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Main detectors of the LHC
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Smaller detectors

ZDC=Zero Degree Calorimeter
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FASER

 FASER: ForwArd Search ExpeRiment

e scintillators

* FASER Run Ill: 14 TeV: 150 fb~1: 2021-2023
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FASER collaboration,
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Total 1000 emulsion films interleaved with 1-mm-thick tungsten plates
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Neutrino Interactions [N, /bin]

Neutrinos interacting with FASERyY
25cmx25cmx1m of Tungsten, L=150fb™

FASER collaboration, arXiv:1908.0231

25cm X 25 em X 1.35 m emulsion detector

tungsten target mass of 1.2 tons

1300 v, 20,000 v, and 20 v,
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New physics in FASER
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* FASER Collaboration, “FASER's Physics Reach for Long-Lived Particles,
” Phys. Rev. D 99 (2019) no.9, 095011;
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* FASER Collaboration, “FASER's Physics Reach for Long-Lived Particles,

” Phys. Rev. D 99 (2019) no.9, 095011;
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Testing model at FASERV

Am3, L
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New physics with FASER

M. Bahraminasr, P Bakhti and M Rajaee, “Sensitivities to secret
neutrino interaction at FASERv,” arXiv:2003.09985;

* Felix Kling, “Probing Light Gauge Bosons in Tau Neutrino
Experiments,” arXiv: 2005.03594.

e P. Bakhti, YF, S. Pascoli, “Unravelling the richness of dark sector by
FASERv,” arXiv: 2006.05437, to appear in JHEP
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Parton Distribution Function (PDF)
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Two partons colliding

P1 :p(xlaoa()axl) and P2 :p(xg,0,0, _ZUQ)

S = 4x1:132p2
p=7leV

1~ 0.0, 23~ 1077 ) s~ GeV?

Kinematics tells us that particles lighter than GeV can be produced and emitted in the direction.

8/27/20 Yasaman Farzan 18



Need for intermediate particles

* At the Interaction Point (IP)
Proton + Proton — X' + ...

e X’ should not have too small coupling to SM particles to be
abundantly produced at IP.

X - XX

* X should be feebly interacting so that survive up to FASERvV .



Signature of X particles at FASERV .

X — f —|— f Standard model fermions

X—>f+f+Y

Missing energy-momentum; dark matter?

Decay length 1 mm-10 cm

X—on+n n—>ff 1—=ff

X—on+tn+Y n—=ff n—[f



Dark matter

What is dark matter made of?



WIMP paradigm in its heyday
* WIMP=Weakly Interacting Massive Particle

Freeze-out scenario of dark matter

!

(wpyo(DM +DM))=1pb -
4

g
<UDMO'(DM—|—DM)> SV - ‘

g ~ esin By

—
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M ~ few x 100 GeV
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Hopes for WIMP discovery

* LHC: p+p ==» DM+monophoton or DM+monojet

* Direct DM searches: DM+nucleus —5 DM+ recoiled nucleus

* Indirect DM searches: DM+DM ==» SM particles

In regions that DM density is higher than the average: Galaxy center, DM halo, Earth or sun center

8/27/20 Yasaman Farzan
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High hopes for DM detection

‘J\fuff resufts SOfCL?’
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In 2013, WIMP was still young.
Italian:WIMP era ancora giovane

Iranian: Javan
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WIMP-nucleon cross section (cm®)
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lranian saying
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High hopes for DM detection

ﬂ-[oye for WIMP is not gi\/en up.

