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CNFN Introduction

* Dark Matter can be detected in very

different channels. z—'; mate! @ mate!
©
* |f Dark Matter was produced by matter & mediator S
annihilation (s-channel), 8 Yon =
the dark matter mediator can be observed % K
also in the decay to matter particles. - Direct search _ Y
» Strong exclusion limits are set on the =
leptonic interaction (LEP, LHC, ... ) matter matter
 The searchqgq - X - Qg is a good probe d|
to look for low-mass dark-matter mediators. anti anti

matter Resonance matter

S. Donato (INFN Pisa) Low mass mediators 2



Introduction

* The high energy and luminosity of the LHC
pushed the exclusion limits towards larger

mediators masses.

- Dijet resonance search (gq - X - qq).

* The trigger rate limits make very challenging

looking for low-mass resonances.

— The 95% CL upper limit on the coupling (g)
between quarks and the mediator is about 0.1

for my, < 400 GeV.

* Special technigues are needed to explore

the low-mass region.
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@ETNJHEP%(ZOB)BO SCOUting & TLA

Phys. Rev. Lett. 121, 081801 (2018)

 Way #1. Data Scouting or Trigger Level Analy5|s
very high trigger rate saving only the jets

reconstructed at trigger level instead of the full RAW
event content

- EQ. 10 Hz x IMB - 10 kHz X 1kB. sf " “tiagata ,.,. 1
» Pro: lower trigger thresholds, £, ERE

signal peak

no offline reconstruction. YE e

o't (prescaled)

* Cons: reprocessing not possible, ,;

18 — Offline jets, single-jet triggers
E —— Offline jets, single-jet triggers, prescale-correcte

poorer Jet energy reSOIUtlon_ 600 1000 20'00_ 3000 4o‘ofo

m, [GeV]
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https://doi.org/10.1007/JHEP08(2018)130
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801
https://doi.org/10.1007/JHEP08(2018)130
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801

Phys. Rev. Lett. 121, 081801 (2018)

@ETNJHEPOS(ZMS)BO SCOUting & TLA

* The scouting & TLA allowed
CMS and ATLAS to extend the
dijet resonance search to
lower mass.

- CMS: 1.6 TeV - 600 GeV

- ATLAS: 1.5 TeV - 700 GeV
(450 GeV for low lumi data).
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https://doi.org/10.1007/JHEP08(2018)130
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801

CNFN Boosted resonance

 Way #2: low-mass boosted resonance are
reconstructed as a single energetic jet.

single jet

* The resonance Is produced In
association to a strong Initial State

Radiation (ISR). a\\ ><

* The ISR can be either a photon or a A
jet and can be used to trigger the Gy OF Gy

event. q// ISR
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(NN Boosted resonance (ATLAS) &

Phys. Lett. B 788 (2019) 316 EXPERIMENT
- Data collected using a high p; ISR: _Decorrelated 1, vs mass
- Trigger: single photon p;>140 GeV or jet p;>380 GeV e v
(offline selection photon p;>155 GeV or jet p>420 GeV). ﬁ
0.6 [5-g-00=tt=3-$-0 000015 TH S HF
. = 0_5:— «—i‘-;;; "?'";':"TJ” —f
* Boosted resonance reconstructed as a jet with R=1. Ty
- Trimming against pile-up and soft radiation e “’{55;51330?22’;:%
(k; subjet R=0.2 and less of 5% p; are dropped) U o 0 v K5 o e

50 100 150 200 250 300
Large-R jet mass [GeV]

- Maln Varlable T21 y deflned as the ratlo T2/T1. Cross-check: fit of W and Z bosons

[ Bkg. syst. uncert. —:

H > K = RS RARES CERZD AL RALER ELEES =
- Designed decorrelated tagger (DDT) method §opanas . Y o
. 017, < 0.50 used to reduce background. D wdet | 2w i 8 “iphoton st

[ Bkg. syst. uncert.

