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the Higgs boson with the ATLAS detector
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SM Higgs boson decays

(O The Higgs boson has been observed as a resonance in several decay
channels.

(O Other channels are predicted to exist by the SM, some of them with very
small branching fraction.

] An excess on these channels would be an indication of new physics.
O Furthermore, many BSM theories predict additional decays:
] Higgs portal models of Dark Matter

] Models with an extended Higgs sector e.g. 2ZHDM+S like the NMSSM.
[] Neutral naturalness
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Overview of Higgs BSM searches

Searches for deviations from Direct searches for BSM phenomena
the SM in measurements of
Higgs boson properties

> Spin

Additional Higgs-like scalars
> Neutral or charged

> CP » Decays to SM particles or to

> Couplings = Higgs bosons

BSM Higgs decays and couplings
> New light resonances €=
» Flavor violating couplings €=—
Disclaimer: this is not an > ...
extensive list of analyses.

This talk will focus only on the
latest ATLAS results on
searches for some of these
non-standard and rare decays.



Candidates / 0.002 GeV

_ _ Phys. Rev. Lett. 117, 111802
Higgs boson decaying to ¢ y arXiv:1607.03400

O Possibility to access strange-quark Yukawa
coupling, unconstrained by existing
measurements.

O Very small branching fraction predicted by

SM, BR~10°. "
[] Larger values would be a clear indication ¥
of new physics. ‘
(O Select events with:
¢ + y candidates in ATLAS _
N R A A AR [] At least two opposite charge tracks
o ATLAS o : from the PV with a very small
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Higgs boson decaying to ¢ y

(O Main background from inclusive multi-jet or photon+jet, where ¢p—K*K-
candidate from tracks associated to a jet.

[] Estimated in region similar to SR with isolation and some kinematic
conditions relaxed.
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Higgs boson decaying to ¢ y

(O No significant excess of events has been found above the
background.

(O Set upper limits on the branching fractlons for the nggs (and the

/) boson decays to : '
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New light resonances: H—a a

O Higgs decaying to light spin-0 particles.

[_] Many different models predicting
different branching fractions.

2 In many of them, a—bb is the
preferred decay when m; > 2m.

(O This talk focusses on the latest result
with 13 TeV data:

Eur. Phys. J. C 76 (2016) 605
arXiv:1606.08391

Br(a-SM)

0.001

104 .
1 2 5 10 20 50

. ] ma_l(ic\"l
exotichiggs.physics.sunysb.edu

[(] Decay a—bb.
b
V b (O Higgs production in association
/ 5 to a W boson, decaying
leptonically.

Leptonic W boson 7
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New light resonances: H—a a

. . . : #jets A
O Profile likelihood fit of the W/Z + jets
T et
background predictions to data SJets oh
simultaneously in control and signal } T SR
regions based on Njets and Np.jets I?—t =
: +1ig - |-
: : =5 Jet C
O Use control regions to estimate the™ " e | i R
main background processes. 2b-tags 3b-tags =4b-tags #b-tags

O Profile systematic uncertainties.

O Variables included in the fit

0 . scalar sum of jets pr

Events /0.1

O Signal regions: combine kinematic variables

into a BDT discriminant to distinguish signal

and background — improves sensitivity of
the search
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New light resonances: H—a a

O Limit on the o(WH) x BR(H — aa) x BR(a — bb)* measurement is
~100% BR.

(O Main uncertainty is statistics.

[] Sensitivity is very likely to improve with more data.
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Eur. Phys. J. C 77 (2017) 70

Flavor violating couplings arXiv:1604.07730

() Search for a Higgs boson decaying into ethad,

eTIep or IJTIep.

(O The etnad channel requires events with exactly 5 g
one energetic electron and one opposite- S

charge .
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[_] Data-driven background estimation
using SS leptons and dedicated
validation regions

[_] Search for the LFV signal by fitting
m'V”V'Ce

T-

2 Computed from the observed e, t
and Et™ss (from 7 decays) aiming
to reconstruct the Higgs mass.
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Flavor violating couplings

O The etiep/uTiep channel requires events with exactly two opposite
sign leptons, one electron and one muon.
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Flavor violating couplings

OUpper limits on branching ratio for H—-etr and H—ut decays are
computed.

L] Combine ethad, UThad [arXiv:1508.03372], etiep and Htiep

channels.
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Conclusions

O Three searches for non-standard and rare decays of the Higgs
boson with the ATLAS detector have been presented.

O Limits on different models have been extended or set for the first
time.

O No significant deviations from the Standard Model have been
found.

