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BSM searches at the LHC:Why?

¥ Open issues Implying physics Beyond Standard Model,

¥ Why only 3-generations of leptons/quarks?

¥ Why 4 fundamental interactions? Unification?

¥ Why only 5% of universe is made of SM particles?
What is Dark Matter (25%)?

¥ Are there particles more massive than the top quark?



BSM searches at the LHC:HOW?

¥ Cover all possible signatures and final states

¥ Be as muchmodel-independent as possible
¥ Search inpreviously uncovered regime (low and high mass)
¥ Explore new analysis technigues:

¥ Scouting

¥ Boosted jets

¥ Long-lived particle detection

Daniele del Re (Sapienza) ICHEP 2018
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BSM searches at the LHC:HOW?

¥ Run 2: Available luminosity: ~ 80 fb-1
¥ 2016: ~40fb1@ 13 TeV
¥ 2017: ~45ftb-1 @ 13 TeV
¥ 2018 - data taking: ~55 fb -1
¥ End of Run 2 ~ 140 fb-1
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BSM searches at the LHC:\Vhat?

| * Covered today
¥ Vector fermions

¥ Resonances high mass,ZO,WO)
(dileptons,dijets,dibosons,ttbar)

¥ Light resonances
¥ Weakly coupled, long lived particles
¥ Leptoquarks /Diquarks

¥ Possible origins (e.g. composite higgs)

¥ BSM Higgs bosons, Higgs rare decays and HH production

e Dark matter



Disclaimer

¥ Non-SUSY results and onlyselected results. Focus on
new technigues.

¥ For complete list of latest results:
¥ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
ExoticsPublicResults

¥ http://cms-results.web.cern.ch/cms-results/public-
results/publications/EXO/EXO.html

¥ http://Ihcbproject.web.cern.ch/lhcbproject/
Publications/LHCbProjectPublic/Summary_QEE.html



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/EXO.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/EXO.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html

Resonances

e Simplest way to discover new ¥ Search for abump on
particles top of smoothly falling
¥ Defined and incontrovertible mass distribution

signature
4
¥ Many possible channels/decays Signal
explored

¥ Most of resonances are two-
body searches

¥ if resonance is boosted: one-
body signature

Background
_] >

/4 Javier Duarte (Fermilab) CIPANP 2018




Dijets (1):

e Basics of a dijet analysis:

¥ Collect data with a HT
based trigger (sum of all
transverse energies in event)

¥ Cluster and select 2 jets
¥ Main background: QCD



Events / Bin
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Dijets (I1):

H|gh mass CMS: JHEP08(2018)130
ATLAS: PRD96(2017)052004

10 97, ox10
p-value = 0.63
Fit Range: 1.1 -8.2 TeV
ly*| <0.6
l

P P
—

ATLAS
{s=13 TeV, 37.0 fb™

e Data
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¥ Trigger by requiring HT: 900
GeV (CMS) or single-jetpT >
380 GeV (ATLAS) in event.

¥ Low mass threshold
determined by trigger and
jet kinematic (n)
requirements.

¥ Background fit by parametric
function


http://dx.doi.org/10.1007/JHEP08(2018)130
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004
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Dijets (I1):

P P
—_— —
High mass
ATLAS: PRD96(2017)052004
70000 CMS Preliminary 7.8 fb” (13 TeV)
i ' . e Data i}
60000 - hi<2.5 Pythia _ ]
- m>2a38Gev . —rsa-qq 4 ¥ Canalso estimate QCD
50000 - background from events in
EJ_Lﬁ SR %CRm»ddle CR o F ] ] .
s000[- ] A control region (ratio method:
- H :
30000 |- L. ..;} - ) |
} “‘xHi e | ¥ Smaller systematic
20000 : ' ' ' - .
‘ uncertainties and robust
10000 method.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004

Dijets (Il):

H|gh mass ©EMS: CMS-EXO-17-026 (NEWI)

CMS

, Wide Jet 0:

pt=3.5TeV
-~ Mass = 1.8 TeV

|

AK4 Jet 2,

pt =1.68 TeV
eta=0.21

phi = 2.45

AK4 Jet 1,
pt=1.99 TeV
eta=0.29

phi =-1.27

CMS Experiment at LHC, CERN
Data recorded: Sat Oct 28 12:41:12 2017 EEST
Run/Event: 305814 / 971086788

Lumi section: 610
Dijet Mass: 8 TeV

P

—

ATLAS: PRD26(2017)052004

AK4 Jet 0,
pt=2.16 TeV
eta = 0.27

phi = 1.47

AK4 Jet 3,

pt =1.40 TeV
eta=-0.74
phi=-1.17

Wide Jet 1:
pt=3.4TeV
Mass = 1.8 TeV

.

