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Introduction of long-l ived particles (LLP)

● Al though the d iscovery of  Higgs Bosons has 

completed the Standard model  (SM),  there are s t i l l  

some problems can’ t  be expla ined:

● Dark  ma t te r  and  da rk  energy ;

● Mat te r–ant imat te r  asymmet ry ;

● St rong  CP p rob lem.

● Lots of extensions to  the SM t ry to  expla in these 

problems, and many of  them predicts new par t ic les 

which acqui re large l i fe t imes,  becoming long - l ived 

par t ic les (LLPs).
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● LLPs have unusual  exper imental  s ignatures:

● Sma l l ,  l oca l i zed energy depos i ts ins ide  the  

ca lo r imeters  w i thou t  assoc ia ted  t racks ;

● Disp laced  ve r t i ces  in  t he  inner  de tec to r  o r  muon 

spect rometer ;

● Disappear ing,  appear ing ,  and  k inked t racks .



Differences between SM jets and LLP jets

● Jets from SM decays:

● Originate from the interaction point;

● Associated tracks ;

● Energy deposits in the Electromagnetic Calorimeter (ECAL) and the 

Hadronic Calorimeter (HCAL).

● Jets from LLPs decaying after the 1st HCAL layer:

● Originate from a point in the HCAL;

● Trackless;

● High 𝐸H/𝐸EM, the ratio of energy deposited in the HCAL to that deposited 

in the ECAL, the so called CalRatio (CalR).

● The standard reconstruction algorithms may reject events or objects 

containing LLPs precisely.

● Dedicated searches are needed to uncover LLP signals.
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SM jets vs LLP jets



Previous searches for LLPs at LHC

● LHCb:

● Search  f o r  LLPs decay ing  to  je t  pa i rs [1 ]

● CMS:

● Search  f o r  LLPs us ing  d isp laced  je t s [2 ]

● Search  f o r  LLPs p roduced in  assoc ia t ion  w i th  a  Z  boson [3 ]

● Search  f o r  LLPs us ing  d isp laced  ve r t i ces  and  m iss ing 

t ransve rse  momentum [4 ]

● Search  f o r  LLPs decay ing  in  t he  CMS muon de tec to rs [5 ]

● ATLAS:

● Search  f o r  d i sp laced ve r t i ces  in  t he  t rack ing  sys tem [6 ] [7 ] [8 ] ,  

hadron ic  ca lo r imete r  [ 9 ] ,  and  the  muon spect rometer [10 ]

● Search  f o r  t he  combinat ion  o f  one  d isp laced ve r tex  in  the  

muon spec t romete r  and  one  in  the  inner  t rack ing de tec to r [11 ]

● Search  f o r  hadron ic  decays  o f  LLPs in  assoc ia t ion  

w i th  a  Z  boson [12 ]
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Summarized ATLAS 95% confidence level exclusion 

limits on the Higgs boson branching to a pair of LLPs as 

a function of cτ. Current as of March 2024.
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Signal models and channels in this analysis

● Hidden sec to r ( HS )  mode l :

● SM  a n d  H S  a r e  c o n n e c t e d  v i a  a  h e a vy n e u t r a l  b o s o n  Φ ,  wh i c h  c a n  

d e c a y i n t o  n e u t r a l  l o n g - l i ve d  s c a la r s  S .

● Φ c a n  b e  p r o d u c e d  i n  a s s o c ia t i o n  w i t h  a  ve c t o r  b o s o n  ( W / Z )  

d e c a y in g  t o  l e p t o n s .  ( Z H SS / W H S S )

● Axion- l i ke  pa r t ic les  ( ALPs )  mode l :  (ZALP /WALP )

● T h e  l o n g - l i ve d  AL P  a d e c a ys  i n t o  g l u o n s ,  p r o d u c e d  i n  a s s o c ia t i o n  

w i t h  a  ve c t o r  b o s o n  ( W / Z ) .  

