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o This talk is about light lepto-philic scalars

©

Motivated by muon (g — 2) anomaly and dark matter

o A natural framework is 2HDM + scalar or pseudoscalar

©

I will show which mass-coupling range is allowed and how to explore
such region
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o This talk is about light lepto-philic scalars

©

Motivated by muon (g — 2) anomaly and dark matter
o A natural framework is 2HDM + scalar or pseudoscalar

o I will show which mass-coupling range is allowed and how to explore
such region
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A Framework for Light Leptophilic Scalars

2HDM type-X + Scalar

Veortat ~ Alz(qﬁ@z + cI;;cI)l)s + An ¢I¢‘18 + Agy ®LDss
o Mixing among the CP even scalars

OR
P —Sa Ca So1 hi2s
PR | = Ca Sa Sg2 P
s —Sg1 —Se2 1 H
The Yukawa Lagrangian in mass eigenstates
562 mq _ 561
LD - E —1g
sin 8

Z My7)z

e tan 3 > 1 = H is leptophilic

PRD93, 035006 (2016), PRD 95, 075003 (2017)
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A Framework for Light Leptophilic Pseudoscalars K|

2HDM type-X + Pseudoscalar

VPort al ™~

i Bra(®1®y — ®I®1)P 4+ (Ap1 DI D) + Apa®idy + Ap12(®]dy 4+ ®1d;)) P2

o After EWSB, ®; > mixes to generate Goldstone of Z and Ag
o Mixing among the CP odd scalars:

A() _ Co —So A .. i _ 2312’0
(P) = (89 co o) Mixing angle : tan 20 = m

mq 1(—1) . _ 5 myg 2 7B .
SR S 9 A—sin 6
LD 2 tan B i qyq s tan B i £v°£| (cos sin a)

e tanf > 1 and sinf ~ O(0.1 — 1) = a is leptophilic

PRD 90, 055021 (2014), JHEP 05 (2017) 138, - - -
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Scalar or Pseudoscalar Solutions to (g —2), KI'AS sz

o One loop contribution :
H is & Ais - ve

o Two loop contribution :
His-ve & A is
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Scalar or Pseudoscalar Solutions to (g —2), o KIHS
o

o One loop contribution :
His + ve & A is - ve

o Two loop contribution :
His-ve & Ais + ve

100
50
Leptophilic Interactions
5]
= 10
me . 5 50
Ls=—En E —H/ s
v
t=e,p,T ?il
Q 1.0
me , - 5 ®
La=—Ea E — Ayt 05
v
t=c,pr
0.1
0.01 0.05 0.1 05 1 5 10
(Pseudo)Scalar Mass[GeV]
[m] =P = =

Tanmoy Mondal, KIAS HPNP 2021 Light Leptophilic Scalar @ ILC



Experimental Constraints KI'\s
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o Strong constraint on light scalar comes from beam dump experiments.

©

Limit from B and K decay (CHRAM, E949, NA62, LHCb)

€4 <few x 107*

©

Leptophilic scalars can evade hadronic constraints easily.

o Limit on leptophilic scalars come from BABAR:
ete” w7 H, H—oete or ptp”
PRL 125 (2020) 18, 181801

o Also bremsstrahlung of light scalar at electron beam dump
experiments, like Orsay, E137
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Scalar or Pseudoscalar Solutions to (g —2),
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Scalar or Pseudoscalar Solutions to (g —2),
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Scalar or Pseudoscalar Solutions to (g —2), KI'\s
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Scalar or Pseudoscalar Solutions to (g —2), KI'\s
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©

Mass of the light scalar or pseudo scalar has to be 2 5 GeV

o Q. How much LHC or ILC can explore ?

©

Unlike U(l)Lu,L, search via Z — 4pu, here all the signals are tau rich.

©

Lepton collider is necessary to look for leptophilic scalars.
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Search at lepton collider
P KIS s

©

Yukawa production : Z — 717 — 7TA — 4T

©

Equivalent to ttH searches at LHC. Independent probe of Yukawa.

o Based on mass of A different signal topology is possible.
o When A is relatively heavy :

o We can see 4 separated tau leptons.
o It is possible to reconstruct mass of A using collinear approximation.

o Use reconstructed invariant mass to minmize background.
o When A is light :

o A will be boosted and taus coming from boosted A will merge.
o Four distinguished tau lepton search is not feasible.

o Utilize the large one-prong BR of tau to look A — 7 Tone—prong decay
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ILC search of light (pseudo)scalar

Signal topology

the impossible
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ILC search of light (pseudo)scalar . K|HS
o

Signal topology

Signal selection

o Two 7-tagged jets with E(7;) > 20 GeV & |n(7;)] < 2.3
One muon E(u*) > 20 GeV & |n(p®)| < 2.3
One high pr OS charged track(trk) with AR(u®,trkT) < 0.8

Tau tagged jets and pF should be well separated from each
other.

