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Higgs mechanism

F. Englert &P.Higgs,
Nobel prize in physics in 2013

> RAFHNEEZRFDO I &IFXETEICEK > TELE

> AFICWEZ RY Y DB EIFKEE
HAERXNINMEDIRN G SFBZLOETE S
» Brout-Englert-Higgs mechanism /’5/%%@@“ %7&%

o b T RIGDEZEEHE=1HEE
o b v T RIGDRMEIC K > THARMED

BN
Ew XD SR D B B RBE X FIE DI = IR RE
RT3y )b
TXILF—
—
S DR T
5o WBEZE

\
{



Higgs mechanism memo
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Gauge boson mass
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Fermion mass
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Introduction SM = Standard Model

> The standard model has been explaining almost all experimental results

> There are problems that the SM cannot address

* Phenomenology side:

* Neutrino mass and mixing (Lepton Flavor Violation)

* Baryon asymmetry of the Universe

e Dark Matter/Dark Energy

 Anomalous magnetic moment of the muon (electron?)
e Strong-CP problem

* etc...

* Theoretical side:
 Number of generations

* Origin of forces (gauge symmetry), including gravity
 Hierarchy from the Planck/GUT scale to the EW scale
* etc...
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Introduction

New Physics Beyond the SM (BSM) must solve these problems

SUSY, extra dim. technicolor ...

But no convincing signatures of BSM have been seen yet...

