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LHC on the intensity frontier
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Precision measurements often challenging, but huge particle yields
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Precision measurements often challenging, but huge particle yields
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Yield for exotic decay modes:

~ 0.5 mbn ~ 0.4 meV

# = Luminosity ⇥ �BB̄ ⇥ �exotic

�B
<latexit sha1_base64="U0Vcu5nh3G0x+XzfC86eyl0dSNE="></latexit>

Sensitive to tiny couplings!

Complimentary sensitivity for signals with

• Low rates 

• Relatively low backgrounds (online + offline)
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Why start with long-lived particles?

Pragmatic reason: Displaced decay gives new handle to reject backgrounds

Theory reason: Light particles tend to be long-lived
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Long Lived particles
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A simple example
Scalar singlet extension of Higgs sector:
(Most minimal extension of the Standard Model)

µ�H
†
H ! s✓yf�f̄f (s✓ ⌧ 1)

<latexit sha1_base64="pqaqSmE+6/C+1H2sCQw56ltpAh0="></latexit>
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Production: (for mφ < mB - mK)

R. S. Willey and H. L. Yu (1982) 
R. Chivukula and A. V. Manohar (1988) 
B. Grinstein, L. J. Hall, and L. Randal (1988) 
B. Batell, M. Pospelov, A. Ritz (0911.4938) 
…

Br[B ! Xs�] ⇡ 6 s2✓ (1�m2
�/m

2
B)

2
<latexit sha1_base64="Hwm7L+7EALoN+4Bz58VZHZ2/en0="></latexit>
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https://arxiv.org/abs/0911.4938


A simple example
Scalar singlet extension of Higgs sector:
(Most minimal extension of the Standard Model)

Decay:

µ�H
†
H ! s✓yf�f̄f (s✓ ⌧ 1)

<latexit sha1_base64="pqaqSmE+6/C+1H2sCQw56ltpAh0="></latexit>
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Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864  M. Winkler: arXiv 1809.01876 

https://arxiv.org/abs/1809.01876
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Physics case for displaced vertex triggers

Y. Gerhstein, SK, D. Redigolo: 
arXiv 2012.07864 

DV + MET

Heavy Neutral Leptons, 
Inelastic Dark Matter

Multi-track DV

Exotic Higgs decays 
Axion-like particles

Muonic DV

Exotic B-decays 
Dark showers

μ
μ

Y. Gerhstein, SK: 
arXiv 1907.00007 

Y. Gerhstein, S. Junius, SK, A. 
Marriotti, D. Redigolo: 
in progress 
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CMS-TDR-014

Phase II tracker layout

CMS Level 1 track trigger

pT > 2 GeV
pT  < 2 GeV

Each module independently measures 
the pT of the stubs

Only stubs with pT > 2 GeV are used in 
track reconstruction
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Displaced tracks

Y. Gershtein: arXiv 1705.04321

CMS PAS FTR-18-018 

Key point: For moderate displacements, stubs are still reconstructed

In principle, track trigger could find displaced tracks

Impact parameter in 
the transverse plane
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Toy detector simulation

Y. Gershtein: arXiv 1705.04321 
Y. Gershtein, SK: arXiv 1907.00007 
Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 

Procedure:


1. Propagate track  
(including multiple scattering)

2. Find the stubs 
(smearing for resolution)

3. Fit a helix to the stubs 
(require at least 5 stubs)

4. Reconstruct a vertex
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Signal & Background
Signal: displaced dimuon resonance

B ! Xs�

! µµ
<latexit sha1_base64="B9+XhNO8fc/pR9SzJ5yo0YpXL9g="></latexit>

Backgrounds:

• Fake vertices		 	 → Vertex quality, pointing & muon matching


• Kaons	 	 	 	 → Muon matching


• B-mesons	 	 	 → Cut vertex radial distance (Lxy>1.5 cm)

Goal: suppress background factor of 10-4 with minimal cuts on signal

(KS ! ⇡+⇡�)
<latexit sha1_base64="b+5DZFf3UgbaYYHPIgL26Jy9X+Y="></latexit>

Y. Gershtein, SK: arXiv 1907.00007
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(Plots in back-up slides)
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Trigger yield

Y. Gershtein, SK: arXiv 1907.00007
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Competitive with LHCb, much better than a (generous) normal dimuon trigger



14

Projected sensitivity

Reach:

Model independent Scalar mixing with Higgs

CMS reach is a bit optimistic, since detector backgrounds are not modeled 
 
LHCb reach (optimistically) rescaled from current limits
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J. Evans, A. Gandrakota, SK, H. Routray: arXiv 2008.06918 (Plots in back-up slides)

https://arxiv.org/abs/2008.06918
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Physics case for displaced vertex triggers

