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 Motivation: Brief introduction to LLP
* Method: Brief introduction to FASER
* General study

> Production
» Decay
» Constraints

e Case study: 2HDM results
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FASER: ForwArd Search ExpeRiment

pp— LLP + X, LLP travels ~480 m, LLP — charged tracks + X

) ~200m rock >

W beam of LLPs:
ATLAS A’, HNL, ALP, and many more

many hadrons: 107 11, [0'¢ K, 10> D, 10'4B with E~TeV



Productio

Data base: FORESEE

N

PP = mesons = LLP + X, LLP - charged tracks + X

: 2105.07077 F. Kling and S. Trojanowski,

Particle category Particles Generators
EPOS-LHC|QGSJET II-04[SIBYLL 2.3c[Pythia 8.2
Photons ) ~y v v v
0 + /

Light hadrons |71 1T 0 1B / /
Charm hadrons D*, DY DF, A, v v
Beauty hadrons | B, B*, B,, BF, A, v
Heavy quarks c, b v
\_Quarkonia J/U., 1(25), YT(nS) Y, v
v

Weak bosons

W+ Z. h



https://arxiv.org/abs/2105.07077

P rOd U Ct 194 - the ‘distance” from the IP in meter (default: 480)

- the ‘length’ in meter (default: 5)
- the ‘luminosity’ in units of fb*-1 (default: 3000)
- the ‘selection : (default: 'np.sgrt(x.x**2 + x.y**2)< 1’)

Data base: FORESEE
- the decay channels’ which the detector can see

Particle category Particles Generators
EPOS-LHC|QGSJET II-04[SIBYLL 2.3c[Pythia 8.2
Photons ) ~y v v v
0 + /

Light hadrons }Tﬁ’_ jTK’L?’[?S’, (’;(’_6‘/? ’I?’* f: /Zz h v v v
Charm hadrons D*, DY DF, A, v v
Beauty hadrons | B, B*, B,, BF, A, v
Heavy quarks c, b v
\_Quarkonia J/U., 1(25), YT(nS) Y, v
Weak bosons W+, Z h v




Production
FORESEE

n° at 14TeV LHC [pb/bin] 10°
EPOSLHC

Pion

boosted mesons highly collimated 143/

108
p-0=pr~Agcp

10’

N, =10 at 3000 fb~*

momentum p [GeV]
=
o

10°
1015
FASER: radiusR=10cm, )
lenght D = 1.5 m,
FASER 2: radius R = 1m,

lenght D =5 m. 107 107* 1073 1072 1071 10°
angle wrt. beam axis 6 [rad]
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Production: CP even scalar
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b: 4.18 GeV, B:around 5.3 GeV,



Production: CP odd scalar

L @ IMms = . ’ g:2 e 92
L4 = —-m2A> f T Fve fA+ V- AAWHT W + £2, AAZ*Z,
A oMad” + ). & s fA+Eaa7 w TSAAg 5 . '
f=u,d.e
19 =2 AG® GO + ¢ "=V AF,, F*v (3.1)
A Ao v A A v ) .
CP-odd particle mixing production: contribute mainly at mass peak
A:OA37T3+OA87T8+OA97T9+OAAA my 0 0 o0m3 3
/ £ B—E(W g m9 A) 0 my, A Omg | |
%OA37T3+OAU77+OA77/77 + 04 A X g\73 118 119 0 A m2 om] o
om3 omz dmg m3 A

o4~ 0% 0050 + 012477077 + 0?4”/ Oy,



Decay : CP even scalar

Scale-ind

Scale > 2/3 GeV

Well studied
A=y H — vy
A—eter H—=efe
A= ptp™ H—ptp”
A=ttt H 711"
A —qq H — cc
A — gg H — ss

H — gg

beam of LLPs:

ATLAS A’, HNL, ALP, and many more

H — 7
H— KK
H — nnnrw

Chiral Perturbativity...

arXiv:1809.01876
arXiv:1612.06538

——————>
~200m rock

A— rmrm
A— nrm
A—nrr
A—mmm
A— KKnm
A — vy
A—mn'n
A—nn'n
A — nqmm
A — mmn’
A= '
A — n'n'n
A—->nKK
A—1nKK
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Decay: CP even scalar

H — 7
me< 2 GeV H—- KK
3G ;2 M€l + mafd ? H — mnnm
F7r7r — s — F7r - Aﬂ' = F as 3 Aﬂ'
16\/§7rmf v 57 (O ) My + My (6o)
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Gr
F —_—
KK 2rme Bk

mu§ + m 5 S
£8 27(9K —I'x — Ag) + mi n mz Tk + (£5) Ak

— —

[ = (nm |mytu+ mydd|0) A, = (mm|m48s|0), O, = (nm }@Z} 0)

