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Hidden Sector

» Based on the null result at the LHC, we can guess
the new physics particles are live in the hidden
sector and they have small couplings with the SM.

2018-10-07 1st IUEP Mini-Workshop @ CNU



Hidden Sector

Energy

Heavy mediator » Hidden sector communicates with the SM
E— sector through portal couplings

» The portal coupling makes hidden sector
particles unstable and decay into SM with a
relatively long life time

wswnna o Once Long Lived Particle (LLP) is produced at
colliders and it decay back to the SM after
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LLP is well motivated

Motivation
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LLP searches at the LHC so far

CMS long-lived particle searches, lifetime exclusions at 95% CL

APV SUSY, T — bl, mif) = 420 GeV
BTeV, 127 16" (displaced leplons)

R I |
BTeV, 196 10" (displaced leplons)
8 TeV, 205tb" (displaced leptons)

GMSE SPS8, 5 — Gy, m(F ) = 250 GeV -
8 TeV, 18.7 ib” (disp. photon conv.)
GMSB SPSE, 7 — Gy, miz ) = 250 GeV -
B TeV, 19.1 fo” (disp. photon timing)
APV SUSY, m(@ = 1000 GeV, m5') = 150 GeV .

BTev, 1851b" (displaced dijets)

APV SUSY, m(@ = 1000 GV, m(z ) = 500 GeV
BTeV, 1851 (displaced dijets)

AMSE .5 =% +=', mF) = 200 GV

8 TaV, 195 fo" (disappearing tracks)

cloud modal R-hadron, mig) = 1000 GaV
B8 ToV, 186 f0" (stopped particls)

AMSE . tan(p) = 5, =0, m(F') = B00 GeV
B8TeV, 18.8fb" (tracker + TOF)

AMSB 7, tan(p) = 5, p > 0, m%’) = 200 GeV
B TeV, 168" (racker + TOF)
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Signatures at collider

neutral LLP
(invisible)

visible LLP
(EM or QCD charge)

SM long-lived
neutral hadrons

SM particles
(EM charged)

non-reconstructed
SM particles

< displaced vertex

mis-reconstructed
fake displaced vertex
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LLP Searches are Challenging

» The LHC is not designed for LLPs.

»trigger selections are not optimized for the
LLP searches

J Relatively small background but hard to
estimate It.

J Neutral LLPs have no interaction with the
detector

2 If the decayed product contains invisible
particles, It is hard to reconstruct the event.



Timing detector @ HL-LHC

» After run-2 both ATLAS and
CMS have plan for detector
upgrade for HL-LHC

» ATLAS propose High-Granularity
Timing Detector at the endcap
region

» CMS propose the minimum ionizing
particles (MIPs) Timing Detector
(MTD) between tracker and ECAL

» These effort will open up the
“lifetime frontier”
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The Problem: easy

C

//vd

-

AAs A A

Pa// ’f
/
P, /* » We want to solve “(a, b)” by “measuring”
d (c.d, e,
/ J If (c, d, e, f) are all visible, the problem is
€ / easy -2 just reconstruct everything!



The Problem: unsolved

C

//vd

K
N

Pa//
/
P, /* » We want to solve “(a, b)” by “measuring”
A (c.d, e,f)
J If (c, e) only are all visible, the problem is
e 4 unsolvable

# of unknown > # of independent relations



The Problem: partly solvable

Pa//
/
P, /* » We want to solve “(a, b)” by “measuring”
7 (c.d. e 1)
/ J If (c, e) only are all visible, and the
€ / displaced vertices of (a, b) are
f measured

J Solvable (often) with multiple solutions
only when a, b are same particle and d, f
also are the same particle.

# of unknown = # of independent relations



The Problem: completely solvable

C

P, / » We want to solve “(a, b)” by “measuring”
7 (c, d, e, f)
/ ) y y

/ J If (c, e) only are all visible, and the
€ / displaced vertices of (a, b) are
f measured & timing information of (a,

b) are measured

» Solvable!
# of unknown = # of independent relations



LLP decay to visible particles

C

2

Pa/
/

#

/ o After reconstruct the displaced vertex,
we can get 4-momentum information of

] 4 LLPs




LLP decay semi-visibly

4
P:LLP /

V : Visible SM patrticle / V.
I : Invisible particle ,/'

» Hard to get the information of LLPs and
also invisible particles.