* Background:
- V+jets/photon - simulation (NLO correction k-factor)

t:

- Multijet production — data driven from control region
« Control region: ©™T,, > 0.50 i
 Transfer factors obtained from side bands. T T e Lt
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https://doi.org/10.1016/j.physletb.2018.09.062

(ineN Boosted resonance (ATLAS)

Phys. Lett. B 788 (2019) 316

* Cross check, fit W/Z:
- u=0.93 £0.03 (stat) + 0.24 (syst)
- u=1.07 £0.13 (stat) + 0.35 (syst)
e Jet channel has the larger
sensitivity.

* 95% CL upper limits set in the
range 100 — 220 GeV.

No significant excess observed.

0.05

- ATLAS _
F (s=13TeV,36.1f0" =~
- ]

Observed 95% CL limit
Expected 95% CL limit E
Expected limit +1¢ ]
Expected limit +2 ¢ E

local sig. 2.50
H global sig. 1.20

T
100 120 140 160

vl b L
180 200 220
m,. [GeV]
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https://doi.org/10.1016/j.physletb.2018.09.062

Phys. Rev. D 100, 112007 (2019)

C(INFN Boosted resonance + jet (CMS)

- Signal region: N,, < 0 (95% QCD rejection, by design) iief

5000

* Trigger based on the (trimmed) boosted resonance or HT. e PR
8 35000:—CMS . -I?atal o ;V(qq)ﬂets (>;3) =

« Boosted resonance (p;>525 GeV) © so000f- e R
T % _ I Z(q0), g,=0.17, m, =135 GeV E

- Jet AK8 (m>175 GeV) and CA15 (m<175 GeV); i Ao g

— Soft drop, trimming, and PUPPI to reduce QCD background; 15000 —

% 444uuwuumwuu

» use of designed decorrelated tagger;
» select a range in p =In(m2/ p2;).

.1 a . o b TR
weevntety gty N

¥

Data/Prediction
Q
©
T

EWK background taken from simulation (tt, Z/W+ jets).

50 100 150 200 250 m 3(:2%6V)
« QCD multijet is estimated from control region (N,,>0) o (13 Tev)
o L CMS — Observed
~ Corrected by pass-to-fail ratios, o 06 local sig. 2.20 | B ereessiee
b|nned N p and pT 0.4 anti-k;, R=0.8 ;CA,R=1.5
03}  35.9 b (2016) 4 41.1 b (2017)541.1 b (2017)

 Fitted with a Bernestein polynomial.

0.2
« Fit performed is several p; categories.
. . . 0.1
* Combination 2017 data analysis + 2016.
0.06
- No excess found 005 —35 7580 100 200 _ 300 400

Z' mg, (GeV)
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https://doi.org/10.1103/PhysRevD.100.112007

@ Boosted resonance + photon (CMS)

Phys. Rev. Lett. 123 (2019) 231803

» Triggered by single photon p; > 175 GeV (offline p; > 200 GeV).
Main backgrounds:

- Resonant: W/Z + v, tt (e — y misid.) (simulation + data driven correction); —
- Non-resonant: multijet (jet — y misid.) (data driven). -

Boosted resonance (AKS jet, p; > 200 GeV),
- soft drop mass algorithm, validated down to 10 GeV.

Selection:

- large angle photon-jet, b-tag veto (against tt);
- DDT N,,<0 (90% rejection by definition).

Non resonant background estimated from control region (N,,>0).
- pass-to-fail ratio fitted in (p, p;) bins, using a simultaneous fit;

- data-to-simulation efficiency scale factor for resonant bkg (0.909+0.046). 3
Data is in agreement with the background-only prediction.
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=Y
I
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s!
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Indirect constraint: Y === ATLASISR Jet&y:Run 2

CMS ISR Jet: Run 2
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https://doi.org/10.1103/PhysRevLett.123.231803

