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Introduction Kl

BSM Models often involve extended Higgs sector :

e U(1)g—r, Some DM models : SM Higgs + Scalar singlet
@ MSSM : SM Higgs + Scalar doublet (2HDM)
@ LR model, type-Il seesaw : SM Higgs + Scalar triplet
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Introduction Kl

BSM Models often involve extended Higgs sector :

e U(1)g—r, Some DM models : SM Higgs + Scalar singlet
@ MSSM : SM Higgs + Scalar doublet (2HDM)
@ LR model, type-Il seesaw : SM Higgs + Scalar triplet

Motivations for 2HDM:
o Explaining baryon asymmetry of the Universe
o PQ symmetry
@ Radiative neutrino mass generation, Dark matter etc.

@ Muon anomalous magnetic moment.

Type-X 2HDM

@ Can explain Muon g — 2 with a light pseudoscalar & large tan 3

o | will discuss some of the phenomenological aspects of a light pseudoscalar
in Type-X 2HDM.
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The Model : 2HDM Type X
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The 2HDM scalar potential

The scalar potential
Varpm = madidr + mhoid, — [mfzqﬁ% n h.c.]
1 > 1 2
+5M (¢I¢1) +5% (¢§¢2) s (cb{cbl) (¢;¢2)

o (®]02) (D)) + %m{ (¢1¢2)2 + (¢§¢1)2}

@ The doublets contain 4 real fields each = 8 total fields.
+
q)i - ( v; ¢ir . i)
& T o Fig;

o After SSB we have 5 physical scalar fields : HT h, H, A.
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The scalars of 2HDM Kl

Masses of the scalars and quartic couplings
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Yukawa Sector Kl

Since we have two doublets the general Yukawa structure will be :

L = yj iy &1 + yihi ¥ &2
1 v, 2 v

)’fjﬁ }/U\/i

In general both y} and yj will not be simultaneously diagonalizable which leads
to couplings like (d s ¢). FCNC

f
=>m; =

o Experimental limit on FCNC scalar mass ~ 10 TeV.
@ So we demand : No tree level FCNC.

Paschos-Glashow-Weinberg Theorem

A necessary and sufficient condition for the absence of FCNC at tree level is that all fermions of a given charge and
helicity transform according to the same irreducible representation of SU(2), correspond to the same eigenvalue of
T3 and that a basis exists in which they receive their contributions in the mass matrix from a single source.

or

RH fields with same quantum number should couple to only one type of Higgs.
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Paschos-Glashow-Weinberg Theorem
RH fields with same quantum number should couple to only one type of Higgs.

o, (U o, (U u u
d | d | d | d |
Type I Type 11 Type X Type Y
(Lepton specific) (Flipped)
MSSM e.g. Radiative seesaw
Model ul, dly e
Type I (I)Q @2 (I)Q
Type 11 P, P, P,
Lepton-specific | ®q D, d,
Flipped 028 P, 028
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2HDM X : Yukawa structure Ki

Ly = —Y'Q®rug + YIQ,®odr + Y/ drer + h.c.
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2HDM X : Yukawa structure Ki

Ly = —Y"QPour + Y!Q®2dr + Y/ drer + h.c.

After symmetry breaking in terms of physical scalars the Yukawa couplings are

sical m — — -
ey = = DT T (chPhf + € HE — ighroAf )

f=u,d,l

{ \/>Vud,

( uEaPL + mdﬁAPR) td

fm/

EwiH g + hec. }

d L d £ d £
& | & ho | Ch| | Sh | G €A €a
Ca & —Sa Sa Sa Ca

— | cot | —cotf | tanf
S8 S8 (% SB S8 s

Table: The multiplicative factors of Yukawa interactions
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2HDM X : Gauge interactions Kl

o Gauge-Higgs sector :
gy = sin(B — a)ghvy, g = cos(B — a)giwv, gaw =0,

where V = Z, W,

@ Relevant vertices
hAZ, : g2—z cos(B —a)(p+p )., HAZ,: —% sin(8 —a)(p+p' )y,
H AW, (o + ),

where p, (p;,) : outgoing four-momenta of the first (second) scalars.
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Interesting parameter space in 2HDM-X : Muon (g — 2) and
other constraints
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2HDM-X : Muon (g — 2) and other constraints Kl

o Muon g — 2
o Higgs signal strength

Bs — ptp~ or Bs — Xy

o EWPD

@ Lepton universality
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2HDM-X : Muon (g — 2) and other constraints Kl

o aj;*P = (11659209.1 £ 6.3) x 10710

ZQED had, VP had,LbL
Eth 2 +aE\\+aﬁV+a;n,)