©

©

©
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ILC search of light (pseudo)scalar

Background

o ete™ = Z(v*) Z(v*) = 27 2u
o ete™ = Z(v*) Z(v*) — 47

+

o e"e” — Z hias — 47/2u271
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ILC search of light (pseudo)scalar KIS
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Background
o ete™ = Z(v*) Z(v*) = 27 2u
o ete™ = Z(v*) Z(v*) — 47
+ —

o e"e” — Z hias — 47/2u271
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ILC search of relatively heavy (pseudo)scalar A

o MadGraph_aMC@NLO — PYTHIA8 — Delphes3 + ILD card
o Signal : 3 7-tagged jets + X (= 7-jet/untagged jet/lepton)

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

Collinear approximation : Reconstruction of the taus
o Energy momentum equations are,

—

p(m1) +p(72) + p(73) +plra) = 0,
E(11) + E(2) + E(73) + E(14) V5.

o Assumption: The missing energy in the decay of a tau lepton is
collinear to the visible part of the decay.

o Visible part of the tau decay take z; fraction of the tau momentum :
p*(ji) = =i p"(7i)

o 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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ILC search of relatively heavy (pseudo)scalar h KIHS .
=

Reconstruction of the pseudoscalar

o Discard the most energetic tau — Choose OS tau pair with highest pr.
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ma = 40 GeV

o Background : Dominantly ete™ — Z(y*) Z(v*) — 4r.
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The big picture
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Results
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Additional constraints may come from UV completion
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o
KIZAS &=

o Light leptophilic scalars can explain muon g — 2 and/or dark matter
o Possible UV complete model : 2HDM + Scalar or Pseudoscalar
o Light scalar explanation of g — 2 requires mpy < 10 GeV.

o BABAR and electron beam dump experiments ruled out mg up to 5
GeV.

o For light pseudoscalar, lepton universlity is a strong constraint

o ILC ‘Higgs factory’ can explore the leptophilic scenario where BABAR
stops.

o Almost all the parameter space will be explored.
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o
KIZA'S g~

o Light leptophilic scalars can explain muon g — 2 and/or dark matter
o Possible UV complete model : 2HDM + Scalar or Pseudoscalar
o Light scalar explanation of g — 2 requires mpy < 10 GeV.

o BABAR and electron beam dump experiments ruled out mg up to 5
GeV.

o For light pseudoscalar, lepton universlity is a strong constraint

o ILC ‘Higgs factory’ can explore the leptophilic scenario where BABAR
stops.

o Almost all the parameter space will be explored.

Thank You
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BACK UP
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LHC search ‘|€|HS S
N

o Higgs decay to aa

cos? 0 (’1)2 ()\pl cos? B+ Ap2 sin? B+ Apiasin 2ﬁ) — m124 sin? 0)
Ahaa U 2 2 249 2 2 2 02
cos? 0 ((Apzsin® B — Ap1 cos? B) v? + m% cos 2Bsin” 6)

o Quartic couplings makes this parameter free
o At the LHC only feasible channel is via Higgs decay:

pp = hi2s = HH/AA — 47 /212 /410

——— 2 (13 TeV) x10° 35.9 b (13 TeV)
bﬁ 95% CL upper limits CMS (‘\J:ILOB-CMS — Observed 3
- | Observed &
ng 0.6  Expocted ;E o7k —— Median expected
| W 68% expected © Combined - 68% expected
9% expocted T osf . ]
Excluded by ATLAS-CMS el I:I 95% expected
04 combined coupling analysis b:| Z0.5F E
©
S 04f a AW > aa = 10973
E 03
0.2 -
© 02
o 0.1F
00 o
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PLB 800 (2020) 135087 m, [GeV] JHEP 11 (2018) 018 m, (GeV) . .~

Tanmoy Mondal, KIAS HPNP 2021 Light Leptophilic Scalar @ ILC



2HDM-X : Allowed parameter space
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o Muon g — 2
o Lepton universality
o EWPD

o Higgs signal strength

¢ (HY)
o Bs — ptp” or Limits coming from :
B. — I(r — pvv) I(r — evv)
° 7 == @R ———= etc
I'(r — evv) I'(p— evv)
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2HDM-X : Allowed parameter space mmpoizelns =
AA
|

o Muon g — 2
o Lepton universality E
=
=
o EWPD L
=
o Higgs signal strength 200460506860 7000 ~1°0 555 403) B o0
M, [GeV] M, [GeV]
o Bs = putu or .
B. — Charged Higgs mass should be close to H or A.
s s7Y
or <@ = = = 9ac
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2HDM-X : Allowed parameter space ‘IEIHS
n

Two-Higgs Doublet Model, lepton specific
T L S e T

° Muon g _ 2 E 15 68% ;nc; QE%ICLIaHInwéd ;eg\lun's_é
. - 3

o Lepton universality 38 E
30 —

25 _2

o EWPD 20 f —;
s [

o Higgs signal strength 10 CETN S
. £

o Bs — ptp or -0.2 o 02 S T R
Bs — Xs’Y cos(p - o)

GFitter : 1803.01853.
or <@ = = = 9ac
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2HDM-X : Allowed parameter space KIVAS e

Muon g — 2

Lepton universality

EWPD

Higgs signal strength

Higgs invisible decay
width

Tanmoy Mondal, KIAS
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2HDM-X : Allowed parameter space KI\S &

o Muon g — 2

o Lepton universality

o EWPD

o Higgs signal strength

o Higgs invisible decay
width

Tanmoy Mondal, KIAS

srrrs FoR
o

b I
H,A
__)__
—PL PR x,n

tp tg For type X : ~ 1
For type IT : (tan 3)?

" p +m, tpPr (I1,Y)
tp

0b — svy:myx > 580GeV. BELLE, 1608.02344
o BR(Bs — pp) = (3.04+0.6733) x 107°
LHCb,1703.05747

o Limit on type-II 2HDM : tan 8 < 7 for ma < 70
GeV
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2HDM-X : Allowed parameter space e HS
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w4l e
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