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Bottom-up approach:
What if?

dinitially were interested in
investigating the Higgs
boson transverse
momentum

OWhat if the Higgs boson is
being also being produced
in association with
something else... g

LWhat can we fill the blob
with?
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Introduce H and X fields with the
L=Lsn+ LBswm interactions listed below
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Main decay modes of H

Decay to single Higgs and a

dark matter (DM) candidate

« DM is assumed scalar for
simplicity

* This was our strategy, but
we can infer different
physics in the blob

Used effective
coupling

/ Decay to double
\ Higgs pair.

Decay to vector
boson pairs.

Z,W*



Higgs boson p; Spectra

Effect of m, on Higgs P, Spectra
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Enhancement of tH production

dIn experiment, top associated Higgs production
is measured as a sum of single top and double
top cross sections
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dFor the heavy scalar consulered here, cy K ¢

AWe expect a sizeable cross section to come
from top associated heavy scalar production (o

tH = O uH)

M. Farina, C. Grojean, F. Maltoni, E. Salvioni and A. Thamm, JHEP 1305, 022 (2013). V4



Four groups of final states
received consideration

Results incorporated in the fit

Category

Higgs p; spectra

Di-Higgs resonance
searches

Top associated
Higgs production

Decays to weak
vector bosons

Experiment
ATLAS
CMS

ATLAS

CMS

ATLAS

CMS

ATLAS

CMS

Result
h—yyandh — ZZ
h—yyandh — ZZ
Limits on H = hh — bbtt, yyWW, yybb, and

bbbb

Limits on H = hh — bbrtt, yybb, and multi-
lepton

Limits on h = yy
Measurements on h — bb, and multi-lepton

Measurements on h = yy, h = bb, and
multi-lepton

Limits on H =& ZZ and WW

Limits on H & ZZ and WW
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The combined result

(1 Combining all of the _
results produces a best flt
at m, =272 GeV

U The errors are +12 GeV
and -9 GeV, which are one <
sigma deviations from the -
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Formulation of the
Hypothesis
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The Hypothesis

1. The starting point of the hypothesis is the
existence of a boson, H, that contains Higgs-like
interactions, with a mass in the range 250-295 GeV

2. In order to avoid large quartic couplings and to
incorporate a mediator with Dark Matter a real
scalar, S, is introduced:

X .- X .
H X H ___5_'_.--- X
_____ O - - == Ao,
AHhxx\ R h HhS "\.\\
\\ h \‘a\



The intermediate scalar, S

L Dark Matter is introduced in the form of a scalar and
the decay H->h\chi\chi via effective quartic couplings

1
Lq=—=A Hhxx—i), HHhh — X hhyy — A

2 Hhyx HHMK 4 hhxx 4 HHx

HHyx

1 Due to gauge invariance we encounter an awkward
situation where a three body decay may be larger or
comparable to a two body decay. This can be naturally
explained by introducing an intermediate real scalar S

X ’}‘Sx:x: X
S - N
........... HO X — H-
’\thx Afihs .



& x B(H= inv.)/o(SM) - Upper limit 95% CL

1.8

1.6

1.4

1.2

497 (7TeV)+<19.7f "' (8 TeV) +2.3fb" (13 TeV)

—— Observed CMS -

Preliminary 3

------ Median expected

1] 68% expected CMS-PAS-HIG-16-016 —

95% expected

h — xX

Combined VBF-tagged VH-tagged ggH-tagged

Room for invisible decays of the Higgs is narrowing down.
Seems reasonable to introduce a mediator S. 14



The Lagrangian

Lx = %aﬂsaﬂs ~ ;m3S8,
Covyr = ~r SGGe, +1e Cgpwp 1. Cgrwy
: 4 S99 lﬂru 4 ST o YT 47522 gy e
1 1 2 ...
+ Kz ESEWFM + Thsww 2o SW W,
Lspf= _Z“’w » —LSff,
f
1
Luns = =5 v 0| X,5hhS + X, cshSS + A, cHHS + A, o JHSS + A, ;HAS|
1 1
Lg, = — 5 v Ao SXX — EJ‘S:;HSSI}C-

Ls =Lk + Lsyv' + Lgrf+ Lnus + Lsx

Note that some of the effective quartic couplings shown earlier appear here as trilinear.
What was formerly a three body decay is now a two body decay (see below). 15



The Decays of H

in the general case, H can have couplings as those
displayed by a Higgs boson in addition to decays
involving the intermediate scalar and Dark Matter

H —WW,Z2,qq, 99, Z, 7Y, XX
+ H —55,5h, hh

| e
Dominant decays l >Diboson decay
H — h(+X),5(+X



In a simplified model treat S as Higgs-like
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A simplified model

(cont.)