{(11658471.9 + 0.007) + (15.36 = 0.1)} x 101°
{(684.68 4 2.42) + (9.8 +-2.6)} x 10710
Aay = (27.06 £7.26) x 10710 Ref: 1802.02995

@ a

o Muon g — 2

o Higgs signal strength

DHMZ10 ——
(] Bs — ,U+M_ or Bs — Xs’y Jsi1 R S S

HLMNT11 e

FJ17 e
o EWPD

DHMZ17 ———

KNT18 [
@ Lepton universality oL . .

3.7
BNL (x4 accuracy) 7.00 T
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2HDM-X : Muon (g — 2) and other constraints Kl

Muon g — 2 in 2HDM

@ Muon g — 2

o Higgs signal strength

Bs — ptu” or Bs — Xy

EWPD
° @ lloop: contribution from h, H are positive and A

contributes negatively.
o . .
Lepton universality @ my < 5 GeV to explain experimental data.

@ Barr-Zee 2-Loop contribution with 7 loop and low
ma comes to rescue.
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imagine the impossible

2HDM-X : Muon (g — 2) and other constraints KI-'S g~

tan 8 — my Plane

@ Muon g —2
@ Higgs signal strength @

§
e B; — ptp™ or B — Xsv
e EWPD

20
@ Lepton universality 20 40m (GeV] o0 8
A

JHEP 11 (2014) 058, JHEP 05 (2015) 039, JHEP 07 (2015) 064,
JHEP 11 (2015) 099, JHEP 02 (2016) 097, JHEP 01 (2017) 007

and many more
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the impossible

2HDM-X : Muon (g — 2) and other constraints KIES e

Two-Higgs Doublst Model, lepton spscific
- e
68% and 85% CL allowed region:

tan B

e Muon g —2 30

Higgs signal strength

o

0403 02 01 0 01 02 03 04
cos(fi - a)

@ Bs — utp™ or B — Xsvy s

s
Y
o
o
Y
o
B
o
@
]
@
N ITTT

cos(B - a)

e EWPD

) ) GFitter : 1803.01853
@ Lepton universality
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2HDM-X : Muon (g — 2) and other constraints

Two-Higgs Doublst Model, lepton spscific
- e
68% and 85% CL allowed ragions

tan B

e Muon g —2 30

Higgs signal strength

o

0403 02 01 0 01 02 03 04
cos(fi - a)

Bs — ;ﬁ;f or Bs — Xsy s

-0.2 ] 0.2 04 0.6 0.8

=

e EWPD

) ) GFitter : 1803.01853
@ Lepton universality

Wrong Sign Limit
he¢ coupling : %Sa ~ sin(8 — a) — tan S cos( — «)
B

So, when tan 3 cos(8 — «) ~ 2 Higgs coupling to
leptons flip sign.
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2HDM-X : Muon (g — 2) and other constraints Kl

i
e Muon g —2

o Higgs signal strength

m m

P =Py (XD
t

_ For type X : ~'1
e Bs »putp~ or tp P 5
B. — X, m, For type Il : (tan j3)
y ¢ — P, +mytgPg (I1,Y)

tg

o EWPD
@ 2HDM-Il: b — sy :my+ > 580GeV. BELLE, 1608.02344

@ Lepton universality @ BR(Bs — pp) = (3.0 £0.67%3) x 107° LHCb, 1703.05747

@ Limit on type-Il 2HDM : tan 8 < 7 for ma < 70 GeV
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the impossible

2HDM-X : Muon (g — 2) and other constraints Kles B

b [
H A
- = -
5 »

e Muon g —2

o Higgs signal strength

Two-Higgs Doublet Model, lepton specific

o 4 R R L R

c 3

ol 95% CL excluded regions b

— a5 3

® B — ptpu~ or e - Xy E

B, — Xsy 3 [ E
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25 -

o EWPD b SN E

. . 15 -

@ Lepton universality . =
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2HDM-X : Allowed parameter space

@ Muon g —2

o Higgs signal strength

o B; — ptp™ or Bs — Xsvy
e EWPD

@ Lepton universality
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the impossible

Kills=

M+ =200GeV]

B-a=05r
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@ M+ should be very close to either My or Ma.