Highest dijet mass event
has unusual 4-jet topology
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e Data

— Fit Method
»2/NDF = 48.11/ 37

Ratio Method
¥2/NDF = 40.37/ 31

- -gg (2.0 TeV)
qg (4.0 TeV)

qq (6.0 TeV)

Dijet mass [TeV]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004

Events / 5 GeV

Data/Prediction

Dijets (11):

CMS: JHEP(2018)0%97

Low mass CMS-EXO-16-056

ATLAS: PRL (2017) 081801

359 fb' (13 TeV)

T l L] L] L] 1 ] ) L l

—

¢ Data e W(gQ)tets (x3)
—— Total SM pred. - Z(qq)tjets (x3)
©1 Multijet pred. - = t/tt(qq)+jets (x3)

= B Z'(qq), g, =0.17, m,=135 GeV _;
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Strongest bounds since SppS (!!)
2

Recoll jet

- How to trigger on events:

¥ Using ISR jet and dijet
boosted topology

¥ Jet pr>500 GeV!

¥ Use structure inside jet
to identify signal

¥ Save reduced event info
(scouting) and apply lower
trigger thresholds


https://link.springer.com/article/10.1007/JHEP01(2018)097
http://arxiv.org/abs/1806.00843
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801

Events / 5 GeV

Data/Prediction

Dijets (11):

L. ow mas:

Recoll jet

P P
CMS: JHEP(2018)097 7
¥% Discussion title: Review of EXO- ,
16-030
Dear Authors on events:
| event Info

[ noticed that in your PAS the
introduction refers to UA1 and UA2 d apply lower
results at sqrt(s)=300 GeV. These results g|ds

came out when I was on UA2 1n )

fact, and the SppS ran at sqrt(s)=630 and dijet
GeV. ology

0 GeV!

Best regards Joe| Incandela]

“Ire inside et
200 250 300 . . .
Mgy (GeV) to identify signal

Discovered |
at SppS!!

Strongest bounds since SppS (!!)

3


https://link.springer.com/article/10.1007/JHEP01(2018)097
http://arxiv.org/abs/1806.00843
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801

Events

Significance

Dijets (1V): p

extensions CMS-EXO-17-024
ATLAS: ATLAS-CONF-2018-015

arxiv:1805.09299

e/mu + (X)

I

¥ Dijet extensions:

ATI AS Preliminary

\s=13 TeV, 79.8 fb"! * Data

10° freee —— Background fit Reduce E thresholds and
10° . .
» require high pT lepton
10° . .
o ¥ Tag b-jets (improvements
0 Dijets + we ’fw In sensitivity) at low and

1 = 3 .

RE 1 I high mass.

2x107" 3x10™ 1 2 3 4 5 6



http://arxiv.org/abs/1806.00843
https://cds.cern.ch/record/2628756
https://cds.cern.ch/record/2621126/files/ATLAS-CONF-2018-015.pdf
https://arxiv.org/abs/1805.09299

Dijets: (V)

¥ ATLAS and CMS: Strong limits on gg and covering whole range

CMS Preliminary

LHCP 2018

) PR ] ) )
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Beats UA2! (1988)

R |
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95% CL exclusions

',/ M, <~100%

CMS Dijet , 13 TeV
[EXO-16-046]

I,/ M, <~30%

CMS Broad Dijet, 13 TeV
[arXiv:1806.00843]

CMS Dijet, 13 TeV
[arXiv:1806.00843]

CMS Dijet, 8 TeV
[arXiv:1604.08907]

CMS Dijet b tagged, 8 TeV
[arXiv:1802.06149]

CMS Boosted Dijet, 13 TeV
[arXiv:1710.00159]

ATLAS Boosted Dijet, 13 TeV
[arXiv:1801.08769]

ATLAS Dijet, 13 TeV
[arXiv:1703.09127]

