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The discovery of the Higgs boson
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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from flowers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible field that 

fills up all space. Even when our universe seems empty, this field is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that finally con-
firmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 
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Beginning of an new era
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SM: complete yet incomplete

- Complete: could be a consistent theory valid up 
to the Planck scale. 


- Incomplete: many open questions

Origin of electroweak scale


Dark matter


Origin of CP, flavor


…


- Goal of particle physics: answer these questions.


- Colliders (LHC and beyond) will be crucial.
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Road ahead 

at the LHC




We are here. 



LHC is pushing ahead.

Exp. collaborations are pursuing a broad
and comprehensive physics program:
SUSY, composite H, extra Dim, etc.
  



As data accumulates
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New directions?
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Example: Long Lived particles (LLP)

- Very weakly coupled to the SM. 

Connection with dark matter, 
neutrino, etc. 


- Displaced-Long lived, soft, kink, 
… Covered by LHC searches 
already. 

Curtin and Sundrum

Here,  I focus on:    decay length >> 10 meters



tons of models

6/19/18 Zhen Liu          LLP @ LHC                    LPC TOTW3 MATHUSLA physics case, D. Curtin et al, appearing tonight

General LLP Map



Far detectors

1% milliQan “demonstrator” 
installed in tunnel!

A new LHC detector for heavy milli-charged particles

� Reasonable theories, e.g. massless dark photon gives milli-charged dark fermion

� 33m from CMS interaction point, behind 17m of rock (blocks SM particles)

� Milli-charged particles produced via DY and one leaves 3 coincident hits in 3 layers

� 1200 PMTs and 80cm plastic scints with 10ns resolution for single photo-electrons

� Self-triggering and not connected with CMS (passively uses CMS/LHC clock signal)

� Build and commission in 2019-20, collect data in Run3

� Cover mass = 0.1 – 100 GeV for charge = 0.002 – 0.3 e by 2022

� More generally, the first detector sensitive to small ionization at a collider

� Thanks to support from CMS and CERN technical staff, milliQan is moving forward

� 1% milliQan demonstrator installed last summer and taking data since

� Recently upgraded with additional channels and active cosmic veto panels

milliQan

Letter of intent:
arXiv:1607.04669

Proposals for shielded detectors
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Data acquisition will be moved to surface for run 3

new detectors far
away from the interaction region



Could reach τ≈104-5 m
Exotic Higgs decays

For low masses, ATLAS/CMS are background limited, CODEX-b & MATHUSLA have an edge

ATLAS reach: A. Coccaro, et al.: 1605.02742
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S. Knapen
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Have we fully optimized LLP searches at 
the interaction points ATLAS, CMS, LHCb?



Optimal place to catch LLP

Number of particle decayed within detector volume:  

ΔΩ

L ΔL

#in ≃ #produced ×
ΔΩ
4π

×
ΔL
d

e−L/d

d = γcτ decay length

Very long lived: d ≥ 100s meters

d ≫ ΔL, L



Optimal place to catch LLP
Number of particle decayed within detector volume:  

#in ≃ #produced ×
ΔΩ
4π

×
ΔL
d

e−L/d d = γcτ

ATLAS/CMS (LHCb) Far detectors
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Optimal place to catch LLP
#in ≃ #produced ×

ΔΩ
4π

×
ΔL
d

e−L/d d = γcτ

ATLAS/CMS (LHCb) Far detectors

ΔΩ

ΔL

L

∼ 4π < 0.1

1 − 10 meters 1 − 10 meters

1 − 10 meters 10 − 100 meters

Advantage of far detector? 
Far away from interaction point, less background.

We propose to use timing information
Significantly lower background near interaction point. 
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Basic topologies
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We explore the physics potential of using precision timing information at the LHC in the search
for long-lived particles (LLP). In comparison with the light Standard Model particle produced from
the hard interactions, the decay products of massive LLPs arrives at detectors with sizable time
delay. We propose new strategies to take advantage of this property, using the initial state radiation
jet for timestamping the event and only requiring a single LLP to decay inside the detector. This
search strategy can be e↵ective for a broad range of models. In addition to outlining the general
approach of using timing information, we demonstrate its e↵ectiveness with the projected reach
for two benchmark scenarios: Higgs decaying into a pair of LLPs, and pair production of long-
lived neutralinos in the gauge mediated supersymmetry breaking scenario. Our strategy increases
the sensitivity to the lifetime of the LLP by orders of magnitude and exhibits better behavior
particularly in the large lifetime region compared to traditional LLP searches at colliders. The
timing information significantly reduces the Standard Model background and therefore provides a
powerful new dimension for LLP searches.

PACS numbers: 95.35.+d, 14.80.Da, 14.80.Ec

Keywords: Supersymmetry, Beyond the Standard Model, Large Hadron Collider, precision timing

The presence of Long-Lived particles (LLP) can be the
most striking feature of many new physics models [1–11].
At the same time, vast swaths of the possible parameter
space of the LLP remain unexplored by LHC searches.

LHC general purpose detectors, ATLAS and CMS,
provide full angular coverage and sizable volume, making
them ideal for LLP searches. However, close to the inter-
action point, such searches can su↵er from the large SM
background. The LLPs produced at the LHC generically
travel slower than the SM background and may decay at
macroscopic distances away from the interaction point.
Hence, they are separated from the SM background with
sizable time delay. In this study, we focus on the strategy
of using precision timing as a new tool to suppress the
background and enhance the reach for the LLP at the
LHC. Recently, precision timing upgrades with a timing
resolution around 25-30 picoseconds, by the CMS col-
laboration for the barrel and endcap region in front of
the Electromagnetic Calorimeter (EC) [12] and by the
ATLAS collaboration in endcap and forward region [13],
have been proposed to reduce pile-up for the upcoming
runs with higher luminosities. 1 In order to formulate a
strategy applicable to a broad range of models, we pro-
pose the use of a generic ISR jet for timestamping the
hard collision and require only single LLP decay inside

1
Timing information has also been applied to BSM searches in

identifying new physics in some very limited cases. Such exam-

ples include the time of flight parameter adopted in the heavy

stable charged particle searches [14–16], the time delay param-

eter adopted in the non-pointing photon searches at the CDF

and recently ATLAS [17–19], and (very loosely) in the stopped

particle searches [20].

the detector. Such a strategy can greatly suppress the
SM background and reach a sensitivity orders of mag-
nitude better than traditional searches. Precision tim-
ing opens a new window to search for Beyond Standard
Model (BSM) signals.

SM

SM X or SM

X
Y

SM

SM X or SM

X

FIG. 1. Two classes of signal kinematics for LLPs.