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

August 2023 Vs =13TeV
Model Signature  [Ldt [ Mass limit Reference
T T T — T T T —
33, G-t Ocp  2Bjets  Ep 140 [N 8XDegen] 1.0 1.85 m(¥})<400 GeV 2010.14293
@ mono-jet  1-3jets  EF™ 140 | g [8xDegen] 0.9 m(g)-m(¥})=5GeV 2102.10874
S Oe.p 26jets EFS 140 |z 2.3 m(E))=0GeV 2010.14293
S z Forbidden 1.15-1.95 m(¥1)=1000 GeV 2010.14293
& Tep — 26jets 140 |z 22 m(TY)<600 GeV 210101629
0 ee, pupt 2jets  EMS 140 |z 22 m(¥})<700 GeV 2204.13072
) Oep  7-11jets EP™ 140 |2 1.97 m(¥}) <600 GeV 2008.06032
% SSeu 6 jets 140 |z 1.15 m()-m(¥1)=200 GeV 2307.01094
£ O-1en 3b EP™ 140 |2 245 mﬂ'ksoo GeV 2211.08028
SSepu 6 jets 140 z 1.25 m(z)-m(¥1)=300 GeV 1909.08457
biby Oe.u 2b EPS 140 | by 1.255 mm‘)aoo GeV 2101.12527
By 0.68 10GeV<Am(b; ¥1)<20 GeV 2101.12527 S Uy AT
v
@ < biby, b—bts - bit) Oe,p 6b ERS 140 B Forbidden 0.23-1.35 Am(T3, ¥1)=130 GeV, m(¥})=100 GeV 1908.03122 ,
E S 27 2b EPs 140 | By 0.13-0.85 Am(Y3,79)=130 GeV, m(¥})=0 GeV 2103.08189 s \ .‘)’. TisAL
Q -~
S2 i, hol) 0-1ep >ljet EMs 140 |7 1.25 m(¥))=1GeV 2004.14060, 2012.03799 T e ’ Lyny
: g i, - WhtS lepu  3jets/1 b 140 |7 Forbidden 1.05 m(¥})=500 GeV 2012.03799, ATLAS-CONF-2023-043 b Q YR
%E f;r:h Zl*"h_ﬁv,"r]*?TG'n 127 2jets/1 b 140 & Forbidden 1.4 m(f.):ﬁooaev 2108.07665 . S._';l [\-\TA ) ME TA
T L Af, hiodk) /8 ek Oe,p c 361 |e 0.85 m(}=0Gev 1805.01649 J
@ T Oe,pu mono-jet 140 [ 0.55 m(7;,&)-m(})=5GeV 2102.10874
7171, 7l >1Xo, Xo—Z/ht) 12, 1-4b 140 |7 0.067-1.18 m(¥3)=500 GeV 2006.05880
bh, b +Z 3en 1b 140 | % Forbidden 0.86 m(¥1)=360 GeV, m(i;)}-m(¥})= 40 GeV 2006.05880
X9 viawz Multiple ¢/jets . 140 | ¥y /)Z; 0.96 m(¥})=0, wino-bino 2106.01676, 2108.07586
e, pupt > 1 jet 140 | X7 /A, 0.205 m(¥T)-m(¥})=5 GeV, wino-bino 1911.12606
XX viaww 2ep 140 | ¥y 0.42 m(¥})=0, wino-bino 1908.08215
XS via Wh Multiple ¢/jets 140 | ¥EXY  Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
L XX vial/v 2epu 140 | Xy 1.0 m(Z,7)=0.5(m(¥F)+m(¥})) 1908.08215
2§ o) 27 EMs 140 | ENERITRID 034 048 meE))=0 ATLAS-CONF-2023-029
WS 7 jig, 000 2ep Olets  Ep 140 |7 07 miE)=0 1908.08215
ee, iyt >ljet EP™ 140 |7 0.26 m(®)-m(¥)=10 GeV 1911.12606
HH, A—hG[ZG Oe.pu 23b  ERS 140 | 0.94 BR(T) — hG To appear
dep Ojets  Ep 140 | Jr 0.55 BR(/F‘A - 26! 2103.11684
Oep  >2large jets E'™ 140 i 0.45-0.93 BR() — ZG 2108.07586
2ep >2jets EP™ 140 | & 0.77 BR(¥] — ZG)=BR(¥] — hG)=0.5 2204.13072
Direct ¥1 %7 prod., long-lived ¥7 Disapp. ttk  1jet  EP™ 140 [¥p 0.66 Pure Wino 220102472
ko) Xy 0.21 Pure higgsino 2201.02472
1%
N S Stable g R-hadon pixel dE/dx s 140 |2 2.05 2205.06013
SE  Metastable 7 R-hadron, g—qqk| pixel dE/dx ERs 140 |2 [x(z)=10ns] 2.2 m()=100 GeV 2205.06013
§8 Ui~ Displ. lep EPs 140 | &ji 0.7 wh=01ns 2011.07812
— 7 0.34 7(f)=0.1ns 2011.07812
pixel dE/dx EPS 140 7 0.36 7(f)=10ns 2205.06013
TV W sze—eee Bepu 140 | ¥/%)  [BR(Z)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
RG0S — wwjzeeetvy dep Ojets  EP 140 [V il 2000 2 0] 0.95 1.55 m(¥1)=200 GeV 2103.11684
3% 3-qa0, X > qqq >8 jets 140 |z [m(¥})=50 GeV, 1250 GeV] 1.6 2.25 Large A7;, To appear
S i) A o ths Multiple 361 |7 [,=2e4,1e2] 0.55 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& >db 140 |7 Forbidden 0.95 m(¥})=500 GeV 2010.01015
2jets+2b 36.7  |EGaNes] 0.42 0.61 171007171
2epu 2b 36.1 i 0.4-1.45 BR(7) —be/bu)>20% 1710.05544
1u DV 136 fi [1e-10< 4}, <1e-8,3e-10< A}, <3e-9] 1.0 1.6 BR(7 —qu)=100%, cos6,=1 2003.11956
TR, 0, —tbs, Xi —bbs 12ep  26jets 140 & 0.2-0.32 Pure higgsino 2106.09609
L L L M | L L L L
. -1
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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* The ordinary matter is just 4.6%.
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Dark Matter Candidates

> There are many candidates, via thermal or non-thermal productions

* Weakly Interacting Massive Particles (WIMPs)

* Axion or Axion-Like-Particles (ALPs)

e Sterile neutrinos

Farinaldo Queiroz IIP-Natal

“Nature is a female word so she
does whatever she wants”.

* pNG particles ZOO OF DARK MATTER CANDIDATES M. Lindner

neutrino

e Dark Photon
e Gravitino

e etC...

None of them have been
found yet

O

I'm super
heavy

| | am still |
the king

. oo
If he dies it's Well..we never
my turn know.. Sadeilidion

- 'J)n?cn = | do not like to I'm still in the pic
can't] be dark? interact with anyone you know...

| have to freeze-in
FECIFRR 1to survive

taken from F. Queiroz slide 18



Light DM Lee-Weinberg bound

: WIMPs (WIMP=Weakly Interacting Massive Particle)
: p :
Light DM =
—. 10738 PDG, 2021
_10—2

10-40| CDMSlite (2018) i

=
o
IS

10742 { DarkSide-50 (2023)

=
o
&

nucleoncross section [pb]

S| WIMP-nucleon cross section [cm?

