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•  LHC experiments keep taking world’s Highest 
Energy data: run 3 

•  Taiwan is building a new state-of-the-art HGCAL 
calorimeter for HLLHC. A huge project TW Chairs. 

•  Experimentalists & Theorists analyze and interpret 
new and old data. 

•  Focus of this talk is on BSM Heavy Particles, 
narrow or broad or towers. 

•  Can we constrain spectral densities from LHC 
data? 

Introduction

TW HEP has teamed 
up on building 
detectors for colliders 
to face the challenge! 



10+2 years Higgs
LHC Run 3 ongoing: we are 12 years after the Higgs 
 
Run-2 data are still being analyzed but a number of 
flagship analyses have been completed. 
 
All measurements suggest what we have found is the 
SM Higgs. 

3 4-June-2024 

-  What makes the Higgs? 
-  What stabilizes the Higgs mass? 
-  Where is the New Physics? 
 
Run 2: some excesses observed. 
Run 3: improved searches, more 
parameter space covered. 
HL-LHC: “Higgs precision” 
improve our detectors, exploit the HL 

Nature 607 (2022) 



4-June-2024 4 

LHC long-term plan

Now 

Run 3:      ~300 fb-1 

HL-LHC: ~3000 fb-1 
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BSM Flavours: new measurements
•  (Heavy) Diphoton resonances and continuum: 

•  ADD graviton continuum. 
•  Spin-2 gravitons from bulk Randall-Sundrum model. 
•  2HDM scalar resonances. 
•  Clockwork model resonance tower. 

 
•  XàHH, enhanced double-Higgs production: 

•  Radion. 
•  Spin-2 gravitons from bulk Randall-Sundrum model. 
•  2HDM CP-even scalar resonances. 

•  VBF xsections including HH production: 
•  Higgs-Higgs field scattering. 
•  Using data constrain spectral densities of BSM operators? 

Spin-2 RS Graviton (warped ED) 
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Focus in diboson final states
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CMS diphoton search at ~mZ
Submitted to PLB 
(28-May-2024) 



4-June-2024 8 

ATLAS diphoton search

700GeV 
“excess’’ 

Phys.Lett.B 822 
(2021) 136651 
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New: heavy diphoton search
arXiv:2405.09320 
(15 May 2024) 

Hsin-Yeh Wu PhD 

No obvious excesses in 
run 2. 
 
We are working on a 
dedicated search for 
intermediated masses in 
run 2. 
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Heavy diphoton resonances

Largest excess at 
~1.3TeV 

arXiv:2405.09320 
(15 May 2024) 

Hsin-Yeh Wu PhD 

RS-graviton 

Heavy scalar 
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Anomalous HHàbbWW production
arXiv:2403.09430 
(March 2024) 

SM production 

Anomalous production 
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Coupling of resonance to SM 
fermions through mixing with the 
Eweak bosons. 

HVT: BSM spin-1 resonances

~ g
2

gV
cF ~ gVcH
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Heavy flavour triplet: W´, Z´ 
arXiv:2403.16926 
(March 2024) 

W´ 

Z´ 
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Heavy flavour triplet: W´, Z´ 
arXiv:2403.16926 
(March 2024) 
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ScalaràHH & TensoràHH
arXiv:2403.1692 arXiv:2403.16926 

(March 2024) 
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Non-resonant HHàbbττ
arXiv:2404.12660 

19-April-2024 
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Boosted HHàbbbb
arXiv:2404.17193 

24-April-2024 
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Boosted HHàbbbb
arXiv:2404.17193 

24-April-2024 
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V+HHàbbbb (CMS)
arXiv:2404.08462 

12-April-2024 
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V+HHàbbbb (CMS)
arXiv:2404.08462 

12-April-2024 

Small  
Excess? 
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Searches for Dark Sectors (CMS)
arXiv:2405.13778 
22-May-2024 

