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PHYSICAL REVIEW LETTERS 133, 191902 (2024)

Search for Soft Unclustered Energy Patterns in Proton-Proton Collisions at 13 TeV

A. Hayrapetyan et al."

(CMS Collaboration) ° . .
R | will be brief on this

® (Received 8 March 2024; accepted 6 September 2024; published 5 November 2024)

v

given the time constraint

The first search for soft unclustered energy patterns (SUEPs) is performed using an integrated luminosity
of 138 b~ of proton-proton collision data at \/s = 13 TeV, collected in 20162018 by the CMS detector
at the LHC. Such SUEPs are predicted by hidden valley models with a new, confining force with a large
"t Hooft coupling. In events with boosted topologies, selected by high-threshold hadronic triggers, the
multiplicity and sphericity of clustered tracks are used to reject the background from standard model
quantum chromodynamics. With no observed excess of events over the standard model expectation, limits
are set on the cross section for production via gluon fusion of a scalar mediator with SUEP-like decays.

DOI: 10.1103/PhysRevLett.133.191902
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SIGNAL MODELLING JHEPO7(2024)142

Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV

RECEIVED: March !

= Based on JHEP05(2015)059 4
QCD Dark QCD

= SM gauge group is extended by new QCD-like force — Tev — Xy

Gsm X SU(Ng)ps
" Assume dark sector (DS) contains N¢ dark quark states asymmetry

sharing
" Dark QCD confines in the infrared at a scale Ay ~ m,, Dds Ny - - -
=  The lightest dark baryon is stable = DM candidate annihilation |
Tdy Pdy - - -

=  Mesons may decay back to the SM GeV —— P, n m
= Scalar mediator Xpk living in the fundamental T, K,...

representation of both SU(3) ¢y, and SU(N,) ps JHEPO5(2015)059

1/21/2025 Searches for semivisible jets 5



SIGNAL MODELLING

"  Mediator Xpk is a color triplet and carries electric charge

of 1/30or2/3

=  Can be produced in pairs via ggF or qg annihilation and
decay to a dark quark and a SM quark

('QDK CzDK

(o1 Qok

“Unflavored” model: assume simple flavor structure of k;;

+ FCNC constraints = assume only decays to d quarks
non-negligible

1/21/2025
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JHEPO7(2024)142

Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV

_ 1 B
mi;QriQQrj + RiaﬁjngLi%QLj draY"dRs + h.c.
X

Yukawas

_—_—

1 2 2 4
or ~ 80 mm [ L 2 GeV 100 MeV 2 GeV (mXDK )
KA Jrox Mdown m 1 TeV

TDK

l

TTpig decay constant

Searches for semivisible jets 6



SIGNAL MODELLING

" Mediator Xpk is a color triplet and carries electric charge

of 1/30or2/3

=  Can be produced in pairs via ggF or gq annihilation and
decay to a dark quark and a SM quark

Qox Qpx
8 q
Xp . .27 Xpk B L2
g P q 8 2% q
s s
e / s /
Ss 4a s q
Xt Tss Xt Tes
DK B DK
g q
— —r
Qbx Qpk

"  More involved flavor structures can also be considered,

e.g. JHEPO8(2018)052

4
ad SWdeark ch

CTﬂ'dark - (m + m.)Q (m N m_)?
Ncmwdarkfgdarkz|nalﬁzj|2 (mg + m?) (1 —_ %) (1 — %)

4,7 Tdark Tdark
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Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV

SM Dark Sector
induced flavour
X structure
d,s,b /ﬁaiX(jR,jQD,a Q(d) - Q(S)a Q(b)
confinement dark
confinement
KailBj ap s
———Tp diVud; L
W,K,B,... =A[X ng)r“
flavoured
decays JHEP08(2018)052

Focus on “flavor aligned” scenario with

3 dark flavors that couple to d-type
quarks via couplings ky,; = kg0 ,;
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SIMULATION JHEP07(2024)142

Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV

= Signals generated with the hidden valley module in PYTHIA 8.212
" Free parameters: my ., FXDK’ Ng, Ng, Kij, Ag, Mo, Mugy Mp g Clapg