But the ﬂ-[égemony cj" WIMP as THEE DM candidate is broken

8/27/20 Yasaman Farzan
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Time to leave the comfort zone

e Comfort zone: 100 GeV-1 TeV

» Whole range: M > 10" %teV
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More precise evaluation of annihilation from
DM abundance
6 —rrrrr—r—rrrrr .
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Freeze-out scenario

o~ 1 pb

Steigman, Dasgupta and Beacom, Phys.Rev.D 86 (2012) 023506
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Light dark matter annihilation rate

M= Mass of the mediator

T pM GeV

If annihilation is to SM particles: electron, muon, u, d, s, gluons or photons
M/g>TeV  mmmm) o < pb

B. W. Lee and S. Weinberg, Phys. Rev. Lett. 39 (1977) 165.



One exception: SLIM model

* New fields:
* Majorana Right-handed neutrino
e SLIM=Scalar as Light as MeV

Bothwm, Y. F., T. Hawubge, S. Palomares-Rulz and S. Pascolt, PRD 77 (2008) 43516;
e Effective Lagrangian: L,DgpNv

* New parameters:
g My N

8/27/20 Yasaman Farzan
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Annihilation cross-section

VL

\ (o — v0IV,) = (o(pp— P DIV,

< g* my,
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neutrino masses

* In this scenario, SLIM does not develop any VEV so the tree level
neutrino mass Is zero.

 Radiative mass in case of real SLIM scalar:

vy, , \ vy,

Ultraviolet cutoff A

2 A2 m2 2
m, 5 mN[ln<—> — ¢ 5 ln<m12\/>:|
My my — ny, my,

N 16772 <

8/27/20 Yasaman Farzan
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Bounds on SLIM mass

mey < My

O(1) MeV < my < 10 MeV.

8/27/20 Yasaman Farzan
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GeV scale Dark matter

DM+ DM —n+1n
N

Beyond SM

o ~ —2 2 M/g ~ 100 GeV

A ML PM > Pl | pb‘

M ppr GeV
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GeV scale Dark matter

Beyond SM mn < D M
n—fr
SM fermion
m, > 10 MeV

} ‘ No trouble for BBN

Yasaman Farzan

Ty < 1 sec
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Shift of paradigm in DM model building

8/27/20

Minimality

Richness

40



Inspired by 5%
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-
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Richness of SM makes lif

Scenery from Iran

e dazzling

42



 Why should DM be minimal?

* It would be boring if it is so.

* More exciting possibilities: Multicomponent DM, SIDM,....



Can we uncover the richness of dark sector?

* We should not overlook any possibility to do so.

* FASERV: Superb position and spatial resolution

Reconstructing invisible tracks of neutral particles decaying to charged leptons

* The point of our paper: FASERV can be a useful tool.
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Toy model
* Intermediate X’ is produced at IP.
» Before reaching detector, X' — X X A generic scenario

* X decays at FASERV to the SM charged leptons:

X % 7777@ Missing energy and momentum

Specific model

1) and 7 decay after Imm-10cm: ) — m N — [[ = Demonsuating abiliy

8/27/20 Yasaman Farzan 46
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Signature at FASERv

* Two pairs charged leptons plus missing energy

%
l 4 L l l
/ Energy momentum of leptons can

be measured

—

The energy momentum of 7 and n

<
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X decay vertex
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Need for intermediate particles

* At the Interaction Point (IP)
Proton + Proton — X' + ...

* X’ should not have too small coupling to the SM particles to be
abundantly produced at IP.

X - XX



Possibilities for X’

1) 7' bosonofB—-a.L.—a,L, —a.L, (witha.+a,+ar =—3)or
kinetically mixed ez} ,B""

2) Scalar ¢ coupled to quarkS' duu, odd, ¢5s

@lth SM Hig |xed with new mertHE

arbitrary coupling to first generation

Small mixing to first generation

_ Direct production from parton interaction at IP
Production from Heavy meson decay at IP

8/27/20 Yasaman Farzan
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Possibilities for X’

1) 7' bosonofB—-a.L.—a,L, —a.L, (witha.+a,+ar =—3)or
kinetically mixed ez} ,B""

2) Scalar @ coupled to quarks: ¢iu, ¢dd, ¢35s

3) Pseudoscalar axion: X'G',, G ze"”
A )

solving the QCD #-term.