INFN Boosted b-quark resonance (ATLAS) A@TLQS

EXPERIMENT

I 1 1 I — > 103"|H‘| RS Ry L
» Trigger requires a smgle jet (R=1 p; > 480 GeV). § [ ] B e T M)
g % P;Tr:gagogbg B SR E % E signal Region QCD Fit = 10 — Top -
- Boosted resonance (p; > 480 GeV); P
~ trimming to reduce background,
102 L.
- track subjets used for b-tagging. —— .-
o § 12 ‘ g
° Backg rounds: 25 319 e Jse00s®e®eune --“-‘m‘,#"q mm % 0
. . . . . 0 50 700 150 200 2‘0 SIS
- V+jets and H+jets based on MC, normalization fitted to data, Signal candidste large- et mass [GeV]  z fFE—T—— g
S ¢ ) o
s Yy =1.5+0.22 (stat.) +0.29 (syst.) +0.18 (th.) [obs. 5 o], . y
* Uy =5.8+£3.1(stat.) £1.9 (syst.) £1.7 (th.) [obs. 1.6 o]. g :FTLQS% oy 02 S 1554t st°| 14§d t1e|og1t,3?0“fnoo ézeo‘w
_ £ LVs= ev, - —— backgroun I
- tt ba.sed on MC, I'izooooi— 7BUmpHunter|merva|_ @go(;:é, —————r A'TLA‘S‘P@'"H]"‘];W';
« normalization fitted in a specific CR; (muon + b-tag). I e 1 7 f-taTev.c05
. . . . . Fit Range: 70-230Gev | 0-3F E
— Multijet fitted using an analytic function. o000k 1 ozs
« Analytic function fitted using a CR QCD (0 b-tag), ] I |
- Data split in ~60 slices of data having the same stat of the SR, ; ot N £
8 % 3 f —— Observed 95% CL upper limit ]
. ) . . £ o [ e Expectel % upper limi =
- Function: exponential polynomial. #parameters: Fisher test. & 1 " memoitanse g
. 80 100 120 140 160 180 200m[2(§2V] 100‘ ! ‘1é0' ; ‘1“10‘ ; ‘1(‘50‘ ; ‘1é0‘ ' ‘20(
* No signal excess found. J my [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-052/

@ Di-jet resonance + photon (A

Phys. Lett. B 795 (2019) 56

EXPERIMENT

. Way #3: Resolved dijet

&0 ATLAS —— Daia, 76.6 1t _ [ ATLAS —— Data, 76.6 10", g

;10 E Vs=13 TeV (E:Som‘?lnedt(r;%gt;er E 10 E Vs=13TeV gomlsinedtgi?%er El

- € [ Flavour inclusive ackground Ti 4 F 2b-tags ackground fi 3

produced with ISR (photon). P Raigy, e, T Ewgor | wprtiiigen, e hidamssor ]

M. ~=c T N P R, Srmies

: ~ %2 p-value = 0. g Cley = E x2 p-value =0.77 E|

- Trigger photon (140 GeV) oE e S i, 3

E single-photon trigger “PEgg e, 3 r single-photon trigger =N 0‘7‘1:*0 N

. F Background fit S W 10 £ ggikgr?;nd fit WT".\T}T%

Or photon &, tWO Jets 1Oa;+ﬁ;,(j=)(2;goeev,gq=o.1 ! ucﬁi; E m, = 250 GeV, g =0.1 +T3

g 2E = | 2E =

(85 GeV & 50 GeV) § et 1

5 25 I =

. 1 Z _g_ = 72 =

L TWO analySGS ﬂavour INC. o 00 400 500 600 700 l1nqb?eev:] 200 300 400 500 600 700 1r?1I»q([)GeV]

i 1
and double b-tags,

. . e . = E,cI\TLASI 9’:'I:%C Lpperlilmits i e EltltTLAsI I I gé%c;LLpperﬁmit ]

— similar expected sensitivity. 0ab =13 TeV —— Observed 1 oafE=13Tev —— Observed ]

[ Flavourinclusive === Expected (= 1-20) ] E 2b-tags == Expected (= 1-20) E

- . 6B i 1 o025F 81 61" =

* Multijet backgound fitted = el e T :
- - . 0.0 3 0.2 ]
with an analytic function : :

. . - . Ak 4 o5k .
using sliding windows. ; ;
0.1 E 01 3

* No excess reported e 1 eI e e} 500 300 400" 00 600 700 600 600 1000
- p-value >= 0.6 e e .
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-05/