" Assume Mg, = Mg, = Ag =2my,, =m,, /2 Vi

_ “Unflavored” “Falvor-aligned”

N, 3 3

N; 7 3

my_ . [GeV] 1000, 1200, 1400, 1500, 1600, 1800, 2000, 1000, 1200, 1400, 1500, 1600, 1800, 2000,
2200, 2400, 2500 2200, 2400, 2500

[y, [GeV] 10 10

My, [GeV] 10, 20 6,10, 20

CTgye [mm] 1,2, 5, 25, 45, 60, 100, 150, 225, 300, 500, 100 5, 25, 45, 100, 500

1/21/2025 Searches for semivisible jets 8



ANALYSIS STRATEGY (IN A

TINY TINY NUTSHELL)

High jet pr and Hp triggers

At least 2 jets tagged as EJs

Model independent

1/21/2025

At least 4 AK4 jets with pr > 100 GeV, |n| < 2

Tracks associated to jets via AR matching

Model specific

or semivisible jets

JHEPO7(2024)142

Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV
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JHEPO7(2024)142

TINY TINY NUTSHELL) S ——

proton-proton collisions at /s = 13 TeV

Model independent 138 fo-' (13 TeV) 138 b~ (13 TeV)
Frrrmmrrrm T T I L T

ANALYSIS STRATEGY (IN A

c T nat) c i | ]
o 3 e CTpg,=5mm  t  Data = o] I “of Clpg,=5mm ¢ Data :
’g_ . Ozf_ CMS ©C Clpg, =25mm == SMmultjet | E:_ I CMS © CTg,, =25mm == SMmultijet |
= UnﬂCIVOI’eCI: g i =7 Gl = 100 mm ; g 100k == Clgy,, =100 mm i
= - Unflavored, E 1= [ Unflavored, ]
S 100L Mxuus = 1600 GeV, Mn,, = 10 GeV N & Ll my,, = 1600 GeV, mq,, = 10 GeV 1
. . B F E E _I ]
Median transverse displacement (dxy) NF 1 &
-1
3 track 21 02 E 81 0 Y
D <pmax PT o | ] o [
Aoy = —2—N with < b {1 % fh
3D — 3 track ’ : [ =k
pr 104f - [ i
2 107
2 i = :
_ dZ dxy L™ L
DN = —) 4+ |— 107°F | N I
0.01 cm o(dxy) | L] -
E | N 1073F =
of | | o f E
108?_! el bl _nnnumll_s o namfl_n sl _cadkedld II‘E L L I
10°  10* 10°% 102 10" 100 107 0.0 0.2 0.4 0.6 0.8 1.0
(dyy) [cm] tap(Dy < 4.0)
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ANALYSIS STRATEGY (IN A

JHEPO7(2024)142

TINY TINY NUTSHELL) S ——

proton-proton collisions at /s = 13 TeV

Model independent

138 fb! (13 TeV) 138 b~ (13 TeV)
_E104:“"I"“l""l""l“"["‘+'I""1““: _51025—“"[""""1"“I“"[“’+‘I""I""—;
el ST ctm* = 5 mm Data 3 o g s cTme = 5 mm Data ]
E’_ — GuS © ot —45mm == SM multijet—% 2101;_ CMS coo ot =45 mm == SMmultijet |
=  Flavor-aligned: g 1%k _ S5 ctp™ =500 mm 3 g S T =500 mm ]
= [ Flavor-aligned, . = 1g°p Flavor-aligned, -
5 100 My, = 1600 GeV, my,,, = 10 GeV E S  F My, = 1600 GeV, mq,, =10 GeV E
i o 1 E e 1
dxy>d9rcn3}n 8 . g1o'e S E
, explots heavy-flavor content I ] 5 e ]
track £10 . g H T e ]
o 3 010_2:._ r! H’\.‘ =
Z 3 z B E
; . 104 el [l
. X prAR(ijet) : ol T3 1078 E
Jet girth = 7 1 Wamg ]
Zip'r 10°°} y 1074 el Y B -
"1 * M‘ HE M E"E ::i %
F L 11i1 & 3
L N i E.
bbb o LI ULLLL 107 | | | I | | EEEE:J
1 1 20 2 4
0 ° o 1 o 2 30 d )31%-2.26,“0 00 01 02 03 04 05 06 07 08
tracks Jet girth
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ANALYSIS STRATEGY (IN A