ATLAS Dijet TLA, 13 TeV
[arXiv:1804.03496]

ATLAS Dijet+ISR v, 13 TeV

" [ATLAS-CONF-2016-070]

ATLAS Dijet+ISR j, 13 TeV

" [ATLAS-CONF-2016-070]

CDF Run1
[arXiv:hep-ex/9702004]

CDF Run2

" [arXiv:0812.4036]

UA2
[Nucl. Phys. B 400, 3 (1993)]

Z width (all T ,/M,)
[arXiv:1404.3947]



Boosted sighatures:

¥ BSM models predict resonant decay
to W,Z and H bosons

¥ Boosted bosons -> decay products
are highly collimated

¥ Dedicateo

¥ For had

reconstruction techniques:
ronic decays: thereis a

whole field called: jet
substructure.

¥ For leptonic decays: MET, special
Isolation/reconstruction for high-pT

leptons

6



Boosted reconstruction (l):

Jet Reconstruction

¥ To take into account:

WiZ — ¥ pile-up subtraction: get rid of additional
Interactions per bunch crossing
~ 80/91 GeV ¥ jet mass reconstruction: clean jet from extra

soft radiation and underlying event

> ¥ signal ID: 2/3-prong substructure:

65 GeV < m]<95GeV

0.08

e W jets
0.07 —QCD jets}|

8 0.06

~ 125 GeV

Q
8 0.04
[+})
4
F 0.03
(V]

T 0.02

/ 001

4 06 08 1
J of jet

¥ Can also do dedicated flavor tagging



Boosted reconstruction (l1):

Dedicated technigues
e.g. Track-CaloClusters

ATLAS: Jets mostly reconstructed from
CALORIMETER information:

INNER DETECTOR

ATL-PHYS-PUB-2017-015

Calorimeter (
limited angular resolution

,HM): — Combine and match
*Similar to Particle

Tracks: excellent angular
<_ °
resolution but lack E

resolution
Flow (CMS)
18



G (pp — V') x B(V' = WW+W2Z) [fb]

Diboson (I):

Hadronic final state
¥ Largest branching fraction

¥ QCD estimated from data

Events /0.1 TeV

¥ BUT: trigger limited ¢ 2
¥ less sensitivity at high mass tail % X
5
B L L BB N BB n T

10°

10

T TTTITH

II|

[ IIIIII|

[ IIIIIII

ATLAS Preliminary VV — qqQqqg
\s =13 TeV
- - - Phys. Lett. B 777 (2018) 91 (36.7 fb™)

---- Phys. Lett. B 777 (2018) 91 (Scaled to 79.8 fb™)
—— Current Result (79.8 fb™)

L 1 111148

ATLAS Preliminary ¢ Data
\1s=13TeV,798f"' | =Fit

--- Fit + HVT model A m=2.0 TeV
--- Fit + HVT model A m=3.5 TeV

Track Calo Clusters + jet
substructure

CMS: CMS-B2G-17-001
ATLAS: ATLAS-CONF-2018-016



http://dx.doi.org/10.1103/PhysRevD.97.072006
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-016/

D I bOSO n (I I) : ¥ Can take main background from

: " _ data sidebands
Semlleptonlc final state: ¥ Experimental challenges:

¥ Clean final state, more reliable ¥ Z(w):use mT
background ¥ W(Iv): very high-pT lepton

¥ BUT Small branching fraction reconstruction
¥ e.g. VH: CMS-B2G-17-004 v

_ N '3'5.9ft|>"'(1'3'Te'V_) . »Q1 .

E CMS ¢ Data E /hlg"l _bPOSt

g 0l, 2 b tag _ _Z.(vv),W(h')+jets | ée o

© 10 tt, t+X = L ,

g Bl V. vh - "

£ t / | = Bkg. unc. .

g ; Pre-fi : :

= t ¥ For the first time search can also

-
o

xxxx m,, = 2000 GeVV
Z'-2HDM
m,=300 GeV

i - == My = 1400 GeV
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set limits on DM model!
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https://cds.cern.ch/record/2629479

