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« 2HDM-+pseudoscalar Dark matter model (arXiv:1701.07427)

* Type-ll 2HDM coupling structure

* Fermionic DM

 Additional pseudoscalar mediators between visible and dark sectors

e Considered as a benchmark model for ATLAS/CMS by the LHC DM
Working Group (arXiv:1810.09420)

* Representative physics processes:
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e This talk: Latest combination/summary of ATLAS analyses exploring this

2HDMa model, based on 140/fb of 13 TeV data.

e Caveat: this analysis hasn’t been published yet. Will only show expected results.


https://arxiv.org/abs/1701.07427
https://arxiv.org/abs/1810.09420

 For DM searches, theoretical benchmarks are necessary to sharpen the regions
of interest
* To optimize searches and characterize a possible discovery

* Define a theoretical framework for comparison with non-collider results
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DMF EFT Simplified DM model 2HDMa
(arXiv: 1507.00966) (arXiv:1507.00966) (arXiv:1701.07427)

Comparing 2HDMa to DM-EFT and DMsimp:

e Gauge-invariant and renormalizable

* Richer kinematics + phenomenology



 The 2HDM+a Dark matter model is fully defined by 14 parameters

Masses of the CP-even bosons: my, my,

Masses of the CP-odd bosons: m,, m,

Masses of the charged Higgs bosons: my+, my-
Mass of the Dark Matter candidate: m,,

Yukawa coupling constant between a and y: g,

Three quartic couplings between the scalar doublets and pseudoscalars: A3, A1, Ay
Mixing angle between CP-even bosons: a

Mixing angle between CP-odd bosons: 6

Ratio of the vacuum expectation values of the two Higgs doublets: tan 8

EW VEV: v

* Reduced to my, mg, tan §, sin 6 and m,, with conditions

The alignment limit: cos (f — a)=0, v = 246 GeV, m;, = 125 GeV
}\3 =}\p1 =)\p2 = 3



* Previous results can be found in ATLAS 36/fb DM summary paper .

* In LHCRun 2, this model has been explored by more analyses in ATLAS
* The following analyses with 139/fb full run2 dataset collected by ATLAS have

been included, aiming for an EPS Conference note.

mono-H
Final states with MET signatures

mono-Z

Wt +MET 1L, 2L
Final states without MET
signatures H+tb

* Additionally, a statistical combination of mono-H(bb), mono-Z(Il) analyses is

performed to improve the sensitivity.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/
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* Full run-2 results released in 2021 Moriond CONF NOTE:

* Both resolved and merged topologies with different H=>bb reconstructions
employed.

* No significant excess against Standard Model predlctlon
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-006/
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* Analysis not published yet (only control region data/MC shown here).
* Select events with a leptonically-decaying Z against significant MET.
* Dedicated CRs developed to constrain the major backgrounds in a

simultaneous fit.
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Wt +MET
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 Comparing to mono-H(bb), triggered using the photon pair, allowing for
much lower and better resolved MET in the event.

H+tb

e 2HDM type-ll limits reinterpreted in the context of 2HDM+a as the
signatures are exactly the same.
Higgs-invisible
« 2HDMH+a h-invisible decay could be interpretated by BR(h->inv) results
 The most recent ATLAS public result: < 11%(11%) obs. (exp.)at 95%



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://arxiv.org/abs/2011.09308
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ATLAS 36/fb DM summary paper This study (expected results)

m,- my4 scan at sin6=0.35 :

MonoH dominates at large mA while monoZ dominates at small mA
Sensitivities further improved by stat-combination.