I
. 2017)
XENONLT (2020) superCDMS ( o)
1044 ' DEAP-3600 (202
' 1078
I
1)
I yax-4T (202
10-46 ] i KENONNT (2023) e
I F10710 4
I
—48 |
1071  Neutrino cohereng scattering 10712 5
I
I
102 - 1 ' : 0-14
100 101 102 10}

WIMP Mass [GeV/c?]

* | ee-Weinberg bound : When the DM annihilates through the weak
int., its mass must be > 2 GeV to avoid overproduction.
Lee and Weinberg, PRL 39 (1977)

* Introducing a new light force mediator, the DM can annihilate
efficiently. Then, the DM can be lighter than 2 GeV.

Boem and Fayet,
Pospelov, et al
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Light Mediator

LEP, Tevatron,
Belle, BaBar, LHC, etc

heavy particles &
LHC, HL-LHC similar force strength
to the SM

g A
high energy frontier M> O(1) Tev

o The SM g~ 1
C

O

@)

(@)

= Excluded

o

D)

O

@)

> M
mass scale
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Light Mediator

LEP, Tevatron,
Belle, BaBar, LHC, etc

heavy particles &
LHC, HL-LHC similar force strength

to the SM
g A
high energy frontier M~> 10(1) lev
+ The SM 9
C
o)
&
(@)
= Excluded
Q
S
© M « O(100) GeV
high intensity frontier g <1
> M
mass scale

light particles & feeble force

FASER, Belle-Il, SHIP, COHERENT,
NA64,, ILC, DUNE, APEX,
MESA,VEPP3, Mu3e, T2K, etc...
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Dark Sector

> Non-observation of DM leads to the idea of “dark sector”, which
almost decouples from the SM sector

The SM Dark Sector

(*portal = gate)

particles (NP Sector)

portal to
dark sector

* No direct interactions exist between the SM and dark particles.
* Portal particle connects two sectors.

Dark Sector

> “Dark Particles” are model(problem)-dependent.

> “Portal-SM Interactions” are rather model-independent.
(constrained by symmetry & spin)

21



Portals

* Vector Portal : €B,,, A"

SM (B: U(1)y gauge boson)

€
Al
Y, 4
SM

Dark photon/extra Z'

e Scalar Portal : (S + X' S?)|H|?

H . H . .S
L Ebh S LS
H " e S
Dark Higgs

e Fermion Portal : YNLHN

right-handed neutrino

~

a
* Axion Portal : f—FWF“”

a

SM gauge boson
f_l

N

N

S
~

a
Pseudoscalar/ALPs
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Dark photon & Dark Higgs

» Dark photon and dark Higgs are benchmark models of the portals.

> Both portals have been studied separately.

* Dark photon is the gauge boson of dark symmetry.
— mixes with the EM photon

* Dark Higgs breaks dark symmetry spontaneously.
— mixes with the SM Higgs

> Mechanism of dark photon mass generation

* Mass of dark photon is given by hand in minimal model
(some literatures)

e Some mechanism is required for realistic model
- Stuckelberg mechanism (connection to string theory?)
- Spontaneous symmetry breaking (Higgs mechanism)

— Dark photon model with dark Higgs

23



Dark sector search

» Dark sector could accommodate new physics such as

e Dark matter
* Neutrino mass/mixing
* Baryon asymmetry of the Universe
e Strong CP problem
For review, Feng et al. J.Phys.G 50 (2023)

» Experiments are running now, and planned for near future.

 FASER, FASER?2

* Belle-ll, NAG4

o 12K, DUNE

* FACET, Codex-b, MATHULSA, etc

We are in good era to study dark sector physics

24



Purpose

In this talk, | will discuss the following two studies

» Dark photon model with dark Higgs

e Dark Higgs contribution to dark photon production
* Sensitivity to dark photon search at the FASER experiment

“Dark Photon from light scalar boson decay at FASER”, JHEPO3 (2021) 072

» Sensitivity to dark photon search at T2K experiment

* First study of dark photon sensitivity at T2K
* Constraint from present results
* Future sensitivity at upgraded T2K

“New Constraint on Dark Photon at T2K off-axis near detector’, JHEP11 (2023) 056
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2. Dark Photon with Dark Higgs
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Dark photon model

» Introduce a dark symmetry U(1)dark to the SM

* The SM particles are singlet under U(1)qark.
e Dark photon A’ can have kinetic mixing term.
e Dark Higgs @ is introduced to break U(1)gark.

