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Dutline

 Long-lived particles at the LHC: overview

* Opportunities:
« High Quality Axion
« Heavy Neutral Lepton
* DM & Coannihilation
« Opportunity in Timing and HGCal
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First pixel layer (first

atis LLP? layer of detector)
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Fig. credit: L. Lee @ ATI
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y Long-Lived BSM Particles? Supersymmetry

 R-Parity-Violating, small B/L-violating couplings > o
‘ L1y (100 GeV 10-8\° ___'é_
*pp S m Arpy <
i F
« Gauge mediation—suppressed couplings via SUSY breaking

scale ﬁ 1\., f
4 ’
100 GeV\* [ VF
CTGMSB"'lOH] —_—

m 100 TeV

* Mini-split spectrum—suppressed couplings through
“decoupled” heavy particles

TeV ° mg $
CTmilli-split~1 mm mg (PGV)

Pure Wino/Higgsino—nearly degenerated, disappearing track
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b
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y Long-Lived BSM Particles? Hidden Valley
Hidden sector feeble

/ f
couplings to SM via various ¢ x_‘:"’ ] A VE
portals, suppressed by. the e B Dark
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\". /}-
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oA diséppearing _dr_
| . displace kinked tracks \
LP: A rich program multitrack vertices : '

J : " non-pointing

B | (converted) photons

displaced leptons, / W\ emerging jets

lepton-jets, or
lepton pairs

: trackless,
low-EMF jets

multitrack vertices in the
muon spectrometer
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diséppearing o‘r-

e 4 new displaced kinked tracks
experimental challenge. muttitrack vertices p—t N
& |/ non-pointing
o N £y (converted) photons

LHC detectors designed for 2 N
prompt signals. For LLPs: :tagtg:'s- ] emerging jets
pairs 4 4
Otrigger
@reconstruction :
©standard model gy rackiess,
low-EMF jets
background quasdgtable
®non-standard background o charged particles
ck vertices in the ‘[{

pectrometer
Huge uncharted well-motivated
territories to explore!
Zhen Liu LLP Opportunities @ LHC PI HEP Seminar Fig. credit: Heather Russel @ ATE)S
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Codex-B
AL3X
FASER
SHiP
NA62
SeaQuest

MoEDAL monopole
MilliQan }_ millicharged particles

A veritable Renaissance of Long-Lived Particles

MATHUSLA
}— Central/Hard LLPs

The world is planning on
conducting new experiments
searching for these hidden
long-lived particles.

Forward/lighter LLPs Search for LLPs

}— Beamdump experiments
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* Opportunities:
. High Quality Axion Hook, Kumar, Liu, Sundrum, 1911.12364

N
B |

[\ &
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trong CP puzzle

Four simple solutions ’/Vea/( y

L >259GG +y,Q, Hup + y,Q,Hd Fe’??c;-
- LU Liag I Universeis Left-Right '0p ¢
_ svHRetrie
0 = 0 + ArgDet[Y, Y] < 10710 - i Osey
Mm#eicse—}s—?}me Yiop,
While ArgDetlY, Y,;] anticipated around & ~0(1) .
Q—Massless—u-p—q&a-l-k C?{O
Strong CP puzzle of QCD 4. Axions ‘e
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L >

Strong CP puzzle

a ~ = e =
506G + yuQuHug +y4QLHdy

0 = 6 + ArgDetlY, Y] < 10710

While ArgDetlY, Y,;] anticipated around & ~0(1)

Zhen Liu

Pirsa: 19120011

Strong CP puzzle of QCD

LLP Opportunities @ LHC

Peccei, Quinn, 77’

Dynamical solution:
QCD Axion a as a pseudo
Nambu-Goldstone boson

Sle-L)ég
8 fa

PI HEP Seminar
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Peccei, Quinn, 77’

e Quality Problem

. Dynamical solution:
The axion fakes a dynamical angle. QCD Axion a as a pseudo

How good of an imposter is it? Nambu-Goldstone boson

(04 a\ -
g n a a S
V ~ —(100 MeV)? cos (9 - E) + A2t amination COS (6" - E) - (9 fa) GG

Acontamination < 0.1 MeV

There are also many other scales :
GUT, Inflation, Gravity, Dark matter

@14
V = —— _ i
MlO b =¢ea
pl
Leading order gravity suppressed operators must be

suppressed by 10 powers of the Planck scale!
Zhen Liu LLP Opportunities @ LHC PI HEP Seminar 12/3/2019 ﬂ
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e Quality Problem and reinforced Axion potential

Mirror QCD + Weak with Z2 symmetry,
one axion couples to both and solve both

strong CP puzzles dynamically. Reinforced Axion
Potential
2 V(a)
AQcp . |
a = Instead, through soft Z2 breaking by
f a giving Mirror Higgs large VEV

=»massive fermions decouples earlier
=»mirror QCD run fast and confines

(H') = 10" GeV

4 4 ]
\/AQCD +Agepr &
fa

mg =

_ . 1000 107 10" 10'S 109
Zhen Liu LLP Opportunitie 1 (GeV) ar 12/3/2019
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The Quality Problem and reinforced Axion potential
Makes the Quality problem better

~ - e cos [0 — A 108 MeV)* cos | 6 — @ Reinforced Axion
|4 100 MeV)* 0
Ja fa Potential
+Agontamination COS (9’ = fg) V(a)
a

5
Acontamination < 10 MeV

If the Higgs mass were the only thing different
between the two copies, the neutron angles are
still the same!