Osaka University, Osaka
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2HDM-X : Muon (g — 2) and other constraints Kl
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Muon g — 2

Higgs signal strength

Bs — ,uﬂf or Bs — Xsy
EWPD

Lepton universality

(V) ~__0 T(vr)

o’(H™)

Limits coming from :
rr — pvv) rr—ewv)

. etc
rr—ew) MNu— evv)

Osaka University, Osaka Light Pseudoscalar Phenomenology in 2HDM - X



2HDM-X : Muon (g — 2) and other constraints Kl

@ Muon g —2 Z Decay
. . // i'j r—q—
@ Higgs signal strength P e 1
oA i | H,AHE
N 1
@ Bs — ptp™ or Bs = Xsy . S "
e EWPD

o Lepton universality
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agine the impossible

2HDM-X : Muon (g — 2) and other constraints KI-'S g~

e Muon g —2

o Higgs signal strength

e EWPD

Lepton universality
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Bs — ptp~ or Bs — X5y

Osaka University, Osaka

tang

Allowed space

Blue :  Decay
Red : Z decay

Solid : My=M,=200 GeV/
Dashed: My=M,=400 GeV/

20 40 60 80
my [GeV]
Z Phys. C 51 (1991) 695
JHEP 1507 (2015) 064
JHEP 07 (2016) 110
o = = = =
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2HDMX at LHC
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LHC phenomenology of 2HDM-X Kl

@ No direct production of the new scalars since the coupling to quarks are
suppressed.

@ All the signals will be tau rich.

o Different multi tau signal has been studied

pp — WE S HEH/A = (7Eu) ()
pp — Z/y—=HA—= (w7 )= 1)
pp — Z/y—=HH = (tTv)(r v)

S.Kanemura et.al. (1111.6089), E.J.Chun et.al. (1507.08067)

@ However, it is not possible to reconstruct the masses of the scalars from
tau only final states.

@ Also for light A only tau-rich final state is hard to trigger.

@ We proposed to look for 2HDM-X signal at the LHC and reconstruct the
light pseudoscalar in 2u27 final state.

@ Also we have shown how to reconstruct the heavy charged/neutral scalars.

Chun,Dwivedi, TM,Mukhopadhyaya PLB 774 (2017)
Chun,Dwivedi, TM,Mukhopadhyaya,Rai PRD 98 (2018)_7
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Production of light pseudoscalar at the LHC Ki

@ We can produce a pair of pseudoscalars from Higgs decay.

@ Since coupling of A to leptons is proportional to mass of the leptons, A
will predominantly decay to a pair of taus leading to 47 signal.

As argued, we can’t reconstruct mass of A from this final state.

@ However a very small portion of A decays to muons with
BR(A — pp) ~ 0.35%

@ This channel can be used to estimate mass of the pseudoscalar.
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Signal of a light A : An analysis for the LHC Kl

| Parameters | Ma (GeV) | tanB | cos(B —a) [ Anaa/v |
BP1 50 60 0.03 0.02
BP2 60 60 0.03 0.03

pp—=h—=AA—= w77 = utu jrj. + MET
o~ 0.021 pb
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Signal of a light A : An analysis for the LHC

| Parameters | Ma (GeV) | tanB | cos(B —a) [ Anaa/v |
BP1 50 60 0.03 0.02
BP2 60 60 0.03 0.03

pp—=h—=AA—= w77 = utu jrj. + MET
o~ 0.021 pb
Backgrounds:

e pp— utu~ + jets o ~ 2100 pb
o pp— W +jets(V=2,W,y") 0 ~ 6.2 pb

e pp — tt + jets. o ~ 0.03 pb
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Collider signature of light A Kl

@ We have a light A (mass < 60 GeV) decaying to two tau which further
decays hadronically.

o If minimum pr for the tau tagged jets is close to Ma/2 then the neutrinos
can not take large amount of tau momentum.

@ In that case invariant mass of tau-jets will peak at parent mass(!!)
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Collider signature of light A Kl

@ We have a light A (mass < 60 GeV) decaying to two tau which further
decays hadronically.

o If minimum pr for the tau tagged jets is close to Ma/2 then the neutrinos
can not take large amount of tau momentum.

@ In that case invariant mass of tau-jets will peak at parent mass(!!)

