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Motivation: FASER Searches

® Traditional resonance searches @ LHC main detector
prompt decay, EW mass, O(1) couplings

@ Long-lived particle (LLP) searches
ATLAS main detector, MATHUSLA, CodexB, ANUBIS
particle produced in the transverse region (heavy)

@ Light LLP

- predicted in many new physics scenarios: DM, hidden valley,
dark photon, ALP, heavy neutral lepton

= Current/proposed light LLP searches (low energy): Belle-ll,
HPS, SHiP, Spinquest/DarkQuest/ ...

= Copiously produced in the forward region of colliders
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Motivation: Light LLP
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® light = can be produced in the decay of light SM particles
© weakly interacting > need large numbers
® consider ot ~ 100 mb, typically wasted CS for BSM searches
® low pr~m, possible high p, 8~p1/E <1 mrad (n>7.6)
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Feng, Galon, Kling, Trojanowski, 1708.09389
F R FASER LOI, 1811.10243
\ E FASER Technical Proposal, 1812.09139

FASER Physics Reach, 1811.12522

Run: 2021 - 2023
FASER:A=15m, R=10cm, L£=1501fb"!

Run: 2026 - 2035
FASER2:A=5m, R=1m, L=3ab™!

104 increase in sensitivity

Tracker Tracker Tracker

Decay volume

Magnet

Magnet Magnet Calorimeter

Timing Preshower

pp — LLP + X, LLP travels ~480m, LLP —efe ,utpu 777", vy,...,

8~ mrad, Ad~1 mm for 1m long detector
need magnetic field to split the opposite charged tracks.
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FASER 1st Physics Result

e signature: 2 oppositely charged tracks or 2 photons with TeV energy
from a common vertex inside the detector and combined momentum

points back to IP.

e background: negligible after veto (charged particle muon from IP)
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¢ Installed 2021
e Taking data 2022
® No signal observed



FPF FPF: 2109.10905, 2203.05090

magnetized spectrometer
for BSM searches
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600 m west of ATLAS Run: 3096 — 3035

Cavern 65m x 9 m FASER2:A=5m, R=1m, L=3ab'
shield from ATLAS by 200m of rock 104 increase in sensitivity
disconnect from LHC tunnel -
vibration, safety studies: construct FPF without disrupt LHC operation
Radiation studies: work in FPF while LHC is running
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e currently studied (simple) scenario: singlet S mix with SM H

mixing angle 6

e all couplings SM structure, scaled with sin@
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Light Scalar LLP

'Model-independent framework with the most general interactions
' for CP-even and CP-odd scalar under EFT/coupling modifier.

o developed general formalism for scalar production and decay

e more complicated comparing to the simplest scenario

e CP-odd A mix with light meson states

o developed a program to calculate scalar decay, can be used for
other new physics models.

e case study of 2HDM.
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Qutline

® Motivation
@ Interaction/production/decay
= CP-even
= CP-odd (special feature due to mixing)
@ Type-l 2HDM case study
@ Results

® Conclusion
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L= —pmie’ - Ed”—wf@ 2 gyt Z ZcbZ’“"Z

;92

coupling modifier ﬁ Ioop generated

o Gt e o

e Decay of hadrons, mesons, radiative bottomium decay
e h/Z/W decay: small in forward region

‘Ceff = % z@lfjﬁPRfj + h.c.

effective coupling for flavor changing quark interactions

S.Su

10



S.Su

¢ production

e Heavy B meson decay B — X.¢ &

s , d

e Kaon decay K — 1 ¢ I M

u u

e N0 decay 1) = ¢ 9

§W

e semileptonic decay of mesons X — gev &g

o radiative bottomium decay T —~¢ &

e double scalar production B — X,¢¢ K — 7o
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¢ Decay

Decay into pair of photons, leptons, multiple hadrons/pair of quarks

e Decay into diphotons L, - Gragy ‘ ¢‘
321/273
. . 2 T _ GrmemigB} | 4
e Decay into dileptons e = 16

'me <2 GeV: dispersive analyses

e Hadronic decay into pions and kaons &% & & &

e Further hadronic decay ¢ — 4w, nn, KKnam,pp...