● Dark  pho ton  (𝑍𝑑 )  mode l :  (HZZd )

● 𝑍𝑑 i s  p r o d u c e d  w i t h  a  Z b o s o n  f r o m  t h e  d e c a y o f  a  m e d ia t o r  Φ .
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Benchmark HS model HS model associated 

with a vector boson
ALP model Dark photon model

● Ca lRat io +  2  je t s  channe l  (Ca lR+2J) :

● H S m o d e l :  O n e  L L P  d e c a ys  a f t e r  H C AL ,  

a n o t h e r  d e c a ys  b e f o r e  H C AL ,  l e a d in g  t o  o n e  

C a lR a t i o j e t  a n d  t wo  p r o m p t  j e t s .

● Ca lRat io +  lep ton(s )  channe l  ( Ca lR+W /Z ) :

● Z H SS,  W H SS,  Z AL P ,  W AL P  a n d  H Z Z d :  A t  

l e a s t  o n e  L L P  d e c a ys  a f t e r  H C AL  a n d  W / Z

b o s o n  d e c a ys  i n t o  l e p t o n s ,  l e a d in g  t o  a t  l e a s t  

o n e  C a lR a t i o j e t  a n d  l e p t o n s  f r o m  W / Z .



Analysis strategy

● Use the ATLAS Run 2 dataset  o f  140 fb−1 of  pp

col l is ions at  𝑠 = 13 TeV .

● A je t - leve l  neural  network (NN) is  used to  ident i fy 

CalRat io je ts,  qcd jets  and beam-induced 

background (BIB) je ts .

● For d i f ferent channels and d i f ferent  𝐸T regions,  

use d i f ferent  event - level  Boosted Dec is ion Trees 

(BDTs) to  tag events as  s ignal  or  background .

● Use a modi f ied ABCD method to  do the data -

dr iven background est imat ion.

● Use the Bl ind Analys is  to  avoid b ias.

7



Event selection

● In CalR+2J channel, besides a series of basic preselections on events and jets, an event -level NN 

is trained to remove al l  remaining BIB events.

● In CalR+W /Z channel, after the preselection, combinations of addit ional cuts are optimized to 

maximize the Τ𝑆 𝐵 rat io in signal region. And several BDTs are trained with different input signal 

sample sets to discriminate the signal against the background processes.
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BDTCalR+W
ALP

BDTCalR+W
low−𝐸T BDTCalR+W

high−𝐸T BDTCalR+Z
low−𝐸T BDTCalR+Z

high−𝐸T

All WALP mass points
WHSS events with 𝑚𝛷 ≤ 

200 GeV

WHSS events with 𝑚𝛷 > 

200 GeV

All ZALP mass points, 

HZZd and ZHSS events 

with 𝑚𝛷 ≤ 250 GeV

HZZd and ZHSS events 

with 𝑚𝛷 > 200 GeV



Main background and data-driven ABCD method

● CalR+2J:

● SM mu l t i je ts even ts ;

● Non-co l l i s ion backgrounds (NCBs) :

● Beam- induced background (B IB ) ;

● Cosmic  rays .

● CalR+W /Z :

● SM p rocesses invo lv ing  vec to r  bosons  p roduced wi th  je t s ;

● Sing le  o r  pa i r  p roduct ion  o f  t op  qua rks .

● Af ter  event  se lect ions, the contr ibut ions f rom cosmic rays 

are found to be negl ig ib le.
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● Use data-dr iven ABCD method to  es t imate 

the remained backgrounds.

● One axis of  the p lane is  σ ∆𝑅min je t , t racks ,  

and the other is  the score of  NN/BDT ,  

which are uncorrelated.

σ∆𝑅min jet, tracks : Sum of the angular distance between the jet axis and the closest track over jets above a certain pT threshold.



Systematic uncertainties

● The maximum uncertainty caused by this background estimate is approximately 5%.

● All remaining sources of uncertainty affect the signal eff iciency estimate.

● For CalR+2J, the largest contribution comes from jet energy scale and jet energy 

resolution: 0.3–16.0%.