In general, there are two classes qualitatively di↵er-
ent channels for the LLPs, as shown in Fig. 1. In the
first class (upper panel), the LLP(s), denoted as X, are
produced through the decay of a heavier resonance (Y ),
which can contain one or more LLPs. Perhaps the most
popular model in this class is when the resonance is the
Higgs boson (Y = h). This is highly motivated by possi-
ble connection of new physics and electroweak symmetry
breaking. At the same time, the resonance can certainly
be other SM particles, such as W , Z and the top quark. It
could also be other new physics particles. They all share
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first class (upper panel), the LLP(s), denoted as X, are
produced through the decay of a heavier resonance (Y ),
which can contain one or more LLPs. Perhaps the most
popular model in this class is when the resonance is the
Higgs boson (Y = h). This is highly motivated by possi-
ble connection of new physics and electroweak symmetry
breaking. At the same time, the resonance can certainly
be other SM particles, such as W , Z and the top quark. It
could also be other new physics particles. They all share

γ ≃
mY

2mX
boost:

challenging for mX ≪ mY

benchmark: Higgs portal

Y = Higgs

boost: γ ∼ 1

slow moving, sizable Δt

benchmark: SUSY

X → SM Long lived χ0 → gravitino + . . . Long lived

X = neutralino

X = LLP



Sensitivity to Higgs portal 5

signal can be well separated from these backgrounds. In
the future, the object reconstruction with separation not
only in spatial but also in time should help discriminate
the various backgrounds.

In addition, in specific searches, signal typically has
additional feature. For example, in our case, we actu-
ally have two visible objects with di↵erent time delays.
Taking advantage of such characteristics, we expect the
background can be further suppressed.

As a side note, triggering on delayed signals concern-
ing the primary interaction vertex could become a very
interesting and important application for the general
class of long-lived particle signals [30–32]. Triggers with
additional timing information (such as sizable delay)
would complement current trigger system that focuses on
very hard events, using HT , pT of jets, leptons, photons,
and missing ET [33, 34]. A much softer threshold could
be achieved with sizable time delays as an additional
criterion, which would be extremely beneficial for LLP,
especially for compressed signal searches.

Augmented sensitivity on LLP through precision
Timing.— Our first example is Higgs decaying to LLP
with subsequent decays into bb̄ pairs. This occurs in
model [10] where the Higgs is the portal to a dark QCD
sector whose lightest states are the glueballs. The de-
cays of the 0++ glueballs are long-lived. This benchmark
has been studied without exploiting the timing informa-
tion [35, 36]. Typical energy of the glueball is set by
the Higgs mass, and the time delay depends on glueball
mass. The signal of LLPs produced through the decay of
an intermediate resonance in other new physics scenarios
would have similar characteristics.

The second example is the decay of the lightest SUSY
electroweakino in the GMSB scenario. Its decay into
SM bosons (Z, h, or �) and gravitino is suppressed by
the SUSY breaking scale

p
F , and it can be naturally

long-lived. Amongst all the possible electroweakinos, the
bino is well-studied in a non-pointing photon search [19].
We study the case in which Higgsino is the lightest elec-
troweakino with decay �̃

0
1 ! hG̃. Our selection would be

general so that all visible Higgs decays into SM particles
will be captured. In our simulation, we generate event
samples with the Higgs bosons decaying into dijets. This
two-body decay topology corresponds to approximately
70% of Higgs decays. This benchmark represents the
timing behavior of pair produced particles at the LHC
without an intermediate resonance.

For both of our examples, timestamping the hard col-
lision is achieved by using a ISR jet:

SigA : pp ! h + j , h ! X + X, X ! SM, (7)

SigB : pp ! �̃�̃ + j, �̃
0
1 ! h + G̃ ! SM + G̃. (8)

For SigB, other electroweakinos �̃, such as charginos �̃
±

or heavier neutralino �̃
0
2, promptly decay into the lightest

neutralino state �̃
0
1 plus soft particles.

h → X X, X → j j
MS(30ps), Δt>0.4ns
MS(200ps), Δt>1ns
EC(30ps), Δt>1ns
MS2DV, noBKG
MS1DV, optimistic

BRinv
h <3.5%

mX in [GeV] 10 40 50

10-3 10-2 10-1 100 101 102 103 104 105 106 107 108
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

cτ (m)

B
R
(h
→
X
X
)

Precision Timing Enhanced Search Limit (HL-LHC)

FIG. 4. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.

To emphasize the power of timing, we rely mostly on
the timing information to suppress background and make
only minimal cuts. In this case, we need only one low
pT ISR jet, with p

j
T > 30 GeV and |⌘j | < 2.5. In

both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
using MadGraph5 [38] at parton level and adopt the UFO
model file from [39] for the GMSB simulation. After de-
tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
respectively.

For SigA, the 95% C.L. sensitivity is shown in Fig. 4.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
BR(h ! XX) is about a few 10�6 for c⌧ < 10 m. It is rel-
atively insensitive to the mass of X because both 10 GeV
and 50 GeV X are moving slowly enough to pass the time
cut. The best reach points for di↵erent mass of X occurs
at di↵erent c⌧ and approximately inversely proportional
to mX . This is because the maximal probability for X to
decay is at a fixed d = c⌧� = (LT2�LT1)/(log(LT2/LT1)).
For large c⌧ at the EC search, the lighter X has worse
BR sensitivity reach than heavier ones, since the detec-
tor is shorter than MS and �t cut e�ciency is smaller
for lighter X. Interestingly, for c⌧ . 10�2 m, the reach
of light X becomes better than heavy X. For the MS
search, a less precise timing resolution (200 ps) has also
been considered with cut �t > 1 ns to suppress back-
ground. After the cut, the backgrounds from SV and PU

For example,  for BR(h → XX) ∼ 10−3

EC(MS) reach can be cτ ∼ 103(104) meters

Jia Liu, Zhen Liu, LTW
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Diplaced Dijet

F =10 5 TeV

10 4
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GMSB Higgsino
Δt > 1.2 ns
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FIG. 5. The projected 95% C.L. limit on the Higgsino mass–
lifetime plane for signal process of Higgsino pair production
in association with jets, with subsequent decay of the lightest
Higgsino �̃0 ! hG̃ and h ! bb in GMSB scenario. We de-
coupling other electroweakinos and hence have Higgsino-like
chargino �̃± and neutralino �̃0

2 nearly degenerate with �̃0
1.

for MS search are 0.11 and 7.0 ⇥ 10�3 respectively, and
SV background dominates. For PU background, the final
time spread includes the timing resolution and PU intrin-
sic time spread in quadrature. The reach for heavy X is
almost not a↵ected, while the sensitivity to the branch-
ing ratio can be reduced by at most a factor of a few for
light X.

We compare EC and MS (thick lines) with 13 TeV
HL-LHC (with 3 ab�1 integrated luminosity) projections,
two displaced vertex (DV) at MS using zero background
assumption (thin dotted) and one DV at MS using a
data-driven method with optimistic background estima-
tion (thin dashed) from [36]. It is clear that timing cuts
greatly reduces background and provides better sensitiv-
ity. For the long lifetime, the limit is proportional to c⌧

for searches requiring one LLP to be reconstructed as the
signal, and (c⌧)2 for searches requiring two LLPs to be
reconstructed as the signal. Therefore one LLP decay is
better. The projected limits from invisible Higgs decay
at 13 TeV [37] is also plotted in Fig. 4.