-,

Leading order chiral perturbation theory

IV =m?2, A =0, 02 = s+ 2m?
F?{ — §m72r7 A(I){ - m%{ o _m72r7 @?( =S+ Qm%{
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Decay: CP even scalar
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Decay: CP odd scalar

Follow arXiv:1612.06538

Hadronic decays into Tri-meson for ma < 1.3 GeV

Radiative Hadronic Decays for ma < 1.3 GeV
hadronic decays for 1.3 GeV <ma <3 GeV (Spectator Model)

A— 7w
A — nrm
A—n'rr
A — nnm
A— KK
A — yrm
A—mn
A—n'n'n
A —
A — '
A= 'y
A—n'n'y
A—-nKK
A—-nKK

13



Constraints

 current experiments (typically considered )

SN1987a E949 K* >t +Vv
LEP 8e—>Z"¢ KTeV K > m+0u
CHARM dipoton LHCDb B_)K(*)"'—/j/«’

NA62 K — 7wd MicroBooNE K™ — 7wy (efTe™)
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Case study: 2HDM

® Two Higgs Doublet Model

e [ cosa sina sy
R° ] \ —sinacosa | \ ¢/’

v2 + 5 = v = (246GeV)?
tam 3 — v, /ug

b1 | P2
Type | u,d,|
[ Type | u d,l
A ——C, sin 8 + G COSﬂ lepton-specific |u,d I
HE = —¢-sinf + gbét cos 3 || flipped ul |d

® Parameters (CP-conserving, Flavor Limit, Z, Symmetry)

2 2
mii, Msy, A1, Ay, Az, Ay, As | | >

v, tanf, a, Mp, My, My, Myt

125. GeV .

|
Soft Z, symmetry breaking: mfz 24115 GeV



Case study: 2HDM

Genearally: cos(f —a) =0

Smal

& | & | & | & | & | &
Type-I || cot3 | cotp cot 3 cotB | —cotB | —cotf
Type-II || cot 3 | —tanB | —tanf || cot 3 | tanpf tan 8
Type-L || cot3 | cotB | —tanf || cot8 | —cotS | tanp
Type-F || cot 3 | —tanf8 | cotpf cotB | tanf | —cotpf
couplings

* Type-l: easy at large tan [ for both Aand H

* A: impossible for other 3 types

* H: hard for other 3 types ( fine-tunned )




Constraint and 2HDM

Benchmark Scenario:
theoretical constraints, Z-pole direct search, invisible h decay

1
tan 3’
Light A :cos(B —a) =0, mg = my+ = 90 GeV, \v’ =0 GeV? .

Light H : cos(f — ) = ma = mp+ = 600 GeV, \v? =0 GeV?,

; - o _
Ealcos(8—a)=0 = 1/ tan s, Ll_ight H is easier to be Iong-liveﬂ
f = Cg-o =1/tanp, ——

& = co_a(l — 85-0) = 1/(2tan® B) + O(3_,)
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Results: CP even

Type-l, cos(B — a) = 1/tanp, tanb=10
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Results: CP even

Type-l: light H, cos(B — a) = 1/tanf
107°1 -y = 600 GeV

tanB=5

-19
10 — tanB=10 100
10-21 tanB=70
—— tanB=200 |f10°
10-231 —— tanB=1000
’ - 108
101 10° 101

my (GeV)

Type-I: light H, cos(B — a) = 1/tanf3, my=,4 = 600 GeV

—— FASER2
---- FASER

LEP

-
-
-

1071
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Results: CP odd

_5Type-I: light A, cos(B — a) =0,my=+,y =90 GeV
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g’ +0 10-1 G
107Y — tanp=10 10°
— tanB=100 L 103
10~29 —— tanB=1000 :
tanB=10000 [ 10
10~ 100 101

ma (GeV)

€£|cos(,8—a)=0 — 1/tan5

Type-l: light A, cos (B —a) =0, my=,y =90 GeV
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Results: for case study

higher luminosity

helps to reach the

weaker coupling
region.

A larger detector,
especially the radius
helps to extend the
reach in mA.

