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What to look for

Experimental constraints:

Relic density observed
Planck, AA 594(2016)A13

(Thermal) DM mass > keV

e.g. Lovell et al. MNRAS 439(2014)300-317

Effectively EM neutral

Stable charged particle and direct detection

Cosmologically stable

or more Slatyer and Wu. PRD95(2017)2,023010

No or small self-interaction
"Bullet cluster" AJ] 648(2006)1.109-1.113

— Compelling WIMP scenario
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DM signals

FERMI, PAMELA,
AMS, HESS,
IceCube, CTA, ...

- SM SM
Indirect detection
Signals from DM
annihilation
DM DM

~

Direct detection

Detect interactions
of the DM wind

XENON, Panda,
Lux, DarkSide, ...
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Mono-X searches at the LHC

< MET

M @ Exploit initial state radiation

e Missing energy + large-pr
» X =jet, photon, W, Z

SM

@ Main challenge: measure
precisely SM backgrounds

PT™SS = 1367 Gev

e e.g. Z(vv)+X is irreducible

Jet py = 1467 GeV

CN]S | CMS fxper'nml‘ul'ﬂ" CERN

, | Data reccrded Sat Oct 3 0G 58:12 2015 CEST
,,;:-.,",.: Run/Evant 2857180 1 880030997

O | Lumi section: 434
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Mono-jet backgrounds

arXiv:1712.02345 35.9 fb' (13 TeV)
% 106 E_ I | L | L | L | L | L _E
. - —@— Data .
@ Vector+jet backgrounds Ok CMS H(125) = v 5
. . . . n - mon0]et = = = Axial-vector, m _ =2.0 TeV .
e 50-80% is Z(vv)+jet (irreducible) = 10°f ———— .
. . . > 3 [ ] W(v)+ets -
@ Estimate using control regions: 10 I wwwzizz E
. . T Kk ]
o Z(£¢)+et, removing £¢ from event 102 ] nyilsfijets 3
. . QCD -
o W(£Vv)+et, removing £ from event 10
e y+et, removing v from event 1E
10~ 3
o SRR < 12 | | | | | | | | |

Remove uu

] B ) / Y -":\.\
I » set  {\\PZMET—
J-:J""‘,' =)
\ \ ./

(Data-Pred.) Data / Pred
o
(00)

| B 400 600 800 1000 1200 1400
prss [GeV]
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Mono-jet backgrounds

® Ratio do(Z+jet)/do(W+jet)
and do(Z+jet)/do(y+jet)
to simplify modelling
e Control-region to signal-region
transfer factors from theory

® Progress in theory

o pr dependent NLO QCD+EW
corrections of LO MC

o Including pT dependent
correlations for corrections

e Ratios stable at few %

® Validation test on data

e Jet uncertainties cancel out

® Simultaneous fits of control
and signal regions

Martino Borsato - USC

pp —>Z(€+€‘) +jet / pp =W (lv)+ jet @ 13 TeV
”-al :7\ I I ‘ I T T ‘ I
v %% Lmdert et al arXiv:1705.04664
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Mono-jet results

® Results on simplified DM models

 Vector, axial-vector, scalar, pseudo-
scalar mediator (s-channel)

* 4 parameters: mpwm, Mmed, $sM, DM

SM DM

med

SM DM

® Reach for gpm=1, Mmed =3 mpwm:
e Up to ~1.6-1.8 TeV for mmed (vector)

* Below gsm ~ 0.1 for low #med < 1TeV
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Mono-X results

Signature
Mono-jet 36/fb 1711.03301 36/fb 1712.02345
@ Searched in mono-jet, but also Mono-y 36/fb 1704.03848 13/fb 1706.03794
mono-y and mono-V Mono-V(had) 3.2/fb 1608.02372  36/fb 1712.02345

Mono-Z(lep) 36/fb 1708.09624 36/fb 1711.00431

36.1/fb 1706.03948,
1707.01302

® No excess in ATLAS+CMS
(36/fb from 2015+2016) Mono-H(yy,ttb,b)