Flavor structure of the SM ensures that any
change occurs at 7-loops and beyond

Not true for a generic theory!

Zhen Liu LLP Opportunities @ LHC PI HEP Seminar 12/3/2019
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e Quality Problem and reinforced Axion potential

Makes the Quality problem better

Vv~ —(100 MeV)4 €03 (a - ﬂ) - (108 MeV)4 CcoS (@ - i) Reinforced Axion
Ja fa Potential
a ;
+Agontamination COS (9’ = f—) V(d)
a

5
Acontamination < 10 MeV

But generates a new quality problem:

2 f rerrt
g* (HH' . H'HT .
GG G'G
3272 ( M2, T M2 )

H' <10" GeV

16
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(c;;aaGG' + oo WW + clalBB)

87 fa

referred parameter space
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Zhen Liu Axion Mass (GeV)
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ong-lived Axions

?

== “Slo+2)e6+ 22 FF
41T fa 41 fa)/)f Reinforced Axion
Potential

Lifetime (cm)

- fa=1 P&V, c4=C=C3=1

7
10‘21 L 1 1 1 1 1 1 o | 3 10
10° 10’
Axion Mass (GeV)
19
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referred parameter space

GG the defining coupling for strong CP
Constraints and studies in the GeV scale
realm very minimal.

The existing studies focus on photonic,
Higgs decays and leptonic couplings.

Hadronic mode buried
under QCD background

Zhen Liu LLP Opportunities @ LHC PIH
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Y. Gershtein, 1705.04321, CMS-PAS-FTR-18-018

isplaced track trigger: crucial ingredient

e At least three tracks (within an L1 jet) with ppr > y
2 GeV, 7
/7
e Amongst the above tracks, at least three of them /

have the transverse impact parameter dy > 1 mm;
e The pseudo-rapidity of the tracks to be || < 2.4;

e The signal decay location in the transverse plane,

dr < 35 ¢cm to have enough hits in the tracker outer Long-lived signals are produced and
layers; decayed through a same vertex
: )

e The Hy of the event to be greater than 100 GeV.?

| / J F /
/ | 7 F
1 100} / 100+ | / 100+ / /
/ | / o
| e ’4" f ’/'
| ( L I 7~ | /
™ 50 ’ 50F )/ N, 50 | / /
— —_— ’ .H.F A\ -
: | e Ve
> | e 3 \ V.
i 3 g i i 1 : \‘a’ o PPN | i R L. i
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\ AN _r. et [ F o 4 II‘:
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1. The 2D common vertex has a minimal distance to

A alySiS: 2D-4D VerteXing the interaction point of 0.5 e¢m and maximal dis-
] eleCtlon tance of 35 cm, 0.5 ecm < dp < 35 cm;

2. The 2D tracks fit a common vertex with standard
deviation Ady < 1 cm:

A Fitted vertex

:';direction 5 . o .
i 3. The 2D common vertex is sufficiently displaced

away from the interaction point, dr/Ady > 5:

4. The corresponding 4D vertex has a standard devi-
ation in z direction Ad. < 5 c¢m;

5. The corresponding 4D vertex has a z-direction lo-
Track1l ir Tick3 ; cation d, < 20 cm;
momentum g
rection /3 6. The corresponding 4D vertex has a standard devi-
. o [ ation in time Ad; < 500 ps:
8 7 N spot o g :
e @,[ / /\ 21| 7. The corresponding 4D vertex has a time d; <
1000 ps;
Background: 10”12 to begin with (post triggering); 8. The tracks are within 0.4 in pseudorapidity of the
2D-4D vertexing reduces it to 10" 3 reconstructed displaced jet direction [n; —ny| < 0.4
Track/jet information matching between ditferent for all the three tracks:
subdetectors can further reduce it to <1 9. The tracks are within 0.4 in azimuthal angle of the
reconstructed displaced jet direction |¢; —¢y| < 0.4
Zhen Liu LLP Opportunities @ LHC PI HEP Sem for all the three tracks;

Pirsa: 19120011 Page 21/28



 displaced track trigger
anables searches for axions

a
10 T lIIIIlIl T T TTTI

ALLLI I TR UL T T

Unique singly produced LLPs making the LHC main
detectors the major place to look for them:

Long lifetime = low production rate = Quatty 7
& 10
e e (S - =
b 5cm| ,--07" . [1om A ’b%/”
r 2cm| . - 2 %‘g@
r 4 0.5cm 1 8 %],)
— = - = > 4
2 g 3 events > — g 10" Rstro+Cosmo+Beam Dump
& - " -
E : . » : g mtow;m:fa(z TeV {7 ‘\'0‘:‘0
e | PT>30 GeV : 0.2cm J LHC direct searches for colored particles
o ¢ aamammma 3 2 :
2~ B . - 10°F Meoorea=47tf,<2 Ti Direct Axiofl searches
- L~ 10events™ . ] S (profcied senmves
g r ;'. ’r'.,":'.'! y 2 ‘.“.3-‘ “~. "' 0.1ecm A : Lol = | Ll s slEnney m =S il Lo
Q A 1 107 107 107" 10° 10’ 107 10° 10
§.[ /AN events " [o05em]| - Axion Mass (GeV)
< ‘ A B S00GeVE" .- 1
- o - We employ a 2D-4D vertexing selection
e 1 for displaced jet to veto the fake track
T T T Y S TN N N SN TR S (RN S S SRR i [P . 1t .
: i i 25 75 bac.l\gl (?L}nd, den'ionstl ating the
Axion Mass (GeV) plausibility of this search.
Zhen Liu LLP Opportunities @ LHC PI HEP Seminar 12/3/2019 ‘
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* Theory Opportunities:

- __ & J. Lin, ZL, LT Wang, 1805.05957
* Opportumty mn Tlmll’lg and HGCal J. Liu, ZL, LT Wang, XP Wang, in progress
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ew searches and new insights!

107" o o S i = 2 ~ ™%

: ' Background Prediction
CMS Preliminary 137 fb™' (13 TeV) — :
s WErTo et er [t ] v Beam halo 0.02*505 (stat) *oo; (syst)
- [| Beam halo background ] . +0.09 +0.02
g 10‘3 %Q E Core and satellite backgrounds % COI'E’ and sa tE‘“lte bUﬂCh(’S 0.11 I UUS (Stat) _Uuz (SySl’)
— =, i =
D = [ cosmic background ] - +1.8 (. a1 .
g 10° — SEaureaiion 3 Cosmics 1.07,, (stat) "1 (syst)
1T 1  essssass GMSE m. = 2400 GeV,ct,=1m ]
Y] | P GMSS m, = 2400 Gev, cr = 10md  DEAM halo small
------- GMsBm, =2400Gev,ct, =30m | Core and satellite bunches small but one shall try
1™ Il ST 5 to improve by precision timing
. —-l-ﬂ---ﬁur—\_:::---__ 1 . < > - . .
- A L e | Cosmics small (for this analysis, no need to do

cosmic veto yet but there are many ways) and scale
with time but not luminosity

T IHIIli TTIm

Lot of theory & experimental activities:
« L1 trigger under development
« Delays in all subdetectors under development
2 4 6 8 10 12 * Pheno studies on mass reconstruction
tjet (Ns)  « Pheno studies on jet substructure
Zhen Liu LLP Opportunities @ LHC « Pheno studies on delayed dark photons

Pl HEP Seminar . 12/3/:{01() 28 I
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Inverse Seesaw , Mohapatra, Valle, 86

eutrino Mass Puzzle

fermion masses

dre sr@ be y.
U e Ce te A _'n A
Vl |—.—|.V2 .V3 ce Lle Te / mN N \
/ \
N N S S N S S N A NN SN S NN SN SR N SR N S / \
ueV meV eV keV MeV GeV TeV H\

Lig 3 —myNN — (ALHN; + uN? + h.c.)

V In the y = 0 limit, one Dirac Neutrino
0 1w 0 and one massless Wyle Fermion
Ew = i # 0, lightest eigenstate
N M = AUEW 0 mpy /\( 9

UVEW

0 my H m, =~ u [ —
My

Zhen Liu LLP Opportunities @ LHC PI HEP Seminar 12/3/2019

Pirsa: 19120011 Page 25/28



eutrino Mass Puzzle also leads to LLPs

5 6
Avpw 1

e, =& i

M) g :

1 04 :

N gJw* ~7F

7 LN -f
Right-handed neutrino N is long-lived:

. 3eV\® £0.01eV 0|
et~ T x10% x ( : ( _ﬂ ) meter. L
N m, MeV

~

""”"'-«‘___‘\k\ -2 L 9 A PR I : el
1 10 1 2 5 10 20 50

But where do these small mn[GeV]
parameters come from?

Zhen Liu LLP Opportunities @ LHC PI HEP Seminar 12/3/2019
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... and it’s well-motivated.

Toy example:
LHWd'd  (u.d.dL)?
M3 T M>
Y 4
(u'd'd") confines
to Neutron'= N

/

Lig @ —=myNN — (ALHNy + uN? + h.c.)

Lyy 2 Locp +

AQCD’ 3
(AQCD'
M S5
& © (Aqep’
QCD’ M
Zhen Liu LLP Opportunities @ LHC PI HEP Seminar
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ummary

* Theory & Experimental landscape
* Large class of motivated models for LLPs, mainly classified into SUSY and Hidden
Valleys
* Opportunities/Challenges
« LHC main detectors have great potential for LLPs
High Quality Axion (low mass hadronic LLP)
Heavy Neutral Lepton (low mass semi-leptonic LLP)
DM & Coannihilation (soft visible energy LLP)
Timing and HGCal (new dimensions of information greatly boost LLP program)

*

L]

*

L ]

Thank you!
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