For SigB, we show the projected 95% C.L. exclusion
reach in the plane of Higgsino mass m�̃ in GeV and
proper lifetime c⌧ in m in Fig. 5. The projected cov-
erage of the EC and MS searches in blue and red shaded
regions, respectively. Due to the slow motion of �̃, we
show the projections with a tight (solid lines) and a lose
(dashed lines) �t requirement. We can see minor di↵er-
ences between di↵erent delayed time cut choices for this
signal. Although in the previous section, EC and MS sig-
nal with �t > 1 and 0.4 ns cuts have background event of
order 1, we also show the sensitivity reach with a sizable
background of 100 at the HL-LHC. We observe a similar
generic behavior for the coverage of EC and MS searches
in term of the lifetime for SigB.

Furthermore, we draw gray dashed-dotted lines for the
corresponding model parameter

p
F of the fundamental

SUSY breaking scale for GMSB in the figure for refer-
ence. To compare with the reach of existing long-lived
particle searches and their projection, we follow Ref. [6]
and quote the most sensitive CMS displaced dijet search
conducted at 8 TeV [43], and show the projected sensi-
tivity at 13 TeV assuming statistical dominance for the
background. We can see significant improvement for tim-
ing enhanced LLP searches, almost doubling the reach of
m�̃ with lifetime around one meter. Furthermore, timing
searches extend the sensitivity to very long lifetime, up
to 105 m for a 200 GeV long-lived Higgsinos.

In Fig. 4 and 5, an upper bound on �t, �t < 25 ns,
is required for EC to stay in the same proton bunch. If
there is no such requirement, the pile-up background will
increases linearly with the number of proton bunches in
the time window. For the MS search, the recording time
extends to hundreds of ns, and the pile-up background
can be eliminated by screening the approximately ±0.5
ns window for each bunch crossing, which has negligible
impact on the signal e�ciency.

Discussion.–We demonstrate that exploiting timing in-
formation can significantly enhance the LLP searches at
CMS and ATLAS. To emphasize the utility of timing, we
have only made minimal requirements on the signal, with
one ISR jet and a time delayed signal. Further optimiza-
tion can be developed for more dedicated searches. The
timestamping ISR jet can be replaced by other objects,
like leptons and photons. Depending on the process, one
can also use objects from prompt decay. For example, in
the Higgs signal, the final state jh can be changed to Wh,
with the W boson decay leptonically. The charged lep-
ton from the W boson can trigger the event and calibrate
the time as well, in the meantime, the background is re-
duced from QCD to electroweak cross-sections. At the
same time, the signal is only reduced by a smaller produc-
tion cross-section, and all other features remain similar.
For instance, in R-parity violating SUSY, the pair pro-
duced squarks and gluinos can promptly decay to neu-
tralino plus jets. Those jets can provide the timestamp
for the event as well. In addition, for specific searches,
one should also optimize the selection of the signal based
on the decay products of the LLPs.

We have considered two concepts of timing layer at the
LHC. The CMS EC timing upgrade for HL-LHC already
provides significant improvement. The MS system has
the notable benefits of low background, a large volume
for the LLP to decay and more substantial time delay
for the LLP signal due to longer travel distance. As an
estimate of the best achievable sensitivity, given that the
MS is an ideal place to look for LLPs at the LHC, we
have also considered a hypothetical timing layer outside
of the ATLAS MS. We found robust enhanced sensitivity
to LLPs at MS using the timing information. Moreover,

Slower moving LLP, timing cuts can be further relaxed. 

Jia Liu, Zhen Liu, LTW
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qq̄ ! V V, V = W,Z, h.

Diboson production at the LHC
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non-renormalizable operators: 
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D. Liu, LTW
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Figure 6: Reach in di↵erent channels at the 14 TeV LHC for di↵erent combinations of the
operators assuming the systematical error varying from 3% to 10%. The grey and blue regions
denote the bound on the scale in the case of c(3)qL = 1 for integrated luminosities L = 3 ab�1

and L = 300 fb�1, respectively. The red and magenta regions denote the bound in the case
of cB + cHB � c2B = 1 for integrated luminosities L = 3 ab�1 and L = 300 fb�1. The orange
and purple regions denote the bound on the size of O3W operator with c3W = 1, for integrated
luminosities L = 3 ab�1 and L = 300 fb�1. We also show the present bound from LEP S-
parameter on the combination of operators OW and OB with cW + cB = 1 (red dashed line),

the bound from LEP �gZbLb̄L
measurement on the operator c(3)q

L
= 1/4 (purple dashed line),

based on flavour-universal e↵ects. We also show the bound for the case of cHW � cHB = 1 in red
dashed line from 3 ab�1 HL-LHC measurement of h ! Z� decay partial width, with a projected
precision of ⇠ 20% from Ref. [15].

coe�cients, we can compare the bounds from Di-boson processes with the bound from EWPT
at the LEP and Higgs coupling measurement at the HL-LHC, even though the later two depend
on di↵erent combination of operators (see Table 2 ). The operator OW will contribute to the
S-parameter. Suppose it is the dominant contribution, the bound is ⇠ 2.5 TeV at 95% CL for
cW = 1. OHW will contribute to the Higgs rare process h ! Z�. The h ! Z� measurement at
HL-LHC will put a bound around 1.7 TeV [15] for cHW = 1. For the flavour-universal operator

O
(3)q
L

, from LEP �gZbLbL measurement, the bound is around 1.1 TeV for c(3)q
L

= 1/4 which is

chosen such that c(3)qL = 1. We have shown the three bounds as the red, orange, purple dashed
lines in Fig. 6. The comparison above shows diboson measurement is very promising to probe
the new physics scenario in which the operators considered here give the most important e↵ect.
For the operator O2W , it will contribute to the four fermion operator by equation of motion,
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See also: Alioli, Farina, Pappadopulo, Ruderman, 
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Azatov, Elias-Miro, Regimuaji, Venturini
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Future Colliders

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)



Lepton colliders and precision measurements

Grojean et al. 1704.02333 

Sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC. 



Electroweak precision
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Figure 1: CEPC constraints on the oblique parameters S and T . Left panel: comparison of

CEPC projection (orange) to current constraints (blue). Contours are 68% confidence level. Right

panel: a closer look at the CEPC fit, showing 68% confidence level (solid) and 95% confidence level

(dashed).

obtain:

|S| < 3.6⇥ 10�2 (current), 7.9⇥ 10�3 (CEPC projection), (5)

|T | < 3.1⇥ 10�2 (current), 8.4⇥ 10�3 (CEPC projection). (6)

Thus CEPC will achieve about a factor of 4 additional precision on both of the electroweak
oblique parameters.