Q u d L €ER H P

SUBc | 3 3 3 1 1 1 1
SU2), | 2 1 1 2 1 11
U(l)y |1/6 2/3 —1/3|-1/2 -1 |1/2 0

UL)qax | 0 0 0 0 0 0 1

: 1 €
Lagrangian o _ Lon — ZA’/‘”AW+ EA’””BW+£ZDH
Zpn = |D,P > = Vpu: (D, =0,-ig'A)
Vo = — 20T 4 ;t_D(cqu))2 + i(HTH )(DTD)
DH — D 4 2

where ¢ : kinetic mixing parameter
B : U(1) hypercharge gauge boson (O EM photon)



Dark photon interaction

» Due to the kinetic mixing, A’ can mix with the EM photon

» A’ interacts with charged particles through the EM current

<. =eel. A

EM“ ¥ (f=u,d,e)
€ v —
EAM B, 7
» Dark photon can decay into charged leptons & hadrons.
Decay width
/ _ €e*e’my 2m’ —
A = £7) = — 1+Z Py (BuD) :\/ I — 4m?/m2)

['A"—> had.) =T'A" - um) R(mA)

where R(s) = o(ete™ — hadrons)/c(eTe™ = u*tu™)
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Dark photon decay length

minimal model (w/o dark higgs)

Decay length Total /" | 1-14 Fore = 1077
> 1072+
¢ ¢ty =100m @ m, = 0.1GeV
— 110713 =
< 1073 £
" g‘ cf: muon
- | —12 N .
< -t 10 W €T, = 220 m
clﬂL‘ . H¢ | hadrons
)
1 10—11
=51, . . . .
10 0.01 0.05 0.1 05 1

m,. [GeV]
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Dark photon mass

Mass generation mechanism

> Spontaneous symmetry breaking is one of the natural mechanisms.

» Dark Higgs boson @ must be introduced as the origin of A’ mass

» U(1) 4,1 is broken by dark Higgs vev.

Dark Higgs Kinetic term

U(1 )dark br.

1
2 2 /AL 2 AT A / /AL
|D/,4(D "D g (DT(DAﬂA K > EmA,AﬂA Ht o mA,gbAﬂA Hy...

® = (v, + )2 me = g
A= 8V

The ¢pA'A’ interaction is

Direct consequence of the mass generation.
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Dark Higgs decay into A’A’

> Dark higgs can decay into two dark photons
A/

A/

Decay width of @ — A'A’
> Controlled by g’

» Enhanced when m,. << m,, due to longitudinal component

r2

o2 m? I mg m2\
[(p - A’A") = " — (A" | 2+ ] —2—42

T my 4m$, mg%

2 2
g My

~ m(p
327 m%,

where f,(A") = \/ 1 - 4mj,/m¢%



Dark higgs interaction

> Dark higgs can mix with the SM higgs after the symmetry breaking

ﬂ/ / 9
Vbu 2 E(HTH)((DT(D) —> <%vv¢> he I @ -- o

f hadron

hadron

N

Decay width : T'(¢p — SM) = 0°T'(h — SM)(m,)  6°m,,
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¢ decay with

decay length 6=10" |

e M =500 Mey

Solid for g’ = 10~*
Dashed for g’ = 1078

¢ ¢) dominantly decays into A’A’

e Long-lived for small g’

>
O
] .
— possible new source
> .
> and carrier of A’
T
S
&
I¥ 10_16;. VV/.\ o

0.1 05 1 5 10

my, [GeV]
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Production of dark photon

> Dark photon production :
» Proton/electron bremsstrahlung (p - p+A’, e > e+ A’)

e Rare meson decays (# — YA, n —» yA', n’ — yA’)

* Drell-Yang, QCD processes (gg — A')

> Dark photon search experiments :

* Fixed target/beam dump experiment (CHARM, NuCal, E141, NA64)
* Electron-Positron collider (BaBar, Belle, KLOE)
e Hadron collider (LHC)

il ex) E137 experiment at SLAC
E e Electron beam dump
i 17E9m e 179m to the detector
T :Duj e 25m long decay volume
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Present status of dark photon

€ee

:

e+e- collider

LHCb uu

Secluded

pt/e- beam dump
& fixed target

“Hunting all the hidden photon”

