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Dark mwalbker @ The Motivakion ko ain exbtended
Higqs Se ckor

e DM: one of the biggest open questions in
particle physics and cosmology

e We know that it cannot be described by the SM
of particle physics and it's most probably a new
particle = DM candidate

* Many experiments searching for DM:
* Colliders = no sign

o detection = no sign
o detection = Galactic Center Excess
e was a model initially proposed to explain

the GCE




From dark mabbter to Ehe 2HDMa

e SM Higgs sector is extended by a second Higgs doublet - Two Higgs doublets(2HDM) + a & 2HDMa

e The 2HDMa consists of:

* 6 Higgs bosons
*h : SM Higgs (125 GeV) o
*H : CP even BSM Higgs
* A : CP-odd BSM Higgs

o /1~ : 2 charged BSM Higgses

* a : pseudoscalar mediator a— couples to dark matter

+ QA
G

e fermionic DM particle x— SM singlet

* 2 parameters considered:
* tanf: ratio of vacuum expectation values
* sinB: mixing between A and a

e Alignment limit: cos(pB-a)=0
= h has the same couplings as the SM Higgs



Limikations of 2HDMa benchmarks in Run 2

e 2HDM+a has been one of the main benchmarks used in DM searches at the LHC

e Already largely ruled out

Only Type-II
alignment limit cos(f — a) = 0

2HDM+a, Dirac DM, sin8 = 0.35,tanf =1, m, = 10 GeV, gI =1,my=my=m,,
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* Given these restrictions we don't expect new signatures in current benchmarks

=\What happens if we ?
=Do new signatures appear?

ET*+h(tT), 139 fb
arXiv:2305.12938

ET™*+h(yy), 139 fo

JHEP 10 (2021) 13

— ET™*+Z(q7), 36.1 fb”!

JHEP 10 (2018) 180
ETS4 W, 139 fb”
arXiv:2211.13138

— ET4j, 139 fo”
PRD 103 (2021) 112006

= (TfF, 139 fb™

arXiv:2211.01136

h—invisible, 139 fb™

arxiv:2301.10731

— Combination
ET+h(bb), ET°+Z(Il), tbH"(tb)


https://arxiv.org/pdf/1603.02991.pdf

~irst reskricktion: ka to Lloole ab T%oeml 2HDMa?

Two-Higgs Doublet Model, Type |
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Gfitter, EPJC 78 (2018) 675
A W~ H- e The W mass measurement forces
S
- - = /1, — My OF My — My to be small

e Flavour measurements force my- 2 600 GeV in Type-ll
= |[n Type-ll we cannot have very light Higgses
Y e In Type-l basically no constraint for tan 2 3
= Type-l 2HDMa can accommodate light Higgses


https://arxiv.org/ct?url=https://dx.doi.org/10.1140/epjc/s10052-018-6131-3&v=556256ba

First study of Type-I benchmarks

Old & new 2HDM-+a signatures in type |

my+ = my, Sinf = 0.2
B ‘

600F

500t

Type-l
my = My« F My
 keep alignment limit

lllia et al., 2404.05704] ’

from here

* New signatures in non-degenerate Type-l benchmarks discussed for the first time in 2404.05704
(AHK 24)



http://arxiv.org/pdf/2404.05704
https://indico.cern.ch/event/1462791/contributions/6158685/attachments/2953820/5193990/2HDMakickoffRrun3.pdf

Motivakion for this kalie

e Charged Higgs decays have not been studied
* Questions came up in the LHC DM WG

o\ decays = have been studied

oH decays = have been studied

= decays|= have not been studied X

e

we will show Ehis Eocimj


https://arxiv.org/pdf/1603.02991.pdf
http://cern.ch/lhcdm24

Sﬁro&ﬁgv

1. List all possible production modes involving H* (& identify
2. ldentity parameters needed for each production mode to dominate

3. Construct concrete benchmarks

4.Check constraints from existing data or new searches


https://arxiv.org/pdf/1603.02991.pdf

Technical se

%u,p

* Relative constraints applied
* Type-l Yukawa sector
e Exact alignment limit

e |dentify final states that have the or as a function of

* Variations among benchmarks
e tan [
e sinf

’mA _mHi

 Note here we only test m, > ny-
. but we didn't test it yet


https://arxiv.org/pdf/1603.02991.pdf

Indire

Diagram

UNEXPLORED

UNEXPLORED
v A

Y

4

UNEXPLO
J“
)

>A

5

Wi

Final state

tb + W

cs+ W

WW-Emiss

Benchmark

Few

Several

Only fine tuned

ck charged Higgs production (ma > YWAH+ )

Constraints?