M. M, =60 GeV

F 3 0.1: T T T T T
r ] L Py(j) > 20 GeV| ]
0.1~ - 01— Pij) > 25 GeV g
= 008 b ~ 0081 ]
b= r ] e 1
= [ ]
B 008 4 3 L b
8 %% E 8 006 B
8] [ ] ° [ ]
S o004 B ~ o0.04f B
0.02] { 0.02f 7
C L L = C L L L L =]

920 30 40 50 60 70 80 90 962030 40 50 60 70 80 90
M, (GeV) M, (GeV)

Chun,Dwivedi, TM,Mukhopadhyaya PLB 774 (2017)
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Collider signature of light A KI'A'S g

The same argument holds if we construct invariant mass using 2y and 2
T-tagged jet.

M,, 2 MA =50 GeV My, 500 MA =60 GeV

- E o 0.08 4

%& 3 S F i
| k=]

3 E 2 0.06- 4

3 E 3 r ]

L E L r 1

S 3 S 004 —

3 0.02f- E

E I I I I L E| C L L L I J

80" 790 100 110 120 130 140 150 160 %090 100 110 120 130 140 150 160
Mz (GeV) My, (GeV)

Chun,Dwivedi, TM,Mukhopadhyaya PLB 774 (2017)
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Simulation cuts Kl

Signal contains 2 isolated muons and 2 tau-tagged jets.
Preselection:

> pr(p) > 10 GeV and || < 2.5.
> pr(jr) > 20/25 GeV |n(jr)| < 2.5.

@ The invariant mass of the di-muon system (M,,,,) satisfies the window:
|MHH — MA| < 7.5 GeV.

@ The invariant mass of the two tau-tagged jets (M, j, ) satisfies:
» for pr(jr) > 20 GeV : (Ma —20) < M;_; < (Ma+ 10) GeV

i
> for pr(jr) > 25 GeV : |M;_;j — Ma| < 15 GeV.

rir

@ The invariant mass of two muons and two taujets (M), )lies within the
range :
> for pr(jr) > 20 GeV : (M —20) < Myp; < (Mj + 10) GeV.
> for pT(_jq—) > 25 GeV : |M2H2jr — Mh‘ < 15 GeV.

@ Asymmetric cuts for low pr since the distribution peaks at lower value.
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Result Kl

Significance = S = 42 {(5 + B)ln (1 i g) B S}

1 1
Ma= 50 GeV v Ma = 60 Gev
— Prli>20GeV| BR(hAN) 3% 8 - °
8 i ev| BR(h>AA)=1.5%
— pr(j)>25 GeV| o
3 o
]
5 6 g 9
2 £
c 5 4
24 3
2 2
0 0
1 10 107 10° 1 10 10° 10°
Luminosity (fb) Luminosity(fb)

o Large pr(j) results in better invariant mass peaks but provides fewer
number of events which decreases the discovery prospect

o At 3 ab™! it is possible to rule out BR(h — aa) < 1%.

Chun,Dwivedi, TM,Mukhopadhyaya PLB 774 (2017)
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CMS limit

x10° 35.9fb" (13 TeV)
’;; T T T T T T T T
%_ 0.8 -CMS —— Observed E
T o7k —— Median expected ]
« O
% o Combined [ 68% expected
s ’ ] 95% expected
b.:|b%0.5 - B
g 0.4F A BR(h -> AA = 10%)-
E
—
(@]
°\° BR(A->"AA="5¢
8 0.1
0 T T T T T TV TUU TO
15 20 25 30 35 40 45 50 55 6
m, (GeV)
Tanmoy Mondal, KIAS, Seoul Osaka University, Osaka

JHEP 11 (2018) 018
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Collider searches for H and H*
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the impossible

Branching fraction of H* KIES e
There are two possible decay modes for the charged Higgs
2
r Hﬂ: W:EA ~ my+ (mHj: )
( - ) 167 v

2
FH* = 770) ~ M (7ﬁm7 tan B)
167 v

WA channel dominates when my+ > v/2m, tan 3

1.0
~ 08Ff
<
" 06
30
S
N
I e T M, =40 GeV ;tang =45
[ ,/' ————— M, =50 GeV ;tanf =50
@ ozf,s ——— M, =60 GeV;tan§ =
R A= eV ;tang =50
0.0

160 180 200 220 240 260 280 300
My +(GeV)
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Branching fraction of H*

There are two possible decay modes for the charged Higgs

MHE = w*a) ~ THt ("’”i)2

167 v
2
my= (V2m
F(H* = 7v,) ~ —H T tan 3
167 v
WA channel dominates when my+ > v/2m, tan 3
1.0
—~ 08f
<
N
s 06f
T
* o4l
T TV s M, =40 GeV ;tang =45
E s mmm— M, =50 GeV ;tang =50
0 o2},
e ——— M, =60 GeV ;tang =50
0.0

160 180 200 220 240 260 280 300
My +(GeV)

Same is true for neutral heavy Higgs and BR(H — ZA) is substantial.
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Collider searches for H and H* Kl

o EWPD forces the heavy scalars to be almost degenerate.

