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—>Several BSM theories include an extended Higgs sector with at least
one pair of charged Higgs bosons.

10 T
->In the 2HDM models: .

@ A total of 5 scalar bosons are predicted: h, H, A, H*, H o

# The H* decay mainly depends on: ~ ™% tang = 507
oH* mass A e
etanf: vacuum expectation values ratio of the two Higgs doublets. F IR RS
eq: mixing angle of the CP-even Higgs bosons. 10°E -

@ In the Type-Il 2HDM, the H*—tb decay dominates for: i ]
eH" mass > 200 GeV O T A N A T
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ecos(p-a) ~ 0 limit (the light neutral scalar is SM-like) My [GeV]
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Analysis overview -+ P iy
§PERIMENT
- Use LHC Run-2 139 fb™! pp collisions recorded with the ATLAS detector.
€10.1007/JHEPQ6(2021)145
® Previous publication based on 2015+2016 (36 fb™"). 10.1007/JHEP11(2018)085

—>Search in the 200 - 2000 GeV H* mass range.

—>Focused on the single lepton channel since it provides the best significance.
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Analysis strategy WA @ A

lectron AT
iEDe> 27 GeV, hal =L
2

->Select events with:

@ Exactly one lepton: e* or .
Muons

>5 iets, 22 b- . effici _
9 >5 jets, 22 b-tagged at 70% efficienc
227 GeV, |n| <25
JHEP06(2021)145
S | ATLAS ¢ Data - H' 800 GeV[ ]t + light
o 10° I\Ee=ts13Tev,139fb1 i+ >1c @+>1b  [i+X 1
! [Jnon-tt 77 Uncertainty

Pre-fit

—>Classify events according to jet and b-jet multiplicities.
@ Four signal regions: 5j3b, 5j=24b, 26j3b, 26j=4b.
@ ti+jets is the main background.
eEspecially tt+21b in the most signal-sensitive regions.
eModelling improved by applying Data/MC-based corrections.
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ATLAS

EXPERIMENT

—>Mitigate differences observed in data/MC distributions due to ti+jets mismodelling. & M0 JHEPO?(ziZV:):h‘H’:
%2,5;{?2;13Tev,139fb" g tsé
->Data/MC-based factors extracted from 2b control regions: 2ol

#Dependent on jet multiplicity and Y p_*+p_'*P distributions.

—>Corrections applied appropriately to the SRs improve pre-fit agreement:

T T T T PPN DI TP T
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§2500— ATLAS ¢ Data J §2500— ATLAS ¢ Data ]
o L Vs=13TeV, 1391b" It + light @ C Vs=13TeV, 139 fb" [t + light ]
L I+jets, >6j >4b It +21c ] C l+jets, >6j >4b It +>1c ]
2000— ! . = — 2000— ) = =
F Pre-fit, unweighted i+ >1b E - Pre-fit [t +>1b 1
F N Ot + X ] L ‘. Dtt+ X ]
15001 . [Jnon-tt 4 1500 . [Jnon-it ]
F Uncertainty - Uncertainty 1
1000 1000[ -
500F 500 -
. 0_ . 0_
B 15t B 15 E
a E _'_'”'''*"'-""'-o--O—O--o—o-_L b hha e S ETrreretes et A P4t -
= 1.(}E 2 2. 2 7Y_+_4-.- 3 1.0E y v A
a g'gi AEindf = 23.6 /25 3% prob = 0.54 14 8‘25 1%/ndf = 16.6/25 x*prob = 0.89
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Parameterised Neural Network

—>Use of multivariate techniques to separate signal and background in the signal regions.

EXPERIMENT
Input layer  Hidden layers
=>Description: (16) (2x64)
@ Asingle trai.ning perfo.rmed f9r eac.:h signal region. . Q?Q\\ Outpt e
€ Based on high-level kinematic variables: X Flar, ez, —.my+)

e3> p/, leading jet p,, kinematic discriminant...
@ Input parameter: H" mass hypothesis
@ All H" mass samples included in a single training.

M pr+

e Simplifies training, benefits from continuity, effectively more signal statistics and allows interpolation.