3

FCC can do even better (by a factor of a few)



100-ish TeV pp collider
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Figure 7: Evolution with time of the mass reach at
p

s = 100 TeV, relative to HL-LHC,
under di↵erent luminosity scenarios (1 year counts for 6 ⇥ 106 sec). The left (right) plot
shows the mass increase for a (qq̄) resonance with couplings enabling HL-LHC discovery
at 6 TeV (1 TeV).

tive on extending the discovery reach for new phenomena at high mass scales,
high-statistics studies of possible new physics to be discovered at (HL)-LHC,
and incisive studies of the Higgs boson’s properties. Specific measurements
may set more aggressive luminosity goals, but we have not found generic
arguments to justify them. The needs of precision physics arising from new
physics scenarios to be discovered at the HL-LHC, to be suggested by anoma-
lies observed in e+e� collisions at a future linear or circular collider, or to
be discovered at 100 TeV, may well drive the need for even higher statistics.
Such requirements will need to be established on a case-by-case basis, and
no general scaling law gives a robust extrapolation from 14 TeV. Further
work on ad hoc scenarios, particularly for low-mass phenomena and elusive
signatures, is therefore desirable.

For a large class of new-physics scenarios that may arise from the LHC,
less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even
luminosities in the range of 1032 cm�2s�1 are enough to greatly extend the
discovery reach of the 100 TeV collider over that of the HL-LHC, or to en-
hance the precision in the measurement of discoveries made at the HL-LHC.

We have given an overview of the impressive raw capabilities of the 100
TeV pp collider. Of course, given that we can extrapolate the SM alone
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A factor of at least 5 increase in reach 
beyond the LHC, with modest luminosity
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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Mysteries of the electroweak scale.
Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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Mysteries of the electroweak scale.

- How to predict/calculate Higgs mass? Naturalness


- Full Higgs potential?


- Order of electroweak phase transition
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distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.
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Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is this energy scale? 
MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?
The so called naturalness problem

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated

Many models, ideas.



Naturalness in SUSY

- LHC searches model dependent, many blind spots.
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Figure 8. Regions in the physical stop mass plane that precision measurements are sensitive to, with contours

of tunings, at future e+e� colliders (left: ILC; middle: CEPC; right: FCC-ee). Top row: bounds on stops with

no mixing, Xt = 0. Dashed vertical lines: 2� bounds on stop masses from S and T (mostly T ); solid lines: 2�

bounds on stop masses from Higgs coupling constraints. Blue dashed contours are the stop contributions to

the Higgs mass tuning. Lower row: bounds on stops in the blind spot X2
t = m2

t̃1
+m2

t̃2
. There are no Higgs

measurement constraints. For CEPC with possible improvements (purple dash-dotted line in the middle) or

FCC-ee (orange solid line), EWPT is only sensitive to a small region. The green dashed lines are the exclusion

contours from b ! s� for the choice µ = 200 GeV and a few di↵erent values of tan�. Each of these contours

is also labeled with corresponding tunings �µ and �A. There is also a region along the diagonal line which

cannot be attained by diagonalizing a Hermitian mass matrix [32].

7.2 Implications for Folded Stops

EWPT could be the most sensitive experimental probe in some hidden natural SUSY scenarios such as
“folded SUSY” [28]. In folded SUSY, the folded stops only carry electroweak charges and some beyond
SM color charge but no QCD charge. The most promising direct collider signal is W+ photons which
dominates for the “squirkonium” (the bound state of the folded squarks) near the ground state [84, 85].
It is a very challenging experimental signature. Among the Higgs coupling measurements, folded stops
could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading
level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e

+
e
�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded
stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice

– 19 –

-  Testing fine-tuning down to percent level.



Testing naturalness: Supersymmetry
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more sensitive to detector and machine details than the previous one. We therefore present it only as4046

a a proof of principle that going to higher energies does not necessarily imply sacrificing sensitivity to4047

compressed, i.e. soft, physics.4048

Stops with masses up to ⇡ 5.5 TeV can be discovered when the neutralino is massless, assuming4049

3000 fb�1 of integrated luminosity. The exclusion reach is ⇡ 8 TeV, which corresponds to ⇠ 1004050

signal events before cuts. Note that this agrees with the estimate obtained by extrapolating the number4051

of excluded signal events at
p

s = 8 TeV [80]. Since we optimized for exclusion as opposed to discov-4052

ery, there is a gap between the discovery contours of the two different search strategies. The searches4053

proposed here also have good discriminating power away from the massless neutralino limit. A 1.54054

TeV stop could be discovered in the compressed region of parameter space. It is possible to exclude4055

neutralino masses up to 2 TeV in most of the parameter space. Clearly a 100 TeV collider can have a4056

significant impact on our understanding of this parameter space.4057
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Figure 5.8 Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total integrated
luminosity. At each signal point, the significance is obtained by taking the smaller CLs between the heavy stop and
compressed spectra search strategies, and converting CLs to number of �’s. The blue and black contours (dotted)
are the expected (±1�) exclusions/discovery contours using the heavy stop and compressed spectra searches.
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Composite Higgs



Why is Higgs measurement crucial?

- Naturalness is the most pressing question of EWSB.

How should we predict the Higgs mass?


- We may not have the right idea. No confirmation of 
any of the proposed models. 


- Need experiment! 


- Fortunately, with Higgs, we know where to look.


- And, the clue to any possible way to address 
naturalness problem must show up in Higgs coupling 
measurement. 



Mysteries of the electroweak scale.



Mysteries of the electroweak scale.

- How to predict/calculate Higgs mass?


- What does the rest of the Higgs potential look 
like?   Nature of electroweak phase transition. 


- Is it connected to the matter anti-matter 
asymmetry?

Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!
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Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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Nature of EW phase transition
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What we know from LHC
LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling



Triple Higgs coupling at 100 TeV collider

Talk by  Michele Selvaggi at 2nd FCC physics workshop



But, there should be more

- 1st order EW phase transition means there is 
new physics close to the weak scale. 


- Can be difficult to discover at the LHC. 


- Will leave more signature in Higgs coupling.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .



For example

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
S
S2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃+ ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H
= �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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Figure 3. Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the
singlet-extended SM.

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e
+
e
� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector

– 19 –

Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26
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Nightmare scenario:
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18 OVERVIEW OF THE PHYSICS CASE FOR CEPC-SPPC
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Figure 2. Regions in the (mS ,λHS) plane with viable EWBG. Red shaded region: for µ2
S < 0 it

is possible to choose λS such that EWBG proceeds via a tree-induced strong two-step electroweak
phase transition (PT). Orange contours: value of vc/Tc for µ2

S > 0. The orange shaded region
indicates vc/Tc > 0.6, where EWBG occurs via a loop-induced strong one-step PT. Above the
green dashed line, singlet loop corrections generate a barrier between h = 0 and h = v even at
T = 0, but results in the dark shaded region might not be reliable, see section 3.1.3.
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Figure 3. Comparison of the zero-temperature potential contributions in the SM vs. the SM +
singlet with (mS ,λHS) = (450GeV, 3.2) which has a strong first-order PT with vc/Tc > 1. The
one-loop contribution of the singlet reduces the potential difference between the origin and the
EWSB vacuum.
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �3 at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS , �HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.