No

H* — tb [2102.10076] requires 5j2b
Stop searches [2401.13430] use too high Etmiss

No
H* — cs [2407.10096] requires at least 1 b-jet

chargino pair production gives constraints
[1908.08215]
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https://arxiv.org/pdf/1603.02991.pdf
https://arxiv.org/pdf/2401.13430
https://arxiv.org/pdf/2407.10096
https://arxiv.org/pdf/1908.08215

Indirect charged Higgs production (ma > YWAH+ )

Diagram Final state Benchmark Constraints?

B - Maybe stop searches
bb + WW Very f'he tur.wed. [2401.13430] but
In tension with p probably too high Ermiss
Closest to bbWW
cascade search
1312.1956 but with BSM
H
Very fine tuned.
1 | . ith Resonant 4-top
tt+ WW n tension with p 2303.15061]



https://arxiv.org/pdf/2401.13430
https://arxiv.org/pdf/1312.1956
https://arxiv.org/pdf/2303.15061

charged Higqs Frodu&mm (wia > vaps)

Diagram

Final state

(tb)tb

(tb)cs

Benchmark

Many

Many

Constraints?

Yes
2102.10076

Yes
2407.10096
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https://arxiv.org/pdf/2102.10076
https://arxiv.org/pdf/2407.10096

charged Higqs Frodu&mm (wia > ways)

Diagram Final state Benchmark Constraints?

a” except No dedicated search
: but possible
sitn@ = (

constraints through
stop 1L [2012.03799]

(th) W~ Emiss

No dedicated search.
: stop+Z in GMSB?
(tb)WZ+E;™ Several 1403.5222
VLT probably too
high E1miss and large-
R jets,



https://arxiv.org/pdf/2012.03799
https://arxiv.org/pdf/1403.5222

Diagram

UNEXPLORED

charged Higqs Frodu&mm (wia > ways)

Final state

(th)W + bb

(tb)W + tt

Benchmark

Several

A few

Constraints?

No

Same final state as

H* — tb but different
topology. Would need
dedicated NN.

NB: CMS has this
search with H — 77

2207.01046

Resonant 4-top
[2303.15061]
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https://arxiv.org/abs/2207.01046
https://arxiv.org/pdf/2303.15061

Benchmarles

ma-mu. [GeV] tanp sin®
BO 0 10 0
BO1 0 3 0
B1 0 10 0.05
B2 0 3 0.05
B3 0 10 0.2
B4 0 3 0.2
B5 100 10 0.05
B6 100 3 0.05
B7 100 10 0.2
B8 100 3 0.2
ma-mu. [GeV] tanp sin® ma
B101 180 5 0.2 100
B102 184 5 0.1 300
MHu+ - Mu[GeV] tanf3 sin@ ma
B103 86 30 0.05 300
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https://arxiv.org/pdf/1603.02991.pdf

How Fo read bhe F.'i.c:)% 5

my = my= + 100, sind = 0.20, tan 8= 10
1000 —

h + ET,miss

- J+ ETmiss

T bb + ET miss

B /£ + E7 miss
bb +Z

B /7 + E7 miss

300

In the orange
region j + EMSS js <4 —
the process with

~M& Black region: not
400 600 300 1000 COmpatible with
constraints on p

Inside of broken lines:
relative widths > 30%

e Caution: colours might change between benchmarks (look at the legends)
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https://arxiv.org/pdf/1603.02991.pdf