JHEP06(2021)145

S [ ATLAS Smusion
g I >6j>4b
] 2 0.15+
->Better signal and background £
. . L
separation at higher masses. 01[
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H+200 GeV |
[ Background ]
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NN output
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Fit results JHEP06(2021)145 s @ .........
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EXPERIMENT

->Simultaneous binned profile likelihood fit to mass-parameterised NN output in the four signal regions.
@ One fit for each H* mass hypothesis.

. . %3000m‘Ilm‘HII'IY'MIHHI"Illyq."l‘Dllt”w””Im:
# Normalisation of tt+=1b and tt+21c backgrounds allowed to vary freely. & F f=1stev 1som Ef%oh?ev '
\ o . . 2500 |+jets, =6] >4b 1419
# Systematic uncertainties included as nuisance parameters. Postt Di+>e
2000 T 3
. Dlnon ;
1500 . Uncertainty 3
—>Produced model-independent o x BR limits. ]
1000 —
10llllIlIIIllllllllllllllllllllIllllE 500 —:
i ATLAS Preliminary —*— 95% observed CL, 1 = :
37 95% expected CLS 7 8 i | :
{s=13 TeV, 139 fb™' @ Expected + 16 T ot 4 ook
[_] Expected + 20 I S 0.9f T
—e— 95% obs. 36 fb' result 0.8

0 01 02 03 04 05 06 07 08 09 1
NN output

—_

----- 95% exp. 36 fb™' result
—— hMSSM tanf =0.5
—— hMSSM tanp =1

| IlIII[II

L

->Improved exclusion limits at 95% CL with respect to the 36 fb™"
--------- - publication, especially at high H" masses.

o(pp — tbH") x BR(H*— tb) [pb]
o

T IIIIHII

—>Limited by systematics, especially tt+=1b modelling.
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= 1 @ [T T T ] EXPERIMENT
_ _ _ E 40W 2
—>Results interpreted in context of different 301 ATLAS 17 30r ATLAS
20+ 1 20+ i
benchmark models H S th 3% S, exclusions H' > th 95% CL, exclusions Additional
10F hMssM S Peedes - 0L M2 CJobseved |  resultsin
‘hMSSM M 125 [ Vs=13TeV I Expectedtic ] F (s=13Tev - Expected b backup
’ h L 1391fb E gﬁzz%z%ig ;i)q ] L 1391b" [ Expected + 16 |
OM "% (%), M, "% {t), M, '?(align),M, '2>(CPV) B E— et N ] Bxpocied s 20 ]
] 2
E r 3
—>Exclusion limits on hMSSM improved 400 600 800 10001200 14001600 200 400 600 800 1000 1200 1400 1600
especially at high H" masses with respect m, [GeV] m, [GeV]
July 2021 ATL-PHYS-PUB-2021-030

to the previous publication. 60 D oomomn ria

.- PO LT T PR 139107
40 o :

X J— Phys. Rev. Lett. 125 (2020) 051801
30 ~ meemmm=tileet [0 to) HY, H — v, 36.1 b
sl A" JHEP 09 (2018) 139

20 I 7 _| 0 o(b) HIA, HIA - bb
27.81p"
Phys. Rev. D 102 (2020) 032004
COH -2z -4y, 361167
— Eur. Phys. J. C 78 (2018) 293

E A —Zh 36.1 10"

tan B

10

—>tanf exclusion summary from direct and indirect
ATLAS searches.

JHEP 03 (2018) 174

0 tb) H H —tb, 139 b

~ A e ATLAS Preliminary JHEP 06 (2021) 145
F\ Sps - % hMSSM, 95% CL limits ~ —| [ H — WW — Ivlv, 36.1 fo"
| 7 ' 7 Run2, s = 13 TeV _ Eur. Phys. J. C 78 (2018) 24

H - hh — 4 %
s — Observed L L l?:bm bbre
27.5-36.1 o

N WAoo

=== Expected

Phys. Lett. B 800 (2020) 135103

D R P iz h couplings [xy, Ky, kgl
"""" 36.1-79.8 fb!

o [ [T Phys. Rev. D 101 (2020) 012002
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—>The 2HDM+a is the simplest extension of the simplified pseudoscalar model.
¥ 2HDM scalars (h, H, A, H*), pseudoscalar a and DM Dirac fermion .
@ Extra parameter: mixing angle 6 between pseudoscalars.