@ Signal at LHC

pp— (HHA= (WEA) A= (jj2u) 27
@ Added contribution from heavy Higgs H
pp— (H)A— (ZA) A= (jj2p) 27
@ Signal : 2 light jets, 2 muon and at least one 7 tagged jet

@ Benchmark the signal for ma = 40,50 and 60 GeV. For each,
my+ and my lies in 150 — 300 GeV.

@ Invariant mass distribution of jj 2u system will peak at the parent particle
mass.
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Collider searches for H and H* Kl

e Signal : 2j+2u+2>1j;
@ Dominant Backgrounds :
> pp— ptp~ 4 jets
> pp — tt+ jets
o Preselection Cuts (a) : Two oppositely charged muons with pr > 10 GeV
accompanied with two light jets and at least one tau-tagged jet of

pr > 20 GeV.

@ Preselection Cuts (b) : b-veto on the final state to suppress the tt + jets
and tW + jets background.

@ The invariant mass of the di-muon system (M,,,,) satisfies
My, — Ma| < 2.5 GeV.

@ Other cuts from kinematic distributions.
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Collider searches for H and H*

Kinematic distributions - |

The 2p system is originates from a light A which in
turn comes form heavy H/Hi decay. Expected to be

boosted.
0.3 f ‘ ‘ ‘ Signal‘
2p+jets -----
1 tt+jets - -
& i
go021 11 ]
P ! 1
- N
2 | o _
=01 p1 e 1
IR
0 . LT e T
50 100 150 200 250
pr(w u) GeV

Tanmoy Mondal, KIAS, Seoul Osaka University, Osaka
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Collider searches for H and H*

Kinematic distributions - |

The 2p system is originates from a light A which in

turn comes form heavy H/Hi decay. Expected to be

(1/N) dN/dpy

Tanmoy Mondal, KIAS, Seoul

0.3

0.1

boosted.

[ ‘ ‘ ‘ Signal‘
2p+jets -----
1 tt+jets - -
Lo |
[
0
1 1
1 1
S
Ly T 1
! 1
- 1
50 100 150 200 250
pr(w u) GeV

Osaka University, Osaka

KI:'S

Kinematic distributions - |l

Azimuthal separation between the pu & the 7-jet.

The HE and A are expected to be almost

0.2

back-to-back.

‘ Signél ‘ ‘ ‘ ‘
2u+jets - ---
L tt+jets — =~ 1
L e
T L. .
0 0.5 1 1.5 2 25 3
Ap(2u,7)
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Mass of the Heavy Scalar

100 | Signal 1
S w—w__[™7==_ i~ = Background - ---
2 i (.

o 1 o
Q 1
J 1
Q 1
5 1
@
w
®
g 2
©
Y
5
® 0
150 200 250 300 350 400
M

MM

S @3000 fb ~*

3.5
3
2.5
........ M 4 =40 GeV ;tang =45
] “g— M, =50 GeV ;tanf =50
—— M, =60GeV ;tang =50

180 200 220 240

My = M, +(GeV)

260

o Low M+ : Significance decreases as not enough branching to W* A.

@ Also low boost for the py system.

o High My« :

Tanmoy Mondal, KIAS, Seoul

Low production cross-section.

Osaka University, Osaka
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CMS reported 2u27 search in 2018 KIES e

BR(h > AA = 5%

x10° 35.9 fb' (13 TeV)
q osf —e— Observed 1
3 “%rCMS
(1; 07k —— Median expected ]
b Os_Combined [ 68% expected |
= [ 95% expected
b;|b(550.5- E
5 04f 2 A BR(h -> AA = 10%)]
E o3
—
O o2
2
w0
[}

15 20 25 30 35 40 45 50 55 60
M, (GeV)  juep 11 (2018) 018

-1
2 e 2 2 ¥l 2
Apaa = - [2mA +E&pmpy — (oo + £h55_a)mH]
@ X\paa can be very small in Wrong Sign limit due to cancellation when my > my,/mg.