8/27/20 Yasaman Farzan



Axion Decay Constant (GeV)

N
o
~J

—
i

-—
S,

—
<
N

107 107 107 107" 10’ 10° 10°
Axion Mass (GeV)
A= 87Tfa/aQCD
Hook, Kumar, Liu and Sundrum, “The high quality QCD axion and the LHC,” PRL 124 (2020) 22, 221801 53



Fast decay of X’

e X" with a mass larger than 3 pion mass decays fast to hadrons

* We want it to decay fasterto X' X
Scalar X: Amx X' XX

Fermion X: A XXX

A > 107° > Br(X' — XX) > Br(X' — hadrons)

X" will decay after traveling less than one meter.

8/27/20 Yasaman Farzan 54



Production of X’

Interaction Point (IP): g(p1)+g(p2) = X' (p1 +p2)

p1 = p(x1,0,0,27) and po = p(x2,0,0, —x2)

2

T~y
mx: = pvVarire where 4X2 <1, < 1.
P
2ptatas

(1M17)) =

A2

datot(EX’) ™ mgf, 1 EX’ + PX’ EX’ — PX’
— 2 2 FQ( )FQ(
dEx 32A% p* Px 2p 2p

8/27/20 Yasaman Farzan
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Production of X’

Interaction Point (IP): g(p1)+g(p2) = X' (p1 +p2)

p1 = p(x1,0,0,27) and po = p(x2,0,0, —x2)

2

T~y
mx: = pvVarire where 4X2 <1, < 1.
P

doior(Exr) T m3, 1 Ex: + Px: Ex: — Px

- F E
dEx: 32A2 2 Py 2 ) 2 )

Gluon PDFs at Q% = m%.,
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Angular distribution of the emitted X’

Interaction Point (IP): g(p1) 4+ g(p2) = X' (p1+p2)

Transverse momentum ignored Pt = 200 MeV

P1 = p(;l,'l, 0, 0, ;L‘l) and P2 = p(;L,'Q’ 0, 0, _4132)

emission of X’ within a small solid anegle of 76? where 6, = Exr
t t t/ Lix

Transverse momentum of protons in a bunch<1 MeV<< 200 MeV

8/27/20 Yasaman Farzan
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s this the only production mode?

g+g— X' +gorg+q— X' +4q.
High transverse momentum for X’

Reaching ATLAS (and CMS) but not FASER

X particles directed towards FASER:

dN(Ex)/dEx|a—2 < 20% of dN(Ex)/dEx|2—1

8/27/20 Yasaman Farzan
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Angular spread of X

Momentum of X in the rest frame of X': |k = (m%,/4 — m%)'/?
X’ velocity in the lab frame: |[vx' = (1 —m%, /EX)Y?

) Ux 2k
Uy S s = arctan '
T Exrox/1— 4R2) (m% %)

) S t

Angular spread (5); X’

8/27/20 Yasaman Farzan



fraction of X reaching FASER

04 d=480 m

p®

0, =5 X 104

VX
Vx' 0, 6, = arctan (

For ps < k ~ mx+ /2.

‘} 25 cm

2k
Exvxi/1—4k2/(m%,v%,) )

For mx — mx/ /2, k < mx /2

8/27/20 Yasaman Farzan
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f = 63/(2(1 - cosb,))

= 63/0%
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Spectrum of X from X’ decay at FASER

Momentum of X in the rest frame of X’:

k= (m%, /4 —m%)1/?

X’ velocity in the lab frame: |[vx' = (1 —m%, /EX)Y?

VX
Vx' 0, 6, = arctan (

For p; < k ~ er/Q,

EX’ vx \/1 — 4]1-'2/('772%(/@%(/) )

For mx — mx/ /2, k < mx /2
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Spectrum of X from X’ decay at FASER and
FASER

doiot(Exr) T m%, 1 Ex: + Px:
~ = orz 2 poFe(——5—)Fl
dEx 32A% p* Px: 2p

Ex: — Py
2p

dN(EX dO’tOt
— Ex
dEx / dEX/ —|—\/1—4mX/m

Lum|n05|ty

)

EX/( N Qk) dEX J/dEx
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Spectrum of X emitted towards FASER and
FASER

doiot(Exr) _ 7 'm%(, 1 3 <EX/ + Py \F (EX/ — PX,)
dEx 32A2 p2 Py, Y 2p g 2p
dN(Ex) B datot | 2
— E
dEx AdEx: " 14 /1 — 4m% /mZ%,