Long-Lived particles 
Displaced vertices 
Highly ionizing particles 
etc. are all here! 
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arXiv:2405.13778 

22-May-2024 



4-June-2024 23 

Run3, HL-LHC: accessing few-TeV masses

Many models, lots of data. 
Looking for anomalies in scattering amplitudes. 
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Quest for new spectra ρ(m2)

mHH  or  mγγ ,mVH ,mVV( )

dσ
dm

LHC high mass data: how do we constrain new physics (beyond SMEFT)  



4-June-2024 25 

Example: heavy e+e- , γγ resonances
JHEP 10 (2023) 079 



4-June-2024 26 

 Källén-Lehman representation 

Δ q( ) = dm2
0

∞

∫ ρ m2( ) 1
q2 −m2 + iε

Spectral density 
function 

Two-point correlation function Δ(q) 
represented by the shaded area. 
Factorize: 
•  external lines (SM particles), and  
•  interaction shaded region (SM+BSM)  

Following: Banks (Cambridge), McCullough (CERN) arXiv:2009.12399  

T-ordered 2-point 
correlation function 

Lint = λOSM x( )ONP x( )

ONP x( )ONP y( )

ρONP m
2( ) = 2π( )

3
0 ONP n

n
∑ n ONP 0 δ

4( ) m2 −mn
2( )
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Example: just a Higgs pole

Δ q( ) = dm2
0

∞

∫ ρ m2( ) 1
q2 −m2 + iε

=

Δ q( ) = dm2
0

∞

∫ δ m2 =mHiggs
2( ) 1

q2 −m2 + iε
=

1
q2 −mHiggs

2 + iε

Spectral density  Higgs propagator 
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 … results in the Yukawa potential
Banks (Cambridge) McCullough (CERN) arXiv:2009.12399  

λψψΦ( )
2

Insert K-L (the NR limit) in V(r): 

Δ q( ) = 1
q2 −m2 + iε

p2<<M f
2

⎯ →⎯⎯⎯ −
1

m2 + q
2

iMNR = −i4M f
2λ 2δ s1s1́δ s2s2́Δ q( )

V (r) = − 1
4M f

2

d 3q

2π( )
3∫ MNReiq

!
r
!

= −
λ 2

4π
e−mr

r

So, for any spectral density ρ(m2): 

V (r) = − λ 2

4πr
dm2ρ m2( )e−mr∫

Yukawa 

Yukawa for a whole 
spectrum of exchanged 
states 
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Nonlocalizable theories and ρ(m2)
SP: arXiv:2404.09159  14-April-2024 

Biswas, Okada: NPB 898 (2015) 113-131 
Buoninfante et.al. PRD 101 (2020) 8, 084019 
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Nonlocalizable theories

The growth of spectral densities with m2 provides info on the localizability of the theory    

ρ m2( ) = em2a

×  subdominant terms

•  a <1/ 2    theory strictly localizable
•  a =1/ 2    theory quasi-local
•  a >1/ 2    theory nonlocalizable
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Why nonlocality
arXiv:2009.10856 
Jens Boos 

∇2 1− ∇2

M 2

⎛

⎝
⎜

⎞

⎠
⎟φ(r) = 4πGmδ r( )      ⇒      φreg (r) = −

Gm
r
1− e−Mr( )

Potential is singular at r=0.  
Regularize the potential by introducing a heavy scale M: 

∇2φ(r) = 4πGmδ r( )      ⇒      φ(r) = −Gm
r

Field finite at r=0, but field derivative also not zero at r=0. 
Can add more scales. 
However, the propagator has negative mass poles (ghosts). 
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Why nonlocality

∇2e
−
∇2

M 2φ(r) = 4πGmδ r( )      ⇒      φreg (r) = −Gm
r

erf Mr
2

⎛

⎝
⎜

⎞

⎠
⎟

Potential is singular at r=0.  
Regularize the potential by introducing a heavy scale M: 

This is equivalent to smearing the point-like interaction to a Gaussian. 