Bauer, et al, JHEPO7 (2018)

0t

my. [GeV]

10

cf:
e Strong int.

g =1

* Weak int.
g2 — 06

g2 — 03

e EM int.
e =0.3
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Production of dark higgs

> Dark higgs production :
. Negligible due to tiny Yukawa

 Rare meson decays (B — K¢, K — n¢)

e Gluon fusion, Associated process (gg = ¢,eTe™ = Z¢)

» Dark higgs search experiments :

* Electron-Positron collider (Belle-ll)
* Proton beam dump (CHARM, PS191, NAG2)
e Hadron collider (LHCb)
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Present status of dark higgs

Dark Higgs
mf _
L int = Jfof
\%
D
=
v
o 10
or KTeV  direct detection
cC mDM=2m¢
@
o 1072 N
c 10
X
-
10_3 o'k
_ F
10t
B9 N Hi (Si | St th)
o NAG?2 ~ - iggs (Signal Streng
I Bt R, PS191
10 | t,>01s : w =100 Gev
10 10

scalar mass my (GeV)

“Dark higgs boson at colliders”
Ferber et al. Prog. Part. Nucl. Phys. (2024)

“Dark higgs boson at Forward Search experiment”
Feng et al. PRD(2018)

Decay length

Decay Length for 6=107*

1 06 .\‘:l “‘|‘ —
N\ d=CtypY:
P\

N\~ | -  E4=100 GeV
1 04 | \\\ - E¢,=1 TeV
) Ty e  E4=6.5TeV

--
S T
-

— 102}
E 10
= | N
100_ ...........
02 Y e
1074 - . :
0.1 05 1 5 10
me [GeV]
Ford = 10~

CTy = 10?me my = 1GeV
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4. FASER and T2K sensitivity
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FASER experiment rdScn

Feng, Galon, Kling, Trojanowski, PRD97 (2018)
“The FPF at HL-LHC”, arXiv:2203.05090

> ForwArd Search ExpeRiment (FASER) at LHC, from 2022 to 2025
» Search for long-lived new particles produced at ATLAS interaction point.
> Detector placed 480m downstream from the interaction point.

LHC tunnel
I 480m /{
€+
------------------ ->< e
Long-Lived Particles FASER

Transfer line

> Inelastic pp scattering produces
collimated and energetic particles
iIn forward direction

1072°, 10'%,, 105D, 10'3B

within Tmrad of beam (Run3)

prGeV]

10*

103.
102

10}

1071}

1072t

| 1% - Spectrum [ab/bin]

:I? _‘.1".'.'-. |

o
LL,
2
<
LL

102

10° 10* 10° 102 10 1Z

Pion distribution

angle to beam direction
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FASER Detector rdSend

_ integrated
length of decay volume radius |uminosity

Lnin (m) Linax (m) R (m) L (ab™1)

FASER 478.5 480 0.1 0.15

FASER 2 475 480 1.0 3.0

FASER : LHC run3, FASERZ2 : LH-LHC

* Upgrade to FASER2 has been proposed

Very low background (almost BG free)

* 100m underground
* shielded by ~100m of rock and concrete

e Possible main BG is neutrino interaction
~ 0.0045 events for 0.15 ab-1

LHC tunnel

veto
~emulsion

magnet

Feng, Galon, Kling, Trojanowski, PRD97 (2018)

< ¥ _ “The FPF at HL-LHC”, arXiv:2203.05090

silicon (

ATLAS IP

FASER v

FASER

calorimeter

- Three 0.57T dipole magnets
— ¢, U, 7 separation
(difficult for 7)

- Tracking spectrometer
— identify decay vertex with

O(10 — 100)um resolution

- EM calorimeter

— 100% energy deposit for e
small amount for u
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Feng, Galon, Kling, Trojanowski, PRD97 (2018)

Production prOCGSSGS “The FPF at HL-LHC”, arXiv:2203.05090

LHC tunnel

Transfer line

» Proton-Proton collision with \/E = 14 TeV.
> Production of dark photon and dark Higgs
e Proton bremsstrahlung, p — p + A’
e Meson decays (B, K, D,n") —» ¢, (n,n) > A’
* Drell-Yang, QCD processes
e Dark Higgs decays, dominantly p - A"+ A’
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Meson decay into ¢

