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Endeavor of HEP

Now: Explore the Uncharted
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Resolution=1/0

Large # of independent observables

Precise control + Background Rejection
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4 July 2012 Standard Model Production Cross Section Measurements

Status: June 2024
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L HCO s

SuUuccessSesS

A Higgs Discovery
A Precision measurements
A Direct searches on
A Simplified models
A SUSY
A Extra Dim/Compositeness
A é
+new upgrades in Energy,
Detector, Trigger, Analysis
methods

Zhen Liu
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L HCO s

SuUuccessSesS

A Higgs Discovery
A Precision measurements
A Direct searches on
A Simplified models
A SUSY
A Extra Dim/Compositeness
A é
+new upgrades in Energy,
Detector, Trigger, Analysis
methods

Zhen Liu New Directions in Collider Physics

drove a paradigm shift
A (we become) humble (about
how and where new physics
would show up)
A more adventurous

Pheno 2026 05/12/2026
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Where to look for heavy particles?

A For high scalar masses,

51CY0 QD B8 ICY ¢ gé Yo & 6)

Goldstone Equivalencengener i cal l yo gives t he

o~ o P .. . o o Pnw L0 e

‘00 E(Q L) ‘00 E'O'O I SH H

Regardless whether one uses: O'Sj
A S-h mass mixing: ¥"Y'O"0O) h -
L ey [~ 0.6+ S-WW .

A S-h kinetic mixing: -1 Y (00O 5 I :

A SVV direct coupling: -"YO "0 04l ]

S—77
Similar plots for heavy fermions, 0.27 ]
. / o
heavy vectorse 00l o Sokh ]
200 300 400 500 600 700 800
mg [GeV]
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Interplay between DiHiggs

(hh) and DiBoson (VV)

AWW/ZZ (VV) has sizable leptonic
channels, more clean

A hh has more hadronic decays,
modern b-tagging makesresolved
channels clean

A VV dominates high masssensitivity

Tlimit(PP—S) [pb]

One cantry to enhancehh branching

for models with cascadedecaysor finite
masseffectsat E~v. Seee.g.,l. L e wi ¢
talk yesterday.

Zhen Liu New Directions in Collider Physics

Cross Section Upper Limits at the LHC (139 fb)
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mg [GeV]
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modern b-tagging makesresolved
channels clean
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talk yesterday.

Cross Section Upper Limits at the LHC (139 fb)
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Can multi-Higgs be the leading discovery channel in general?

Zhen Liu New Directions in Collider Physics
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The busy Higgs mechanism: P.R. Li, ZL, L.T. Wang 2604.14284
EWSB amplifies Higgs final states See P.R. Liods tal

A After EWSB, expansion yields di-Higgs coupling ©

. . . If the leading operator for S to SM
n2, while gauge couplings remain modest.

Higgs is (or any similar format):

A Multi -Higgs can be the leading discovery channel; P
the same mechanism extends to fermions and { O O)
vectors. ¥
n Z“YO "Q’p

Y0 6 6 e p)

"20¥ 0OQ p o p) a
YO QM T (1Y) o) U
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https://arxiv.org/abs/2604.14284

The busy Higgs mechanism: P.R. Li, ZL, L.T. Wang 2604.14284
EWSB amplifies Higgs final states See P.R. Liods tal

A After EWSB, expansion yields di-Higgs coupling ©

. . . If the leading operator for S to SM
n2, while gauge couplings remain modest.

Higgs is (or any similar format):
A Multi -Higgs can be the leading discovery channel; o
{00

the same mechanism extends to fermions and
vectors. e

A Loop corrections stay under control; explicit UV

models exist a:li are testable. Jr " ZYO QD (C é )
/,’/ P 7 H ! ZYO 6 6 P
¥s o h N
S TTTH g ;N HT
----- v - - - 20 'Q0Q p & p) d
l/) == == H-I- \ ” H " ® 7~ 7 ,D ‘ \
1 (D-l-\\< 7 Z YO Qp (T ) 0) U
IR H ~ H
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The busy Higgs paradigm: d

the search landscape

-Higgs dominates

A Large gap between solid (dF

Cross Section Upper Limits at the LHC (139 fb!)