TINY TINY NUTSHELL)

High jet pr and Hp triggers

At least 2 jets tagged as EJs

Model independent

1/21/2025

At least 4 AK4 jets with pr > 100 GeV, |n| < 2

Tracks associated to jets via AR matching

Model specific

or semivisible jets

JHEPO7(2024)142

Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV



ANALYSIS STRATEGY (IN A

TINY TINY NUTSHELL)

Model specific

= GNN tagger, separately trained on unflavored
and flavor-aligned signals

® |nputs are matched tracks represented with 5
coordinates:

= AR(track, jet)
- ln(ptrack/l GeV) ln(ptrack/z ptrack

- T(dxy): T(d,) where T(x) =
sign(x) In (|| + 1)

1/21/2025

138 b1 (13 TeV)

B =3 1 = B B B B B R B B R B
-E - CMS o Clgee=5mMm ¢ Data :
g . “-= Clg. =25 mm — SMmultijet -
w 10°F ~~ Clg,, =100 mm E
2 - Unflavored,

c - my,, = 1600 GeV, my,,, = 10 GeV

® 10°

§e]

[

N

©

S

(<]

=z
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Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV

138 fb~' (13 TeV)
3

_5102~\||\\||\|\|\|\\\
0 CMS crm s5mm ¢ Data
3101:_ S CTR = 45mm T SM multljet ]
a F —— cTp® =500 mm
2 I Flavor-aligned, e
% 100; my,,, = 1600 GeV, m_, = 10 GeV .
it E
N
= 1n-1
=10
£ F
o) .
Z10-21

1073

1074E

o




RESULTS

Unflavored, agnostic

— 10sCMS

Clq,,, [MmM

1/21/2025

— Obs. limit (agnostic) 101
= Exp. limit +1¢ (agnostic)
—-- CMS2016 obs.

138 fb™! (13 TeV

Mg = 10 GV
unflavored model

— 105CMS

Cln,,, [MM

CMS 2016 exp.

102
100

—:10_1

95% CL upper limit on cross section [fb]

T,

—,10_2

Unflavored, GNN

138 fb~! (13 TeV

E

My, = 10 GeV =
unflavored model ]
— Obs.limit (GNN) ] 10! % E
—— Exp.limit +10 (GNN) | EE

—-- CMS 2016 obs.
= CMS 2016 exp.

CcT

100

—:10_1

95% GCL upper limit on cross section [fb]

_110_2

L | L
2000 2500 1500
My, [GeV]

| L
2000 2500
My, [GeV]

Searches for semivisible jets

Aligned, agnostic

138 b (13 TeV)

My, = 10 GeV

flavor-aligned model
— Obs. limit (agnostic)
~— Exp. limit 10 (agnostic)

o L I
1500 2000 2500
mx,,,. [GeV]
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Search for dark QCD with emerging jets in
proton-proton collisions at /s = 13 TeV

Aligned, GNN

CMS 138 b! (13 TeV)

T T [reve B 2
— = flavor-aligned model =
101 s = — Obs. limit (GNN) 1 10! S
._.3 % 5 —— Exp.limit 10 (GNN) 8
[ ED-'F 3
2] o n
e 9]
] 102 1 S
100 2 L
5 o
E £
2 ?
o & 410" &
=] ; 2
3 ] —
3 (@]
32 10 . ] 'o\o
3 Yo}
20‘) ] 2m

110- L i | [410°

1500 2000 2500
Mx e [GEV]
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SEMIVISIBLE JETS

= Again, DS with new SU(N,) confining force
= Connected to SM via a leptophobic vector (Z')

