp, <1 GeV, the
dominant decay channel is h; — ptu~, resulting in
AR,+,- ~ 0.1 for the benchmark point in Tablem These
muons generally fail the usual isolation requirements in
multilepton SUSY searches (where summing over all par-
ticles’ pr in the cone around each muon is typically as-
sumed), rendering such searches insensitive to this chan-
nel. In addition, though searches for lepton-jets at the
LHC [33H35] do not impose isolation requirements on the
collimated leptons, they make additional requirements
which render them insensitive to our model. Namely,
these searches require a displaced vertex for the lepton-
jet [33], at least four muons within a single lepton-jet [34],
or at least two lepton-jets [34) B5]: all of these features
are absent in this scenario. The most sensitive search
comes from Ref. [36], which used 35 pb~! of 7 TeV data
to search for resonances decaying to muon pairs. After
applying their analysis cuts, we obtain a signal cross sec-
tion of o(gg — h)sm X cef X A ~ 0.1 pb X cegr, which
well satisfies their 0.15 — 0.7 pb limit for masses below 1

GeV [30].

We now proceed with developing a collider analysis for
identifying the dimuon signal in our model. As an illus-
tration, we focus on the Who mode with the W decaying
leptonically (¢ = e, p). The muons from the hy decay



are collimated, and so we define a new muon isolation
cut, which requires the particle pr sum (excluding the
nearby-muon contribution) in the AR < 0.4 cone around
each muon candidate to be pT,iso(ui) < 5 GeV. This can
efficiently discriminate the A; muons and the ones from
semi-leptonic meson decays. The main background then
arises from W~*/Z* — lvp™p~. We assume a tri-lepton
trigger in the analysis. Alternatively, we could have trig-
gered on the single lepton from the W decay, which would
not significantly alter our conclusions.
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FIG. 3: Differential cross section vs. E (left) and m,+,-
(right) at the 8 TeV LHC. We have applied basic acceptance
cuts to both signal (choosing ceg = 0.1) and background and
additional cut of Myt - 2 0.5 GeV to the background to
ensure efficient Monte Carlo (MC) generation. The black line
indicates the cuts Fr > 60 GeV and 0.9 < Myt~ < 1.1
GeV, respectively.

Cuts and Efficiencies W ha W /Z —utp)
Cross section (pb) 0.149 X cefr 26.6
Lepton geometric, pr, and| 28.2% 1.22%
isolation requirements

Er > 60 GeV 12.5% 0.0403%

09 <m,+,- < 1.1GeV 12.3% 0.0047%

S, B, % (20 b1, cor = 37,32,650

0.1)

TABLE II: Analysis cuts (see main text) and efficiencies at
the 8 TeV LHC for the hy — p*p~ channel. The decay
W — by, £ = e, p is assumed in the quoted cross section, and
a K-factor of 1.3 is included for the background.

In Fig. [3) we show the E1 and my+,- distributions
after imposing basic acceptance cuts at the 8 TeV LHC.
Namely, we require |n;| < 2.4 for all charged leptons,
AR+~ <0.2and pr,, > 10 GeV for candidate h; muon
pairs, and pr, > 20 GeV for a third lepton. We also im-
pose the new muon isolation requirement detailed above.
The complete cut efficiency is presented in Table[[ll With
20 fb~! data, we can obtain a local statistical sensitivity
S/v/B = 6.50, with a typical value of cog = 0.1 (see dis-
cussions, e.g., in [37), B8]) assumed. A larger significance
is certainly possible, though, if the m,+,- cut was tight-
ened, or additional triggers were added. This dedicated
analysis can be easily extended to the other possibilities,
e.g. Zhg events. On the other hand, we have neglected
the background resulting from jets and photons faking
electrons and lost jets faking Er, as well as subleading
sources of fake muons. We expect all of these contribu-

tions arising from fakes to be subdominant compared to
the irreducible W~*/Z* background.

[Case II: hy — bb+ Eq] For my, > 10 GeV, hy
dominantly decays into a relatively soft bb pair. Unlike
previous Higgs boson studies in the bb channel [39-41],
the h; boson in our scenario results from the cascade
decay of a @(100) GeV parent particle, imparting only
a mild boost to the bb system. We will reconstruct the
h1 — bb signal using jet substructure tools appropriately
modified for non-boosted resonances. To avoid washing
out our hadronic signal and because our 1 significance
is not strong enough for a standalone trigger, we will fo-
cus on the Zhs mode and trigger on the leptonic Z decay.
Then the dominant background is Z+ heavy flavor jets.

We first aim to identify the Z candidate from its same
flavor opposite sign (SFOS) ete™ or T~ decays, which
can efficiently remove the ¢t background, then we find the
b-tagged hi candidate jet and probe its substructure. We
cluster jets using the angular-ordered Cambridge-Aachen
algorithm [42] [43] from FASTJET v3.0.2 [44] with distance
parameter R = 1.2. After applying the Fr > 80 GeV
cut, we count the number of b-tagged jets with pr > 20
GeV. Our b-tagging efficiency is 60% with a mistag rate
10% for c-jets and 1% for the other light jets. We choose
to retain the 1 b-tag bin for the jet substructure analysis.