 Best sensitivity to date

36/fb EXO-16-055

o CMS Preliminary LHCP 2017
e In the era of precision searches = 1000 e
& 9002— Axial-vector mediator M =2xm,, —i
@ 40/fb on tape from 2017 and B oo greto —ate01 |3
. - g =0.25 =
2018 run happening now & T g-o p ——————
£ 600 — R —
o . o = — 7 _Len AR — Observed E
@ Challenging analysis in future £ so0E R N E
. . . € 400 ot NG TR =
high-luminosity upgrade = F J —ou i s | =
< — ’ / R EXO-16-048, —
()] 200 E_ 4 / b [3:‘“),'( 5_;6(_172.3 o) _E
E _____ DM+2(ll) (35.9 fb) E
100 :—- > [EXO-16-052] —:
OO — 5(|)O — 10|00 — 15|00 — I,2~O|C)O — I25|00 | -
. Mediator mass M__,[GeV]
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SUSY searches

mAMSB EPIC77(2017)4-268 pMSSM11 EPJC78(2018)3-256
E .Bagnaschi, MB, K .Sakurai, et al E.Bagnaschi, K .Sakurai, MB, et al
* J¢ — — mAMSB: W best fit, A best fit, 10, 20 P PMSSM11 w/o LHCL3 : best fit, 10, 20, 30
4 T [ [ ] LSPcomposition: W, Mixed, H 10-5 * pMSSMI11 w/ LHC13: best fit, 1o, 20, 30
10 Lo\ | | MasTeRcooe
43|
1 O : 10*40 | CDEX-1
10}
—_ 10-455_ 10~
S 1078} § e | N
ETJ Q, -47 I Cﬂbg \\:“\
© 10 |
[ 10—46
10781
10-49;_ ma@ ‘\_,—"’ ] 1048+
10-50‘ — ! — ‘ ] — ‘ 10~5O I
10° 10" 10° 10° 10" 10°
ms0 [GeV]

® SUSY provides a candidate for DM
e X9 down to 100 GeV still allowed
e Many different searches constraining DM candidate

o Interplay with direct searches investigated with global fits

Martino Borsato - USC


http://inspirehep.net/record/1633397
http://inspirehep.net/record/1504084

DM from Higgs decays

® Powerful search channel if mpm <myu/2 ggF X
e H(125) only scalar we know, a portal to DM?

H(125)

® Gluon fusion and VH

o Tag with ISR jet or a boson V(hh) or Z(£7) X

e Same final state as monoX searches \
VBEF --

o_ .

@ Vector-boson fusion (VBF) H(125)
e Tag using forward jets (large An)
e Low backgrounds (S/B ~0.5)
e Most sensitive signature
» 13TeV result from CMS BR <28%(21% exp)
o Z(vv), W(£Vv) bkgs from control regions

CMS PAS-HIG-17-023 35.9 fo' (13 TeV)

i | | | | ]
— CMS Preliminary .

SM
N

| —e— Observed

- --©- Median expected

L . 68% expected _

95% expected

—
N
T

—

o
[ed)

e Shape fit to maximise sensitivity
» 8TeV result from ATLAS BR <28%(31% exp)
e Still competitive, update soon!

CMS PAS-HIG-17-023
ATLAS 1508.07869 Combined, limit: 0,24 (0.18)
Combined VBF-tag Z(IhH-tag  V(gqq')H-tag ggH-tag
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-023/index.html
https://inspirehep.net/record/1391149
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-023/index.html
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Mediator searches

® New mediator can decay back to SM

® If mmed accessible at LHC could be
key to establish characteristics of
DM interaction

@ Low sensitivity for light #meq due
to trigger pr thresholds

» Recently progress on this front:
1. Boosted dijets (ISR jet tag)
2. Data scouting (trigger-level jets)

Martino Borsato - USC
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Mediator searches