Indirect
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Hbb+Z

B Z + B miss

B 77 + ET,miss
B+ 7
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1000

my= = my, sinf =0, tan =3 — my= = my, sinf = 0.05, tan 8= 10

800

200
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mpg [GCV]

400

200

h+ ET,miss
800f ' ¥
u ] + ET,miss
u bE + ET ,miss
% 600 B Z + E7 miss
©) Wbb+Z
§ u Z_Z - ET,miss
400 Hia+7Z
200
200 400 600 800 1000 200 400 600 800
my [GeV] my [GeV]
1000
Ijh"‘ET,miss Okt Evo:
U ] ! ET,miss o T,miss
W bb + ET,miss ‘ 00 B j+ E7 miss
B Z + ETmiss . .
- | H bb + ET,miss
2 — 0 bb+7Z
B ZZ + Ermiss B ' % 600f & 2+ £/,
- ‘ g B 77 + E7 miss
* m s
S
400
200
200 400 600 800 1000 200 400 600 800
my [GeV] m, [GeV]

generic benchmaries

* benchmarks with 1 mass
splitting
® 2 new signatures :
e A — bb
e A>H/Z > tt+ 7

1000

1000 A 3 %XIL
& 7

17



1000
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my = my+ + 100, sind = 0.05, tan 8= 10

200 400 600 800 1000

my [GCV]

1000

800

my = my= + 100, sinf = 0.05, tan 8 =3

h+E T,miss

Ot
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Wi+ 7
Hcs+ W
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1000

800
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* benchmarks with 2 mass splittings (m, — my= # 0)

* Notice that 2 new signatures that appear

e A > HZ

%
-
$

-

—> tt+ 7
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H .
% j
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$

% Hi //
k 4 -— e - g b
A Lllbli
Wi

my = my= + 100, sinf = 0.20, tan =10

h + ET,miss

S J + E7miss
5 bb + ET miss
B 7+ Ermiss
bbb+ Z

B 77 + E7 miss

my = my= + 100, sind = 0.20, tan 8 =3

h + ET,miss

Ot

B J + ET,miss
5 bb + ET miss
O bb+Z

B Z + Ermiss
B 77 + Ermiss

200 400 600 800 1000
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https://arxiv.org/pdf/1603.02991.pdf

gmc;) Auckion- gener Lo benechmarkes

my= = my, sind = 0.05, tan S =10

my+= = my, sinf = 0.05, tan 8 =3

my= = my, sinf = 0.20, tan 8 =10

_ - . =my, sind = 0, tan = 3
. Mmpy+ = n/llAa Sll’l’gé _rO, tan ,8 : 10 1000 megy ’:nA) S1n o , lan ﬁ i 1000 . "' 1000 i ." 1000 _'— 5 7 —
e cs ;‘:] - o _ W + E7 miss
th ’ tB "' | " + LT miss "o th ) * - _ tB
800 m W+ 800F mw+6p [ oo =% 800y | ®W+bb J 8001 1w w+pp
W+ Wt | | |mWrob U B | WZ + E7 miss
," :" | WZ + ET,miss WZ + Er miss | . | 7
X g > > W+ 17 > mW 417 > i ;
600 . ; 600+ : 1 600F 600f - 600 -
2o [ Bol (- L Rodd f o Lo B o o igali | RS
m II "l "l m "l ] "l
E :" § . § L . S . . § I /'
400t 400F w 400F 400t .- w 400}
200 : 200f j 200f Zo 200f 200" :
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
m, [GeV] m. [GeV] m4 [GeV] my [GeV] o eV 0 ¢ B=3
: 2 e _ my = my+ + ,sinf = 0.20, tan B =
w__ | @ - my = my- + 100, sin = 0.05, tan 8= 10 my = my= + 100, sind = 0.05, tan = 3 my = mg= + 100, s = 0.20, tan 5 = 10 1000
1000 il & 'sm'Q _ (.)"2,0’.ta{1 '{3 i 1000 m— . 1000 1000 .
C3 ot cs cs cs cs
W + ET,miss 'o" 1 W+ ET,miss tB W + ET,miss \if + ET,miss
2001 | th o 1 300 w th 800 oW + bb 800 @ th 800 - 5
m W+ bb ] oW + bb D“']"'ET,miss =W + bb 5 W+ bb
WZ + ET,miss WZ + ET,miss WZ + ET,miss WZ + ET,miSS WZ + ET,miss
2 600} | % co0 M Wi 600 S = W + i 600 600
¥ S C 3
I ": 2
S . S
400¢ '.' 400 400 400 400
200 400 600 800 1000 200 400 600 200 1000 200 400 600 300 1000 200 400 600 300 1000 200 400 600 800 1000
0 [[CE my [GeV] my [GeV] my [GeV] )OSV ]