/

f = 93/(2(1 — COS 93)) x detector area
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Spectrum of X emitted towards FASERvV

100 A

80 -

dN/dEx(GeV™1)

20 1

8/27/20

60 -

40 -

B X spectrum

1000

2000
Ex(GeV)

3000

4000 5000

Yasaman Farzan

run III of LHC

Vs = 14 TeV

150 fb—1

mx+ = 3 GeV, mx = 1 GeV

A =2x10* GeV
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Spectrum of X emitted towards FASERvV

100 - B X spectrum

80 1
. run IIT of LHC
ii Vs =14 TeV 150 fb~!
% 40 -
. myx: =3 GeV, mx =1 qev

A = 2x10* GeV

0 1000 2000 3000 4000 5000
Ex(GeV)

pors: J. Rojo et al., J. Phys. G 42 (2015) 103103

8/27/20 65



Spectrum of X emitted towards FASERvV

100 - B X spectrum

80 A
T run 11T of LHC
2 /s = 14 TeV 150 fb—1
§ 40 A
) my: = 3 GeV, mx — 1 GeV

20 A

A =2x10* GeV
N

0 1000 2000 3000 4000 5000
Ex(GeV)

Total number = O(100000)
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Number of X decaying at FASER

dN (Ex __d ( Sz )
exp XX

IE
dFE x TX '\,\( X

Detector length

x detector area

Proportional to Volume

8/27/20 Yasaman Farzan
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Number of X decaying at FASER

IN(E _ S,
AN(Ex) exp XX i dE x
dE x TX VX

vx =mx/Ex

FASER
Length of the detector:
FASER”: (upgrade of FASER for HL — LHC)

8/27/20 Yasaman Farzan

s, = 1.3 m

S, = 0 In
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Bound on the coupling

We—_—
—— FASER2
10° —— FASERV
107
106
S 105 high luminosity run of LHC
m .
S0t during 2026-2035
103
102
101 the run III of LHC
during 2021-2023
100 1 1 1 1 1 1
-12 -10 -8 -6 —4 2 C
10 10 10 10 10 10 10 myr = 3 GeV and mx = 1 GeV,

Tx(s)
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Bound on the coupling

— FASER2
10° —— FASERv

107

10°

dN(E _ S,
(Ex) exp XX ’ dE x
dFE x TX VX

S 10°
v

O
< 10

103

TxA\? = cte

/

102

10!

100 1 : : , : , mx: = 3 GeV and mx =1 GeV.
10712 1010 1078 107° 1074 1072 10°¢
Tx(s)
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Spectrum of X emitted towards FASERvV

100 - B X spectrum

80 A
T run 11T of LHC
2 /s = 14 TeV 150 fb—1
§ 40 A
) my: = 3 GeV, mx — 1 GeV

20 A

A =2x10* GeV
N

0 1000 2000 3000 4000 5000
Ex(GeV) <0.01

Total number = 0(100000) dN(Ex) oxp A 2 NiEy Number of events < or = 100
8/27/20 dE x TXVX 71




Toy model

* Intermediate X’ is produced at IP.

» Before reaching detector, X' — X X A generic scenario
* X decays at FASERV to the SM charged leptons: NO BACKGROUND
X — 7777@ Missing energy and momentum

Specific model

1) and 7 decay after Imm-10cm: ) — m N — J] =~ Demonstrating ability

Of FASER
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Signature at FASERv

* Two pairs charged leptons plus missing energy

Opos = 0.4 pm

L 4 L l l
// Oang — \/Eo'pos/Lt'r‘

X Liy =1 cm
\A

\ Tangle = 0.06 mrad.

AE/E ~ 30%.

877 — mx /EX y (9[ ~ 771% — 477ll2/E77 AH?] ~ \/(AE/E)2‘9l2/2 + QGCQLnga
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X —>n+n+Yor X —-n+1

AP, < |ph, + Pl

1/2
AP, = (2A50PI08)2 + @)+ (TP + X 5oy + 15 + A (82)?)