Boosted dijets

® Require an ISR jet or y
to satisfy trigger threshold

® Boosted collimated dijet
reconstructed as large-R jet

e Use jet substructure to separate
from single-jet background

@ Example: CMS JHEP 01(2018)097
e Narrow ISR jet pr > 500 GeV
* Probing m(Z’) down to 50 GeV

e Background from single-jet control regions
(substructure variable uncorrelated from mass)

® Example: ATLAS arXiv:1801.08769
e Extending down to m(Z’) = 100 GeV

Martino Borsato - USC

25000

20000

Events / 5 GeV

15000

10000

5000

Data/Prediction

q

coupling, g

© 00
N ow b

o
—

0.04
0.03

0.02

JHEP 01(2018)097
T

- CMS

¢ Data

wwwwww

—— Total SM pred.
i Multijet pred.
B Z(qq), g, =0.17, m,=135 GeV

35.9 fb" (13 TeV)
I T T T T T T I T T T I T T T
......... W(qq)+jets (x3)
== Z(qQ)+jets (x3)
== ttt(qq)+jets (x3)

p.: 500-600 GeV
2

°. Py °. Py ». .90 o ® ®
A4 L A J v v hd L J ® L] ‘ b A4
50 100 150
mgp (GeV)
JHEP 01(2018)097 35.9 fb' (13 TeV)
[ T T T T T "‘ T T T T T T T I ]
- CMS w7 ]
~ 95% CL upper limits [ ]
L Observed _ S / e
----- Expected /
T mm =1std. deviation T s ko Bl
+ 2 std. deviation / i % A
——_ A /S ey
- Nee MoeXS UA2 [13] .
R v AN e CDF Run 1 [18] -
- \e e CDF Run 2[19] 7
" \ ATLAS 8 TeV, 20.3 b [24] 7
B [ — CMS 8 TeV, 18.8 b [34] ]
B “ —CMS 13 TeV, 12.9 fb™' [35] |
" — Z Width (indirect) [71]
! |

50 100

1 1 1 |
1000
Z' mass (GeV)

200 300



Mediator searches

_arXiv:1804.03496

& E ATLAS " Le—Data, 293" |y'[<06 7
— 108 —— Background fit
B2 10 '§_ ----- BumpHunter interval _§I
D t t‘ S F - —e— Z', 6 x 500 -
dtd SCOUu lng 510 m, =750 GeV,g =01 g

BH p-value = 0.44 E

; value - 0. b p-value=0.13E:
® Reduce trigger rates at “low" mass b % b0 -
1075 —aData, 361" y<03
e Online jet reconstruction 0t Bumpromr menval
o Compact event format oo
S 0OF
© Example: ATLAS arXiv:1804.03496 £ E
e Construct jets in HLT from Calorimeter >3 | L L
1 ) d 1 d k O 5 500 600 700 800 1000 o [GZeO\(;]O
* Only jets p; and quality to disk (0.5%) ) ?r.x.iv.‘llgp‘.*p?ﬁ??.l...l...l...l...l.”..l
e Er>100GeV (29/fb), ET>75GeV (3.6/fb) ® 02F  ATLAS 95% CL upper limits =
e Searching down to m(Z’) =450 GeV 018 {s=13TeV —— TLAObserved E
016 36! | 293! TLA Expected (+ 1-20) =
- —— Dijet Observed -
® Example: CMS PAS-EXO-16-056 014y <0.3 | Iy <06 =
: : 0.12F- =
e Calorimeter scouting m > 0.5 TeV: 3 E
e Particle-Flow scouting m >1.25 TeV: 0_08; -
0.06F- -
0.04F -
0.02 1=~ ey

P PR I NI RO NS ST AN S S N NSRRI RN
400 600 800 1000 1200 1400 1600 1800 2000
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Summary

of dijet searches

95% CL exclusions

[ ARRREAJ ATLAS TLA1 13 TeV
[arXiv:1804.03496]

ATLAS Boosted Dijet, 13 TeV

____________________ I,/ M, <~100% -

[ATLAS-EXOT-2017-01]