)
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* General study

S Uumima ry > Production

> Decay : public code
» Constraints

e Case study: 2HDM results

Type-l: light H, cos(B — a) = 1/tanB, my=,» = 600 GeV 107 1ype-l: light A, cos (B —a) =0, my=y =90 GeV

—— FASER2
---- FASER

10°; —— FASER?2
&= EASER

101 4
107! 160 101
my (GeV) ma (GeV)

10!
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Constraint

Constraints from Vacuum stabiltiy, Unitarity and Perturbativity
A

20—0.26 0 0.66 1.49 2.64 413 5.95

151
101

0.2

01rf

0.05+ ‘ : ' ' '
-1252 0 2002 3002 4002 5002 6002

AV =my®-mqy°l(spcp) (GeV?)

cos (B—a) =0,
mq)EmH:mA=mHi

Theoretical constraints

AvZ = mg — mi,/sgCq

—125%GeV? < Av? < 600%GeV?

1€ (—0.26,5.95)
/14 — /15 — 13 - 0258 — —A
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Constraint

Theoretical constraints

1000
my =1 GeV
800 -
2 600
o
é'r 400 i
\, VAv2
i ---- 300 GeV
j —.— 500 GeV
0 : — :
0 200 400 800 1000
ma (GeV)

mp ~0: my/ g+ S 600 GeV

my ~ 0:

2 — 2 2 ~
Av® = myg — mi,/sgcg =0
1000
may=1 GeV
800 -
% 600 -~ e
= P |
+ e ! i
i | =
2001 i | —— 0 GeV
: ! —--- 300 GeV
| ! —.— 500 GeV
0 . S '
0 200 400 600 800 1000
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m+ < 600 GeV,



Constraint

Oblique constraints: Z pole

Direct search at LEP

100 &

tanf3

10 |

A
||\|Ii||ll|

0. | WO | O W Y
]70 75 80 85 90 %5
m* (GeV/c")

500 A

100 4

STU+LHC R2: my =1 (GeV)

100 200 300 400 500

my (GeV)

mHNO:
mag ~ 0:
ma ~ 10 GeV :

600

STU+LHC R2: my =2 (GeV)

20 40 60 80 100 120

my (GeV)

ma ~mg+ < 600 GeV
mpg+ ~mg S my

72 GeV Smp+ ~mpyg S 116 GeV
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Constraint

Invisible Higgs decays

2 1/2 2
Br(h — ¢¢) = Hh>¢) , L Ihes (1 - %> ~ 4700 - (QM> < 0.24

~ pSM 2

Br(h — ¢¢) =0

2 \v? + m? 1
(m%, —3\2 —m2) ~ tanf’

20?2 + m,% + 2771124 — Qm%{ 1 Qm%{ — m,%

Light H : cos(f — a) = tan ZBQ

Light A : cos(83 — a) = tan 2 ~ :
2 (8 ) b 2(m3% — A2 —m3?) tan 3 m% —mi



Results: CP odd

Type-l, cos(B —a) =0, tanb=10
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Decay: CP even scalar

H — mm

. me< 2 GeV H— KK

LD — (6@ 1971 Ga G — Egmuu — fg,mdd_d — ffi,ms,is) |2
2 —
{€q> [27@ﬁ — ﬁ(muuu + madd +m ss)] + (E4mytu + E5madd + ggmsgs)}

9ar

87

el = ——G,,G** + m,uu + madd + m,5s.

P —

I, = (mm |my,au + mchd} 0), A, = (mm|m,5s|0), O, = (mm }@Z} 0)

2

SGF 2 u£<1> + md€<1>
F7r7r — ™ F7r - Aﬂ' T F 1 Aw
16\/§7qu)/8 b 27( ) My, _|_ My (SCI))
2
Gr

mu£ +md€
2 27(@K —T'g — Ag)+ mi . 2Tk + (§3)Axk

Bk

I —
r 4\/§7qu)
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code

* Light Scalar decay
e https://github.com/shiggs90/Light scalar decay.git
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https://github.com/shiggs90/Light_scalar_decay.git

FASERV ECAL
[LOI:1908.02310, /L/zm long
TP:2001.02073] spectrometer
1.5 m long
//\ decay volume

emulsion+target

FASER: Detector

3 tracking stations

"\

A\ e
pp — LLP + X, LLP travels ~480 m, LLP — charged tracks + X
Len gth [ e—480/ctau_ e—Lmax/ctau]
O ep&‘“p e 100 500 1000 5000 10%
Radius R |
. 0.002 ¢ 10.002
L‘._% 0.001 ¢ 10.001
) |
3 5.x107] — D=5m 15.x1074
S
FASER: radiusR=10cm, lenghtD=15m, |© 4 D=15m 1y« 10-4
luminosity L= 150 fb!, ‘
FASER 2: radiusR=1m, lenghtD=5m, 100 500 1000 5000 10
luminosity L=3ab™. decay length (csiat
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