O Increase of sensitivity of the analyses expected when more data is
analyzed.
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Higgs boson decaying to ¢ y - processes

O Different production mechanisms:

(]
(]

Direct production: sensitive to Hss coupling, is sma

ndirect production: interferes quantum-mechanical
direct production, is larger.

.
y with

O Interference gives unique information on the phase of the Hss
coupling.

— - — s —— —

— - —— e c— — —

15



Higgs boson decaying to ¢ y - sighal modeling

(O Signal MC Higgs mass peak fitted with a double gaussian
function.
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Higgs boson decaying to ¢ y - background model

(O Dominated by di-jet production and y+jet production (¢ reconstructed
within a jet).

[[] Cannot be modeled with MC due to complicated mixture of
contributing processes.

[_] Data-driven event mixing approach
O Define a region with loose (kinematics and isolation) ¢py—K*Ky events.
[] Signal negligible with respect to large background

O Parametrize set of variables (i.e. K'Ky mass, y isolation...) and keep
track of the correlations.

(O Build a “toy” event by picking randomly a value for each of these
variables, starting from mgi-track and considering correlations.

(O Normalization:
[_] Before unblinding: normalize to data in loose region.

[_] After unblinding: free fit parameter.
17



Higgs boson decaying to ¢ y - systematic unc.

O Theoretical systematic uncertainties:

OPDFs, as and scales of the signal MC sample for the different
production modes.

O Experimental systematic uncertainties:
[ ] Photon scale/reconstruction/identification/isolation
] Trigger efficiency
[_] Track reconstruction efficiency and isolation.

O Uncertainty on the inclusive background model:

[] Alternative shape generated by changing the parametrization of
some of the variables used to buy the toy model.

[_] The magnitude of the resulting changes in mk:k-, distribution are
constrained by the fit to the data.

[ ] An extra closure test is performed by re-deriving the background
shape from simulated y+jets events inputs, in place of data.
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Higgs boson decaying to ¢ y - yields

(O Signal region yields

Observed (Expected) Background

Expected Signal

Mass Range [GeV] Z H
ATl 81101 120 130 B[10-¢ | B[10-]
1065 | 288 (266 £9) | 89 (87 £3) | 6.7 £0.7 | 135 £ 1.5
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Higgs boson decaying to ¢ y - Limits

() Systematic uncertainties on identification, scale and resolution of
photons, track reconstruction efficiency, and on the shape of the
background templates, considered.

O Un-binned maximum-likelihood fit to the mkk, distribution.

(O Set upper limits on the branching fractions for the Higgs (and the

Z) boson decays to ¢y A A A A e
120[— ATLAS .
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been found above the background. > - } —Honamtasal
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New light resonances: H—a a

(O Several analyses have been performed in the past by ATLAS, targeting different
decays

[(JH—aa—pytr
2 Phys.Rev. D92 (2015) no.5. 052002 [arXiv:1509.05051]

[JH—aa-yyyy
2 Eur. Phys. J. C 76(4) , 1-26 (2016) [arXiv:1505.01609]

U H—-Zp Zp—tf ¢, H->Z Zp—tf £¢
2 arXiv:1505.07645, arXiv:1505.07645
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https://inspirehep.net/record/1367302
mailto:http://link.springer.com/article/10.1140/epjc/s10052-016-4034-8?subject=

New light resonances: H—a a T/D .

(O Higgs production in association Lb
to a W boson, decaying h
leptonically.
(O Signature: at least 1 lepton,
ErMiss and multiple low pt b- Leptonic W boson
jets.
OKinematics largely dependent« 5 g AASEAARE AR A i
the mass of the spin-O0. © O WhhomaashB  — mo30Gev ]
= [ m:=40 GeV ]
L 0.08— m, = 50 GeV ]
(OHiggs production in association to | — ma=§0 GeV 1

a W boson, decaying leptonically. %

0.04— ]

] Signature: at least 1 lepton, :
Et™ss and multiple low pt b- 0.02]
jets.

0

OKinematics largely dependent on
the mass of the spin-0. 29



New light resonances: H—a a - regions composition

ATLAS [ Non-t

tf + bb
\s =13 TeV, 3.2 fb" —

) tf + light
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New light resonances: H—a a - BDTs

(O Boosted Decision Tree trained in each signal region . =
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New light resonances: H—a a - BDTs
(O Boosted Decision Tree trained in each signal region
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Events / 0.1

Data / Pred.

New light resonances: H—a a - BDTs
(O Boosted Decision Tree trained in each signal region
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Events / 100 GeV

Data / Pred.