∇2φ(r) = 4πGme
∇2

M 2δ r( )
•  No ghosts at tree level. 
•  Non-local: information from infinite distance 

from r is needed.  
•  No infinities 
•  Others 
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Fine structure: the Darwin term
It may come as a surprise, although an interpretation,  

∇2e
rNL

2

2
∇2

U (r) = 4πe2ρ(r)  ⇒   ∇2 1+ 1
8
!2

m2c2
∇2 +!

⎛

⎝
⎜

⎞

⎠
⎟U (r) = 4πe2ρ(r)

H = H0 −
p4

8m3c2
+

1
2m2c2

1
r
∂U
∂r
S
!"
L
!"
+
1
8
!2

m2c2
∇2U

Gaussian smearing the electron position at r=0 by ~ its Compton length rNL: 
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Nonlocality at the eweak scale

Li, Nicolaidou, SP, EPJC, arXiv:1904.03995 (2019)  Li, Nicolaidou, SP, EPJC, arXiv:1904.03995 (2019)  

σ NL−SM = e
a s
ΛNL
2

×σ SM

Question: can we motivated 
such FFs ? 
 
Usual problem: we typically 
expect nonlocality to kick in at 
scales close to Planck. How do 
we create a hierarchy? 

Adhoc modification to constrain 
using sqrt(s)>TeV data. 

 Biswas, Okada: NPB 898 (2015) 113-131 

 Buoninfante et.al. PRD 101 (2020) 8, 084019 
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Example: string scattering
Infinite derivative operators well known in String Theory: 

V = e
c
Ms
2
☐ String Tension (used in ST vertices) 

Scale of non-locality 

ʹa = 1
Ms

2

Universal Regge Slope  
(back at the 60’s!) 

For QCD strings                                    

ʹa = 10−33  m( )
2

Regge trajectory ʹa E 2 = N! spin 

EPJ A 48, 127 (2012) 

ʹa = 10−15  m( )
2

For super strings 



Mν~10-11GeV                         top,W/Z/h        Heavy Particle tower  
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Nonlocality at the eweak scale
EFTs: a sum of renormalizable ops and a tower of non-
renormalizable terms obtained after integrating out UV DOF’s 

•  At lower energy scales UV effects have been integrated out. 
•  As we increase the scale ΛàΛNP, the effect of the tower states gets larger 

and higher dim operators On in the OPE blow up. 
•  Note there could be hierarchies between the lightest state and ΛNP. 
•  We proposed an early BSM probe: High Pt Higgs 

Li, Nicolaidou, SP, EPJC, arXiv:1904.03995 (2019)  Li, Nicolaidou, SP, EPJC, arXiv:1904.03995 (2019)  

Li, Nicolaidou, SP, EPJC, arXiv:1904.03995 (2019)  

Hoffmann, Kaminska, Nicolaidou, SP, EPJC74 (2014) 3181 



4-June-2024 37 

Heavy Particle Towers at ΛBSM
Typical spectrum of an interacting QFT 

ρ m2( ) = em2a

Δ q( ) = dm2
0

∞

∫ ρ m2( ) 1
q2 −m2 + iε

Complex p2 plane 

Callum Robert King Thesis 
on spectral densities. 
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 spectral densities from 2-pt CFs

Δ p( ) = dm2
0

∞

∫ ρ m2( ) 1
p2 −m2 + iε

= −
1
π

dm2
0

∞

∫
Im Δ m2( )⎡
⎣

⎤
⎦

p2 −m2 + iε
2-pt 
function 

From  
spectral 
density 

ρ p2( ) = − 1π Im Δ p2( )⎡
⎣

⎤
⎦=
1
π
Im M A→A( )⎡
⎣

⎤
⎦⇒

ρ p2( ) = dΠXn
M A→ Xn( )

2
2π( )

3
δ 4 pA − pXn( )∫

Xn

∑

Using Optical Theorem  
to get the fwd Ampl M 
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hh scattering: exchange of n scalars
M hh→φ n( ) = n!