Having isolated the dilepton system as well as the cas-
cade decay of the hy boson, we can apply an additional
cut with the expectation that the dilepton system re-
coils against the collimated ho cascade decay. We con-
struct the scalar sum pr of the hy candidate, pr(hg) =
pr(b — jet) + | Erl|, and then divide it by the pr of the
dﬂepton SyStem: Pr, frac = pT(h2)/pT (eesys)~ The P, frac
distribution is shown in Fig. 44 We observe that the cut-
ting on pr, frac works well at reducing the ¢ background,
where the 1 signal tends to arise from neutrinos of sep-
arate decay chains instead of a single cascade decay.
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T, frac

do/dp
do/dm; (100 fb/2 GeV)
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FIG. 4: Differential cross section vs. prgac (left) and mj;
(right), as defined in the text, after applying the Z mass win-
dow, Er, and Np—tae = 1 cuts (and prgac cut) at the 14
TeV LHC. Red is Zbb background, blue is ¢ background, ma-
genta is the Zc¢ background, yellow is the Zc+ Z¢ background
and green is Zho signal. The black vertical lines indicate the
DT trac Window, 0.8 < prac < 1.2, and the m;; window,
requirement in our analysis. We have set cog = 0.5.

Finally, we apply jet substructure techniques to inves-
tigate the kinematics of the b-tagged, R = 1.2 jet. Since
we expect the Z+ heavy flavor jets background to in-
clude more final state radiation than our h; — bb signal,



Cut, efficiencies Zho Zbb Zce |Zc+ Ze| tt
Cross section (pb)  [0.09%Xcerr| 48.4 32.8 139 41.8
Lepton cut 0.191 0.177 | 0.170 | 0.163 | 0.012
FEr >80 GeV 8.31E-2 |3.15E-3|4.41E-3| 1.80E-3 |4.57E-3

No—tags = 1, jet pr >| 3.78E-2 |1.09E-3|4.88E-4| 1.31E-4 | 1.86B-3
20 GeV

0.8 < pr, frac < 1.2 2.59E-2 |3.35E-4|1.06E-4| 3.59E-5 | 7.70E-5

Two hardest subjets:| 3.48E-3 |7.17E-6|2.44E-6| 5.00E-7 |1.44E-6
34 < my; <46 GeV

S,B, 2= (600 fb~7,[93, 208+48+42+36, 5.1 0
cet = 0.5)

TABLE III: Analysis cuts and efficiencies at 14 TeV LHC for
the h; — bb channel. The standard cross section normaliza-
tions have been adopted: 833 pb for ¢t events [45], and 0.883
pb for Zhs events [46]. A K-factor of 1.3 is included for the
other backgrounds. The decays Z — ¢4~ and, for top de-
cays, W — fv, { = e, p, 7 are included in the quoted cross
sections, where preselection cuts have been applied. The lep-
ton cut requires the two hardest leptons (¢ = e, u) satisfy:
SFOS, pr > 40 GeV, |mg — mz| < 10 GeV.

we recluster the R = 1.2 jet using a smaller cone size of
R = 0.3. We count the number of subjets with pp > 10
GeV, and for events with two such subjets, we plot the
invariant mass of the subjets in Fig. We can readily
observe a feature close to the my, = 45 GeV mass in
the data. Complete cut flow information and sensitivity
calculation are presented in Table With 600 fb~! of
14 TeV LHC data, in the mass window of 34 < m;; < 46
GeV, the excess has a local significance of S/ VB =5.10,
with ceg = 0.5 assumed '. The sensitivity could poten-
tially be improved by further refining jet substructure
techniques to tease out the soft h; signal subjets from
the difficult hadronic collider environment, or choosing a
new trigger such as vector boson fusion.

[Summary] In summary, the 125 GeV Higgs may be
the leading window into NP, while its exotic decays pro-
vide a very natural and efficient way to explore such NP.
The PQ-symmetry limit of the MSSM singlet-extensions
provides a supersymmetric benchmark not only for a DM
candidate at the sub-EW scale, but also for a third cat-
egory of exotic decays of the 125 GeV Higgs (including
both ha — x1x2 and ha — x2x2). This category of
exotic Higgs decays are characterized by novel collider
signatures - visible objects (bb, 7T77,1t1~, lepton jets,
v, etc.) + Fr, and have rarely been considered be-
fore (though similar topologies may also arise in some
neutrino models where the Higgs decays into two differ-

L A co value as large as 0.5 usually requires new physics enter the
Higgs-gluon-gluon coupling, otherwise the upper bound is about
0.25 at 95% C.L. |3, 4, [47]. While our model may potentially
accommodate this requirement, studying the relevant physics is
beyond the scope of this letter. Instead, we remark that the sensi-
tivity for different c.g values can be easily obtained via rescaling.
Moreover, additional production modes for the Higgs, such as su-
persymmetric cascade decays, can have kinematics that readily
overlap with our benchmark modes and effectively enhance ceg.

ent neutrinos with the heavier one further decaying via
an off-shell gauge boson, e.g., see [A850]; for different
topologies with a fermions (jets)+ E signature, which
may occur, e.g., in the multi-Higgs models with extra
singlet, see [38] ([51])). This motivates new directions in
exploring exotic Higgs decays at colliders, and also opens
a new avenue to probe for new physics couplings with the
125 GeV Higgs boson.

Indeed, given their significant role as new physics
probes, a systematic survey exploring exotic Higgs decays
(including the other categories of collider signatures: (1)
h — purely Er and (2) h — visible objects) was pur-
sued by ref [38]. The exotic Higgs decays with various
topologies and collider signatures are prioritized accord-
ing to their theoretical motivation and their experimental
feasibility. Some highly motivated searches for the LHC
are the channels proposed in this letter, ho — Xx1X2, X2X2
with o further decaying leptonically. For more challeng-
ing cases, suggestions for improving their search sensitiv-
ities, i.e. via new triggers, are made. For more details in
this regard, please see ref [38] or visit the website http:
//exotichiggs.physics.sunysb.edu/web/wopr/.
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