● For CalR+W /Z , the largest contribution comes from mis -modell ing in Machine Learning 

(ML): 0.4–9.1%. 

● Lepton systematics and luminosity errors are independent of the signal model, included 

in the total systematic uncertainty.
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Unblinding Results

● The a pr ior i est imate re fers to  the “pre -

unbl inding” case:

● Data  in  reg ion  A i s  i gnored

● Signa l  s t reng th  i s  f i xed  to  ze ro .

● The a poster ior i est imate refers to  the “post -

unbl inding” case:

● Observed  da ta  in  reg ion  A i s  i nc luded in  the  

background -on ly  g loba l  f i t .

● The post-unbl inding yie lds  in  reg ion B,  C 

and D remain consistent  wi th  the observed 

yie lds  wi th in  the i r  s tat is t ical  uncertaint ies.

● No s igni f icant  excess is  observed in  s ignal  

reg ion A.
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Signal region Control region



Upper l imits Results for HS model

● The constraints obtained by CalR+2J shows about  a threefold improvement re lat ive to  the previous 

search [9 ] ,  wi th  the branching f ract ion of  Higgs bosons to  LLPs above 1% exc luded in  the cτ range 

of  30 cm to 4.5 m.

● This  improvement comes f rom re laxing a restr ic t ion and explo i t ing addi t ional  je t  in formation,  which 

al lows a substant ia l  background reduct ion whi le  mainta ins s ignal  e f f ic iency.
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https://arxiv.org/abs/2203.01009


Upper l imits Results for HS model

● The CalR+W /Z channels provide the f i rst  constraints on the process where a scalar  mediator  is  

produced wi th  a vector boson.  Higgs boson branching f ract ions to  LLPs above 50% are exc luded 

for  cτ in  the cm to  m range.

● This  provide a complementary constraint  in  a  d i f ferent  product ion mode.
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Upper l imits Results for ALPs model and 𝑍𝑑 model 

● Constraints on photophobic ALP models are set  for  the f i rs t  t ime wi th  cross -sect ions above 0.1 pb exc luded in  

the 0.1 mm-10 m range.

● New constraints on the HZZd model  are set ,  which are more sensit ive than previous resul ts  [12] by an order 

of  magnitude ,  wi th  product ion cross -sect ions above 0.1 pb exc luded for  the 20 cm to 50 m range.

● The improvement is  because d isplaced je t  ident i f icat ion eff ic iency and background re ject ion are improved by 

us ing the per - jet  NN.  And a lso a four t imes larger dataset  is  used.
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https://arxiv.org/abs/1811.02542


Summary

● This analysis uses the ATLAS Run 2 dataset of 140 fb−1 of pp coll isions at 𝑠 = 13 TeV to 

search for hadronically decaying LLPs giving rise to displaced jets in the ATLAS HCAL.

● No signif icant excess of events is observed. 

● Constraints on the production cross-section t imes branching fraction at 95% confidence 

level are set.

● This analysis is part of a wider programme of searches for LLPs with the ATLAS experiment, 

and has unique sensit ivity to LLP laboratory decay lengths of the order of 1 m.

● I t  targets signatures involving neutral hadronically decaying LLPs with prompt objects in 

that decay range for the f irst t ime with the aid of ML discriminants.
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Backup
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ABCD Plane: background estimation
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● The maximum uncertainty caused by th is  background est imate is  approximately 5%.



Systematic uncertainties

● For  Ca lR+2J ,  t he  la rges t  con t r ibu t ion  on  s igna l  e f f i c iency  comes  f rom je t  energy  sca le  (JES)  and  je t  energy  

reso lu t ion(JER) :  0 .3 –16.0%.

● For  Ca lR+W /Z ,  t he  la rges t  con t r ibu t ion on  s igna l  e f f i c iency  comes  f rom m is -model l ing  in  Mach ine  Lea rn ing  (ML) :  0 .4 –9.1%.  