Events /0.1

New light resonances: H—a a - Fit distributions
O Signal and control region variables entering the fit
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New light resonances: H—a a - Systematic uncertainties

(O Systematic uncertainties (4 jets, 4 b-tags) on the signal and main
backgrounds.

Systematic uncertainty (%] WH, H — 2a — 4b  tt + light tt +c¢c tt + bb
Luminosity 4 4 4 4
Lepton efficiencies 1 1 1 1
Jet efficiencies 6 4 4 4
Jet energy resolution 5 1 3 1
Jet energy scale 4 2 4 3
b-tagging efficiency 17 3 5 9
c-tagging efficiency 1 6 12 4
Light-jet-tagging efficiency 2 29 5 3
Theoretical cross sections — 5! 3 5)
tt: modelling - 6 45 26
tt+HF: normalisation 35 18
tt+HF: modelling — — — 5
Signal modelling 7

Total 21 31 H4 21
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New light resonances: H—a a - Signal region yields
O Yields in the signal regions.

Process (3j, 3b) (43, 3b) (4j, 4b)
tt + light 1089 £ 76 2940 &+ 180 53 £ 16
tt + cc 70 + 28 280 + 110 21 +£ 11
tt + bb 172 &= 55 610 &+ 160 74 + 15
tt +v/W/Z 0.8 £ 0.1 4 £1 0.4 & 0.1
W + jets 93 + 31 129 + 40 2+ 1
Z + jets 18 4+ 12 14 = 10 —
Single-top-quark 135 £ 13 208 £ 17 81
Multijet 48 + 20 67 + 28 4 + 2
Dibosons 4+ 1 9+ 1 0.6 & 0.4
tt + H 0.7 £ 0.1 4 £ 1 0.8 & 0.2
Total 1640 £ 58 4270 £ 130 165 £ 15
Data 1646 4302 166
WH, H— 2a — 4b

mg, = 60 GelV/ 10 + 2 9+ 1 341
mqe = 40 GeV 11 4 2 10 4= 2 2 1
me = 20 GeV 6+ 1 5+ 1 0.7 +£ 0.2
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FV couplings: H—ethad - Region definitions

(O The etnad channel requires events with exactly one energetic electron and one
opposite-charge .

O lrreducible background: Z—11, ti, single-top, VV—et+X...

] Very strong charge anticorrelation: Nos >> Nss

(O Reducible background
] thag from a jet

2 W+jets, multi-jet (e from semi-
leptonic b-decays), dibosons, tt
and single-top.

] thaq from either a jet or an electron
2 Z(ee)+jets

Fraction of Events

O Events with misidentified 7.4 have:

[_] Much softer pt(thaq).

20 40 60 80 100 120 140
mS 5 [GeV]

[_] More separation between 11,4 and 0
ETmISS.
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FV couplings: H—ethad - Region definitions

(O Baseline selection:

(O Exactly 1 electron and 1 thag With E1(e) > 26 GeV, pr(thad) > 45 GeV

Oln(e) - n(zhad)| < 2 to reject W+jets and multi-jet.

O Two signal regions using transverse mass between (e, E1™) and (thad, ET™°)

(O OS electron and 7had. ATLAS, \s=8TeV [Ldt=20.3 fb-1><1 0.
140 g - s

O No requirement on jet >

multiplicity, exactly 0 b-tagged ©. 120

jets. £ 100

-

(O Both regions with similar < + 80

sensitivity, but dominated by S 608

different backgrounds.
O WH+jets is checked in WCR.

Ot is checked in TCR, with 2 jets, =1
b-tagged.

31
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FV couplings: H—ethad - Region definitions

ATLAS Simulation, Z — 11 + jets 10°
1 v T Y Y x m
3 > g
O, 1 >
L 25 9
& 100 ‘S
PE - S
£ 15 ©
©
L

20 40 .60 80 100 120 140
mT [GeV]

ATLAS Simulation, H(125) — et

x10

1

s g

o1 S
5._‘ - L
3, S
g I3

©

L

20 40 60 80 100 120 140
m$ 5 [GeV]
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FV couplings: H—ethad - Background estimation

ORely on the observation that shape of mMMMC,, is the same for OS and SS events.

bkg data bkgi
Nog = rQep - + Z 0S—SS

‘/ l bkg-i

Total background Data events in SR1 or
events in SR1 or SR2 SR2 requiring SS
Contains W+jets,
multi-jets... Add-on terms for the
To account for different background
_potentlal dn‘feren_c;es components
in flavor composition = NosP*o - rqepxNggPke-

— NOSmuIti-jet/ NSSmuIti-jet

O Zz(r7)+jets normalization is a free parameter in the final fit.