>» FCNC decays of meson
eex)B— K¢, K— n¢

Top loop gives large contribution

Wi
t Y, 3/ 2Gpmym ViV,
<~ — = > P 0’Sibp+h.c.
b7S h \\A\\— S,d bsp 167[2\/ Sp R¢ C
8 \\\¢

> Branching ratio , meson mass (GeV) (.4 [ : Kinematical factor)

m2 -4
Br(B — X.¢) ~ 5.7 (1 —~ —ﬁ) 62, >-3
" 1 1.0 By - nd) =72 x107x, 67

Br(K; — 7°¢) = 7.0 x 10~ x; 40° Br(n — n°¢) = 1.9 x 10™°x, 467

+ 0.5
Br(K* — n%¢p) = 2.0 X 107x ,0° Br(Kg — n'¢) = 2.2 x 107°x, 46°

+ 0.14  Br(z™ — evg) = 1.9 % 10_9fﬂ’¢(92
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Dark Higgs from meson decay

> Mesons produced at LHC

B meson

Ki meson

ps [GeV]

10*

103.
102.

10

10—1 L

| B-meson

1t

1013
1012
1011
1010
109 Lint=3 ab—’l

102

10 107 103 102 10" AZ
2
Os

K, EPOS-LHC

1016
1015

10M4

10713

1012 Lint=3 g

10° 10 10 102 10~ 1'§
Ok

mMeson
IP./ P
—> 0 FASER
py[GeV] FASER FASER2 d [m]
0i[Boexs 1 FONLL J10° Number of @
1 1 m¢=2 GeV T
103_ 9=10_4 102
From B decay
105 W » .
1 ! 10 Dominant process
101l 0 107
B I I L T
10" 10 102 1072 10" 12
B
pg [GeV] FASER FASER?2 d[m]

104 _KL—)¢T(\0 1 1

103.

102.

EPOS-LHC |, ,
< 1 my=300 MeV |10
1

103

.102

10

10 ¥

37102 107 1Z
By

i ' | 1
10°° 10 10

From K decay
N, ~10° — 10’

Not important due to
the long life of K
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Number of Events

A g SR

> Expected number of events

do_pp—>B I A/ det
N, = L | dpgdo, Br(B — X,§) Br(d — AjA) ) Pi(py.p,)
dedQB =12 /
cross section  Decay of B Decay probability
of B production into ¢ inside the detector

L : Luminosity

_ integrated
length of decay volume radius [uminosity

Liin (m) Linax (m) R (m) L (ab™1)
FASER 478.5 480 0.1 0.15
FASER 2 475 480 1.0 3.0

FASER : LHC run3, FASER2 : LH-LHC
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FASER sensitivity

Light dark Higgs

g

short lived gb

é‘ gf ”3‘2;%;[

mi
Ei!i

i ll
O -4 “ l { ﬂ e, ﬁg’fﬁ 4
w N
10‘5 '
0$m
107 ” | } ”
10'8 u ‘ ' 7

|k

............

>100
>1O

| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII\ | IIIIIII\ [Nk

-9 ;';‘zE.f 111[1 ......... IR
1%.01 0.1 1
ma [GeV]

“Dark photon from light sclara
decays at FASER”

[Araki, Asai, Otono, TS, Takubo, 2008.12765]

Iong Ilved ¢

W

>100

xxxxx
ttttt

i

| “5 >10

10‘5 ; >3 _;
nh i t ] .............. _
?"‘ FASER -
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6=4x10"" -
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-9} 2
10501 0.1 1
ma [GeV]
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“Dark photon from light scalar

FASER 2 sensitivity decays at FASER"

[Araki, Asai, Otono, TS, Takubo, 2008.12765]

Light dark Higgs

short-lived gb

M | * IIII! T ‘I III L
"-... i o

long- Iived ¢
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FASER 2 sensitivity

Heavy dark Higgs

E AT
mI

short-lived gb

i I Ll

I|IIII|I

>100
>10

| I|||IIII I II|II|II I |III|I|I I I|II|III I IIIII||I | |II'§5

0 1
ma [GeV]

1

“Dark photon from light scalar
decays at FASER”

[Araki, Asai, Otono, TS, Takubo, 2008.12765]

Iong—lived ¢
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ND280 in T2K exp.