> Interpreted the H*—tb results in the context of the 2HDM+a model.
@ Exclusion limits set on m_, my, tanp, sin®

ATLAS-CONF-2021-036

—itf, 36.1 fb™!

| ATLAS Prelimisigfy
B JHEP 09 (2017) 088

tan

i
ATLAS Prelfmnary; 19
Vs =13 TeV, 36.1- 139"

2HDM-+a, Dirac D

—ET**+bb, 36.1 fo!
EPJC 78 (2018) 18

—ET**+Z(q{), 36.1 fb'

=ET44, 36.1 b
EPJC 78 (2018) 18

o/ Gtheory
=
2

1 JHEP 06 (2018) 108 108 \ = 1§ my=my=m, =60D:GeV JHEP 10 (2018) 180
] —E$‘ss+h(b5), 139 fo! sing=0.35,g =1
1 ATLAS-CONF-2021-006 105 m, = 250 GeV 10 Er*“+h(yy), 139 fb"

arXiv: 2104.13240

=)
Thermal Relic Density

=ETEL (1), 138 1o Additional

104 1 —EP*+Z(ll), 139 b ;
ATLAS-CONF-2021-029 T g
3 r ATLAS-CONF-2021-029 resu Its n
~Htb, 139 fb 10° 7T T e Thermal Relic @ i = 0.12 5 10 ‘ - backup
JHEP 06 (2021) 145 £ H'tb, 139 fby
102 102 JHEP 06 (2021) 145

—h(inv), 139 fo! T iss 1
| 3 —EM™h(bb), 139 fb
1 ATLAS-CONF-2020-052 10 __ 10 ATLAS.CONF 2021006

ET*+h(yy), 139 fb™! q 10*  =—Combination
arXiv: 2104.13240 gy Limits at 95% CL . ET**+h(bB), ET**+Z(1l)
b 7| ==Combination 10 §— — Observed 1d —relic density
ET™+h(oB), E7**+2(1) tob o G R T
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->Performed a H*—tb search using the full Run-2 dataset in the single lepton channel.
@ Implemented a PNN to separate signal and background.
# No significant excess above the expected SM background found.
@ Improved 95% CL_ limits on o x BR obtained with respect to previous analysis.
# Obtained tanp exclusion limits for various benchmark scenarios.

—>Interpreted results in the 2HDM+a dark matter model.
© Good complementarity with other dark matter searches.

Thank you for you attention!
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=>Four flavor scheme (4FS):
#®No b quarks in the initial state.

#LO: Direct production gg—tbH* and qq—tbH" + NLO corrections. & b
4FS
" H+
->Five flavor scheme (5FS): S
¢Introducing b quark parton density functions.
#LO: gb—tH" + NLO corrections. g t

—=2>4FS and 5FS yield differences at finite order. -

> Strategy used:
#Signal sample simulated using 4FS.
#4FS and 5FS NLO cross-sections combined with Santander matching:

oS 1 odFs Mg+
o= w = log
1+ w mp

—2
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Background composition and yields
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JHEP06(2021)145 EXPERIMENT
mp+= 200 GeV hypothesis
T+ i 1 5j, 3b 5j, > 4b > 6j, 3b > 6, > 4b
ATLAS [Jtt + light @t + V 77+ light 45000 £ 4000 310= 110 32000 £ 4000 340 = 140
(s =13 TeV (tt + 21c [@tt + 21b M+ >1b 29600 2900 2940 £220 40200 +3300 8000 + 500
I+jets [JNon-tt i+ >le 14000 + 4000 440 £ 140 19000 6000 1010 290
tr+ W 110+ 15 32+0.6 236 + 35 162 +2.7
. _ T+Z 300 + 40 516 670 = 90 174 £23
5j, 3b 5j, = 4b Single-top Wi-channel 2300 % 600 80+ 50 1900 + 800 150 + 90