Higgs) and dashed (di-boson) :
curves for the busy operators.

A The busy Higgs mechanism
transforms di -Higgs into the
discovery channel for new heavy

resonances

A'Wed o nhaveresonance
searchesin hhh yet, sothe limit
Is only the overall rate. It will
dominate for high mass.
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Busy Higgs Signals : HH reach far exceeds VV

AFor SHAH, bl ue an Sensitivity on Busy Operator Oy at the LHC (3 ab™')

. 1500 :
For S ( H A H) J and & = VV channel with SG*'G,, cp=cs=1, mg=A

orange bar extends much higher. = HH channel with SG*G,,,

A Loop-induced low-dim operators
changesthe relative strength

(branching) slightly. 1000}

mg [GeV]

A Di-Higgs searches probe busy scalar
operators to significantly higher
masses than digauge searches

500 g
SH'H  S(H'H? S(H'H)Y,,, SH'H)?® SHH),,

For further alignment suppression and cascade
decays,seeC. Wagner, S. Royin progress.
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Which fundamental boson has the fewest decays
measured?

AAmong W, Z, H The Review of Particle Physics (2025)
. . S. Navas ef al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) and 2025 update
AAlso adding pions, kaons, all those

non- eXC|ted States etC ,) pdg - Interactive Listings Order PDG Products
Summary Tables Topical Index
Reviews, Tables, Plots Downloads & API
Particle Listings Previous Editions
Errata Other Resources

TR
N

Except where otherwise noted, content of the 2025 Review of I;b_(ticle Physics:is licensed under a Creative
Commons 4.0 International (€C BY 4.0) license. The publication of the Review of Particle Physics is

- ® supported by US DOE, MEXT and KEK (Japan), INERA (Italy), and CERN. Individual collaborators receive
support for their PDG activitiesfrom their respective institutes or funding agencies. © 2025. See L BNL

particle data group
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Which fundamental

measured?

boson has the fewest decays

AAmong W, Z, H

AAlso adding pions, kaons, all those

non-excited states etc.?

particle data group

Zhen Liu

Shots to prevent cancer show Visualizing a key stepin | Silk-wsr:rped food wins
early promise p.126 cytokine signaling pp.139& 163 BII & Science Prize p.146

$15
‘ I lce 8APRIL2022

science.org

AVAAAS

W boson mass measures higher than expected pp.125,136,& 170

New Directions in Collider Physics

The Review of Particle Physics (2025)

S. Navas ef al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) and 2025 update

pdg - Interactive Listings
Summary Tables
Reviews, Tables, Plots
Particle Listings

Errata

Order PDG Products
Topical Index
Downloads & API
Previous Editions

Other Resources

supported by US DOE, MEXT and KEK (Japan), INER (Italy),and CERN. Individual collaborators receive

support for their PDG activitiesfrom their respective institutes or funding agencies. © 2025. See LENL
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The most copious produced

W DECAY MODES
W™ modes are charge conjugates of the modes below.

Mode
Iy
I
J

Ty

hadrons
Ty
Py
Ky
Din
cX

cs
invisible

atate

Zhen Liu

Did we overlook it fairly?
Is It too hard to detect?

Fraction (T'; /T)

2 (10.86 +0.09) %
(10.71 £0.16 ) %
(10.63 +0.15) %
(11.38 £0.21) %
(67.41 £0.27) %
< 1.9 x107°
<52 x107°
< 1.7 %1078
< 6x107*
(33.34+26)%
B %

Bl (1.4428)%

< 1.01 x10°°

Scale Factor/
Conf. Level

CL=95%
CL=95%
CL=95%

CL=95%

CL=95%

New Directions in Collider Physics

P(MeV/c)
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40184

o (nb)

proton - (anti)proton cross sections
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We have a full and nice program for the Higgs
boson

WeoOoOve been calling the LHC
AHiggs factory

ATop factory

AQCD factory

A huge program around them

But LHC is also
ABSM explorer
A(and) EW factory!

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 14



We have a full and nice program for the Higgs

boson
WeoOoOve been calling the LHC
AHiggs factory Maybe we should look into W and Z more.
ATop factor For instance:
P y 7 O o/bu
AQCD factory . 0 ¢ Jbr
A huge program around them Y.F. Fei, P.R. Li, K.F. Lyu, ZL, M. Pospelov 2407.15930.