@ Can not restrict the light A — large tan 3 scenario.

Q. Can we explore light pseudiscalar without any additional information ?
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CMS reported 2127 search in 2018 KIESW

BR(h > AA = 5%

x10° 35.9 fb' (13 TeV)
q osf —e— Observed 1
3 “%rCMS
(1; 07k —— Median expected ]
b Os_Combined [ 68% expected |
= [ 95% expected
b;|b(550.5- E
5 04f 2 A BR(h -> AA = 10%)]
E o3
—
O o2
2
w0
[}

15 20 25 30 35 40 45 50 55 60
M, (GeV)  juep 11 (2018) 018

-1
2 e 2 2 ¥l 2
Apaa = - [2mA +E&pmpy — (oo + £h55_a)mH]
@ X\paa can be very small in Wrong Sign limit due to cancellation when my > my,/mg.

@ Can not restrict the light A — large tan 3 scenario.

Q. Can we explore light pseudiscalar without any additional information ?

e A ILC
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Searches for light A in 2HDMX at ILC250 Kl

@ The channel Z — hi25A is not possible since the relevant coupling is
proportional to cos(8 — ).

@ At ILC250 Z — HA may not be feasible when H is heavier than 200 GeV.

o Possible search option : Z — 77 — 77A — 47. So called Yukawa
production.

Tanmoy Mondal, KIAS, Seoul Osaka University, Osaka Light Pseudoscalar Phenomenology in 2HDM - X




Searches for light A in 2HDMX at ILC250 Kl

@ The channel Z — hi25A is not possible since the relevant coupling is
proportional to cos(8 — ).

@ At ILC250 Z — HA may not be feasible when H is heavier than 200 GeV.

o Possible search option : Z — 77 — 77A — 47. So called Yukawa
production.

@ This is the equivalent to ttH searches at LHC. Independent probe of
Yukawa structure.

@ At the ILC all the 47 s can be reconstructed using collinear approximation.

@ This enables to measure mass of the light particle.

Tanmoy Mondal, KIAS, Seoul Osaka University, Osaka Light Pseudoscalar Phenomenology in 2HDM - X



Searches for light A in 2HDMX at ILC250

Signal: Z = 77 = 7TA — 471

10 T T T T T T T
Solid:tanf = 60

5 21 T \s = z-pole Dashed:tanp = 407
Q 10 . (et e )= -
- e ,e )=(0.3,-0.8)
o
S 10 F N ]
I3l ~— Vs = 250 Gev

o 0F--- T

@ 10° | e LN E
o Vs = 500 Gev  \_ 77 TEreeaos
3

-1

g t |
UlO

1072 . . . . M .

20 30 40 50 60 70 80 90 100
m, (GeV)

Dominant Backgrounds : efe™ — Z(v*) Z(y*) — 4r

Also ee™ — Z(v*) Z(y*) — 272 with mis-identified jets

Other background : ete™ — Zh — 4t

Parton level total 4 BG cross-section ~ 6.6 fb. 272 ~100 fb.
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Searches for light A in 2HDMX at ILC250 Kl

@ MadGraph_aMC@NLO — PYTHIA8 — Delphes3 + ILD card

@ Signal : 3 7-tagged jets + X (= 7-jet/untagged jet/lepton) so that total
number of object = 4.

@ Jets and leptons should have minimum energy of 20 GeV and should be in
the central region with |n| < 2.3 i.e. cosf < 0.98.

o T-tagging efficiency : 60%(From LHC) or 90%(Hopefully at ILC).

o Mis-identification of jets: 0.5%

Collinear approximation : Reconstruction of the taus

@ The collinear approximation : Assume that the missing energy in the decay
of a tau lepton is collinear to the visible part of the decay.

@ Energy momentum equations are,

—

p(m1) + p(72) + p(73) + p(ra) = 0,
E(m1) + E(m2) + E(73) + E(7a) Vs.
@ Visible part of the tau decay take z; fraction of the tau momentum :
p" (i) = zi p*(7i)
@ Solve for z; where we should have 0 < z < 1. However to account for the
detector resolution etc we assume 10% relaxation in the upper limit of z;.
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Searches for light A in 2HDMX at ILC250 Kl

Reconstruction of the pseudoscalar

We have 4 tau jets. However, the highest energy 7 out of the four is
unlikely to come from the pseudoscalar since the maximum available
energy for A is 125 GeV(4/s/2), whereas energy of highest 7 can also be
125 GeV.