– 19 –

Figure 1.13: Parameter space of the real scalar singlet model with Z2 symmetry. Left: Regions of
parameter space that lead to a first order electroweak phase transition that proceeds in one or two steps.
The orange curves show the strength of the electroweak phase transition, v(Tc)/Tc, in the one-step
region. Right: Purple curves show the fractional change to the Zh production cross section relative to
the SM prediction in percent; these values are 2 �ghZZ using the notation in the text (1.14). The figures
are taken from Ref. [56]. (Also see Ref. [57].)

The coupling that will be measured most precisely at CEPC and future lepton colliders
is the Higgs-Z-Z coupling. We can parametrize deviations in this parameter away from
the Standard Model prediction with the variable

�ghZZ ⌘
1

2

✓
�(e+e� ! hZ)

�SM(e+e� ! hZ)
� 1

◆����
s=(250 GeV)2

=
ghZZ

ghZZ,SM
� 1

����
s=(250 GeV)2

.

(1.14)

In the singlet extension model, the strength of the hZZ coupling is suppressed compared
to the SM prediction. The leading-order suppression arises from the Higgs-singlet mixing,
and the sub-leading effect arises from Higgs wavefunction renormalization [34] and the
Higgs triple self-coupling [58]. Combining these effects, the fractional suppression is
written as [56, 59]

�ghZZ =
�
cos ✓ � 1

�
� 2

|aHS + �HSvS|
2

16⇡2
IB(m2

h
; m2

h
, m2

S
) (1.15)

�
|�HS|

2v2

16⇡2
IB(m2

h
; m2

S
, m2

S
) + 0.006

✓
�3

�3,SM
� 1

◆

where ✓ is the Higgs-singlet mixing angle, and IB is a loop function. The Higgs triple self-
coupling �3 also deviates from the Standard Model prediction due to the Higgs-singlet
mixing. Then the self-coupling is predicted to be [60]

�3 =
�
6�Hv

�
cos

3 ✓ +
�
6aHS + 6�HSvS

�
sin ✓ cos

2 ✓

+
�
6�HSv

�
sin

2 ✓ cos ✓ +
�
2aS + 6�SvS

�
sin

3 ✓ . (1.16)

In the Standard Model we have �3 = �3,SM ⌘ 3m2
h
/v ' 191 GeV. If the singlet is light,

mS < mh/2, then the Higgs boson acquires an exotic decay channel, h ! SS, which

Singlet model with a Z2 S → − S

h6  term generated at 1-loop order

Only marginally visible.

Meade et al



Conclusion

- LHC still has a lot to say. 

15+ years of operation, 95+% of data to come. 


Need to think about how to new searches with 
this data.


- Beyond the LHC, we need future colliders to 
address the open questions of the Standard 
Model.
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lay since the mass of the new particle can be compara-
ble to its momentum. Here we outline a general BSM
signal search strategy of using the timing information,
and more importantly, the corresponding consideration
for the background. A typical signal event of LLP is

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

FIG. 1. An event topology with an LLP X decaying to two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a potential SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

shown in Fig. 1. An LLP, denoted as X, travels a dis-
tance `X into a detector volume and decays into two light
SM particles a and b, which then reach timing layer at
a transverse distance LT2 away from the beam axis. In
a typical hard collision, the SM particles generally travel
close to the speed of light. The trajectories of charged SM
particles can be curved, which increase the path length
in comparison with neutral SM particles. For simplicity,
we only consider neutral LLP signals where background
from such charged particles can be vetoed using particle
identification and isolation.2 Hence, the decay products
of X, taking particle a for example, arrives at the timing
layer with a time delay of

�t =
`X

�X
+

`a

�a
�

`SM

�SM
, (1)

with �a ' �SM ' 1. It is necessary to have prompt
decay products or Initial State Radiation (ISR) which
arriving at timing layer with the speed of light to derive
the time of the hard collision at the primary vertex (to
“timestamp” the hard collision). ISR jets could easily be
present for all processes, and we use this generic feature
to “timestamp” the hard collision for the proposed new

2
Charged stable (at the scale of tracker or detector volume) par-

ticles are highly constrained by the heavy stable charged particle

searches by both ATLAS and CMS [14–16].

searches in this letter.3

Typically, `SM/�SM range between several nanosec-
onds (ns), for entering EC, to tens of ns, for exiting the
MS. As a result, with tens of picosecond (ps) timing
resolution, we have a sensitivity to percent level time
delay caused by slow LLP motion, e.g., 1 � �X > 0.01
with boost factor � < 7. In Fig. 2, we show typical time
delay �t for a hypothetical timing layer at the outer
part of the ATLAS MS system for benchmark signals
and the background, and the distributions for EC are
put in appendix. The two benchmark signals considered
here are the glueballs from Higgs boson decays, and the
electroweakino pair production in the Gauge Mediated
SUSY Breaking (GMSB) scenario. Both the glueballs
and lightest neutralino proper lifetimes are set to be
c⌧ = 10 m. The 10 GeV glueballs (red dashed line) have
larger average boost comparing to the 50 GeV glueballs
(solid red line), and hence have a sizable fraction of the
signals with delay time less than one nanosecond. For
the electroweakinos pair production, the signals are not
boosted and hence significantly delayed compared to the
backgrounds, with 99% of the signal with �t > 1 ns.

Search strategy.— We consider the signal with an ISR
jet timestamping the primary vertex and another SM ob-
ject from the LLP decay (e.g., jet for this study) which
has large time delay �t. To study the sensitivity to BSM
signals with timing, we propose two searches using such
information, one with CMS geometry for a precision tim-
ing layer located at the beginning of EC, and one with
ATLAS geometry for a precision timing layer located at
the end of MS. They are tabulated as following:

LT2 LT1 Trigger ✏trig ✏sig ✏
j
fake Ref.

EC 1.17 m 0.2 m DelayJet 0.5 0.5 10�3 [12]

MS 10.6 m 4.2 m MS RoI 0.25, 0.5 0.25 5 ⇥ 10�9 [24]

For both searches, we assume similar performance of tim-
ing resolution of 30 ps. For the MS search, because of
the larger time delay and much less background due to
“shielding” by inner detectors compared to the EC case,
a less precise timing (e.g. 150 ps) could also achieve
similar physics reach. The ✏trig, ✏sig and ✏

j
fake are the e�-

ciencies for trigger, signal selection and a QCD jet faking
the delayed jet signal with pT > 30 GeV in EC or MS,
respectively.