Y.F. Fei, P.R. Li, ZL, M. Pospelov,2604.13156

But LHC is also
ABSM explorer
A(and) EW factory!

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 14


https://arxiv.org/abs/2407.15930
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SM physics of

-

O

Jb

—

e
N

Signal process

cross section [pb]

pp — 00 0Ty, + (7), Meeer € OR

0.36

pp — Y00y + (5), My € OR

0.25

On-shell Region (OR) defined as:a C3

Zhen Liu

New Directions in Collider Physics

Branching Ratio

T I T W R T | |

jo8L
5 10 15 20 25 30 35 40
Nee(GEV)

Subtilty: one cannot strictly separate on-shell W decay and oftshell W-
decay. We define onshell regime and compare the rate and kinematic

distribution of a zero -width approximation W -decay.

Pheno 2026 05/12/2026 15



Projected sensitivity

The SM Br on such a channelis atp 1 level

Current LHC data (with current trigger and selection, 150 fb %)
# |6 © Jbh b

HL -LHC data (with improved trigger on multileptons )
g |k J/bh) 8 b

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 16



A clean, high -statistics laboratory: wO * 7

at the LI IC i gk [6] <52x10* Cl=95% 45594 ~
[6] -

T'so phrp ey <5.6x 1071 CL=95% 45594 v
e Thr oy (6] <73x10" Cl=95% 45559 v
A The LHC produces billions of Z bosons;®° * * [ israre (D p 1 ) but exceptionally clean

A Final state: two opposite-sign muons + a hard photon 8 minimal hadronic background
A Fiducial branching ratio isolates a theoretically safe fixed -order regime
A Statistical precision: 3" © @ 18 ¢ KRun-2) and 0.04% (HL-LHC) & sub-percent SM test

Our relnterpretatlon of a Run-1 study

+ &kFo -y (w1 mErp pT

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 17



A clean, high -statistics laboratory: wO * 7

at the LI IC i gk [6] <52x10* Cl=95% 45594 ~
[6] -

T'so phrp ey <5.6x 1071 CL=95% 45594 v
e Thr oy (6] <73x10" Cl=95% 45559 v
A The LHC produces billions of Z bosons;®° * * [ israre (D p 1 ) but exceptionally clean

A Final state: two opposite-sign muons + a hard photon 8 minimal hadronic background
A Fiducial branching ratio isolates a theoretically safe fixed -order regime
A Statistical precision: 3" © @ 18 ¢ KRun-2) and 0.04% (HL-LHC) & sub-percent SM test

Our relnterpretatlon of a Run-1 study

+ &kFo -y (w1 mErp pT

So,we can add afew more entries to PDG, then what?

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 17



One can also look for dark photon/Z, ALPs

, SMEFT

precision, subtle SM effects, Inthese channels
N on oo 0 _
E.g,an0 U wO 10 -
A Standard search channel | W |
WO 1 B 10715 "
AW rate is a factor of 4~5 |
larger than Z 10~2
AW leptonic branching o LA S
fraCtion iS a faCtor Of 3 10_3:_LEP ................................... _:
larger than Z  CCER HL-LHC W—3u+v, |
ATLAS *
o s 0 50 100
W exotic should be a
competitive  channel. mz [GeV]
ATLAS Search 2402.15212
Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 18


https://arxiv.org/abs/2402.15212
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Are we Just
hunting Bumps?
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TH¢ ANCHOR

HARROR SRIPTARD
I < LOGISTICS
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ANCHOR Xﬁ\

=80 ¥ Are we just
< hunting Bumps?

Many differential and precision measurements, some are QCD (such as
recent studies on Energy-Energy correlators), some areEW (Higgs STXS).
We are learning SM, QFT (e.g., positivity tests, J. Gu, C. Shu2311.07663
K.F. Lyu, ZL, T. Wu, 2512.04336), flavor (Z. L i g etdlkiedrl®r), and stress
testing the SM from all angles!

ErEr e EE R R EEEEEEE


https://arxiv.org/abs/2311.07663
https://arxiv.org/abs/2512.04336
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Are we Just
hunting Bumps?