● Lepton  sys temat ics  and  luminos i t y  e r ro rs  a re  independent  o f  t he  s igna l  mode l ,  i nc luded in  the  to ta l  sys temat i c  uncer ta in ty.
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C a lR +2 J

C a lR + W

C a lR + Z



Event selection for CalR+2J

● There must  be a candidate in  the three je ts  wi th  the 

h ighest s ignal  scores.

● The two other je ts represent  the resolved addi t ional  

je ts  f rom a second LLP decay.

● t :  Relat ive to  the t ime a par t ic le take to  t ravel  a t  the 

speed of  l ight  d i rect ly f rom the in teract ion point  to  

the je t ’s  ca lor imeter locat ion,  a iming to  re ject  BIB 

je ts  and noise- induced je t  candidates.

● The je ts  wi th  the h ighest  s ignal  scores should not  

be in  the barrel -endcap t ransi t ion regions.
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● Clean je t s :  𝑝T > 40  GeV,  |η |  <  2 .5  and  sa t i s f y  the  

Ca lRat io  j e t  c lean ing  requ i rement .

● ∆𝑅 = (∆𝜂 ) 2+(∆𝜑) 2 .

● ∆𝑅min rep resents  the  angu la r  d i s tance  be tween the  je t  

ax is  and  the  c loses t  t rack  w i th  𝑝T > 2  GeV.

● σ ∆𝑅min :  The  sum o f  ∆𝑅min ove r  j e t s  w i th  𝑝T > 50  GeV.

● Ca lRat io  j e t  cand ida te :  Be  ma tched to  an  HLT je t  t ha t  

meet  the  c r i t e r ia  o f  one  o f  t he  Ca lRat io  t r i gge rs .  

∆𝑅min ( j e t ,  t rack )  >  0 .2  and  l og 10 𝐸H/𝐸EM > 1 .2 .



Event selection for CalR+W/Z

● For CalR+W:

● Pass  a t  l eas t  one  o f  t he  s ing le - lepton t r i gge rs ;

● Even ts  w i th  more  than  one  lep ton a re  re jec ted ;

● A W boson cand ida te  i s  requ i red ;

● The mos t  s igna l - l i ke  je t :  ∆𝜑( 𝑗 s ig1𝑙 , 𝐸T
miss ) > 0 .5 ,  t o  re jec t  

any  po ten t ia l  f ake  e lec t rons .

● For CalR+Z:

● Pass  a t  l eas t  one  o f  t he  lowes t  unpresca led s ing le - o r  

d i - l ep ton  t r i gge rs ;

● A Z boson cand idate  i s  requ i red;
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● Prese lec t ion :

● A t  l e a s t  o n e  t r a c k l e s s  j e t  w i t h  𝑝T >  4 0  G e V .  A  t r a c k l e s s  j e t  

m e a n s  a  c l e a n  j e t  w i t h  ∆𝑅min >  0 . 2 .

● σ ∆𝑅min >  0 . 5 ,  wh e r e  t h e  s u m  r u n s  o ve r  j e t s  w i t h  𝑝T >  4 0  G e V .

● T h e  m o s t  s i g n a l - l i k e  j e t :

● T r a c k l e s s ;

● 𝑝 T >  5 0  G e V ;

● l o g 10 𝐸H /𝐸EM >  - 1 ;

● − 3  n s  <  t <  1 5  n s ;

● N o t  b e  i n  t h e  b a r r e l - e n d c a p  t r a n s i t i o n  r e g i o n s ;

● N N  s i g n a l  s c o r e  >  0 . 4

BDTCalR+W
ALP

BDTCalR+W
low−𝐸T BDTCalR+W

high−𝐸T BDTCalR+Z
low−𝐸T BDTCalR+Z

high−𝐸T

All WALP mass 

points

WHSS events with 

𝑚𝛷 ≤ 200 GeV

WHSS events with 

𝑚𝛷 > 200 GeV

All ZALP mass 

points, HZZd and 

ZHSS events with 

𝑚𝛷 ≤ 250 GeV

HZZd and ZHSS 

events with 𝑚𝛷 > 

200 GeV

BDTs and their training samples
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