LLP Event reconstruction

AIa

P:LLP /

V : Visible SM patrticle / V.
I : Invisible particle ,/'

J We want to know

P, / » P, P, 4-momentum 4*2 d.o.f
/ » We can measure
- ‘/ » 7y, 7, 2*2d.o.f
b« » piss  2d.o.f
/ » Futher assumptions
Vp » M, =M,

v Mla - Mlb



LLP Event reconstruction

I [Giovanna Cottin 1801.09671]
4 Ig

P:LLP / (P1.)|1p, = (P1, " Ta)Ta
V : Visible SM patrticle / V, (pv.) ( )
I : Invisible particle ,/’ PV, )P, = PV, " Ta)Ta
€ (P1,)1P, = P1, — (P1, * Ta)Ta
(pv,)Lp, =PV, — (PV, " Ta)Ta

pb// (PI@)LP@ — —(PL&)LP
P 4
Le—" f A
4 Pr, — (A-I-B)?“a—Pva
Yy A= (pla Ta)



LLP Event reconstruction

P:LLP fla A= (Pr, 7o)
|74 Visible SM patrticle / V, B = (pVa ' "ia)
I : Invisible particle ,}/’ C = (PIb - Pq)
/Vv,q'r D E (pVb . TAG)
Pa/
k */ Pr, = (AJrB)fa—pva
Pb /7 pfb:(C_I_D)fb_pVb

‘{* ’ |11|L-.'-. . ) -
/ 4 = [('ﬂ‘ T B)Tﬂ' _ plu + (C + "{'})Th — plrb]_) . ]{'

(v, + Py, + D) -
Ty X Tq ‘El

[ T X (pv, + Dy, +p1jr” “’)ﬁ .
p-‘ra _ T” o p‘r:a
Tf

X Ty -k

— B




LLP Event reconstruction

P:LLP fla A= (Pr, 7o)
|74 Visible SM patrticle / V, B = (pVa ' "ia)
I : Invisible particle ,}/’ C = (PIb - Pq)
/Vv,q'r D E (pVb . TAG)
Pa/
k */ Pr, = (AJrB)fa—pva
P, /7 pfb:(C_I_D)fb_pVb

e {p 11115.~‘.) . ,I}

'f'u K 'Fb -k

— D

//
- ‘{: ’ miss - ~ 7
I, «~ Ta X (PT ®=[(A+ B)fa —pv, + (C+ D)fy - 'PL'L]_) - k
C— Ta v, + Py, +DPT
Vp

| Fa X (py, + PV, + D7)k
p'rn':- - - - T T{J_piﬁr
Fa = Th - k



LLP Event reconstruction

P:LLP
V : Visible SM patrticle
I : Invisible particle

i

J 6d.o.f become two 3-momenta
v #,f,  2*2d.0.f

/ Va » pmiss  2d.0f

J 3-momenta of LLPs

'FEJ ¢ {Pt plh _|_p1;11~;~ﬂ) }ii\ N

Pa = Ta
Th X Tu ) k f

_ (?ﬁ‘“ (Pv. + Py, + mm k) .

Py = L
Trr. X 3",:!_. ;'-' /)

» 3-momenta of invisible particles

. .'FU P (pin + pl h prfnh%) ’ fl .
p!h — A T{’_pi';r
Fa X Tp - "L

[Ty % (pv, + Dy, +p='fr“"‘“’) kY .
p-{a _ T” o p‘-;a

Ty X Tq k




LLP Event reconstruction

4y
P:LLP |
V : Visible SM patrticle / V.
I : Invisible particle ,/'

J 4 momentum conservation

2 D ¢
P & 2_9 .
b ??11 ._IE] ??II” |pI” | ._lp'i . pI”

€ m”+ )Eh mf +|pp)* = 2py; - P,

» We assume the missing transverse energy solely coms
v from invisible particles
b

J Let's assume that the mass of LLPs are same and also
mass of invisible particle are same.

» We can find 1 or 2 positive mass pairs



LLP Event reconstruction

P:LLP
V : Visible SM patrticle
I : Invisible particle

P : 400 GeV
[ 1100 GeV

MLLP‘VSMInv1 poro

> 1800 14(
/‘ =
- / 1: 1600~
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Timing reconstruction

A
P:LLP |
V : Visible SM patrticle / V.
I : Invisible particle /'

» If we can also measure the time-of-flight,
we know the velocity S,

J We can boost to LLP rest frame

[, +— — — '.‘.?4: V,

rd
-
Ib «~ - 1 Pa
E., — / 3 iy % (pv, + Py, +PF) k|
( pa l Pa = ~ Ia
Vb

i’ﬁ‘,r; > f‘u -k

» We can find 4-momentum of the LLPs
without any presumable assumptions

» The solution is unique



Timing reconstruction

A
P:LLP |
V : Visible SM patrticle / V.
I : Invisible particle ,/'
2 | |
?/ » If we can also measure the time-of-flight,

we know the velocity 3,
» We can boost to LLP rest frame

"

p, /
/7 |
/ ]a4_——",y<tva
e [ 3
_ By x (pr, + Py + PP)
Ea—pa/ﬁa P = — Ba

v /Bbxﬁa'k‘
b

» We can find 4-momentum of the LLPs
without any presumable assumptions

» The solution is unique



Timing reconstruction

al a Myp_P_Oroto
P :LLP I 3""0: .. ~LLP,
V : Visible SM patrticle / v, °° LLP,
I :Invisible particle