Many differential and precision measurements, some are QCD (such as
recent studies on Energy-Energy correlators), some areEW (Higgs STXS).
We are learning SM, QFT (e.g., positivity tests, J. Gu, C. Shu2311.07663
K.F. Lyu, ZL, T. Wu, 2512.04336), flavor (Z. L i ¢ etdlkiedrl®r) and stress
testing the SM from all angles!

Quantum Entanglement angle: a vibrant direction, see
F. Mal t o ni,dsse talk lay RIDemmmna garlier.


https://arxiv.org/abs/2311.07663
https://arxiv.org/abs/2512.04336

Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration )

4\;’_«'

=20 B

AAs a local scattering test, the difference F |
between broken and non-broken { L

scatterings is ordered by vTO.

() ()

4

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 20



Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration )

AAs a local scattering test, the difference
between broken and non-broken
scatterings is ordered by vTO.

AWhen we measure scatterings at high
enough energy, the difference between
these two phases of the same theory
becomes smaller

ADu b b €ldctrdweak Restorationd

V(d) ()

; ¥ ;
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Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration )

AAs a local scattering test, the difference
between broken and non-broken
scatterings is ordered by vTO.

AWhen we measure scatterings at high
enough energy, the difference between
these two phases of the same theory
becomes smaller

ADu b b €ldctrdweak Restorationd

ACore: H is a complex electroweak doublet v P

A Longitudinal scatter A Goldstone scattering
A Broken phase calculation A symmetric phase calculation

A Higgs remembers its doublet nature

¢ il o
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Feature of High Energy Collisions: ~ EW symmetry
(Electroweak Restoration )

AAs a local scattering test, the difference  Seeing Goldstone Equivalence

between broken and non-broken Combined Result, Vs =14 TeV, 3ab~!
1.4 1 Huang, Lane, Lewis, ZL,2012.00774; _ T

scatterings is ordered by 0¥O. . T
1.2 1

AWhen we measure scatterings at high T
enough energy, the difference between '
these two phases of the same theory 3

0.8

0.6 1 1 L L
becomes smaller 04 ---- Prediction 68% C.L.
ADu b b &ldctrdweak Restorationo . —— Statistical

—— Statistical+Systematic

ACore: His a complex electroweak doubleto.o +————————r——r——r——rrrrr—
100 200 300 400 500 600 700 800 900 1000

A Longitudinal scatter A Goldstone scattering p? [GeV]

A Broken phase calculation A symmetric phase calculation

A Higgs remembers its doublet nature Seemore discussionsin R.
Capdevilla, T. Han, 2412.12336

Zhen Liu New Directions in Collider Physics Pheno 2026 05/12/2026 pi



https://arxiv.org/abs/2012.00774
https://arxiv.org/abs/2412.12336

H =

l. Lewis, ZL, |I. Mahbub, 2605.08433

: S | . Mahbubad t
Testing of SM and BSM °° ShOERes
Does Higgs remember its doublet nature? W*Z/W~h (Longitudinal)
Not necessarily. L |
2.00+ i
We can quantify whether (corrections to)  GMEFT e ene LIS TV ee L/ ToVY ;
EWSB is linearly realized or non-linearly S 175) ' ]
realized, by using SMEFT (Standard Model < HEFT m=1/15000, =1 —— 3=1/1000 :
Effective Field Theory), HEFT (Higgs ga 1,50} e — — qandeatic ;
Effective Field Theory), respectively. !3 1_255 _;
— y + gL 1 " :¥ :
L ( \/§ZG O) U(m):exp(zo_ m (.’E)) I.OOj 1
V2 \vt+th+iG v ! o
o i
= 0.2;
If EW restoration Is true, some observables § Ooi_ ]
should remember h and Z are in an O(2). S —
02 500 1000 2000 3000

Zhen Liu New Directions in Collider Physics
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https://arxiv.org/abs/2012.00774
https://arxiv.org/abs/2605.08433

H =

Testing of SM and BSM

1 —v/2iGT B ioln!(z)
NG (’U—i—h—l—iGO) U(x)_eXp( v )

If EW restoration is true, some observables
should remember h and Z are in an O(2).