(AE/E)? ~ 0.3 o 1P + 2o 151l2) ~ 19n]? ~ [P5]? A ~ 10-3
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X —>n+n+Yor X —-n+1

AP, < |pt + pr|

AE 3 3 . B A 1/2
AP, = (ﬂf)?[@fﬂz + L)1+ QPP+ 15030, + 15y + pﬁ|2(AZ)2>
/ // Angle between projections of momenta to »«/ plane

R N < 90° +
> 90° ~

y

8/27/20 Yasaman Farzan
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Reconstructing the mass of 7

m% = (pi + pp)°

Am?

sin

/m2 ~ [2(AE/E)? + 2(0ang/0:1)%]"? =a0%

N pairs: Am?, /VN

8/27/20 Yasaman Farzan
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Decay length of 7

OL. ~ [(I; +12)(A6,/6,)° + 20,

pos

211/2
/61"

1.5 cm < [, 15 < few 10 cm,

N i
= _ D iz lnmn/En
K N
yrstat 21og 2
— ( S )1/2 » 10%

T N
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Determining the masses of Xand Y

* We do not know the energy of initial X

100 A B X spectrum

80 1

60 -
Any information on the mass of X and Y is limited

40 - by both statistics and uncertainties on PDF

dN/dEx(GeV~1)

20 1

(I) 10I00 20I00 30I00 40l00 50I00 U N I | ke m
Ex(GeV) n
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Connection to dark matter

e X’ can be produced in the early universe by gluon interaction.

For T" > mx and A S 108 GeV

e X’ decay can produce X and then Y (DM).



Connection to DM

Fermionic X and Y :

gynVY 4+ gxnVX

G(Y+Y —n+1n)~ pb
4 2
\/ — gY mY mys my 1/2
Complex Y+Y — = == 2 — ~ 10 GeV
P oY + n+) m%/ 4 :> gy (0.1 GeV)

For real case, cancelation between u and t channels

my > mx %Vn

gng mX
10073 mv

4RO =1 e ((GeV 2(@)< Ex )
. (X = Ynn)(mx/Ex) ~ (480 m) :> gx ~ 10 (mx) v ) G0 aev Gey

(X — Ynn) ~




Connection to DM

Fermionic X and Y :

gYnV) _l_an[ X oY +Y —n+1)~pb
4 02
_ _ gy my my my \'/?
Compl Y+Y — = — 1 i -~
omplex o(Y + n+17) mi an — gy T HOGeV (0.1 GeV)

For real case, cancelation between u and t channels

mv>mxj‘>X-—>V77

ZQ X ZZ Exact

nXY
n and V are odd Xand Y odd X/4Y77
81




Connection to DM

Scalar X and Y :
MY Xin + XX Xin + X\3YYin.

/

Real or complex

A1
Z2><ZQ><ZQ:>ZQ><ZQ A < A3

77l Xl Yl 77% - X%Yn

8/27/20 Yasaman Farzan
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Connection to DM

Scalar X and Y :

MY X7 4+ XX Xin + \3Y Y.

(X — Ynn) ~

/\%m X
10073

(X — Yign)(mx/Ex) ~ 1/(480 m).

8/27/20

A =8 x 1077(GeV/mx)(Ex /500 GeV)1/2
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Connection to DM

Scalar X and Y :

MY X7+ XX Xin + \3YYin.

8/27/20

A = 8 x 1077(GeV/mx)(Ex /500 GeV)/?

o(YY — nij) ~ A3/(4mm3,) ~ 1 pb,

!

A3 ~ 1074 /my /GeV
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Conclusion

* FASERV , with its superb abilities to reconstruct tracks, is ideal to
study new long-lived interacting particles that go
through decays.

* Intriguing possibility for exploring dark matter



Eta decay

Ayl — N — .

Ty = 47’(’/(777,77)\,,27)

Ap > 107" 7, E,/m, < 1m
nHT® +nTdTH
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