Different final states

N

m ICHEP 2018 35.9 fb' (13 TeV
. ~ — HVT model B — WH—2g2t (CMS-PAS-B2G-17-006)
D I b O S O n ( I I I ) - 10 __95% CL upper limits — WZ—-29g2l (arXiv:1803.10093) __
= — Observed — WH—2q2b (EPJC 77 (2017) 636) =
] i : ---- Median expected WH-Iv2b (CMS-PAS-BQG-17-OO4) E
towards Combination e oy
ﬁ - — WZ—4q (PRD 97 (2018) 072006) =
¥ Diboson searches are meant to S0t .
be combined! - | ;
- 107 e e
¥ ATLAS and CMS have similar -
sensitivity 0ok b T T
o 05 1 15 2 25 3 35 4 45
¥ Orthogonality in event M [TeV]
SeIeCtion iS key ATLAS: arxiV:1808.02380
¥ Limited by Luminosity, atleast V\{ combined
o ATLAS I : l | Oll)se edé
at large mass 2 osp e - R
S 06F 3.1 AR =
¥ Searches allow access to 8 o4fFVow // Poi \\ =
. . = =7 i N3
couplings to f,H i.e. contour 2 0-2 IO Y ;
limits in {9g.91},{9q.91} plane L UL /,,_____
\ i
strong constraints at large couplings C | E
_0.8F-m>5% | I 5
weaker as gH, gf ~0, : ClE . 3
L — P - NV - P - I T -
3 -2 -1 0 1 2 3

D1 Higgs and vector boson coupling g


https://arxiv.org/pdf/1808.02380.pdf

TT resonances:

CMS: arxiv:1804.10823

¥ 3 exclusive final states (ll,1},)))
¥ Reconstruction optimized for boosted tops
¥ For semi-lep channel.

¥ non-isolated leptons P
¥ tt reconstruction using kinematic fit — -—
o st 36 (13TeV) /
10°

10?

10

W

Full hadronic
Leptonic
Semileptonic

Pull

Up to 3.8 TeV exclusion!




Specific models

e Models introduced to resolve issues in SM, e.g.:

e Why same number of generation for leptons
and quarks:

¥ leptoquarks (actually they are bosons) carry
both lepton and baryon number

¥ would manifest a fundamental connection
between quark/leptons

¥ decay In lepton-jet

e Why three generations of fermions and their
hierarchy:

¥ excited quarks, excited leptons

P3



Leptoquarks (l): /!
* Recently got attention since anomalies in B —L—B’ coupling A
meson decays could be explained with LQ
contributions 9

¥ Hint at possible lepton flavor universality

(B — K®utu )

Rl\‘ ") — , - - \ )
I'(B— K\Yete)
i .’.(' T L T T I L 4 L 4 L 4 1 4 T 4 E )
= : ] B°
1.5 F — d
1.0 -
: ) a 4
e S : S ;
U @ LHChH | - -
~ [,) lf‘ll BO . K'O
. LHCb Belle 1 New physics
““ [ L 2 " I 1 | L 2 4 2 | 2 (1 r- (1
l 5 10 ; 2)



CMS: arxiv:1808.05082
arXiv:1803.02864

Leptoquarks (Il): , zseo

ATLAS:J.Phys.18(2016)093016

LQ palir production

g /LQ E"|"'|"'|"'|"'|"'|'"|3'5.'9'f|b-"(1'3|-|:e'\/%

/ 10° =CMS Preliminary o et =

A = 1 &

Y, 104 = Other background =

£ 10° ;_ I\U/Irlljclztgﬁginty band _;

q N o - — LQ,M =650 GeV, p=1.0 =

AN g e E

N T 10b -

g ~LQ

¥ Copiously produced by strong interaction r-._é
¥ Can have llj}, lvjj, vvj] final states | ER— S—— =

¥ wvj): usually covered in SUSY seafChes

MZ" [GeV]
¥ lvj: either 1st/2nd gen:|(llqqg) jor 3rd gen:

taus (TTtt) All decays excluded up to TeV scale:
¥ Mass of LQ (MLQ) reconstruction vjj ALQ)- limits @ ~ 1.2 - 1.45 TeV
¥ based on lepton identification and
v kKinematics

PS5


https://arxiv.org/pdf/1808.05082.pdf

Vector-Like Quarks (1):

e Solve hierarchy problem i.e. H mass stability at the electroweak scale

¥ VLQ: new heavy partner of top in loop p b
VLQ pair production -
Search for T (q=2/3) and B(g=-1/3) VLQ