A EW restoration predicts universal
amplitude ratios Y only SM/SMEFT obey
them <

A HEFT generically violates these ratios,
offering a clear discriminant

A Full setof crosssection ratios to test
linear/non -linear corrections to EWSB.

A
Yzh = OW,7,/TW,h

A
Yzn/Tzhsm — 1

A

Zhen Liu New Directions in Collider Physics

175k

1256

S~

1.00F

200L

150

W*Z/W*h (Longitudinal)
— M
SMEFT: Cuga=1/(15 TeV)? cup=1/(5 TeV)?
HEFT: n7=1/15000, k7=1 =—— c3=1/1000
linear = = quadratic

026

00k

e e N
500 1000 2000 3000
\/E [GeV]

R e Nl — — ' —~

23


https://arxiv.org/abs/2012.00774

Clean discriminator: W

oy fwy "Qratio

If EW restoration is true, some observables
should remember h and Z are in an O(2).

A EW restoration predicts universal
amplitude ratios Y only SM/SMEFT
obey them

A HEFT generically violates these ratios,
offering a clear discriminant

A Full setof cross section ratios to test
linear/non -linear corrections to EWSB.

A Many more tests are possibleat LHC
and future colliders.

Zhen Liu New Directions in Collider Physics
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NExXot |
Long -Lived
Particles
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What is LLP & Why searching for them?

Long-lived particles in the
standard model:

A approximate symmetries;
A kinematic suppressions;

For BSM particles:

A Prompt particles being
actively probed,;

A Many scenarios give raise to
long-lived signatures:
A SUSY (GMSB, RPV,

Split, etc.)

A Hidden Sector Dynamics

Particle Mass m [MeV]

Zhen Liu

| Detector-Prompt _ —Detector -Stable
_ t 1810.12602
© DH I . [
103 - o I ¥
Wiz
Detector
tagged and
104 3 Bt,?'BU energy
oj m detectable
; D*/D°
2 A
3 O e) n
07 S° n KQ  K© * P
© ©° 0
0 =
I T
, o) o D»U
1047 1[]l‘23 10l'19 10l'15 10111 1‘.’:!"? 1-:Jl'3 lll}1 1&)5
Proper Lifetime 1 [s]
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https://arxiv.org/abs/1810.12602

SUSY as a Strawman (more towards heavy LLPS)

A R-Parity -Violating, small B/L -violating couplings '? o

TX,pn'nA D T - -
a ot (SN s

¥
A Gauge mediationd suppressed couplings via SUSY breaking ﬁ W ;-f

scale
- , ' O
i e (ETAP (] i}
G p T4t A G

A Mini -split spectrum & suppressed couplings through
Nndecoupl edd heavy particl -

. (4 AP ¢ L wr e
of Xp"<d )G(SA)G A

A Pure Wino/ Higgsinoi nearly degenerated, disappearing track 7-?,,
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Hidden Sectors (more towards light LLPS)

Hidden sector feeble
couplings to SM via various
portals, suppressed by the
smallness of the couplings

Zurek, Strassler

Zhen Liu

/LHC

$ W AF A VR7S

- -
: Dark
Higgs — -
portal JC £ Photon
N v a f ?
Heavy _ Axion-Like-
Leptons (ALPs) 3
(HNLs)

Fantastic Four or Amazing five (plus millicharged)
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New Capability example: Timing

Displaced
acks

. Experimeat all B
N \”S M

Verte

(c) CERN 2009. All rights reserved http:/figuana.cern.chfispy
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New Capability example: Timing

Delayis a
universal feature
of Long-Lived
Particles*

Liu, ZL, Wang, 1805.05957

(c) CERN 2009. All rights reserved

*except for those hyper-boosted]  x

Zhen Liu New Directions in Collider Physics
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http:/figuana.cern.chfispy
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https://arxiv.org/abs/1805.05957

Late comers will be spotted easily

-
LT
~v.