Single-top 7-channel 740 = 300 51 +20 500 + 400 60 + 50
Other top-quark sources 128 £ 16 17,5+ 32 180 + 70 58 +24
VV &V +jets 1600 + 600 65 +23 1600 + 600 120 + 40
ttH 530 + 60 127 + 19 1140 + 120 430 + 60
H* 600 + 900 70 + 90 700 + 1000 160 + 230
Total 95700 + 2900 4150 + 140 98400 + 2900 10500 =+ 400
Data 95852 4109 98929 10552

mpy+= 800 GeV hypothesis

> 6j, 3b > 6j, >4b _ 5j, 3b 5j, > 4b > 6j, 3b > 6, > 4b
tf + light 46000 + 4000 330+ 120 33000 + 4000 500 + 200
tt+21b 29600 + 3100 2920 +210 41000 + 4000 8100 =+ 400
tf+ >lc 14000 + 6000 440 + 190 17000 + 7000 870 + 330
tt+ W 108 + 15 33+06 233 +35 16.0 +2.7
tt+Z7Z 300 + 40 50+7 660 + 90 171 £ 23
Single-top W¢-channel 2000 + 500 56 + 33 1400 + 500 100 + 60
Single-top #-channel 740 + 300 53 21 600 + 500 70 + 50
Other top-quark sources 130 £ 16 197432 190 =70 61 +24
VV &V +jets 1900 + 700 73+£25 1700 + 600 130 + 50
ttH 520 + 60 125+ 19 1130 + 120 420 + 60
H* 30 + 80 4+10 70 + 180 20 +50
Total 94700 + 2800 4070 + 140 97800 + 2800 10400 =+ 400
Data 95852 4109 98929 10552

13
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->Variable reflecting the probability of an event being compatible with the H*—tb and the tt hypotheses:

_ PH+ (X)
Pr+(x) + Pi(x)

-> Py+(x) defined as the product of a pdf for each of the reconstructed invariant masses in the event:
#®Mass of the semileptonically decaying top quark.
#Mass of the hadronically decaying W boson.
#®Mass of the hadronically top quark minus the mass of its W.
#Mass of the H" minus the mass of the top quark of the H*—tb decay.
#For events with 26 jets, mass of the H* recoil system minus the corresponding top quark.

D

- Pi(x) defined similarly:
#For events with 5 jets, same invariant masses described before.
#For events with 26 jets, mass of the two highest p_ jets not used in the rest of the reconstructed objects.
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JHEP06(2021)145 Altes Energies L
Uncertainty source Au(Hzy,) [pbl  Au(Hg,,) [pb] EXPERIMENT
tf + >1b modelling 1.01 0.025
. T . Jet energy scale and resolution 0.35 0.009
- Systematic uncertainties impact on H* o x BR: 7+ 51¢ modelling 032 0.006
#Largest contribution from tt+=1b modelling systematics. ﬁ;ﬁ;;‘;;g;;gg‘“g o yosi
1 + light modelling 0.33 0.009
Other background modelling 0.19 0.011
MC statistics 0.11 0.008
JVT, pile-up modelling <0.01 0.001
Luminosity <0.01 0.002
Lepton ID, isolation, trigger, E}“i” <0.01 <0.001
H* modelling 0.05 0.002
Total systematic uncertainty 1.35 0.049
tf + >1b normalisation 0.23 0.007
11 + >1¢ normalisation 0.045 0.015
Total statistical uncertainty 0.43 0.025
Total uncertainty 1.42 0.055
. . L Uncertainty source Description Components
—>ti+jets modelling uncertainties summary: I7 cross-section Up or down by 6% 17 + light
17 reweighting Statistical uncertainties of fitted function (six) parameters All 17 and Wt
tf + >1b modelling 4FS vs SFS tt+ >1b
tf + >1b normalisation  Free-floating i+ >1b
tf + >1c normalisation ~ Free-floating 1+ >lc
NLO matching MaDGRrAPHS_aMC@NLO+PyTHIA  vs POowHEGBOXx+PyTHIA  All 7
PS & hadronisation PowHEGBOX+HERWIG vs PowneEGBox+PyTHia  All 17
ISR Varying aISSR in PowHEGBOX+PYTHIA  All 17
Us Scaling by 0.5 (2.0) in PowHeGBox+PyTHIA  All 17
HUr Scaling by 0.5 (2.0) in PowHeGBox+PytHia  All 17
FSR Varying aSSR in PowneGBox+PytHia  All 17
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o ] o _YVVIIYI!IIIVVIIVYY‘IYY{VYI_ EXPERIMENT
5 40” 1 & 4of 1
+ . . . . S S
—>tanf vs m(H") exclusion limits: 30¢ ATLAS 17 a0 ATLAS ]
20 1 201 1
‘M 125 O’(), M 125 (’[), M 125(a|ignment),M 125(CPV) H = tb 95% CL, exclusions H = tb 95% CL, exclusions
h h h h 10 M®®) [ Observed - 10 M@ [ Observed 4
F Vs=13Tev - Expected — F Vs=13Tev - Expected ]
139 fb! [ Expected 16 | 139 fb! [ Expected + 16
3: [ JExpected +2c | 3: [ ] Expected + 26
PRV VIR AVAVEVAN AANRAN Ay ]
400 600 800 1000 1200 1400 1600