* All processes are new with respect to 2404.05/704
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https://arxiv.org/pdf/1603.02991.pdf
http://arxiv.org/pdf/2404.05704

[arer HFE,M ol skabes L ﬂfﬁ,m ¢ Funed b echmaries

A d@.&&:js R101

my = my= + 180 GeV, sinf = 0.20,tan 8 =5
700

B/ + E7 s
0 bb + E7 miss

J + ET,miss
B Z + E7miss
S00d bb +Z
B 77 + E7miss
B WW + E7 miss

600

400

mgyg [GGV]

300
200

100f

100 200 300 400 500 600 700
myy [GGV]

* Designed to make

WW + Er ., dominant

LSS

my = my= — 128 GeV, sinf = 0.05, tan 8 = 30

A cl@.&&js Rl103

W bbb+ WW

1000 ——mm——————m———————— 1000
| ; Zb:WVZVW Without p constraints ——’ — With p constraints
300} - 200
> 600F > 600
O QO
< | <
Ay , . Y
= 400} {5 400
200! 200
200 400 600 800 1000 200 400 600
my [GeV] my [GeV]

e Designed to make hb + WW &
e But notice that

* both incompatible with p constraints

3800

my =19+ WWw: GeV, sinf = 0.05, tan 8 = 30

1000
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Conclusion and Nexk

o Study H - H*HY
e Study benchmarks where 11, < ;-
e Study experimental constraints

* \We have studied a large class of benchmarks in the 2HDMa model
* New unexplored signatures involving charged Higgses appear in Type-l 2HDMa

e Benchmarks should be studied at Run 3 & Run 4

Thanlk Yyou, for Yyour attention
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https://indico.cern.ch/event/1340162/contributions/5890513/attachments/2856681/4996640/2024_LHCDMWG_JMNo_Final.pdf

Backup




R0 &% B21 (ma < s )

mpg [GGV]

1000

600

200

ma-mu. [GeV] tanf3 sin@ ma
B20 -81 5 0.2 100
B21 -90 30 0.05 100

H+ decajs - BRO

my: = my, SiInd =0.20,tan 8 =5

W + ET,miSS

O th
800 o Wh + ET,miSS
0 W+t

300

1000

H+ ciecavs - B21

my+ = my, sing = 0.05, tan 8 = 30

1000

W + ET,miSS

oW + bb
800 O WZ + ET,miSS
@ Wh + ET,miss

200

200 400 600 300 1000
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Charqe

Diagram Final state
%% n ng
P, th + W
e
W
% B i»!j,
pem cs + W
n
e
5 — Rl =
)“‘“““ ““; H‘W WW—|— ET
-}
e

Proportional to

cos’ &
tan?

ny

cos’ @
tan?

ny

tan

d Higqs from A production

Needs

My A My + 30 GeV

My > 180 GeV
very |OW tanﬂ

A > e 0 GeV

My < 180 GeV
very low tanﬁ

my > my-+ 80 GeV
My > 180 GeV
low tan S

Benchmark

B5, B9

BS’ Bél B9

B101

generally
fine tuned

Constraints?