(O Normalizations for bkg-i are extracted for SS and OS in the different control regions
when possible.

(] W+jets and tt from WCR and TCR. W+jets has extra free normalization in the fit.

L] Z(ee)+jets has 2 components: e—1hag, estimated from simulation with corrections

from T&P studies.; and jet—1hag, €stimated in a region with 2 OS electrons.
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Events / 10 GeV

Data / BKG

FV couplings: H—etnhad - Signal regions
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FV couplings: H—etnhad - Signal regions

w
X

|—
<

T l’ T T T T ‘I T T T L ‘[

ATLAS —+— Data

ot events wen H(125) - et (BR = 1%)
had B Z > 1+ jets (0OS-SS)

(s=8TeV [Ldt=203f" W W+ jets (0S-SS)

B Same Sign (Data) il

Bl Z - ee(e — 1) (0S-SS) |

I Other Backgrounds (0S-SS)-

Syst. Unc. 9

g
O,
ANERRE

IIIIIJI|

L

Events/ 10 GeV

lllllll!lll
llllllilll

llllllllil 1

Data - BKg.

OIIIIII1III|I

100 150 200 250

35



FV couplings: H— e, and H— Lt - Background estimation

(O Select events with one electron and one muon, opposite sign.

[_] Two exclusive signal regions defined: with and without central
jets.

[_] Fit mcon distribution (the more sophisticated mmmc does not
iImprove the results)

(O Background estimation based on the following premises:

[[] Kinematic distributions of prompt e and y are approximately
the same.

[_] FV decays of the Higgs boson break this symmetry.
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FV couplings: H—=et, and H— Lt - Background estimation

(O Example case for H—ptiep signal (similar for H—etiep).

ue sample ed sample
pT}J > pTe pTe > p'|'|J

Expect to contain H—p1iep Only background

Symmetric background in
pje from data in ep region

37



FV couplings: H— e, and H— Lt - Background estimation

(O Some asymmetries in the SM background estimation need to be
considered:

[_] Events containing non-prompt leptons.
> Leptons from mis-identified jets or hadronic decays within jets.

2 Electrons and muons effected differently because the origin of
the non-prompt is different.

2 Estimated with matrix-method technique.

] Electrons and muons have different reconstruction and trigger
efficiencies.

2 Events in the e region corrected by the following factor when
estimating the background in ye region:

£
ohe 512 (PT)gx“éco (pT) €reco. (pTz)

el ¢
& e# (pT ) rcco (pT ) gll‘éco. (pTz)
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FV couplings: H—etiep and H— litiep - Matrix method

(O Given a “loose” and a “tight” lepton selection, the

composition in terms of real and fake leptons is LG il
leptons leptons
loose __ loose loose
N ~ “'real + N fake
We want to

. . estimate this!
Ntight L Nt ight 4 tight
T real fake

(O Since the “tight” is a subset of the “loose” sample, define fake
(real) efficiency f (r) as:
oose __ 0oose 0oose
= Nflil({)ese N = Nreal T N fake
fake
Ntight Ntight — r X Nloose 1 f > Nf!aolc{)ese

real
real

— Nloose

real

() So that one can solve the system of equations and get:

Nat = (vt - e ;:> w= - ! 7 (=)

r




FV couplings: H—etiep and H—=utiep - Signal regions
P P
(O Signal region with no central jets
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Events/10 GeV

FV couplings: H—etiep and H— Ut - Signal regions
() Signal region with central jets
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FV couplings: combination

Channel Category Expected limit (%) Observed limit (%) Best fit Br (%)
SR1 2.81739% 3.0 0.3311'%
H — eThag SR2 2.957 85 2.24 —1.33+138
Combined 2.0719%2 1.81 —0.47*] ?g
SRuolets 1.66+072 1.45 —0.45105
H — et SR yithlets 3.3371 60 3.99 0.7471-23
Combined 1.48+060 1.36 ~0.26100
H — et Combined 121104 1.04 ~0.3410:%
SR1 1.60+964 1.55 ~0.07*05
H = UThad SR2 1.75+971 3.51 1.9410:22
Combined 1.2410:39 1.85 0.7719%
SRpoles 2037033 2.38 0317509
H — piTiep SRwithlets 3.574100 2.85 ~1.03%8
Combined 1.73+0 7,‘; 1.79 0.03*0:8
H - ut Combined 1011040 1.43 0.53703]
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