It is reasonable to assume that the highest energy tau is coming from the
decay of Z and did not radiate an A.
From the remaining 3 taus there are two possible OS combinations.

Choose the combination which gives highest transverse momentum(pr)
since they are likely to come from the decay of A. The invariant mass
calculated from this combination is denoted as ma(Reco).

The invariant mass from the other opposite sign tau pair is denoted as
m_Other.
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Searches for light A in 2HDMX at ILC250

Reconstruction of the pseudoscalar

ma = 40 GeV and tan 8 = 50 For different my

120} ILCc@ 2000 fb~" ma,tB = 40GeV,50
H

100

S m |

[0)

2 & '

2 E

O, 60 |

€
20

20 40 60 80 100 120
my(Reco) (GeV)
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Searches for light A in 2HDMX at ILC250 KIES B

Reconstruction of the pseudoscalar

o
[N
o

IS
o
|
I
<}
&

ma = 40 GeV and tan 8 = 50 For different my
120} ILCc@ 2000 fb~" ma,tB = 40GeV,50 0.30
u 3 0.25 = my =20GeV
100 = & = mj = 40GeV
%: ] m P 0.20 mu = 70GeV
8 &0 ' £ 0. u My = 90GeV
g 3 BG
2 u 5 0.15
= o
OI 60 I B
E N
©
£
S
P4

N
(=)

20 40 60 80 100 120 000

40 60 80 100
my(Reco) (GeV) ma(Reco) (GeV)

Chun, TM PLB 802 (2020) 135190
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Searches for light A in 2HDMX at ILC250 : Result Kl

Reach of ILC250. e, = 60%

100 7
Solid: 20000~ | 55 — 55 | /
Dashed : 500 b~

My = myy =250 GeV ILC@250 GeV
20 30 40 50 60 70 80 90
my (GeV)
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Searches for light A in 2HDMX at ILC250 : Result

Reach of ILC250. e, = 60%

Kl

100
Solid : 2000 fb™"

Dashed : 500 fb~"!

80
o 60
[=
<

40

20

My = my =250 GeV

ILC@250 GeV

20 30 40 50 60 70 80 90
my (GeV)

Tanmoy Mondal, KIAS, Seoul

Osaka University, Osaka
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Chun, TM PLB 802 (2020) 135190
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Explaining electron and muon anomalous
magnetic moment in 2HDM-X
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Electron and muon g — 2 anomalies Kl

Electron anomalous magnetic moment: Science 360 (2018) 191

EXP _ _SM

da. = a aa™M=— (88 =+ 36) x10° "

Muon anomalous magnetic moment:
_ _EXP SM __
da, =a,  —a, =

(2.706 + 0.726) x 10°°

@ Deviations are in opposite directions

2
“w

dae m?

e Also 0ay , m

@ Possibly of different origin = light A in 2HDM-X can not explain both.

@ Q. What minimal modification in 2HDM-X can explain both éda.,,, ?
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Electron and muon g — 2 anomalies Kl

2HDM + Vector-like leptons (L,r and E; r)

—L D yelier ®1 4N\ L er ©1 + Ae 0 Eg &
+>\[L Er &1 + 5\¢J{ EL Lr + MLZLLR —+ MEE[_ Er + h.c.

o trj
j/a—— (fL;, LL_, EL) MEe LE + h.c..
Er
= Ye,ij V1 0 = )\E- Vi
\/15 i) \/% i
Mg = ﬁALj %1 M, %)\Vl s
0 % )\ Vi ME

@ Mass diagonalization : UZ Me UR = diag(me, my, m-, my, my)

@ We assume Ag,, Ag;, Ay, Ay =0

Tanmoy Mondal, KIAS, Seoul Osaka University, Osaka Light Pseudoscalar Phenomenology in 2HDM - X




Electron and muon g — 2 anomalies Kl

H A
TN
/7 \
er ll Er LL\, €R
AE : AL
1
1
1 7y
(®1)

o Electron g — 2 diagrams mediated by W and Z bosons is small.