No
H* — tb
[2102.10076]
requires 5j2b
StOp searches
[2401.13430] use
too high Etmiss

No
Hi — CS
[2407.10096]

requires at least 1
b-jet

Maybe
chargino pair
prodUC‘l‘.ion
gives
constraints

[1908.08215]
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https://arxiv.org/pdf/1603.02991.pdf
https://arxiv.org/pdf/2401.13430
https://arxiv.org/pdf/2407.10096
https://arxiv.org/pdf/1908.08215

Charged Higqs from A Prac&u&mm

Diagram

4 ?ﬁf

B

UNEXPLORED

)N
{ Sw
.
b
W

&

Final state

bb + WW

tit+ WW

Proportional to

cos® 6

tan? fj

cos® 6

tan? f3

Needs

My > M+ + 30 GeV
M+ > Mgy 30 GeV

my < 350 GeV
low sin &

very low tan f

my > my= + 30 GeV
My > my + 380 GeV
my > 350 GeV

low sin 6

very low tan f

Benchmark Constraints?

B1 02, B103 Maybe stop searches

. [2401.13430] but
Very flne tuned. probably too high Etmiss
Closest to bbWW
cascade search
1312.1956 but with BSM
H

In tension with p

B103

Very fine tuned. Resonant 4-top
[2303.15061]

In tension with p
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https://arxiv.org/pdf/2401.13430
https://arxiv.org/pdf/1312.1956
https://arxiv.org/pdf/2303.15061

charged Higqs Frodu&mm (wia > ways)

Diagram

Final state

Proportional to

tan? f3

tan?

Needs

my: > 180 GeV
very low tan f

my: < 180 GeV
very low tan f

Benchmark

Constraints?

B1-B4
B8,B2,B10

B1-B4
B5,B6,B7

Yes
2102.10076

Yes
2407.10096
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https://arxiv.org/pdf/2102.10076
https://arxiv.org/pdf/2407.10096

charged Higqs ch&u&mm (wia > ways)

Diagram

UNEXPLORED t

&
G/

“ W=

“
56
r——-

Final state

Proportional to

(th) W+ Eiss

(th)WZ+ERsS

sin‘ @ cos*0

J tan ftan 2/

sin @ cos @

ny

tan

sin @ cos @
tan f

ny

Needs

M+ > My + 30 GeV,
my; > 200 GeV and

low tan f

my: > 180 GeV
low tan f

M+ > My + 80 GeV

my > 190 GeV
low tan f

Benchmark

all except
sin@ =0

Mostly
B1-B4

Constraints?

No dedicated search
but possible

constraints through
stop 1L [2012.03799]

No dedicated search.
stop+Z in GMSB?
1403.5222

VLT probably too
high Etmiss and large-
R jets,
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https://arxiv.org/pdf/2012.03799
https://arxiv.org/pdf/1403.5222

charged Higqs Frodu&mm (wia > ways)

Diagram

UNEXPLORED

Final state

(th)W + bb

(tb)W + tt

Proportional to

1

tan?

tan? f3

Needs

mHi > mH + 80 GeV,

my < 350 GeV and
low tan f

mHi > mH + 80 GeV,

my > 350 GeV and
low tan f

Benchmark

B1-B5

B1-B3

Constraints?

No

Same final state as

H* — tb but different
topology. Would need
dedicated NN.

NB: CMS has this

search with H — 77
2207.01046

Resonant 4-top
[2303.15061]
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https://arxiv.org/abs/2207.01046
https://arxiv.org/pdf/2303.15061

From dark makter to Ehe 2HDMa

e tanf: it tells us how the electroweak symmetry breaking is shared between the two Higgs doublets
*sin@: controls the mixing between the visible Higgs sector and the dark mediator

- The 2HDM+a introduces a new pseudoscalar singlet field P

1
Vp=5mpP?+ P (iprjHQ +h.c.) + P2 (Apy H] Hy + Apy H} Hy )

- The ordinary 2HDM already contains a CP-odd Higgs A,

mThese two CP-odd states mix

Vig = pHIHy 4 pn HIF + (H3HIH2 + h.c.) + A (HIHY)? + 2o (HYH)?

+ Xy (HHy) (HJHp) + M (HHy) (HJH:) + | s (H]Ha)? + hic. | .
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* W mass measurement forces the mass splittings of A — H* or H — H™ to be small
due to loop correction
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