> Neutrino oscillation experiment, Tokai-To-Kamioka
> 30 GeV proton delivered to graphite target

» Neutrinos produced from charged pion decay 7 — U + v,

J-PARC Super-K
30GeV
proton beam

decay volume

s g o=

[
target & 3horns Ll b~ .. = Off-axis angle 2.5 deg.
beam dump e T TSP beam axis

[

muon monitor
On-axis ND (INGRID)
[

Off-axisND

-
e

> Dear detector “ND280” at 280m from the target to
measure the neutrino energy spectrum S ) | et ) | depth ) | e o)

| 2.4 | 2.4 | 5.8 | 2.0 |

* 0.2T magnet is installed
e (e, i, w) can be measured

> Future upgrade to 12K-Il and T2HK

proton on target : 3.8 x 10?! for T2K by 2021
1.0 x 10%* for T2K — II from 2023

3.7 x 10%? for T2HK after 2027
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Production of A’ at T2K

> Proton bremsstrahlung
» Weizsacker-Williams approximation

S/
dybrems — A7 |F(m2,) |2 dz dp2/ Gpp—() wi(z p2/ ) @(A2 _ q2' )
DP pot A At G () YITAt QCD min
pp

mixing with pp inelastic
vector mesons cross section

- Form factor

Take into account the mixing with mesons

Fpi) = 2, —

1% |%

y)
fymy

2 .
—py —imyly

(V: p,p/,p//’ a), a)/, a)//)

where

m,=m, = 0.77 GeV, m, = m,, = 1.25 GeV, m; = m, = 1.45 GeV

Brems. production is enhanced at resonance

50



Production of A’ at T2K

> Meson decay
« Dark Higgs contribution is negligible due toy/s = 7.75 GeV

e Light mesons (X = x, 7, n’) are produced enough

2

3
2 My
BR(X — Ap) =2¢*( 1 -—= ) BR(X = 77)
ng

with BR(#" — yy) = 0.99, BR(y — yy) = 0.39, BR(3' = yy) = 0.023
2 ONf o2 INEL:
[(mA’ - (m;/[’ + mp) )(mA’ — (m;/]’ — mp) )]

BR(y' — A'p) = &* BR(n' = yp)
(m3 — m2)’

with BR@' — 7p) = 0.30
* For B-L model
(ee)? is replaced by
g,%_L for 70 = A’y
gé_L/4 for n - A'y

n' — A’y is negligibly small
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“New Constraint on dark photon
at T2K Off-Axis Near Detector”

T2K eXCIUS|On reglon [Araki, Asai, lizawa, Otono, TS, Takubo, 2308.01565]

0 08—

104 — FASER 3

10'8 — 95% C.L. V _ 10-8 _ 95% C.L. V _
Npor = 3.8 x 107 f Npor = 3.8 x 10%! mostly 7+
10°° I .\ . ... 10 ... Ammmm.
1072 1071 109 1072 1071 100
My [GeV] My [GeV]

New excluded region by this work
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Future T2K sensitivity

dark photon

=== 1.0x10%

11

1 11111111 £ 11

L1 llllll

L

11 lllllll

1 lllllll

109 == 37%102 | 99% C.L.
10° 10~ 100
ma [GeV]

“New Constraint on dark photon
at T2K Off-Axis Near Detector”

[Araki, Asai, lizawa, Otono, TS, Takubo, 2308.01565]

B-L gauge boson

l']

)
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— 3.8)(1021 DL—JNE \
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10°9L | e 375102 | 95% C.L. _
102 101 109
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5. Summary and Discussions
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Summary

> We have studied the dark photon model with dark Higgs.

* Dark Higgs can be a new source and carrier of dark photon
* Dark photon from dark Higgs decay is significant at FASER

» Search sensitivity is enlarged due to dark Higgs contribution

* ND280 at T2K can be used for dark photon search
* New constraints can be obtained by present data

* Future upgrades will explore new parameter region

Discussion

* Why is the dark Higgs also light? Any reason?
* How results will chance if DM candidate exists?
e How about ALPs search at T2K?
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K mesons

> Neutral particle absorbers to protect magnets in the LHC tunnel

IP| TAS D1 TAN [D2 Insertion ! Arc
— =

o " 100 200 " 300 400 1500 Lim]

» K; and K= are absorbed and deflected

e TAS and TAN absorber placed at 20m and 140m downstream
ecTy =153 mand fy ~2000@p =1 TeV

e D1 magnets placed at 60-80m
o T = 3.7 mand ffy ~ 2000@p =1 TeV

K meson contributions are much decreased
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