-
-
————
-

-~
-
-

e > Displaced jet at 13 TeV,
103 e 39 "

More to come:
CMS MTD upgrade

10_5 [ ] 1 1 I [ 1 | I [ 1 | I 1 ...l.-..--l-.--1‘.‘1"-- 1 1 I 1 1 | | I [ 1 | |
200 400 _ 600 _ 800 1000 1200 1400 1600 ATLAS HGTD upgrade
- (GeV Ecal, Muon system, HCall,
mg (GeV) timing information to be used

CMS search,1906.06441
Liu, ZL, Wang, 1805.05957
8 TeV results, ZL, Tweedie,1503.05923
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Late comers-will be spotted easily

104
103
102k
10"
— 0
= 10

= 107"

Delayed Jet analysis
carried out by CMS,
139"

- Displaced jet at 13 TeV,
39 "™

More to come:

CMS MTD upgrade

ATLAS HGTD upgrade

Ecal, Muon system, HCall,
timing information to be used

-5 =
10 [ 1 ] I L 1 1 I L 1 1 I 1 P 1=-_1

L L l 1 1 ] I 1 1 ]
200 400 600 800 1000 1200 1400 1600

CMS search,1906.06441
Liu, ZL, Wang, 1805.05957
8 TeV results, ZL, Tweedie,1503.05923
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What is the time of a jet?

Theoretically and experimentally
Interesting

CMS Preliminary 137 b (13 TeV)

g 104 % I 1 1 1 T T T ] —r 1 T 1 T ] 1 %
T 3 - |: Beam halo background .
o 10 E [ Core and satellite backgrounds 3
) ) - [ ] cosmic background 2
E 10 e Observation E
@ -+ GMSB m, = 2400 GeV, ct,=1m ]
w10 s GMSB m, = 2400 GeV, ct, =10 m
== GMSB ma = 2400 GeV, cT, = 30m
1
107" k=
107
107 |
107
10—5 1 | 1 1 I | 1 | | 1 1 1 I 1 1 1 | | 1 1 | 1
2 4 6 8 10 12
tet (ns)

The pioneering delayed jet search used median
time, clearly having a largeroom to improve.
Zhen Liu New Directions in Collider Physics
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i€jet
! Chiu, ZL, Low, Wang, 2109.01682
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http://arxiv.org/abs/2109.01682

Tackle Time: what Is the time of a jet?
1= pT-weighted time provides the best
- f/fed\f;fllghted ]_ 7 s, mp= 1 TeV convergence, and hence the quasi
01 :Eﬁ‘,ﬁge 1.5<],1<2.0 optimal experimental definition of
2 - —Random the jet time.
‘_g -
< 1072 Other jet time definitions spread
5: - out driven by soft/colinear
sl behaviors, further imprinted by
107k geometrical effects.
10—4 | i I T A N A I T T T O
-03 -02 -0.1 0. 0.1 0.2 0.3 fgaﬂn') . Z(pT,i)a(M?z')'Bf?
Atftier i€et

Chiu, ZL, Low, Wang, 2109.01682
Chiu, Shen, ZL ongoing study with Machine Learning.
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Recent Trigger Improvement: Displaced Dimuon

Run3 improved trigger: trigger efficiency increased by a factor of 2-4
HLT Efficiency vs. LLP Decay Length A

____(13.6Tev) _Run 2 (2016)

—

III|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII

CMS Simuiation

H—2Z7Z, Run 2 (2018)

m(H) = 125 GeV — Run 3 (2022)

m(Z ) = 20 GeV —— Run 3 (2022, L3)
—— Run 3 (2022, L2)
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Run 3 (2022, 1.2)

Run 3 (2022)
Run 2 (2018)

| Axzis not to scale
1 >
Tracker end d. [cm]

L2: Muon system only, newly added long-lived trigger
L3: Muon system plus tracking, newly added longlived trigger
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https://arxiv.org/pdf/2402.14491

Recent Trigger Improvement: Displaced Dimuon

Run3 improved trigger: trigger efficiency increased by a factor of 2-4
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Better sensitivity with 1/3 the luminosity due to the improved trigger.
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Recent Trigger Improvement: Displaced jets Iin

tracker

Run3 improved trigger: trigger efficiency by around 10, then with analysis

Improvement

95% CL upper limits

— Observed

CMS, disp. jets

....... DRE-104 (2021) 012015
@o' 3 TeV)
WS/ + disp. jets

JHEP 03 (2022) 160

117 b1 (13 TeV)

CMS + Data

Predicted background
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