ρn p
2( ) =

n!( )
2

2π
1
n!

dΠXn
2π( )

4
δ 4 m− pi

i

n

∑
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟∫

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
=
n!
2π
In

ρ p2( ) = ρi p
2( )

i

n

∑ n→∞⎯ →⎯⎯ 2πn n
e
⎛

⎝
⎜
⎞

⎠
⎟

n

≈ en ln n( ) e
p
m < ρ p2( ) < e

p2

m2

In what follows we will assume that the large degeneracy of 
intermediate states leads to an exp rising spectral density as follows:   

ρ p2( ) ≈ e
p2

ΛNL
2 ΛBSM

2 = ΛNL
2 Here the BSM scale is  

the nonlocality scale 

SP: arXiv:2404.09159  
14-April-2024 
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 NL Klein-Gordon propagator

Δ p( ) = dm2
0

∞

∫ ρ m2( ) 1
p2 −m2 + iε

p2>>m2⎯ →⎯⎯
e
p2

ΛNL
2

p2 −m2 + iε

L = −φ x( )e
∂µ∂

µ

ΛNL
2

∂µ∂
µ +mh

2( )φ x( )  −V φ( )

This is the same propagator as the one obtained from the Non-Local Lagrangian: 

NL Klein-Gordon 
Propagator 

φ 
φ 

φ 

For p2<<Λ2 vertices look point-like  
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Generalize
SP: arXiv:2404.09159  

14-April-2024 

New paper appeared: ‘Form factors, spectral and Källén-Lehman representation in 
nonlocal quantum gravity’, Briscese et.al. arXiv:2405.1405 (24-May-2024) 

New Result 
(without proof) 
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SM Phenomenology

1−10 1
 (GeV)llM

1

1.2

1.4

1.6

1.8

2

SM
σ/

N
LS

M
σ

 band LHC Run 2σExpected 1
=20TeVNLΛ
=15TeVNLΛ
=10TeVNLΛ
= 7TeVNLΛ
= 5TeVNLΛ
= 4TeVNLΛ
= 3TeVNLΛ

137 fb-1 

σ NL−SM = e
a s
ΛNL
2

×σ SM

EPJC 81, 796, 2021 
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VBF di-Higgs very sensitive to BSM
In the SM: 

c2V =1
cV =1
c3 = c4 =1

c2V

cV

cV
cV

c3

EPJC (2017) 77:481 

In SM we have a cancellation between the first 
and the second diagrams. 
 
For new BSM towers the amplitude is modified 
and destructive interference is lifted: 
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Can we cleanly measure this?
 
-  Use HG Calorimeter + tracker to tag/trigger most of the VVHH events. 
-  High acceptance for VBS: VVàVV 
-  Improve VBF measurements. 

q q0

W±

q q0

W±

W±

W±

`±

⌫

`±

⌫

HGCAL left 

HGCAL right 
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VBF angles smaller than VBS & HH

Quark jets go 
right in the center 
of HGCAL 

η(VBF) = acosh P
Q
⎛

⎝
⎜

⎞

⎠
⎟= acosh

P
MH / 2

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟= acosh

0.1×6.5TeV
0.063TeV

⎛

⎝
⎜

⎞

⎠
⎟ ~ 3

η(HH) = acosh P
MH

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ ~ 2.3

For di-Higgs the angle is larger: 

Bjorken x 
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CMS High Granularity Calorimeter (~miT)

However, Phase-2 is still far (2029) à keep analyzing the Run-3 data. 
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Summary
•  LHC Run 3 started in 2022: experiments trying to find cracks in the SM 

•  Non-local (like) effects are an interesting possibility:  
•  Can generalize local spectral representations of BSM operators and test 

directly against data. 

•  Non-locality in QM and Gravity and applications is an open field 
•  How do we regularize non-local 2pt functions? 