Significant complementarity from H+tb, due to the small dependence on
m, with its signature.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/
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ATLAS 36/fb DM summary paper

m,- tanp scan at sin6=0.35 :
monoZ dominates the sensitivity.
Significant complementarity from H+tb, due to the small dependence on

m, with

Large improvements on high-tanf region from the inclusion of bb-

its signature.
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This study (expected results)

induced signature in monoZ and monoH analyses.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/

m, [GeV]

2000

CATLAS Work In progress 7 3 Fim, »20% ] —E7~+n(bb), 138 fb " = i T ATLAS Work in progre$s —E["*+h(bb), 139 fb "’
T / c :
B SN 3 3 1  exoreotsas N 3 EXOT-2018-46
1800fs = 137ev, 133 e -va{E.\irac S = I . S JE =13TeV, 1391 . )
[P Limits at 95% CL H =—E; +£(I), 139 b 10+ ~ Limits at 85% CL =—E; +Z(ll), 139 b
16001 o Ty= 10 GeV, g BE 1 1 HIGG-2018-26 = ST 4 HIGG-2018-26
C sing = 0.7, fanp =1 ) 0 — Expected )
N LR EM*4Wt, 139 fb EFS*4Wt, 139 fb
1400( RN EXOT-2018-43 2HDM+a, EXOT-2018-43
8 : m -10GEV,g -1 .
1200 B Hitb, 139 fb mx _ 250 eVg Hitb, 139 fb
- _ JHEP 2021 (2021) 145 a = JHEP 2021 (2021) 145
L NS 1 sind = 0.7
1000~ " h(inv), 139 b I Combination
B ATLAS-CONF-2020-052 | E7™+h(bB), ET +2(ll)
800 - ‘
r . 7] =—Er*+h(yy), 139 fo [
600E e et HIGG-2018-16 ' pait
B o m, =600 GeV ] Combination I &
~ Mp miss = _miss 1 i SRR ]
400 J EMinpB), EMeza) N / :
ool i / / S RN
100 200 300 400 500 600 700 800 200 400 600 800 1000 1200
m, [GeV] m, [GeV]

sinf=0.7, my- m, sin6=0.7, my- tanf

New sin@ = 0.7 parameter scans introduced, to further highlight the rich
phenomenology of the model:

Larger region with of any Higgs boson >20% of its mass. Subjected to
additional theoretical uncertainties when sin@ = 0.7.

Interesting interplay of gg- and bb- induced productions, giving the tanf-
dependent structure.

Significant improvements from the statistical combination of monoH(bb) and
monoZ.
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m,, =200 GeV, m,= 600 GeV m,, =350 GeV, m,= 1000 GeV

sin@ scan performed with two benchmark m - my:
e Non-monotonic feature from monoH due to the enhancement of the aah

coupling
* Almost the entire parameter space is excluded from the expectation.
* Large improvements in sensitivity compared to the early Run2 results.



Large parameter space in 2HDM+a model explored. From expected results:
 Complementary constraints reached by overlaying of different signatures.
e Larger sensitivity obtained from the stat-combination of mono-H(bb) and

monoZ analyses.
e Significant improvements comparing to the early Run 2 ATLAS results.

Results to become public soon. Stay tuned for updates!



Thanks




Backup




Early Run 2 results

my [GeV]

Previous results from ATLAS 36/fb

DM summary paper

1800
Limits at 95% CL
1600 — Observed
-- Expected

A L

2HDM+a, Dirac DM
m,=10GeV,g =1
sind = 0.35, tanf = 1
M, =My, =my,

IIII"II:'-IillIIIIIIIIIIIIIIIIIIIII

300

250

100

350
m, [GeV]