Y ATV AV AR AR, ]
400 600 800 1000 1200 1400 1600

m,. [GeV] m,. [GeV]
a 20 T T T a 20— T T
C C
8 8
ATLAS ATLAS
10 b 10 b
[ H'>tb 95% CL, exclusions ] [ H->tb 95% CL, exclusions
[ M!%(alignment) [ observed ] [ M:]‘ZS(CPV) [] Observed ]
5l Vs=13Tev = -~ Expected J 5 Vs=13TeV "~ Expected J
4 139 fo [ Expected + 16 | 4L 1391f0" [ Expected + 16 |
3l [ JExpected t2c | 3l [ JExpectedt2c |
DONVANININ I
éOO 400 600 800 1000 1200 1400 1600

PRI VRRRNIN ) Pl TR I R
200 400 600 800 1000 1200 1400 1600
m,. [GeV] m,. [GeV]
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—>Interpreted the H*—tb results in the context of the 2HDM+a model:
@ Exclusion limits set on m,, my, tan, sinB

- FATLAS Preliminary” j j j " 1 —EM=.f, 36167 = 2000 T T T T T - : : - :
$ i v 2HDM:a, Dirac DM 1" Senemae ATLAS Prelitfinary T/m >20% —:EEEPﬁ(ggzsfgg ot = ] i 757 —Er=+h(ob), 139 fo"
3 [ ¥s=13TeV,36.1-139 1" _10Gev, g -1 1 weposgoigios (5 18005 = 13 TeV, 36.1 - 139 fb” SHDM 5. Diras DM 8 V=13 Tey/139 o ATLAS CONF-2021-006
B 102 e Limits at 95% CL m, = 200 GeV - =—E7""+bb, 36.1 fb '—(' Limits at 95% CL ] _E?‘Ssm(bﬁ), 139 fb! _E$lss+z(")! 139 fo!
E — Observed o B 3 EPJCT78(2018)18 £ 4 i .. —Observed m,=10GeV,g =1 ATUAS:CONF2021.006 10 - - ATLAS-CONF-2021-029
£ .. My =my=m,.=600GeV ] 600 ) % .2
Expected H b 1 e 2(65), 36.1 1o mise oo - Expected sind = 0.35, tanp = 1 L 5 ] .
£, 0F 4 B "+2Z(), 36. . M. =m.=m —ETe4Z(1l), 139 fb! F Lot 4~ Htb, 139 fo!
tanf = 50: B, *+b | JHEP0{2018/180 AT THT T ATLAS-CONF-2021-029 - *“//2HDM+a, Dirac DM JHEP 06 (2021) 145
tanp = 0.5: E™**4, thf - . + o _ 1
10 p= - 3 i, 36.1 ' Hitb, 139 fo” i /. A ;gOGGeZ\’/gx "] =combination
tanf = 1: all others JHEP 09 (2017) 088 JHEP 06 (2021) 145 Dinnong ._:- \ Si;e_— e EM 0 (bB), EM**4Z(l)

h(inv), 139 fo! 4

—EmsZ(ll), 139 fb!
ATLAS-CONF-2020-052

ATLAS-CONF-2021-029

ET™+h(yy), 139 fb”!

ET*+h(yy), 139 b
arXiv: 2104.13240

arXiv: 2104.13240
—Combination
ET'*®+h(bb), EF**+Z(l)

H'tb, 139 fb!
JHEP 06 (2021) 145

TP PP P AT I I P PO

—ET"*+h(bb), 139 fo!
ATLAS-CONF-2021-006

800 1000 1200 1400 1600 1800
m, [GeV]

09 bt 100 200 300 400 500 600 700 800
SINO  EF*s+h(vB), EF=+z(1) ma [GeV]
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