: : : . . W H. Z
¥ produced in pairs via strong interaction
¥ decay in W/Z/H e.g. B->Wt g BT

¥ Novel idea: Neural network to |dent|fy W/Z/H/top Jet

ATLAS arXiv:1808. 02343

[ Ty | I £

wn I T I
0_2— ATLAS SlmLIanon Prellmmar/ 4 I f ATLAS  Preliminary . Data .Others
Vs =13 TeV - V-boson jet G L f5=13Tev, 361 b [Jti+light  Eti+HF
I ' T 10°F vLQ All-hadronic Multi-i . E
VRC jets --- Higgs-boson jet . Post-Fit [IMulti-jets 7 Uncertainty |

Fraction/ 0.1

0.15- ml<25 - Top-quark jet _ 104 £
~ 150 <p_ <2000 GeV  — Background jet | f =
m > 40 GeV 10°¢

0.1~ ]
] multlple signal regions! e
1 B >hb excluded up to 1TeV. |

0.05-

|
Pl
toe s B
gk P
s
|

,
-
Data / Pred.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-17/
https://arxiv.org/abs/1808.02343

Vector-Like Quarks (I1):

e Solve hierarchy problem i.e. H mass stability at the electroweak scale

¥ VLQ: new heavy partner of top in loop
VLQ pair prOdUCtiOn jet reconstrlljcted In

forward region
Can also be produced by weak interaction:

q g
¥ e.g. VLQ->Wt (top-tagging/W-tagging) \//

¥ VLQ mass reconstructed using top,MET+lepton+jets

10° T ik ghannel 5.9 fo (13 TeV) \\
cms —+— Data by ™.

> ’
Q
) . )
» 10°F Preliminary Background 1 L e W
5 . —— B#b, M_(1100), RH b
i ..\ ....... B+b, M (1700), RH \\
1 ° . W-tag cat.
104 . -E ' Beeccccancancancascnsansansansancas
02k o J CMS: CMS-B2G-17-018
: B->tW excluded up to 1.8TeV

8 15""*41"'1"'% | | l
@ 1t 0.'“."“#“ ++++ +
S osf t 1 .

0 500 1000 1500 2000 2500 3000 3500

. [GeV] P7


https://cds.cern.ch/record/2628654/files/B2G-17-018-pas.pdf

Long-lived

* Long lived (LLP) and unconventional exotic particles

small couplings q) «—— phase-space suppressed,
F O 92 ‘ A2 | small mass splitting
amplitude suppre{s‘ed

¥ LLP signatures depend on the model (often include associated activity):

Displaced Vertex: from Displaced/Emerging Jet:
pp collision or HF decay, from a DV, or containing DVs,
2+ charged particles \ or many displaced tracks

LIS
L]
L
L]
L
L
L]
L
L]
]
L
L]
L]
L
L]
.
L
L]
L]
L]
e
“,

Abnormal track: dE/dXx,
time of flightE

Stopped par:ticles: out-of-
time decays to neutrals or
leptons

P38



VELO (LHCDb) atLas inner detector
&1 B Data /6« 13 ToV (2018) |2 <400 mm

— RF-foil < | -g 40 »;—-”/’I 2 ‘\“} ) :
L ong-lived AL\
¥ Requires deep knowledge of detector \ o )
- - 4 204\ /48
¥ non-standard simulation AL //1
nominal -40 \\$/~’.{
. vertex area LN ey
¥ non-stanaard reconstruction ! B
sensors Vartex x [mm)
¥ non-standard trigger
Displaced Vertex: from Displaced/Emerging Jet:
pp collision or HF decay, from a DV, or containing DVs,
2+ charged particles \ or many displaced tracks

‘e
.
.
.
.
.
.
.
.
«
.
-
.
.
.
«
.
«
.
-
.
e
)

Abnormal track: dE/dXx,
time of flightE

Stopped par:ticles: out-of-
time decays to neutrals or
leptons

P9



Disappearing tracks (l):

e Signature is a short and Isolated high pT track with:p
¥ missing hits in the outer layers of the tracker

¥ little energy In associated calorimeter deposits

¥ no associated hits in muon detectors.