—=Em, Z(I)
PLBE 776 (2017) 318

—E?i"“+h(b5)
PRL 119 (2017) 181804

=E™+h(yy)
PRD 96 (2017) 112004

—ET**+Z(q0)
JHEP 10 (2018) 180

=h(inv) s=7,8 Tev4.7,20.3 "
JHEP 11 (2015) 206,

400

>

g
L
e}

DPF 2021 - Zirui Wang

16

""" ATLAS _ﬁep 09 (2017) 088
Vs =13 TeV, 36.1 fb”!
Limits at 95% CL
— Observed —EP=sz(l)
. -- Expected 4 PLB776(2017) 318
% 2HDM+a, Dirac DM
1 m=10GeV,g =1 =E"**.4h(bB)
H :;;9’_"3' 3’5""*'* = 600 GeV PRL 119 (2017) 181804
] W . N
P | =Eranery)
Do tanp=1 PRD 96 (2017) 112004
! ] TETE
""""""""""""" EPJC 78 (2018) 18
/ JHEP 06 (2018) 108
//// / ,//W- =h(inv) fz=7.6 Tevs.7.205 10"
100 150 200 250 300 350 400 450 500 550 JHEP11(2015)206,
m, [GeV]
102 - T T T T T T T ] iss
FATLAS ‘ 2HDM+a, Dirac DM ] E Jc’;'; (2018) 18
s =U13 TeV,gg:. 1CtLb m, =10GeV,g =1 1  JHEP 06 (2018) 108
imits at _ | -
— Observed m, = 200 GeV ET**+bb
m,=m,=m_,=600GeV - EPJCT78(018)18
10 tanp = 50: E:ks'l-bE _E'-Flss'l-h(bE}
tanp = 0.5: E'T“‘“m, it PRL 119 (2017) 181804
tanp = 1: all others -
—ET*+h(yy)
PRD 96 (2017) 112004
1 e N — . e S —EF=+2Z(1l)
PLB 776 (2017) 318
—E7*+Z(q)
JHEP 10 (2018) 180
1 H““‘ih e _ﬂEPOQ(EﬂT}OBS
- 1
10030503 04 05 06 07 08 09

sind


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/

DPF 2021 - Zirui Wang 17

cos(B—a)=0, My =My=-=1TeV tang =1, sinf = 0.35

800 .................... ..................... | 07 1250 ..... ..... _____ 3 ...... — ]
.

0.26

200 400 600 800 100 200 300 400
M, [GeV] M, [GeV]

Figure 4: Left: Values of M, and My allowed by EW precision constraints assuming
cos(f —a) =0, Mg = My+ = 1TeV and four different values of sinf, as indicated by
the contour labels. The parameter space below and to the left of the contours is excluded.
Right: Constraints in the M, — Mg plane following from the BFB requirement. The results
shown correspond to tan /3 = 1, sinf = 0.35 and degenerate heavy spin-0 boson masses
My = My = Mpy+. The region above each contour is excluded for the indicated value of
the quartic coupling As.
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momentum transfer

| MeV 10MeV [00MeV | GeV 10GeV 100GeV [TeV 10TeV

direct indirect LHC
detection detection searches




« 2HDM+S (“HLRS model”) vs 2HDM+a (“CDM model”) SHDM+S X
» Can we show constrains from HLRS & CDM analyses all

a
together in 1 consistent model? ” < X
My = 125 GeV Y
a <
Y

> Plan for this summer: study the acceptance for HLRS analyses
for different parameters of 2HDM+a, in discussion with CDM & 1312.4992

theorists

*Ma<70 GeV excluded due to 100 Uli Haisch
H-invisible & H-width _ o
constraints 3 [Mn-MamMy\-600CeV
= qltanB=l_______ ]
*would need to tune the I
parameters so as to get é 0.1 e e
Ohaa<<1to allow mo<70 GeV = — |
* i.e. just setting mpw>ma is not enough | F |
to make it work for light a’s 107 zlg 40 60 :Slo 106 120 140 :
M, [GeV)
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9 t g W~
Coupling of a with t goes as sinp-> Decay width of H+->aW goes as sinp”2, but it
Xsec goes as sinp”2 competes with the decay H+->tb, which does
: ) N (€¥)? m2 , not depend on sinp -> BR not linear in sinp”2
I'(a— ff) = —% M fBy/qsin’ 6 1 X/2(Mys, My, M)
8m 02 L (HY 5 aW?) = 6 ( ;}Eiw w) sin?6,
 NE|Vipl?(eM)? m2 m? \?
T'(HY =) = s — My (1 - Mﬁl)
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