CMS Dijet x, 13 TeV

[arXiv:1803.08030]

ATLAS Dijet, 13 TeV
[ATLAS-EXOT-2016-21]

ATLAS TLA, 13 TeV

r-/M|<"’10°/ - o
z "z - JATLAS-CONF-2016-030]

I, /M, =5% LY

CMS Dijet, 13 TeV
[EXO-16-056]

. ATLAS Dijet+ISR y, 13 TeV
[ATLAS-CONF-2016-070]

CMS Dijet, 8 TeV
[PRL 117,031802(2016)]

_ ATLAS Dijet+ISR j, 13 TeV
[ATLAS-CONF-2016-070]

-1
10 \fF. S —
AR T ] CMS Dijet b tagged, 8 TeV UA2
Ml * D'J et ATLAS _ [arXiv:1802.06149] = "% [Nucl. Phys. B 400, 3 (1993)]
boosted dijet CMS )(TLA jetsf : Z'—qq _
- CMS Boosted Dijet, 13 TeV CDF Runt
== |“ ATLAS . ; ] [JHEP 1801(2018)097] [Phys. Rev. D 55, 5263 (1997)]
1 1 1 1 I 1 L L L L l.‘l L l L L L L L
50 100 200 300 1000 2000 CDF Run2 Z width (all T,/M,))

" [Phys. Rev. D 79, 112002 (2009)] ~ " [arXiv:1404.3947]

M, [GeV]

eSearched also Z'— ¢

» CMS PAS-EXO-16-031
» ATLAS arXiv:1707.02424
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Mono-X vs mediator searches
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s 127
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DM Simplified Model Exclusions

ATLAS Preliminary July 2017

or, Dirac DM ]
=1

2.5 3
Mediator Mass [TeV]

arXiv:1708.09674

— Dijet

Vs=13TeV,37.0fb™
arXiv:1703.09127 [hep-ex]
Dijet 8 TeV

Vs =8TeV,20.3fb™
Phys. Rev. D. 91 052007 (2015)
Dijet TLA

Vs =13 TeV, 3.4 b
ATLAS-CONF-2016-030

Dijet + ISR

Vs =13 TeV, 15.5 b
ATLAS-CONF-2016-070

miss
T

Vs =13 TeV, 36.1 fb™
Eur. Phys. J. C 77 (2017) 393

miss

T et
Vs =13 TeV, 36.1 fb™
ATLAS-CONF-2017-060
l‘ll_'lISS_l_Z
Ys=13TeV, 36.1 fb™
ATLAS-CONF-2017-040
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Mono-X vs mediator searches
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arXiv:1708.09674

= Dijet

Dijet 8 TeV ¥s = 8 TeV, 20.3 fb™
Phys. Rev. D. 91 052007 (2015)
Dijet ¥s = 13 TeV, 37.0 fo™
arXiv:1703.09127 [hep-ex]

Dijet TLAYs = 13 TeV, 3.4 fb™
ATLAS-CONF-2016-030

Dijet + ISR¥s =13 TeV, 15.5 fb”’
ATLAS-CONF-2016-070

miss
Ey X .1
ET+y ¥§ = 13 TeV, 36.1 fb
Eur. Phys. J. C 77 (2017) 393
ET**+jet V5 = 13 TeV, 36.1 fb”'
ATLAS-CONF-2017-060

Dilepton

Vs =13 TeV, 36.1 fb™
CERN-EP-2017-119
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Dark Sectors at the LHC

@ Address SM problems with light very-
weakly interacting states — Dark Sectors

» Can get also DM candidate (e.g. freeze-in)
Recent review: 1608.08632

® Dark sector portals:
e Scalar portal (¢)
e Vector portal (A’)
e Neutrino portal (N)

 Axion portal (a) N v

@ Search at (low-energy) intensity frontier
e LHC can exploit huge cross-sections portals

e Main challenge: triggering

Martino Borsato - USC 20


https://arxiv.org/abs/1608.08632

The LHCDb potential

Int.J.Mod.Phys. A 30, 1530022 (2015)