Y. Gerhstein, SK, D. Redigolo: 
arXiv 2012.07864 

DV + MET

Heavy Neutral Leptons, 
Inelastic Dark Matter

Multi-track DV

Exotic Higgs decays 
Axion-like particles

Muonic DV

Exotic B-decays 
Dark showers

μ
μ

Y. Gerhstein, SK: 
 arXiv 1907.00007 

Y. Gerhstein, S. Junius, SK, A. 
Marriotti, D. Redigolo: 
in progress 
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Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 

Multi-track DV

Axion-like particles 
Exotic Higgs decays

Selection

• Fake vertices	 	 	 →	 	 ≥ 4 tracks

• B-mesons		 	 	 → Vertex distance

• Material interactions	 → ??

Backgrounds

• 4 reconstructed tracks (pT > 2 GeV)

• Good quality vertex

• Lxy > 3 cm

Other applications

Experimentally very challenging: must perform a 
preliminary study to verify that it is worth the effort
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Material interactions
Standard Model particles create secondaries in detector material

Must verify that this does not swamps the trigger bandwidth!
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Interactions with detector material
Pion gun in GEANT4

Si

1 cm

π+

CMS phase II tracker TDR

4 tracks with pT > 2 GeV
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Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 
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Y. Gershtein, SK, D. Redigolo: arXiv 2012.07864

Interactions with detector material
Fold in particle production rate

Rate is likely manageable

Conservative assumptions:

• Assumed 100% efficiency for tracks, regardless of origin

• No material veto attempted

• No isolation imposed
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Background rate summary:
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Y. Gershtein, SK, D. Redigolo: arXiv 2012.07864

B meson background
Multi-track vertices from B decays

Efficiently removed with a d0 cut
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Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864

Y. Gershtein: arXiv 1705.04321, CMS PAS FTR-18-018  
ATLAS muon ROI trigger: arXiv 1811.07370

Results
Example: h ! SS

! hadrons
<latexit sha1_base64="K0vhlp7YLgeradTUMSzu6yM5mo8="></latexit>

Qualitative gain in sensitivity appears possible
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Results
Example:

h ! SS

! hadrons
<latexit sha1_base64="K0vhlp7YLgeradTUMSzu6yM5mo8="></latexit>
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<latexit sha1_base64="UWh62vq4yfFbgc8PRoECatc7Nco="></latexit>
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Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 

Axion-like particles  

in back-up slides 

Applications to: 

• SUSY

• composite higgs

• relaxion models

• neutral naturalness

• heavy axions

• dark matter

• baryogenesis

• …



Conclusion

The LHC is a Higgs & B factory…

… Higgs and B decays are golden 
opportunities for beyond the 
Standard Model physics

New (trigger) strategies & dedicated detectors could yield qualitatively new 
reach…

… but we must be bold and continue to innovate!

Thank you!
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Toy detector simulation

Procedure:


1. Propagate track  
(including multiple scattering)

2. Find the stubs 
(smearing for resolution)

3. Fit a helix to the stubs 
(require at least 5 stubs)

4. Reconstruct a vertex
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Y. Gershtein: arXiv 1705.04321 
Y. Gershtein, SK: arXiv 1907.00007 
Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 
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Some notation
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Vertex is never perfect: 
 Δz measures vertex quality

Y. Gershtein, SK: arXiv 1907.00007
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Performance

Y. Gershtein, SK: arXiv 1907.00007

Track impact parameter in transverse plane Vertex distance in transverse plane

Fairly good resolution on d0, resolution on vertex location is poor as expected.
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Fighting fakes

Assume 30 fake tracks per event → 225 fake “vertices” per event!

Distance between tracks in z-direction

�z < 1.0 cm
<latexit sha1_base64="QGDsMPsODHzI86ECAPASM6jegw0=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzATBQU9BPXgMYJZIBNCT6eSNOlZ6K4R4xAv/ooXD4p49S+8+Td2loMmPih4vFdFVT0/lkKj43xbc/MLi0vLmZXs6tr6xqa9tV3RUaI4lHkkI1XzmQYpQiijQAm1WAELfAlVv3c59Kt3oLSIwlvsx9AIWCcUbcEZGqlp73pXIJE1H87dvOOdUQ/hHlMeDJp2zsk7I9BZ4k5IjkxQatpfXiviSQAhcsm0rrtOjI2UKRRcwiDrJRpixnusA3VDQxaAbqSjDwb0wCgt2o6UqRDpSP09kbJA637gm86AYVdPe0PxP6+eYPu0kYowThBCPl7UTiTFiA7joC2hgKPsG8K4EuZWyrtMMY4mtKwJwZ1+eZZUCnn3KF+4Oc4VLyZxZMge2SeHxCUnpEiuSYmUCSeP5Jm8kjfryXqx3q2PceucNZnZIX9gff4ATKKWKQ==</latexit>