For the EC search, we assume a new trigger strategy
of a delayed jet using the CMS upgrade timing layer.
This can be realized by comparing the prompt jet with
pT > 30 GeV that reconstructs the four-dimensional pri-
mary vertex (PV4d) with the arrival time of another jet

3
Although Jets contain soft (and hence slow) particles, the ma-

jority of the constituent particles in a jet still travel with nearly

the speed of light [12, 21–23].

4

background to fake the signal in triggering and signature
without timing information. The background di↵erential
distribution with respect to apparent delay time (�t) can
be estimated as,

@Nbkg(t)SV

@�t
= N

SV
bkgP(�t; �PT

t ). (4)

The time delay cut on �t reduces such background
through the tiny factor of P(�t; �PT

t ) if �t/�
PT
t is greater

than a few. The LLP signal pays a much smaller penalty
factor than the background due to its intrinsic delay, as
shown in Fig. 2.

The background from the pile-up contains two hard
collisions within the same bunch crossing but does not
occur at the same time. The majority of such back-
ground can be eliminated by the standard isolation re-
quirement, jet grooming procedure, etc. The background
from the pile-up requires the coincidence of a triggered
hard event and fake signal events from pile-up (hard) col-
lision whose PV4d fails to be reconstructed. Since pile-up
events also have spatial spread, the interaction point in-
formation z would also enter the estimation of such back-
ground. Therefore, given that the typical spread is few
cm, it can induce a time shift at most ⇡ O(100) ps [12],
typically with an addition suppression of a geometrical
factor. Adding in quadrature, this will at most give an
insignificant increase the spread in time �

PU
t ⇡ 60 ps. It

has even less impact for MS, the pile-up background is
already small before timing cut. Thus, it can be safely
neglected here.

At the HL-LHC, the total number of background
events can be estimated,

EC : N
PU
bkg = �jLint✏

EC
trig

✓
n̄PU

�j

�inc
✏
j,EC
fake f

j
nt

◆
⇡ 2 ⇥ 107

,

MS : N
PU
bkg = �jLint✏

MS
trig

✓
n̄PU

�j

�inc
✏
j,MS
fake f

j
nt

◆
⇡ 50, (5)

where �inc = 80 mb is the inelastic proton-proton cross-
section at 13 TeV [28]. n̄PU ⇡ 100 is the average number
of inelastic interactions per bunch crossing using instan-
taneous luminosity 2 ⇥ 1034 cm�2s�1 [29]. In Eq. (5),
one hard collision needs to timestamp the event, while
the other hard collision contains at least two jets, all of
which have to be neutral to miss the primary vertex re-
construction. Otherwise, this second hard collision will
leave tracks and reconstructed as another vertex in the
tracker, thus get vetoed. Therefore, the background N

PU
bkg

is suppressed by at least one additional factor of neutral
jet fraction f

j
nt ' 10�3. This additional factor f

j
nt, more

strictly speaking, should be the probability for a multijet
hard process whose PV4d is failed to be reconstructed
and mis-assigned to the triggered PV4d, which need to
be estimated through full detector simulation and cali-
brated with data.

The collision time for two bunches of protons has a
typical temporal spread of �

PU
t = 190 ps [12]. The dif-

ferential background from pile-up can be estimated as,

@N
PU
bkg(�t)

@�t
' N

PU
bkgP(�t; �PU

t ). (6)

The key di↵erence between the background from the pile-
up and the same hard collision is that the typical time
spread is determined by the beam property for the for-
mer, and by the timing resolution for the latter. They
typically di↵er by a factor of a few, e.g., 190 ps versus
30 ps for CMS with the current upgrade plan. For the EC
(MS) search, if we apply cut �t > 1 (0.4) ns, the total
estimated events from SM background including SV and
PU is 1.3 (0.86), where SV backgrounds become com-
pletely negligible.

Backgrounds which do not from the hard collision are
hard to simulate, such as cosmic ray, beam halo, mis-
connected tracks, interaction with detector material, etc.
Thanks to the rich studies searching for LLP in all sub-
detectors at the LHC, their properties are well measured
and can be vetoed e↵ectively. Furthermore, with the hard
signature (large energy deposition of more than 30 GeV)
and high track multiplicities with sizable time-delay, the
signal can be well separated from these backgrounds. In
the future, the object reconstruction with separation not
only in spatial but also in time should help discriminate
the various backgrounds.

In addition, in specific searches, signal typically has
additional feature. For example, in our case, we actu-
ally have two visible objects with di↵erent time delays.
Taking advantage of such characteristics, we expect the
background can be further suppressed.

As a side note, triggering on delayed signals concern-
ing the primary interaction vertex could become a very
interesting and important application for the general
class of long-lived particle signals [30–32]. Triggers with
additional timing information (such as sizable delay)
would complement current trigger system that focuses on
very hard events, using HT , pT of jets, leptons, photons,
and missing ET [33, 34]. A much softer threshold could
be achieved with sizable time delays as an additional
criterion, which would be extremely beneficial for LLP,
especially for compressed signal searches.

Augmented sensitivity on LLP through precision
Timing.— Our first example is Higgs decaying to LLP
with subsequent decays into bb̄ pairs. This occurs in
model [10] where the Higgs is the portal to a dark QCD
sector whose lightest states are the glueballs. The de-
cays of the 0++ glueballs are long-lived. This benchmark
has been studied without exploiting the timing informa-
tion [35, 36]. Typical energy of the glueball is set by
the Higgs mass, and the time delay depends on glueball
mass. The signal of LLPs produced through the decay of

Pile-up BKG: intrinsic resolution 
~190 ps
EC (30ps) cut: Δt > 1 ns
BKG(EC-PU) ~ 1.3
MS (30ps) cut: Δt > 0.4 ns
BKG(MS-PU) ~ 0.86

The detector time resolution for 
MS can be downgraded to 
hundreds of ps
MS (200ps) cut: Δt > 1ns
BKG(MS-PU) << 1

CMS timing module
ATLAS MS LLP search 
(without timing)



Late comers will be spotted easily:

6/19/18

CMS timing module
ATLAS MS LLP search 
(without timing)

Same-vertex hard scattering 
background, time spread 30 ps
(precision timing)

Zhen Liu          LLP @ LHC                    LPC TOTW33

2

lay since the mass of the new particle can be compara-
ble to its momentum. Here we outline a general BSM
signal search strategy of using the timing information,
and more importantly, the corresponding consideration
for the background. A typical signal event of LLP is

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

FIG. 1. An event topology with an LLP X decaying to two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a potential SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

shown in Fig. 1. An LLP, denoted as X, travels a dis-
tance `X into a detector volume and decays into two light
SM particles a and b, which then reach timing layer at
a transverse distance LT2 away from the beam axis. In
a typical hard collision, the SM particles generally travel
close to the speed of light. The trajectories of charged SM
particles can be curved, which increase the path length
in comparison with neutral SM particles. For simplicity,
we only consider neutral LLP signals where background
from such charged particles can be vetoed using particle
identification and isolation.2 Hence, the decay products
of X, taking particle a for example, arrives at the timing
layer with a time delay of