Phys. Lett. B 805 (2020) 135448

INFN Di-jet resonance + jet, scouting (CMS)

* Way #4: Combine the resolved dijet
produced in association with ISR (jet)
with data scouting. antaron
« Trigger requires sum jet p; >250 GeV. & w. oy L L3 OB
. . . =10 oo 1 2 osstome o
* Dijet defined as the pair of % 0l - a1 %OOSZiq q R
two leading jets. " Rt
F p,>72GeV, <25 3 . : 1
» Multijet background fitted with an PEE 1 oz
analytic function. 0185
i£[g 6f 0.1~ =
« Three jets with p; > 72 GeV, £ 5 oos ]
- to minimize the lower mass limit. = SN W R T
Dijet mass [GeV] Resonance mass [GeV]

Data is in agreement with the
background-only hypothesis.
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https://doi.org/10.1016/j.physletb.2020.135448

CNFN Conclusions £) .

EXPERIMENT /@

* Low-mass resonance Is an interesting region,
— Exclusion upper limit on coupling is around 0.1 below 400 GeV.

* Low-mass regions is challenging from many point of view:
— Reconstruction (eg. boosted objects);
— Trigger (eg. scouting, TLA, combined triggers);
- Final states (eg. ISR, b-tagging, photons).

* Large improvements are expected:
- New techniques (eg. improved boosted objects reconstruction);
- Many analyses are still based on 2016 lumi —» ~x4 lumi expected.
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Conclusions

95% CL exclusions

CMS Preliminary

ATLAS Boosted Dijet, 13 TeV
[,./ M,.< ~100% EpeEy :
DM 71006 [arXiv-1801.08769]

ATLAS Dijet+ISR v, 13 TeV
[arXiv:1901.10917]

CMS Dijet ¥, 13 TeV
[arXiv:1803.08030]

ATLAS Dijet TLA, 13 TeV
[arXiv:1804.03496]

CMS Broad Dijet, 13 TeV

[arXiv:1806.00843]

ATLAS Dijet, 13 TeV

—] [,/ M, < ~30%
=stes [arXiv:1910.08447]

CMS Dijet, 8 TeV
[arXiv:1604.08907]

CMS Dijet, 13 TeV
[arXiv:1911.03947]

-] I,/ My < ~10% CMS Dijet b tagged, 8 TeV

[arXiv:1802.06149]

CMS Dijet+ISR jet, 13 TeV
[arXiv:1911.03761]

CMS Dijet Scouting '16, 13 TeV
[arXiv:1806.00843]

CMS Boosted Dijet, 13 TeV
[arXiv:1908.04114]

CMS Boosted Dijet+y, 13 TeV
[arXiv:1905.10331]

: CDF Run1 E

] [arXiv:hep-ex/9702004] Iz /Mz<~5%

— CDF Run2 CMS i, 13 TeV

— farXiv:0812.4036] [arXiv:1810.05905]
UA2

s 10I00 2000 L [Nucl. Phys. B 400, 3 (1993)]
M, [GeV]

810 20 30 100 200 Zwidth (all /M)
[arXiv:1404.3947]

Y width (all I“Z_IIUIZ.)
[arXiv:1404.3947]
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Backup

do/dm, [pb/TeV]

Diff. (%)
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L 1 1111l
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-------- Nominal signal sim. (400-GeV signal)

-------- Uncorrected control signal sim. (400-GeV signal)
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(NN g'q Vs gq

Phys. Lett. B 805 (2020) 135448

couples to DM particles. We convert g, into ga using the follow-
ing relationship

o 8q
gq - 5
\/1 + 1/’ [ENQ(MmEd)gq)
where Ng(Mpeq) is the effective number of quarks

m2 \ /2 m2
NQ(MmEd):Z(1_4M2q ) (1+2M1q ) (3)

q med med

(2)

and the index g runs over the quark flavors (u, d, s, c, b, t) having
Mg < Mmed/2 [11,60].
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