•  Di-Higgs, VB Fusion and VB Scattering are key processes for testing the SM. 



Extra Slides 

48 4-June-2024 
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Heavy diphoton continuum
arXiv:2405.09320 
(15 May 2024) 

Hsin-Yeh Wu PhD 
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Warped extra dimensions
arXiv:2403.16926 
(March 2024) 
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Search for XàHHàbbγγ
arXiv:2112.11876 
(2022) 

Narrow Scalar X 
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HVT limits on gH
arXiv:2403.16926 
(March 2024) 



Continuing measurements in run 3
•  Higgs and EW Precision: 

•  Couplings, Mass & Width, Spin Parity, STXS & Differential, W mass, … 

•  New massive particles: new Higgs, new scalars, new vectors, Gravitons, Susy 

•  Diphoton, Dilepton, Dijet FS, etc. 

•  Massive diboson final states: VV, VH, HH 

•  Heavy Resonances 

•  Long-lived particles 

•  Effective Field Theory (EFT) 

•  B physics: CPV, CKM measurements, mixing, spectroscopy 

•  B anomalies related measurements 

53 4-June-2024 

Categories overlap/correlate; classification helps keep track of various observables. 
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Impact: VBS and di-Higgs

q q0

W±

q q0

W±

W±

W±

`±

⌫

`±

⌫

Note the unique tree-level VVHH 
diagram that only appears in VBF mode 

HGCAL left 

HGCAL right 



Higgs pair production
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expected and observed limits on HH production in:  
-  early LHC Run 2 data (35.9 fb−1),  
-  present using full LHC Run 2 data (138 fb−1) 
-  projections for the HL-LHC (3000 fb−1)  

Nature 607 (2022) 60 

Observed and expected limits at 95% CL on the 
cross section of non-resonant Higgs-boson pair 
production as a function of the Higgs-boson self-
coupling modifier κλ = λHHH/λSM

HHH.  

ATLAS-HDBS-2018-34 
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HL-LHC 3ab-1: di-Higgs  
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 CMS Phase-2  (14 TeV)-13000 fb

Simulation Preliminary
bbγγ→HH→pp

ggHH CAT 4

 

2.16σ expected sensitivity from bbγγ

ATL-PHYS-PUB-2022-005  Trilinear Coupling kλ 

Expected kλ : 0.5 to 1.6, (1σ interval) 

CMS PAS FTR-21-004  

bbττ+bbγγ combination: 3.2σ expected 

CERN Yellow Report CERN-2019-007 ATLAS+CMS combined: 4σ sensitivity (with older projections) 
With latest projections, a 5σ combined sensitivity is expected. 
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VH top 
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HL-LHC 3ab-1: examples  

•  Z’ (W’) to leptons reach out to 6TeV (7.5TeV) 
•  KK excitations to ttbar to 5.7TeV 
•  Susy particle searches. 
•  LLPs 

•  disappearing tracks 
•  Dark photons 
•  Dark Matter 

•  mono-Z bosons 

Particle Searches 

Vector Boson Scattering CMS-PAS-FTR-21-001 
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 arXiv:2404.09159v1 
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Higgs & diphoton BSM at NTU
Name Topic/Tasks Position 

You-Ying •  SM VHàγγ and diphoton in general Postdoc  

Fasya 
Kuzhaimah 

•  Search for diphoton resonances mH < 1TeV, run 2  
•  Search for diphoton resonance in run 3 (later/parallel?)  

PhD student 
(1st year) 

Hong-Yi •  Search for diphoton resonances, run 3  
•  if possible, SM VH->γγ , run 3  

MSc student 

Hsin-Yeh •  High mass diphoton search, run 2 (paper)  Postdoc 

Dimitry Chen •  High Pt Higgs to γγ, from the Z'/W'->VH mode, run 3 MSc student 

Xing-Fu •  Anomalous TGC with VH->γγ, run 2  PhD (finishing) 