�t =
`X

�X
+

`a

�a
�

`SM

�SM
, (1)

with �a ' �SM ' 1. It is necessary to have prompt
decay products or Initial State Radiation (ISR) which
arriving at timing layer with the speed of light to derive
the time of the hard collision at the primary vertex (to
“timestamp” the hard collision). ISR jets could easily be
present for all processes, and we use this generic feature
to “timestamp” the hard collision for the proposed new

2
Charged stable (at the scale of tracker or detector volume) par-

ticles are highly constrained by the heavy stable charged particle

searches by both ATLAS and CMS [14–16].

searches in this letter.3

Typically, `SM/�SM range between several nanosec-
onds (ns), for entering EC, to tens of ns, for exiting the
MS. As a result, with tens of picosecond (ps) timing
resolution, we have a sensitivity to percent level time
delay caused by slow LLP motion, e.g., 1 � �X > 0.01
with boost factor � < 7. In Fig. 2, we show typical time
delay �t for a hypothetical timing layer at the outer
part of the ATLAS MS system for benchmark signals
and the background, and the distributions for EC are
put in appendix. The two benchmark signals considered
here are the glueballs from Higgs boson decays, and the
electroweakino pair production in the Gauge Mediated
SUSY Breaking (GMSB) scenario. Both the glueballs
and lightest neutralino proper lifetimes are set to be
c⌧ = 10 m. The 10 GeV glueballs (red dashed line) have
larger average boost comparing to the 50 GeV glueballs
(solid red line), and hence have a sizable fraction of the
signals with delay time less than one nanosecond. For
the electroweakinos pair production, the signals are not
boosted and hence significantly delayed compared to the
backgrounds, with 99% of the signal with �t > 1 ns.

Search strategy.— We consider the signal with an ISR
jet timestamping the primary vertex and another SM ob-
ject from the LLP decay (e.g., jet for this study) which
has large time delay �t. To study the sensitivity to BSM
signals with timing, we propose two searches using such
information, one with CMS geometry for a precision tim-
ing layer located at the beginning of EC, and one with
ATLAS geometry for a precision timing layer located at
the end of MS. They are tabulated as following:

LT2 LT1 Trigger ✏trig ✏sig ✏
j
fake Ref.

EC 1.17 m 0.2 m DelayJet 0.5 0.5 10�3 [12]

MS 10.6 m 4.2 m MS RoI 0.25, 0.5 0.25 5 ⇥ 10�9 [24]

For both searches, we assume similar performance of tim-
ing resolution of 30 ps. For the MS search, because of
the larger time delay and much less background due to
“shielding” by inner detectors compared to the EC case,
a less precise timing (e.g. 150 ps) could also achieve
similar physics reach. The ✏trig, ✏sig and ✏

j
fake are the e�-

ciencies for trigger, signal selection and a QCD jet faking
the delayed jet signal with pT > 30 GeV in EC or MS,
respectively.

For the EC search, we assume a new trigger strategy
of a delayed jet using the CMS upgrade timing layer.
This can be realized by comparing the prompt jet with
pT > 30 GeV that reconstructs the four-dimensional pri-
mary vertex (PV4d) with the arrival time of another jet

3
Although Jets contain soft (and hence slow) particles, the ma-

jority of the constituent particles in a jet still travel with nearly

the speed of light [12, 21–23].

3
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FIG. 2. The di↵erential �t distribution for typical signals and
backgrounds at 13 TeV LHC. The plot is normalized to the
fraction of events per bin with a varying bin size, where for
�t less than 1 ns are shown in linear scale and then in loga-
rithmic scale otherwise. Two representative signal models are
shown, the delay time for the glueballs from the Higgs decay
(red curves) and the GMSB neutralinos from Drell-Yan pair
production (blue curves), with a light and a heavy benchmark
mass shown in dashed and solid curves, respectively. For all
signal events, the proper lifetime is set 10 m, and the dis-
tribution only counts for events decayed within [LT1 , LT2 ]
of [4.2, 10.6] m in the transverse direction, which follows the
geometry of ATLAS MS in the barrel region. For the back-
ground distribution shown in gray curves, we assume bunch
spacing of 25 ns. The solid and dashed gray curves represent
backgrounds from a same hard collision vertex and hence with
a precision timing uncertainty of �PT

t = 30 ps and from the
pile-up with a spread of �t = 190 ps, respectively, in units of
fraction per 0.1 ns. The corresponding distribution for EC
can be obtained approximately by scaling the horizontal axis
according to the ratio of size of the detector volume.

at the timing layer. The delayed and displaced jet sig-
nal, after requiring minimal decay transverse distance of
0.2 m (LT1), will not have good tracks associated with it.
Consequently, the major SM background is from trackless
jets. The jet fake rate of ✏

j,EC
fake = 10�3 is calculated us-

ing Pythia [25] by simulating the trackless jets, where all
charged constituent hadrons are too soft to be observed
or missed due to trakcing ine�ciency. The trackless jet
fraction is measured in the validation data for the low-
electromagnetism jet search at the ALTAS [26], and it is
found to be 10�2. They also found a huge additional sup-
pression through the energy deposition ratio between EC
and hadronic calorimeter. Moreover, due to the actual
decays within the tracking volumn, the signal contains
low quality tracks in constrast to the truly neutral jets,
and the energy deposition in the EC for the singal will be
more than neutraljets as well, we hence consider our jet
fake rate assignment of 10�3 to be reasonabe reasonably
conservative.

For the MS search, we consider a new timing layer at
the outer layer of the MS of ATLAS. We take the MS Re-

gion of Interest (MS RoI) trigger for very similar search
from ATLAS [27] as reference, with an e�ciency of
✏trig = 0.25 and 0.5 for the two benchmark BSM signals,
and a signal selection e�ciency of ✏sig = 0.25. The back-
grounds are mainly from the punch-through jets, and its
fake e�ciency can be inferred to be ✏

j,MS
fake = 5.2 ⇥ 10�9,

normalized to 1300 fake MS barrel events at 8 TeV [27].
Our Reference ATLAS MS displaced vertex search [24],
due to the vertex reconstruction requirement, can only
e↵ectively select signal events decaying in the 4-7 m
range, reducing the derived search sensitivity with the
full MS volume approximately by a factor of two. We
expect that with the help of the timing layer and a
relaxed vertex reconstruction requirement, the e↵ective
decay range could be extended to the full MS while
maintaining the same signal e�ciency. In comparison
with LLP decay in the 7-10 m range of the MS, there is
no detector activities in the layers prior to that. Hence,
the dominant background from punch can still be vetoed
e↵ectively.

Background consideration.— The main sources of the
SM background faking such delayed and displaced signal
are from jets or similar hadronic activities. The origin of
background can be classified into same-vertex (SV) hard
collision and pile-up (PU). For this study, we assume the
time-spread distributions follow Gaussian distribution.4

dP(�t)

d�t
=

1
p

2�t

E
��t2

2�2t , (2)

where the time spreads �t di↵er for di↵erent sources of
backgrounds.