'me >2 GeV: perturbative spectator model

o Decays into quarks Ty, :Tu:Te: Ty = €5 mi 6] : 3165 1°m2BY : 3|€51Pm2 6D : 3|65 mi B3

e Decays into gluons r, = Gra; m¢|§ 2
36123
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Light CP-even Scalar

Type-l, cos(B — a) = 1/tanB, tanB=10

&l = co_all — sp_a) ~ 1/(2tan® B).
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Light CP-odd Scalar

Effective LAz—%miA% > €

o \ f=u.,

Lagrangian ( gg)as AGe, Gow
4rv

mf
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; frsf @ Wt §AA COSg ™

Qow .
N AFu P Ioop genera‘red (:

MiXiﬂg effects A2 Opp0m” + Oagn + Oayn + OaaAcp—odd

typically small except in the resonant region m, ~ m;

Production

e production via meson mixing o4 = |Oap|’0m0 + |04y 0y + |Oay oy
e B meson and kaon decay K — 74 B - x4 Ly = —z% @f fiPrf; + h.c.

e radiative bottomium and charmonium decay T —~A4 J/p —~A £4

e double pseudoscalar production B —» x, 44 K — 744
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A Decay

Decay into pair of photons, leptons, multiple hadrons/pair of quarks

o o 2 .3 2
e Decay into diphotons 1 ) - 2410440 + O4rCo +OnC] + 00|

_ Grmam{py

e Decay into dileptons T
Y p _WKA'

T(A— £t07)

'ma<1.3 GeV: chiral perturbation theory

[e—

e Hadronic decay into tri-mesons
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e radiative hadronic decay A — 7t7 o

S.Su 15



A Decay

1.3 GeV <ma <3 GeV:
| spectator model partonic dynamics with hadronic kinematics

===

s j . V2B
e hadronic decay Lo = sAiDlmsut Vidsd + Visyss) K 5t

ma > 3 GeV: spectator model at parton level

o Decays into quarks Ty :Tss:Te: T, = (€2)°mp e : 3(63)°maBs : 3(64)*meBe : 3(€4)°mi B-

Gra? mA

e Decays into gluons (4 a9 =="7=4IE4"

S.Su 16



Light CP-odd Scalar

Type-l, cos(B —a) =0, tanB=100

Type-l, cos(B —a) =0, tanB=100
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2HDM

@ Two Higgs Doublet Model (CP-conserving)

- o v2 +v3 = v° = (246GeV)?
V(i Y +iGy) V2 tan 0 = v, /vqg

HY [ cosa sina 0 A =—-Gisinf + Gocos 8
O ]\ —sina cosa ¢ ]’ H* = —¢ sinp + ¢ cos B

after EWSB, 5 physical Higgses
CP-even Higgses: h?, H? , CP-odd Higgs: A°, Charged Higgses: H*

© parameters (CP-conserving, flavor limit, Z symmetry)

v, tan (3, oz,mh,mH,mA,mHﬂj soft Z2 breaking: m122
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Types of 2HDM

* Type I: ¢1, quarks and leptons
all fermion couplings suppressed at large tanf§ = LLP

* Typell, L, F: ¢1,p2couples to at least one type of quarks or leptons.

unsuppressed couplings of scalars to at least one type of fermions
for the entire region of tang.
= difficult to realize very weakly coupled long-lived scalars

Alignment limit h? 125 GeV, cos(B-a)~0, H° non-SM like
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Constraints

® Theoretical constraints: unitarity, perturbativity, vacuum stability
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Constraints

e EW precision constraints: ® Flavor constraints
MH: ~ My or MA o afuoHagsOowelNeceTpel
.§ 35 95% CL excluded regions
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e Invisible Higgs decay B:(h — invisible) < 0.29
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Benchmarks

Two benchmark scenarios

LEP Ht search:
mu: > 85 GeV viable
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Constraints

Other light scalar searches

e CHARM bounds: light ALP cHarm, pLB 157 (1985) 458

e Supernova NN — NNS(A) Turner, PRL 60 (1988) 1797
e B meson decays: LHCb B — K*¢ LHCb, 1508,04094, 1612.07818

e kaon decays: NA62, MicroBooNE, E949 K+ — rtX NA62, 2103.15389
MicroBooNE, 2106.00568

e D meson decays: LHCb  rog, LHep, 2011.00217 BNL-E949, 0903.0030

e LEP: ete  — Z*¢  Winkler, 1809.01876
Clarke, Foot, and Volkas, 1310.8042

S.Su 23



Light Scalar

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

@ light LLP appear in many new physics scenario
@ light particle copiously produced in the forward region of LHC
© FASER/FASER2: new experiments to detect light LLP
@ light CP-even and CP-odd scalar
= model-independent framework, coupling modified in EFT
= scalar production and decay (hadronic)
= general program to calculate decay
© 2HDM case study: large tanf region of Type-l 2HDM
= decay length: 10 to 105 m, probe very large tanf
= FASER2 vs. FASER: more Lum, larger detector.
@ Complementary to LHC prompt search, LLP search in transverse

region, and fixed target exp at low energies
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