¥ Require MET (typical of SUSY)

BO



Disappearing tracks (Il):

e Signature is a short and Isolated high pT track with:
¥ missing hits in the outer layers of the tracker
¥ number of missing hits
¥ little energy In associated calorimeter deposits

¥ calorimeter energy in cone behind the track

¥ no associated hits in muon detectors. Limits on chargino mass vs lifetime
384" (13 TeV
7 J S0 S S S S S S S S SR SEE Sa S — 13‘T0'V‘ > 13 TeV Ty Y Y Y Y | Y ! Y ( | T .)
- 2‘ m Y Y Y T T T T ] T T T ] Y Y L 4 I T T T E‘
£ I’ cMs simulation I Oiboson 8 | cms Simulation S - 10ns
«++ 700 GeVE' (ct = 10 cm) -g | : ee 700 GeVE' (ct = 10 cm) @ Diboson Y 10° - >
[ =-700GeVY' (ct=100cm) M ARGC! 1 —-700GeVy' (ct=100cm) W . CMS
160+~ 700GeVY (ct=1000cm) oy | 2 1 ... 700GeVY (ct=1000cm) EESinglet
. ! C]QCD tanP=5u>0
-7 | & -7l .
@ 2w . @ 2w ; B (i, =%, x*) = 100%
‘ 1
1 . 95% CL limit
‘ 95% expected
0.5 I 68% expected
os®« 4 0 00x | v Median expected
| 1" e Observed
¥ e ” 10ps
00 ‘:.:?"“5 .'rnﬂ.'.l..-—1? : ‘_.5_. ‘h-h'_x L p
0 20 a0 60 80 100 ,
Number of missing outer hits E_ (GeV] 10 | \ l
calo : A | A | A VD VNN VENNIED VNN VIS T e
200 400 600 800
m.. [GeV]

Bl



Vertices /10 cm

10°

Displaced vertices

e |LP may feature vertices significantly displaced from pp interaction point e.g.:

q

ATLAS Simulation

q

f

Eff. for selecting a displaced dimuon vertex (1400 cm)

m . =300GeV,ct=1m

s=13TeV 329" — m, =700GeV,cr=1m

10 S&-;f'

10

1
00 -300 —é[g

m.= 1000 GeV,c:=1m

Myy>60 Ge\y\~~

J

-100
cay

length

200 300 400
Signedr__[cm]

Vernices /2 GeV

> A T
8 ATLAS
’- : w 6 (s=13TeV 329fb"
{5 =13TeV 329 > S e -
T DS&ngletopquark 8 5 e data, SR
* Data g
> 4t1e
.data,SRNah
3t

can look for signatures with e/muon final states
take advantage of muon spectrometers
e trigger on muon (p > 20 GeV) or MET (110 GeV)

background SM-beam collision: non-prompt-muons
e..g DY,QCD (produced > 1cm of IP) + non-beam (e.qg.
cosmic rays)

ATLAS: arxiv:1808.03057.pdf

2 ®
20 40 60 B0 100 120 140 160 180 200 1{ m ’ 1
m., [GeV
“"[ ] ll LAl l AL A 1 l LA 1 L l A A L A l AL L L l AL AL 1L l AL AL ll

All bkg estimated from data CFss 50 100 150 200 250 300 350 [640\?]
m,, [Ge
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https://arxiv.org/pdf/1808.03057.pdf

Massive dark photon:

e Dark matter may interact via a new dark force

e Dark photon (AO) couples to SM via kinetic mixing with off-shell
photon (Yy! ) by a factor &:

A= p™p s [m(A')
2Am

2

: Flm(A")] eX[m(A"), 7(A")

e A’ inherits the production mode mechanisms from y*
e fully data-driven analysis

e pp final state:

1

meson SM

meson decays ~ SM Drell- Yan T

B3



Massive dark photon:

Prompt-like search (up to 70 GeV/c2) — displaced search (214-350 MeV/c2)
¥ A’ is long-lived only if the mixing factor is really small

7
lO T " T T T T T T T L | T T T T T T T L |

LHCDH = isolation . prompt-like sample
Vs = 13TeV ’ applied ! pr(p) > 1GeV,p(p) > 20GeV

ol
—
N
N
\:-: l()s ! ! +,, - * e
=, i j prompt ™ u Y autu
= J sl
~ 10 3 3 = [ o
" 0 \Jw = ;‘;‘:/f h 2 muons misidentified as
« ) " ] 1 o
= 10} A i, o hadrons
= J 4, 1 misreconstruction of muons
= 107 in hadron decays
'\J 1
10° 10° 10°

m(p'p ) [MeV]
obtain yields and normalize them to obtain constraints on &2

I YU7e UL exclusion regions on jmiA ), €7
10

107°

10

| ~
10”7 _ WorldOs best limits 10.6 B 70 GeV.
i And displaced

i First displaced limits.
10°

107
107"
107"