The SV background for the signals mainly comes from
SM multi-jet process. At least one prompt jet is required
to reconstruct PV4d and provide the timestamp, while
another trackless jet from the same hard collision faking
long-lived signals. The fake jet has an intrinsic time delay
�t = 0. However, due to limited timing resolution in
reconstructing the PV4d, it could have a time spread.
The time resolution with the planned precision timing
upgrade from CMS is �

PT
t = 30 ps. At 13 TeV with

integrated luminosity Lint = 3 ab�1, the total number of
such background events can be estimated,

EC : N
SV
bkg = �jLint✏

EC
trig✏

j,EC
fake ⇡ 1 ⇥ 1011

MS : N
SV
bkg = �jLint✏

MS
trig✏

j,MS
fake ⇡ 4 ⇥ 105

, (3)

where �j ' 1⇥108 pb is the multi-jets cross-section with

p
j
T > 30 GeV, ✏trig and ✏

j
fake are the e�ciencies for the

4
The validity of these description should be scrutinized by ex-

perimental measurement, e.g. from Zero-Bias events. From

Refs. [12, 15, 19], our description is appropriate up to proba-

bility of 10
�4

to 10
�6

level–the limit where the distribution are

shown.

Hard collision BKG: detector time 
resolution ~30 ps
EC (30ps) cut: Δt > 0.4 ns
MS (30ps) cut: Δt > 1ns
BKG(SV) << 1

The detector time resolution for MS 
can be downgraded to hundreds of ps
MS (200ps) cut: 
Δt > 1ns
BKG(MS-SV) ~ 0.11
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Search based on MS
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We explore the physics potential of using precision timing information at the LHC in the search
for long-lived particles (LLP). In comparison with the light Standard Model particle produced from
the hard interactions, the decay products of massive LLPs arrives at detectors with sizable time
delay. We propose new strategies to take advantage of this property, using the initial state radiation
jet for timestamping the event and only requiring a single LLP to decay inside the detector. This
search strategy can be e↵ective for a broad range of models. In addition to outlining the general
approach of using timing information, we demonstrate its e↵ectiveness with the projected reach
for two benchmark scenarios: Higgs decaying into a pair of LLPs, and pair production of long-
lived neutralinos in the gauge mediated supersymmetry breaking scenario. Our strategy increases
the sensitivity to the lifetime of the LLP by orders of magnitude and exhibits better behavior
particularly in the large lifetime region compared to traditional LLP searches at colliders. The
timing information significantly reduces the Standard Model background and therefore provides a
powerful new dimension for LLP searches.
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The presence of Long-Lived particles (LLP) can be the
most striking feature of many new physics models [1–11].
At the same time, vast swaths of the possible parameter
space of the LLP remain unexplored by LHC searches.

LHC general purpose detectors, ATLAS and CMS,
provide full angular coverage and sizable volume, making
them ideal for LLP searches. However, close to the inter-
action point, such searches can su↵er from the large SM
background. The LLPs produced at the LHC generically
travel slower than the SM background and may decay at
macroscopic distances away from the interaction point.
Hence, they are separated from the SM background with
sizable time delay. In this study, we focus on the strategy
of using precision timing as a new tool to suppress the
background and enhance the reach for the LLP at the
LHC. Recently, precision timing upgrades with a timing
resolution around 25-30 picoseconds, by the CMS col-
laboration for the barrel and endcap region in front of
the Electromagnetic Calorimeter (EC) [12] and by the
ATLAS collaboration in endcap and forward region [13],
have been proposed to reduce pile-up for the upcoming
runs with higher luminosities. 1 In order to formulate a
strategy applicable to a broad range of models, we pro-
pose the use of a generic ISR jet for timestamping the
hard collision and require only single LLP decay inside

1
Timing information has also been applied to BSM searches in

identifying new physics in some very limited cases. Such exam-

ples include the time of flight parameter adopted in the heavy

stable charged particle searches [14–16], the time delay param-

eter adopted in the non-pointing photon searches at the CDF

and recently ATLAS [17–19], and (very loosely) in the stopped

particle searches [20].

the detector. Such a strategy can greatly suppress the
SM background and reach a sensitivity orders of mag-
nitude better than traditional searches. Precision tim-
ing opens a new window to search for Beyond Standard
Model (BSM) signals.

SM

SM X or SM

X
Y

SM

SM X or SM

X

FIG. 1. Two classes of signal kinematics for LLPs.

In general, there are two classes qualitatively di↵er-
ent channels for the LLPs, as shown in Fig. 1. In the
first class (upper panel), the LLP(s), denoted as X, are
produced through the decay of a heavier resonance (Y ),
which can contain one or more LLPs. Perhaps the most
popular model in this class is when the resonance is the
Higgs boson (Y = h). This is highly motivated by possi-
ble connection of new physics and electroweak symmetry
breaking. At the same time, the resonance can certainly
be other SM particles, such as W , Z and the top quark. It
could also be other new physics particles. They all share
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1. ISR jet provides the  time for the hard collision

2. LLP decay before reaching timing layer. 

measurement of Δt
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Trackless jet 2

No need to fake signal

ISR jet
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Time delay from 
resolution of timing detector.
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Importance of precision measurement

- No clear indication where new physics might be. 

Precision measurement can give crucial guidance. 


- Lots of data still to come

Room to improve! Statistics and systematics. 


- Will be a important part of the legacy of the 
LHC. 


LEP taught us a lot. LHC will do the same. 



Summary of LLP searches

- Timing information can significantly improve the reach. 


- The result shown are based on generic cuts (ISR+ any 
delayed decay).


Broadly applicable.


Further optimization possible for specific decay 
channel.


- Designing effective triggering strategy is crucial next 
step. 



Precision measurement at the LHC possible?

At LHC, interference with SM crucial

Signal-SM interference

��

�SM
⇠ E2

⇤2
⇠ 0.25

Without interference

��

�SM
⇠ E4

⇤4
⇠ 0.05

1.    WZ final states, only longitudinal mode useful

2.   W/Z+h  



Will be challenging

SM WW, WZ processes are dominated by transverse modes 

New technique such as polarization tagging of W/Z crucial

Wh/Zh(bb) channels have large reducible background

Difficult measurement. Large improvement needed.

Room for developing new techniques 



Time delay

LT1

LT2

X

a b

SM
`X
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`SM

Timing layer

• timing layers considered here: 

• CMS EC search: LT1 = 0.2 m, LT2 = 1.2 m (EC = Electromagnetic Calorimeter) 

• Resolution:   

• MS search (hypothetical): LT1 = 4.2 m, LT2 = 10.6m (MS = Muon Spectrometer) 

• Resolution:   don’t need to be as good (detail later)

δt = 30 ps



Higgs coupling vs direct search
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Testing naturalness at 100 TeV pp collider

Fine tuning:  (MNP)-2