® Designed to exploit the LHC
intensity frontier to do B physics

® Only LHC detector fully
instrumented in forward region

@ ~10x lower luminosity (low pile-up)

® Excellent vertex and mass resolution

@ Capable of very soft triggers:
e At hardware level (LO):
» Muons with pr>1.8 GeV
» Calo deposits with Er > 3 GeV
o At Software level (HLT):

» Triggers on detached vertices

Martino Borsato - USC
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® “Trigger-less” upgrade (2021)
e Read-out detector in real time
» Can trigger on detached vertices,
precise particle ID and more
TDR: [LHCB-TDR-016]

| |
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http://cds.cern.ch/record/1701361?ln=en

Dark Bosons from b—s

Phys Rev Lett 115 161802 (2015)
Phys Rev D 95, 071101(R) (2017)

® Look for new hidden-sector bosons
in b—s penguin transitions

@ World record samples of B—=K®)uu

e search for narrow pp peak

@ Allow detached pu (within VELO)

e small SM mixing can give lifetime

@ Constrain on light scalars
e mixing with SM Higgs

T 1/6? B(B™ - KTy) « 6?

e world-best limits below 2m,

* Complementary to Ship

B.Batell, M.Pospelov, A.Ritz, PRD 83, 054005 (2011)
F.Bezrukov, D.Gorbunov, JHEP05(2010)010, JHEP07(2013)140
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101

Dark Photons at LHCDb

PRL 120 (2018) no.6, 061801

® Can search for Dark Photons (A’) in uu =
» Can be very light, produced as y*
» Large fraction in forward region, very soft pr

® Data scouting technique in LHCb Run 2:

» Online reconstruction and tight y-1D

» Only interesting part of the event to disk

meson decays ~ SM Drell-Yan 14
— no pre-scale down to threshold 2 m,

Ipromf)t—likle Szimf)lel
pr(p) > 1GeV,p(u) > 20 GeV
] ptes
0 et

[
)
\]

LHCDb
Vs = 13TeV

[a—
)
o)

[
o
()]

Prompt-like dimuon

[
o
W

sample with no pre-scale
down to threshold!

Candidates / o[m(up)]/ 2

10° 10* 10°
m(pp) [MeV] 23


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-038.html

Dark Photons at LHCDb

PRL 120 (2018) no.6, 061801

90% CL exclusion regions on [m(A’), £?]

~ 107
107
107°
107’
107°
107

10—10
10—11
10—12

LHCb

Y First limits

above 10 GeV

_|_u] ||||||u] ||||||u] Liiin

Already competitive
below 1 GeV

)’

[ ] LHOb

- Previous Experiments

1072 107! 1 10

m(A") | GeV |
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-038.html

Dark Photons at LHCDb

PRL 120 (2018) no.6, 061801

90% CL exclusion regions on [m(A’), £?]

. 10™

W

107

-6
10 i uuk o bt R Numn

LHCb

_|_u] ||||||u] ||||||u] Liiin

1077 Other analy81s filled the gap
Already competitive = [LHOD | 115 95k CLuppertimits PR
1078 b ly 1 é) v R Sy “S)(m ;gg;pp e First limits
e OW e N ~ T(3S) % exiecte __
1 11;/15: —_ S())&;)served ‘ ] above 10 GeV
_9 3 O I O CMS expected 4
10 ‘ . r —— CMS observed 1 r
, o /] z
Can recast to light
: : , e
First non-beam-dump long lived A’ sensitivity \neussnad scalar searches
10 12 14 .
90% CL upper limit on n7}, Today on the arXiv! 1805.09820 m(¢) [GeV] Haisch et al. 1802.02156
710 I S — Rl — —
1 10

m(A") [GeV ]
@ Proof of concept for soft u searches at LHCb

e Multiple dimuons from dark cascade
A.Pierce et al. arXiv:1708.05389

107 pPr——
E - long hved excluded _
o 107 F I
10—10 1 1 1 1 1

m(A") [MeV] 25

OP—‘NDJ-BU’IO\\]OO\D

e Heavy neutral leptons in displaced mtu



http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-038.html
https://inspirehep.net/record/1616725