=y shower in the DS producing scalar and vector dark mesons
Tdark 9nd Pdark

= Some dark hadrons may be stable (DM candidates) while
others may decay back to the SM

v

.’.‘~

q
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SIGNAL MODELLING

1/21/2025

Dark quark production follows LHC DM recommendations:

gq = 0.25,9, = 1.0/ [N¢NE& = 0.5, T /my = 5.6%

q X

DS dynamics:

d — d _ _ _ —
NC — Z’Nf =2, ZmX = Mugerk = Mpaare = Mdark
Pdark decay democratically to all allowed flavors

T4ark decay through mass insertion — favor heavy flavor

Searches for semivisible jets
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Search for resonant production of strongly coupled
dark matter in proton-proton collisions at 13 TeV

Tinv

#stable dark hadrons
#dark hadrons
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SIMULATION JHEP06(2022)156 e

Search for resonant production of strongly coupled

dark matter in proton-proton collisions at 13 TeV

" Pythia 8.230 (8.226 for 2016 data) with HV module
"  With assumptions above, 4 free parameters remain: m,/, Magrk, Tinvs Xdark
. peak . . e qe e high __ peak
= Define a ., that maximizes dark hadron multiplicity, @ ;... = 1.5a ..., and
low _ peak
adark - O-Sadark
" Perform 3 2D scans in parameter space:
100 1.0 10?
— high
> = Oefer k
9' e — 0.3 é My, = 20 GeV & Mg, = 20 GeV apeak
eak = eak m dark
E Odark — agark Odark — al(f)lark >t<) Tiny = 0.3 [
ow
g Odark
1 0.0 10
1.5 5.1 1.5 5.1 1.5 5.1 Courtesy of Kevin Pedro
my, [TeV] my, [TeV] m,, [TeV]

1/21/2025 Searches for semivisible jets 18
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Search for resonant production of strongly coupled

dark matter in proton-proton collisions at 13 TeV

= High jet pr and Hp triggers
" At least 2 AK8 jets with p; > 200 GeV and || < 2.4
u RT = p?liss/m'[' > (0.15

G <18 - O

u mT > 15 TeV

" No isolated electrons or muons

- Aquin(ji, f)"fvliss) < 0.8 — SVJ topology

" Tag SVIs g Model specific

_»miss} 2

mp = [ET,JJ + E%nssr — [ﬁT,JJ + pr

miss

2 2 2
=mjy + 2p7 [\/mJJ + P13 — PT,33 COS(ébJJ,miss)]

1/21/2025 Searches for semivisible jets 19
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ANALYSIS STRATEGY (IN A

JHEP06(2022)156

Search for resonant production of strongly coupled
dark matter in proton-proton collisions at 13 TeV

TINY TINY NUTSHELL)

Model specific

. . CMS simulation (13 TeV) ] CMS simulation . (13 TeV)
= Exploit a DBT trained on jet substructure: 2 BQCD | Signal (m,, =20 Gev, ' 1 ‘ ' ' ]
=1 Wiiv)+jets 1, =03, 0, = o) ] 2 0.9F
(_I ) (_I ) % 1 .%(vv)+jets --m, =21 TeV - — 0.8;
. . --m, =3.1TeV E E
" Heavy object tagging: mgp, Ty, T3y, N5, N3 £ ) F e 07"
< 0.6F
=  Quark-gluon discrimination: DPT’ O maior Ominorr 9irth 0.5-
£ Signal:
0.4 ng :a3.1 TeV, m,, = 20 GeV,
" Flavor (energy fractions): f,, f,+, fo, f., f 0 e e~
4 0.2F — wiwv)jets (0.936) E
: 04 10932 E
i “'E —2Z(vv)+jets (0.930) 3
10—4...|...|..!|...|... Ot
0 0.2 0.4 0.6 08 1 0 0.2 0.4 06 0.8 1
BDT discriminator (J; ,) €gig

1/21/2025 Searches for semivisible jets 20



c B [pb]

RESULTS

CMS 138 fo' (13 TeV)
-—
95% CL upper limits Inclusive

10 ; - Observed (af*%) —Theoretical _g

- - Expected (a7 -=Observed (o) 1

1 [68% expected (o) - Expected (o} _:

£ []95% expected (a£2)  =+Observed (a',)

r Mya = 20 GeV, r, =0.3 ---Expected (o2%) 1

107 E

0% TR E
I Agnostic
oo,

2 3 4 2

m.. [TeV]

1/21/2025

G B [pb]

CMS 138 fb (13 TeV)

— — —

95% CL upper limits BDT-based 1

10 -+ Observed (a2 —Theoretical E

- - Expected (e23) = Observed (ocg‘:r'; :

1 [68% expected (07) - Expected (o) |

[095% expected (ofz) ~ -~Observed (cpy,) 3

N My, = 20 GeV,r, = 0.3 ---Expected () T

107'F 3

1072 3 3
107°F
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138 fb' (13 TeV)
T " " T TJ95% CL upper limits

= _ _ peak
4 Mo = 20 GeV, o = o

_ === (Observed

i - - Expected

E Dijet

1T JHEPOS (2020) 033

E Monojet

17 JHEP 11 (2021) 153

—_ Semivisible jet (inclusive)

= JHEP 06 (2022) 156

E Semivisible jet (BDT-based, model-dependent)
1™ JHEP 06 (2022) 156

. G 4
L ! 1 T e AT L L L | " n ! 5 13

2 3 4 5

10.1007 /JHEP06(2022)156 m,. [TeV]
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PHYSICAL REVIEW LETTERS 133, 191902 (2024)

Editors' Suggestion Featured in Physics

Search for Soft Unclustered Energy Patterns in Proton-Proton Collisions at 13 TeV

ONE WORD ON SUEPS

A. Hayrapetyan et al.”
(CMS Collaboration)

® (Received 8 March 2024; accepted 6 September 2024; published 5 November 2024)

=  Scalar mediator S decaying to dark quarks, in turn showering to
dark mesons ¢ with a thermal pr distribution controlled by T},
= Trigger on hadronic activity Hp

= Extended ABCD fit in the sfericity-N onstituents Plane

CMS 138 b1 (13 TeV)
. — ——
14} A" T (100%) 95% CL upper limits ]
— Observed g
1010 CMS 138 fb~! (13 TeV) 12| Expected (median, 68%): ]
10° BIC ' SiE,e(0304] EIF SEUEP ' (0.4,0.5] SR S3Eh,€(05,1.0] “== mg = 2000 GeV 1
108 I Observed - === mg = 1500 GeV E
To=my=3 GeV 3 10 -
5 107 | Post-Fit Aomon (100%) 5 EE mg = 1200 GeV ]
3 108 = (b. only) === ms=300Gev B =~ ms = 1000 GeV 1
§ 102 et mg=800GeV B CGDJ 8l ms = 900 GeV 1
- 183 1 = \ - ms = 800 GeV ]
102 |_D 6l é S_ mg = 700 GeV ]
101 e ~ s ms = 600 GeV ]
B — N 3 1
10071 T '.“r - ) ) . 3 ah mg = 500 GeV E
S MR 8 - mg=400GeV ]
8 1.1 3 £ . E3 i E === mg =300 GeV ]
S 1 .0§ 2 { i $—— E 21 === mg =200 GeV —
9 0-9 :_I 1 ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 _:; 1 I 1 L 1 1 l 1 1 1 1 1 1 1 _::_I 1 l 1 1 1 1 I 1 1 1 1 1 1 1 1 _: - L | ms = 125 Gev :
o 50 100 150 200 50 100 150 200 50 100 150 200 oL L ]
[SUEP 10 12
constituent
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SUMMARY

* CMS has started exploring the novel

signatures arising from strongly-
coupled dark sectors

* The breadth of possible models
makes comparing experimental
techniques very challenging — focus
of this workshop!

* Many more interesting results to
come in the near future

I -



THANK YOU

« Ce qui est admirable, ce n’est pas que
le champ des étoiles soit si vaste,
c’est que I'"homme [’ait mesuré. »

Jacques Anatole Francgois Thibault
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