500

400

300

P : 400 GeV o

1001~

I " 100 Gev AT A PRI I TV YN TV T AT R
00 200 400 600 800 1000 1200 1400 1600 1800

p, / W

‘/ M, pVSM,,, P 0_r 0t 0 Mp,._P_Oroto
,' Eéfsuo iy r : inv
- = [..
- “n< 1600 4001 [ 1
[, «— e P ~Inv,
b 14001 B
1200~ =5 800
1000~ a0 2500
E 2001
V 800 a0¢ :
h 600 150—_
20( H
MLLP, MLLP, mr, M, wof 100,
Case 1 no timing 404.654 404.654 123.542 123542 N 100 sol
.. . ] o . 200~ ;
timing 412,481 413.735 148.353 155.783 C E B |
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Timing reconstruction

P:LLP
V : Visible SM patrticle
I : Invisible particle

> 1800
- :f
[, - \ 16001 B 7ot
b 1400 .l..'-' |60t
-
1200~ _Il‘"l . 50t
-
1000 A ] = i00
-
V 800
= 301
b 600 .
20t
400
200 100
G_: el by by Ly Lo Ly 0
0 200 400 600 800 1000 1200 1400 1600 1800
Mp,
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Timing reconstruction

Myp P xroto

4

P:LLP /
V : Visible SM particle / v, N ns
I : Invisible particle | / |
P, : 300 GeV
P, : 600 GeV N
I, 100 GeV
I, : 300 GeV .

[y PR AP P L B ST TRETR D

P / 0 200 400 600 800 1000 1200 1400 1600 1800
b LP
M pVvsM,,, P x roto MLLPQVSMInvZ—p—X—r—O—t—O M P_x_r_0_t 0
> 1800 800 600
- = = ¢ Inv
- \ 1600 g 70t 1600f : 1
I b &~ F _!| c 500/ Inv,,
1400[- .l..- - 60t 1400p : !
o - C
1200 Jl|,-I - oo 1200 400
o = 1000 E
1000f | = N o E 300
800 . " 800 5
F " 300 u E
VL. - - 600 200
MLLP, MLLP, mr, my, 200 400k H
Case 1  no timing 404.654 404.654 123.542 123.542 w0 200F 100
timing 412.481 413.735 148.353 155.783 E TN e Rk R T P
0 %200 % ~200 400 600 800 1000 1200 1400 1600 1800

Case2 no timing - - - - 1800
timing 306.582  616.64 108.639 314.348

LP, I
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Summary of Event reconstruction

4y
P:LLP |
V : Visible SM patrticle / V.
I : Invisible particle ,/'

mpypp Mprp, o np, PLLP PLLP P Pi,
Case 1 no timing JAN JAN A A O O O O
timing O O O O O O 0O O
P b / Case2 no timing X X X X O O o O
// timing O O O O O O O O
I, — — e o If the tracking system is perfect, we can
find the position of the LLP decay
g » We can find the 3-momentums of the event
b

o If we also can measure the time-of-flight
of the LLP

» We can reconstruct the whole event.



Conclusion

» New physics may buried in the hidden
sector

» The timing detectors will flash the hidden
sector where we have overlooked before.

» Using the time-of-flight information, we can
fully reconstruct the events

J Lifetime frontier Is just started, we need to
develop more concrete program
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LLP Event reconstruction

P:LLP
V : Visible SM patrticle
I : Invisible particle

AIa

o

Event generation is done by MadGraph5
Displaced decay in PYTHIAS

We set LLP mass 400 GeV and invisible
particles mass is 100 GeV

Timing resolution assumes 30 ps



MATHUSLA

o MAssive Timing Hodoscope for Ultra-Stable neutral pArticles

100m

[J. P. Chou, D. Curtin, H. J. Lubatti 1606.06298]

Multi-layer
tracker in the roof

.

Scintillator
surrounds
detector

WO¢

Surface P

'
SIGNAL: , L4
neutral ¢
L L7
*
ATLAS ’

High-energy
muon from LHC

Cosmic Rays

QCD hadrons 3 (charged particles)

stopped in rock
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LHC beam pipe

I | | |
1
200m [D. Curtin and R. Sundrum 1702.02524]
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Lian-Tao’s paper

Time delay at EC from LHC
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5 1072 ey [1TH [J. Liu, Z. Liu and L. Wang 1805.05957]
S 1. |
3 |
L 1078 Dashed/Solid 1
= — BKG Pile-Up/Same Vix | __1__ E
—— Glueball m=10/50 GeV 1
-+
10~ — GMSB H m=0.2/1 TeV .
Ll b g

5 10 20 50 100 200
At (ns)

2018-10-07 1st IUEP Mini-Workshop @ CNU 33



Timing reconstruction (p Smeared)

P:LLP |

V : Visible SM patrticle / V,
I : Invisible particle /'
P, : 600 GeV

I, 100 GeV
I, : 300 GeV

/ M, pvsM,,, P 0 r o to MypVsM,,,_p_o_r o_to
— /,’ 'c EGGG ) Egﬂﬂﬂ_ =50
[, «— = s00~ 90 = gp0- I
b 800F 0 e %
700 700" |ss
quE E’UG:
500 500
Vb 400 400~
ggq: SGG_
200; 2c|o§ .
100/ 1001 - :
- AT ANL... 1.1 AT
I T T T 0 100 200 300 400 500 600 700 800

P, M,
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