I
B LHCb

- Previous Experiments

AAl e A A AAAAA,[ e a4 A R

1072 107" 1 10
B4
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Dark matter

¥ Look for weakly interacting new particles produced at LHC
e DM candidates escape the detector:

¥ No peaks. Large MET distribution - mono-Jet

¥ Challenging SM backgrounds - strongest constraints

- mono-Photon

gluon/
photon

- less powerful: EW vs strong
- mono-W/Z

- clean signature, smaller BR
(leptonic)

- large background, large
statistics (hadronic)

- tt+MET/bb+MET, mono-t
DM at CO"IderS _ Challenging taggmg

- mono-H

undetected

q

iet/!/W/Z/H + MET

Daniele del Re (Sapienza) ICHEP 2018
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Dark matter (1):

e General analysis strategy:

e Use MET shape to extract signal MET depends on online jet resolution )

e Similar shape for signal and background
e Background modeling very important:
e /->yV + Jet most challenging

e Use of CRs and data-driven methods

359f7 (13 TeV)

> > 10’ | 71 T | B | rrvrr1 7 LB B A T TrJj  lyryryr—
> 8 . ATLAS ' ,0, Data 2015-2016
o - 10° = ’ 4 Slandarc Modg!
= 0 1s=13TeV,36.1 b B Zi— vv)+jets
£ S 10° l— Signal Region s B Wi V) + jets
G b o p,(j1)>250 GeV, E ">250 GeV B 2= 1+ jels
w 10° B i+ singe top
B Dooson
10° multliels + ncb
. soss mib ¥ w 200 48N GeV
10¢ ce (M M- 40D, T000] G
- ADD, n-&, M_-2400 GeV
10 B ammmme )
1 LA AR R 2 2 ............--. .................
B 107!
-)L- L1 l i 31 1 1. 41 31 32 Ll 1 1 - —
-F. 1.2_&.|. —rT —rrrTrTrry —rTT T —
2 = ] PPN, I — | Se— S e * ................. =
1 F 8 - 1
8 e ———— e L 0-8—“" abad [ TN TN NPT P P W IPIP A I N
400 BCO BOO 1000 1200 9400 300 400 500 600 700 800 900 1000 1100 1200
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Dark matter (I1):

e Strong constraints: by fixing couplings limits on mediators cross
section translated into DM production cross section limits

CMS Preliminary ICHEP 2018 Riaivecior mes. birac DWig. <0.25,g__ =1.0

1 1 ll]llll I LI LI B 1 1 T rriri)
T Ll

_a7 Boosted dijet (35.9 fb™')
10 [arXiv:1710.00159]
Dijet (35.9 fb™)

[arXiv:1806.00843]

1078

DM + j/V(qq) (35.9 fb™)
[arXiv:1712.02345]

SD 2
GDM-proton [Cm ]

107%°

1040 - ‘¥/ —

1074

DM + v (35.9fb™)
[EXO-16-053]

\
|

DM + Z(Il) (35.9 fb™")
[arXiv:1711.00431]

DDAD observed exclusion 90% CL

PICASSO
[arXiv:1611.01499]

PICO-60
" [arXiv:1702.07666]
Super-K (bb)
[arXiv:1503.04858]
IceCube (bb)
10—45 1 b1l 1 L1 vl ] r v el [arXiv:1612.05949]
1 10 1 02 IceCube (tt)

10° ul
Dark matter mass m oM [GeV] [arXiv:1601.00653]

10_43 ‘ /// ,///

—

107%

1 [

N\

N\ .

\ .
\ |
\ |
\ N
\ 8
N
™\
N
N\
N\
N\
N\ \J
AN
N e
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Conclusions

¥ ATLAS,CMS,LHCDb have rich program of exotic searches
¥ Many searches are as model independent as possible
¥ No sign of new physics yet

¥ Have not analyzed all data and still plenty of room for
new physics to be found at the LHC

¥ Many searches (in particular intermediate masses and
long lived) largely improve with larger luminosities

¥ NP discovery still may happen!