~ 10-2 suppression

Y. Gershtein, SK: arXiv 1907.00007

Impact parameter of mother

~ 10-2 suppression

d� < 0.1 cm
<latexit sha1_base64="dz4Qm4uVDVT/Xpb1bgstPTnvjBI="></latexit>

d�
<latexit sha1_base64="+PTnXvHHiR2MQWZTEW/0BlyZ6hM="></latexit>
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Background rates

Y. Gershtein, SK: arXiv 1907.00007

Rates, before demanding matching with muon system:

Rate in ~ 1 kHz regime if the muon fake rate ≲ 5% per track  
(see CMS-TDR-021)

Lxy > 1.5 cm and d0 > 0.1 cm reduce true muons from B-meson decays < 1 kHz

minimum pT selection fakes (kHz) KS (kHz)

(3, 3) GeV 1000 800

(4, 4) GeV 600 240

(5, 3) GeV 840 200
<latexit sha1_base64="pC8gLAJUutMz+CjrkAmHO3AOCqE="></latexit>

Target: backgrounds ≲ 1kHz



t < 1 ps

1 ps <t < 10 ps

10 ps <t
<latexit sha1_base64="tjpYA1zl0oXA+tQo/RE57cKwqFM=">AAACPHicbVA7T8MwGHR4lvAKMLJYVCAGVCUFCYYOFSyMRdCH1ESV4zqtVTuJbAepivrDWPgRbEwsDCDEyozTZqANJ1k63d0nf9/5MaNS2farsbS8srq2XtowN7e2d3atvf2WjBKBSRNHLBIdH0nCaEiaiipGOrEgiPuMtP3RTea3H4mQNAof1DgmHkeDkAYUI6WlnnV/AhWsQcc9czlSQ8HTWE5c15wXajCP2YWcXQz2rLJdsaeAReLkpAxyNHrWi9uPcMJJqDBDUnYdO1ZeioSimJGJ6SaSxAiP0IB0NQ0RJ9JLp8dP4LFW+jCIhH6hglP170SKuJRj7utktqdc9DLxP6+bqODKS2kYJ4qEePZRkDCoIpg1CftUEKzYWBOEBdW7QjxEAmGl+zZ1Cc7iyUXSqlac80r17qJcv87rKIFDcAROgQMuQR3cggZoAgyewBv4AJ/Gs/FufBnfs+iSkc8cgDkYP7/foauT</latexit>

3 lifetime bins:
Prompt:


Displaced:


Very displaced:

3 fb-1

Low background, but fairly low 
signal efficiency

LHCb searches

B± ! K±' ! K±µ+µ�

B0 ! K⇤0' ! K±⇡⌥µ+µ�
<latexit sha1_base64="j4iozUuIfbXVKcajGDy2oACzJPs="></latexit>

Exclusive search strategy: reconstruct the whole decay chain

arXiv:1612.07818 


arXiv:1508.04094

Reconstruct both vertices in the VELO
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Offline analysis

J. Evans, A. Gandrakota, SK, H. Routray: arXiv 2008.06918

Main background from B-meson decays

B+ ! µ+⌫µD
0

! µ�⌫̄µK+

X

<latexit sha1_base64="i1Ltd7kfunK8Yde+ly6IdR7gzOY="></latexit>

For example:

Can be reduced to O(1) levels with:


• Cuts on vertex displacement  
(> 7.5 cm)


• Isolation cuts


• Minimal pT cuts 
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Additional cuts (next slide)

https://arxiv.org/abs/2008.06918
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Additional cuts
Main background from B-meson decays

B+ ! µ+⌫µD
0

! µ�⌫̄µK+

X

<latexit sha1_base64="i1Ltd7kfunK8Yde+ly6IdR7gzOY="></latexit>

For example:
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J. Evans, A. Gandrakota, SK, H. Routray: arXiv 2008.06918

• Background passing the Lxy cut is high pT


• Signal tends to point back to IP

https://arxiv.org/abs/2008.06918


32

Axion-like particle

Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 
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pT > 20 GeV

pT > 30 GeV
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Huge gluon luminosity at low invariant mass, we can get away with very high fa
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<latexit sha1_base64="6DQ5mq/vqwQy3uMkVtK3ivJTjTE="></latexit>

Lifetime:
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Axion-like particle

Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 

See also: A. Hook, S. Kumar, Z. Liu, R. Sundrum: 1911.12364 
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Axion-like particle

Y. Gerhstein, SK, D. Redigolo: arXiv 2012.07864 
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