LHCb Upgrade Dark Photon Reach

107 p=r

a
W

1076

1077

1078

® Using D*0 — DO0A’(ee)

® With upgraded trigger
expect 300x10° D*0 — DOy
per fb! (15/tb in Run 3)

"

Sy

Orsay, U70

Charm, Nu-Cal, E137, LSND

Run 3 reach for dark photons

Inclusive A’—uu at LHCb
Ilten, Soreq, Thaler, Williams, Xue [1603.08926]

Radiative D Decays at LHCb. |
Ilten, Thaler, Williams, Xue [1509.06765] -
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Conclusions

@ Investigating the origin of Dark Matter is one of
the main goals of the LHC program

@ Different and often complementary searches:
e Mediator — DM (holistic)

» Mono-X searches

» Higgs to invisible searches

e Mediator — SM (peak search)

» Searching structure in dijet (dilepton) spectrum

» Data scouting and boosted jets to reach lower masses

o Lighter mediators — SM (dark sectors)

» LHCDb recently demonstrated to be very sensitive
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Theory uncertainties for mono-X

CMS mono-X arXiv:1712.02345

Uncertainty source Process (magnitude) Correlation

Z — vv/W — v (0.1-0.5%)  Correlated between processes;

Fact. & renorm. scales (QCD) 7 s vv/y-Hets (0.2 — 0.5%) and in pr

Z —vv/W — fv (04-0.1%) Correlated between processes;

pr shape dependence (QCD) Z — vv/y+jets (0.1-02%)  andin pr

Z — vv/W — lv (04-15%) Correlated between processes;

Process dependence (QCD) Z — vv/y+ets (1.5 - 3.0%) and in pr

Z — vv/W — Lv (0-0.5%) Correlated between processes;
Z — vv/y+jets (0.1 — 1.5%) and in pt

Z — vv (0.2 -3.0%)
Missing NNLO effects (EW) W — fv (0.4 — 4.5%)
v-+jets (0.1 — 1.0%)

Z — vv (0.2 -4.0%)
Effects of NLL Sudakov approx. (EW) W — v (0-1.0%)
v-+jets (0.1 - 3.0%)

Effects of unknown Sudakov logs (EW)

Uncorrelated between processes;
correlated in pr

Uncorrelated between processes;
correlated in pr

Unfactorized mixed QCD-EW corrections Z — vv/W — Lv (0.15-0.3%) Correlated between processes;

Z — vv/y+ets (<0.1%) and in pt
PDE Z — vv/W — fv (0-0.3%) Correlated between processes;
Z — vv/y+jets (0 —0.6%) and in pr
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HNL In B—=nau—u—

Phys Rev Lett 112 131802 (2014)

@ Lepton number violating B~—mttu-u~- can
proceed via on-shell Majorana neutrinos

@ Look for B mass peak, then extract limit Can be displaced

as a function of my )

@ Limit set on N(7tu) lifetimes up to 1000 ps

@ Constraints on mixing angle V4

° ° 10-6 E_ _E
o Recently revisited = M P IS
- 100 1000 ]

B Shuve, ME Peskin, PRD94 (2016) no.11, 113007 107 | a "

I IIIIIII

® Also searched in charm D+t—mutu*t

Upper limit

PLB 724 (2013) 203-212

B(D"— n putu™) <2.2(2.5) x 1073,
B(DF — n ptp™) <1.2(1.4) x 1077,

PR TN (N T TN SN T N TUN TN SN T NN S T S S N S T N
1000 2000 3000 4000 5000
Neutrino mass [MeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.131802

Future HNL at LHCDb

® Inclusive search b — X ,u+ ,u+7r_
Bb— Xutv)
B(BT — utv)

> 10°

@ Can also search higher masses using
on-shell W=—jet u=u-

arXiv:1502.06541
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