¥ Pushing limits to unexplored regions

¥ New analysis technigues allow searches which were
unthinkable before

B8



Backup



Dijets: ggO

CMS Preliminary 77.8 ' (13 TeV

3105]llllllllllllll]l.lll]lllllllll
a F 1] 0200 e=ee-- String
'_'104 Fit Method | Ratio Method — - - EXcited quark
< " EFE Axigluon/coloron
x 10° — — Scalar diquark
e . —— Color-octet scalar (K = 1y
< 10°F . e W ®
© 10 TS -=--- DM mediator .
AN -- RS graviton .
1 E
107'8 E
107°
1073 £95% CL limits
gluon-gluon
1 0‘4 —=— quark-gluon
l_._ QUar:(ﬂuark I I l - I :
10- L1 1 1 L1 1 1 L1 1 1 1 1 1 l | .| L1 l J

2000 3000 4000 5000 6000 7000 8000

Resonance mass [GeV]
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Dijets: ggO

Observed (expected) mass limit [TeV]

Model Final 36fb ' 77.8fb "
State 13TeV 13TeV
String qg 7.7 (7.7) 7.6 (7.9)
Scalar diquark qq 7.2(74) 7.3 (7.5)
Axigluon/coloron qq 6.1 (6.0) 6.2 (6.3)
Excited quark qg 6.0 (5.8) 6.0 (6.0)
Color-octet scalar (kZ = 1/2) gg  3.4(3.6) 3.7 (3.8)
W’ qq 3.3(3.6) 3.6 (3.8)
VA qq 2.7 (2.9) 2.9(3.1)
RS graviton (k/ Mpp. = 0.1) qq, gg 1.8(2.3) 24124
DM mediator (npy = 1 GeV) qq 2.6 (2.5) 2.5(2.8)
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Dark matter:
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Boosted reconstruction (l1):

Track-CaloClusters: Leads to improvements in jet mass
resolution. Also seen In sensitivity

8 0.3— L) L | ] | | L) L4 ] 1 L 1 ) | l 1 T T 4 ] T T T T ]
uf - ATLAS Simulation Preliminary .
© - 2 i
D 0.25_ G 13 TeV ]
@ - ant k, R=1.0WZ-»g9eq A
% - n'*|<2.0, p;”>2oc GeV i
0.2 —
w 0.15F -]
c . ]
O - N
& 0.1 =
) -
. u A

0.05 = LC Topo (trimmed + calibrated + m __ ) _
== All TCCs (trimmed + not calibrated) 7]
Comblned TCCs (not trlmmed - no( calibrabed) :

0 PE T 1 i 1 L Il A

500 1000 — 1500 2000 2500
Truth Jetp [GeV]

- Tracks: excellent anqgular
Calorimeter (H,HM): —> Combine and match «— I e | I?E
limited angular resolution  xgjmilar to Particle resolution but lac

resolution
Flow (CMS)
n3




Massive dark photon:

Searching for Dark Photons / 2

Suppressing
misidentified (non-
muon) backgrounds
and reducing the event
size enough to record
the prompt-dimuon
sample

Accomplished these by
moving to real-time
calibration in Run 2

Hardware trigger is still
there, and only ~10%
efficient at low pT

Phys. Rev. Lett. 120, 061801 (2018)
Trigger output

prompt-like sample

C\] T T T T
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Massive dark photon:

5 V1 2018, LHCP2018 | Federico Leo Redi | Ecole polytechnique fédérale de Lausanne | 10

Searching for Dark Photons / 3 arxiv:[1803.07466]
) ) S S e S e e —
. - . S o LHCD ==
Background dominated by material interactions for g 1 e
displaced searches at LHCb SRS e
= 107
Precise knowledge of the location of the material in the LHCb 0 4+ Data
VELO is essential to reduce the background in searches for . — y conversion
long-lived exotic particles 136 — T(A')=1ps
: — 1(A")=10
LHCb data calibration process can align active sensor 107 b i >~ PSO
elements, an alternative approach is required to fully map log,g[material p-value]
the VELO material R _
. : g 20— | EREERER — 10°
S f il -
5 - . 107
Z o LHCb —
~500 SUCUE O 0T e T 1000
z [mm)]
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