@ When VLL is heavier than H/A, then H and A contribution will cancel

partially.
AL/El < Mg — M,
PYDY My (GeV AM=———"= | My(GeV t
v My 1(GeV) Me T M, 14(GeV) an 3
(1071, 107°) | (—v4=,\/4xw) | (500, 1000) (0.01, 0.10) (30, 150) | (30, 100)
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the impossible

Electron and muon g — 2 anomalies KIES B

Red : my, = myy. = 250 GeV

Blue : my = mye = 1TeV

-45 -4.0 -35 -3.0 -25 =20 -15 -1.0

b
L
°g“’[ m
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Electron and muon g — 2 anomalies KIES e

Red : my, = myy. = 250 GeV

40f - Red : 2HDM - X + VLL , my; = myy = 250 GeV

Blue : my = mye = 1TeV

Cyan: 2HDM - X + VLL , my = mye = 1 TeV

-4,
-45 -4.0 =35 =30 MLIfVZ;S =20 -15 -1.0 30 20 60 80 100 120
{2

M, my GeV

E J Chun, TM JHEP 2020

@ The dashed lines in left plot are constraints coming from Z pole observables:

A A
M <0.04 and M

E L

< 0.02.

@ Right plot : Solid(dashed) lines are upper limit on tan 8 from Z — £¢ for
My = 250(1000)GeV.

@ The VLL loop contribution for (g — 2),, is small due to chiral mass insertion in the fermion
)\/5\ Vi

loop in BZ diagram. Contribution o
M/e
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Electron and muon g — 2 anomalies

The model has interesting signature at the LHC

Tanmoy Mondal, KIAS, Seoul Osaka University, Osaka Light Pseudoscalar Phenomenology in 2HDM - X

VLL couples dominantly to new scalars(A/H/HE) as gauge boson couplings are
proportional to small vev v;

Hence the doublet VLL(E (L°, Lf)T) signature at the LHC:
pp—= W 01T 5 (HYe ) (H/Ae™) = ete” H' H/A.

Depending on M, and tan 3, H(H¥) decays to 77(7v) or ZA(WA)
Since M| > M = L™ — e A will produce a highly boosted A:
mﬁ - m;

A) ~
PT( ) 2 m+

The tau pair from the A will be collimated and appear as merged jet
‘di-7' tagger by ATLAS can be used to look for such light boosted pseudoscalar

Another signature will be a lepton in the close proximity of a tau-jet.

Kl



Conclusion - | Kl

@ 2HDM : one of the simplest BSM scalar structure.

@ Type-X 2HDM : Can explain muon g — 2 anomaly. Constrained by lepton
universality.

@ The allowed parameter space can be explored at the LHC.
@ Conventional signature at LHC : multi 7-tagged jets.

o Can't reconstruct the mass of mediator. Hard to trigger for low mass
pseudoscalar.

@ One needs to look for pu 77 final state.

@ Due to light A, the tau-tagged jets takes almost all the momentum from
the taus.

@ This enables us to reconstruct M;
branching ratio.

and M, 2j.. We can restrict h — AA

- r

@ Using the associated production the heavy scalar/charged higgs can be
reconstructed.

@ Sweet spot : My+ ~ [200 — 240] GeV with Ma ~ [40 — 50] GeV.
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Conclusion - Il Kl

@ Due to hadrophobic nature it is hard to probe light A at the LHC.
o Lepton collider can be ideal to test the model.

o We can utilize ILC Higgs Factory for testing the light A scenario
independent of the mass scale of the other scalars (H/Hi).

@ It is possible to reconstruct the mass of the resonance using collinear
approximation.

@ 500 fb~! is enough to explore the relevant parameter space.

@ Recent measurement of electron g — 2 can not be explained the pure
Type-X 2HDM.

o A family of vector-like lepton doublet and singlet can explain both the
anomalies.

@ The model has interesting collider signature which can explore the model
independently.
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Conclusion - Il Kl

@ Due to hadrophobic nature it is hard to probe light A at the LHC.
o Lepton collider can be ideal to test the model.

o We can utilize ILC Higgs Factory for testing the light A scenario
independent of the mass scale of the other scalars (H/Hi).

@ It is possible to reconstruct the mass of the resonance using collinear
approximation.

@ 500 fb~! is enough to explore the relevant parameter space.

@ Recent measurement of electron g — 2 can not be explained the pure
Type-X 2HDM.

o A family of vector-like lepton doublet and singlet can explain both the
anomalies.

@ The model has interesting collider signature which can explore the model
independently.

Thank You
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