1 The following parameters are considered:

mp < Mg < Mg — My,

I'(H—SS)
I'(H—Sh)

Br(S — xx)



Top associated Higgs production

S/h

S/h

Reduced cross-section of ttH+tH

is compensated by di-boson, (SS,

Sh) decay and potentially large

Br(S->WW). Production of same S’ h — WW? T, 24
sign leptons, three leptons is

enhanced
19



“The philosophers have only
interpreted the world, in
various ways; the point is to
change it”

The prediction of

signatures at the
LHC

arXiv:1603.01208
arXiv:1606.01674

20



S. No. | Scalars | Decay modes
The hypothesis D! h bb, T T, WU, 55, cC, g8, VY, ZY, WTW ™, ZZ
leads to rich D.2 H D.1, hh, SS, Sh
phenomenology D3 A D.1,t, Zh, ZH,ZS, W*HT
D.4 H* W*h, WEH, WES
D.5 S D.1, xx
Scalar | Production mode | Search channels
88 — H,H jj (ggF and VBF) Direct SM decays as in Table 1
— SS/Sh — 4W — 4€ + Es

— hh — yybb, bbtt, 4b, YYWW etc.

—» Sh where S — xx = 7Y, bb, 4¢ + E}
H pp — Z(W*)H (H — SS/Sh) — 6(5)1 + Efiss

— 4(3)1+2j + Ess

— 2(1)1 +4j + Episs

pp —titH,(t+1)H (H — SS/Sh) | — 2W +2Z + EF"* and b-jets

—» 6W — 3 same sign leptons + jets and EsS

pp = tH= (H* - W*H) —» 6W — 3 same sign leptons + jets and E'S
gt | pp— thH* (H= - W*H) Same as above with extra b-jet
pp = H*H* (H* - HW®) — 6W — 3 same sign leptons + jets and E'sS
pp = H*W= (H= - HW*) — 6W — 3 same sign leptons + jets and EsS
g8 — A (ggh) -t
A m (4
gg —+A —ZH (H — SS/Sh) Same as pp — ZH above, but with resonance structure over final state objects

gge +A—->W=H"(H™ - WT¥H) | 6W signature with resonance structure over final state objects




Production of three same sign leptons

b

t(tYH — 6W + X
— [T+ X

Exclusive anti-k+ 0.4 jet multiplicity {p‘ir" = 25 GeV)
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Production of three same sign leptons

Missing transverse energy Transverse momentum of three lepton system
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Production of 4 isolated leptons
Coming predominantly from production of 4W

________ o Sh s WWWW.WWZZ, 27
— 4]+ X

Features:

1. Low backgrounds -> excellent S/B

2. Clean signature with fake leptons under control
3. Unique signature of the hypothesis

4. Sensitive to the mass of H

24



The production of 4W from a resonance is a unique
signature leading to the production of 4 isolated charged
leptons and missing energy. The LHC experiments have
not reported on this signature to date

Invariant mass of four lepton system Missing transverse energy
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It is very important to check if the production of 3 leptons,
as predicted by the model is not excluded by the existing
data. Below is the transverse mass (parton level, no detector
smearing applied) after the application of requirements of
leptons outlined in ATLAS-CONF-2016-043
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The data reported with Run | and Run Il by ATLAS
overshoots the MC with M.<200 GeV. The 4W prediction is
not excluded with the current results.
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Additional Slides
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Event Generation

Generated complete Gauge invariant set of diagrams.
Suppressed hXX and hhXX couplings to study diagram below

DM

9 \ 1/ Candidate

Effective Hgg -

coupling with \ ------ P R S

same structure as \ Quartic (effective) HhXX
in the SM
g coupling. This diagram
generates distortion of h p-
_ . spectrum with kinematically
1 SM Higgs 3constrained production of

DM
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In terms of significance

| OTo see how significant the
result is, we use a test
Sta‘tiStiC: XSMZ - XBSMZ

| OThis gives an
improvement on the null

hypothesis (the Standard
Model) in units of sigma

1 UFor one degree of

1 freedom, the best fit point
has a 3 sigma

is1 improvement. This does

[ I | [ I | I I | I I | I I | | I I | ]
960 270 280 290 300 310 20 Nnot mean evidence yet.
m, [GeV]
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What is in the blob?

(1 Recall the effective
interaction of H — hyy

1Theoretical issues
make this decay
unnatural

JPropose the idea that ¥ - __
decays into an inert
scalar S and the Higgs
boson A

1S can also decay into
jets

33



Calculating y2

dTwo types of
results:

QMeasurements
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95% CL limit on /oy,

Inputs: Higgs decays to
weak vector bosons
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c(gg—H)xBR(H—hh) [pb]

Inputs: Di-Higgs searches
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Inputs: Top associated Higgs
production
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