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Public Results on 2015+2016 Data

> Mono-Higgs

= h(yy)
[CMS-PAS-EX016-011]

[CMS-PAS-EXO-16-054]

= h(bb)
[arxiv:1703.05236]

> Heavy Flavor + MET

= tt + MET, bb + MET
[arxiv:1706.02581]

= tt(I) + MET
[CMS-PAS-EXO-16-028]

= Top + MET
[CMS-PAS-EXO-16-051]

= Boosted top + MET
CMS-PAS-EXO-16-017
[CMS-PAS-EXO-16-040]

= Top squarks & DM search

[arxiv:1711.00752]
November 6th 2017

> Invisible Higgs decays

= Z + h(inv)
[arxiv:1711.00431]

> Mono-X searches

= Mono-photon
[arxiv:1706.03794]
[CMS-PAS-EXO-16-014]

= Mono-Z(Il)
[arxiv:1701.02042]

= Mono-jet, W(had), Z(had)
[CMS-EXO-PAS-16-013]
[arxiv:1703.01651]
[CMS-EXO-PAS-16-048]

> Mediator searches

= Dijet resonances
[CMS-EXO-PAS-16-046]
[arxiv:1611.03568]

= Dilepton resonances
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http://cds.cern.ch/record/2204916?ln=en
http://cds.cern.ch/record/2264691?ln=en
http://arxiv.org/abs/1703.05236
http://arxiv.org/abs/1706.02581
http://cds.cern.ch/record/2226566?ln=en
http://cds.cern.ch/record/2273454?ln=en
http://cds.cern.ch/record/2160266?ln=en
http://cds.cern.ch/record/2205286?ln=en
https://arxiv.org/abs/1711.00752
https://arxiv.org/abs/1711.00431
http://arxiv.org/abs/1706.03794
http://cds.cern.ch/record/2160229?ln=en
http://arxiv.org/abs/1701.02042
http://cds.cern.ch/record/2148032?ln=en
http://arxiv.org/abs/1703.01651
http://cds.cern.ch/record/2264698?ln=en
http://cds.cern.ch/record/2273455?ln=en
https://arxiv.org/abs/1611.03568
http://cds.cern.ch/record/2205764?ln=en

Focus on following models and final states:

> Simplified model with a scalar or pseudoscalar mediator

= Mono-jet/mono-V + MET signatures

= tt and bb + MET signatures

= Mono-top
q ] X B
g (D)
———— X
S, P ge
X
g @ X
2 t(b)
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Comparison with Direct Detection — Vector mediator

> CMS and Direct Detection exclusion limits at 90% CL

~ DM-nucleon interaction, g, = 0.25,9=00,9,, =10

CMS Preliminary LHCP 2017 AP ——
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Comparison with Direct Detection — Axial-vector mediator

> CMS and Direct Detection exclusion limits at 90% CL

~ DM-proton interaction, g, = 0.25,9=0.0,9,,=1.0
CMS Preliminary LHCP 2017 CMS observed exclusion 80% CL
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Scalar or Pseudoscalar Mediator

= Simplified Model

> Mediator with scalar or pseudoscalar interactions (s-channel)
> Probed by mono-X and Heavy Flavor + MET

~ Mediator couplings: 9,9,9 9.,

= Unlike vector and axial-vector models, scalar mediators can couple to
leptons, although contribution is negligible in most of the parameter
space considered

= For simplicity: 9,79,79~9,

~ Masses m,. =m __ and m_.

E

> Minimal set of 4 parameters

~ Mediator width I o/ fixed minimal allowed value for chosen masses and
couplings
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Results for Scalar and Pseudoscalar

o fcmw

10°
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> Benchmark models suggested by LHC DMWG

>m = 1 GeV, gq = 1.0, Oy = 1.0

> Coupling to leptons is negligible

CMS Preliminary EPS 2017
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Heavy Flavor + MET final state

> Assumption of minimal flavor violation

— Interactions with spin-0 mediators retain
Yukawa structure of SM

. . 2 £(b)
> Preferential coupling to heavy flavors
= tt + MET »
* bb + MET has additional sensitivity to il

models with suppressed couplings to
up-type quarks (e.g. Type-ll 2HDM) X

> LHC DMF benchmark:

=m_. = 1 GeV, gq = 1.0, Oy = 1.0

M
= No mixing between ® scalar and SM Higgs
= Minimal width is assumed

> MET spectra broaden with mediator masses

= Whilem_ <2 m. the MET spectrum of scalar mediators is softer than

pseudoscalar mediators at same mass
November 6th 2017 Kelly Beernaert - DM@CMS 8


http://arxiv.org/abs/1706.02581

Heavy Flavor + MET final state

> MET spectra broaden with mediator masses

= Whilem_ <2 m. the MET spectrum of scalar mediators is softer than
pseudoscalar mediators at same mass

= Scalar models at low mediator masses have increased cross section at
low p_

scalar spectrum pseudoscalar spectrum

FT 17771 I{ T I,Ir'nl I=!{1Iu,l1lr'éel’vl T — [mph,md}={200, 1}Ge\‘u‘ L L L ,I T T =| Iﬁx‘],l‘l I(%‘LI’ — T T T 7 H m. .=.(fl:]J 1) Ge:v.“
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https://arxiv.org/abs/1507.00966

Heavy Flavor + MET final state
221" (13 TeV)

= 2.2 fo” of data at Vs = 13 Tev N R R R R R N
- CMS mt
"~ Simulation CIW(lv)+jets

> 8 exclusive signal regions ok 3 Z+ots ]

—_ _ [ Single t
= 2 bb + MET, 3 tt(ll) + MET, I oherbia
1 tt(l+jets) + MET, 2 tt(had) + MET

Events

= Resolved Top Tagger (RTT) used -
in tt(had) selection
= Multiple control regions per signal region, 10
all mutually exclusive P T O T P

= SM ttbar, W/Z + jets backgrounds left floating in fit to data
= Other subdominant backgrounds estimated from simulation

> Signal extraction:
= Fit to MET distributions of SRs and associated CRs
= Independent fit of bb + xx and tt + xx contributions in each channel

= Inclusive fit to all SR and CRs using single signal strength for combined

bb + xx and tt + xx contribution

November 6th 2017 Kelly Beernaert - DM@CMS 10
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Heavy Flavor + MET final state

> MDM = 1 GeV, scalar mediator

221 (13 TeV) 22t (13 TeV)
I | T T T T T LI | T T T T I | T T T T T T 11 I T T T T
- _ [=
“‘g- 10 § Scalar, Dirac, g =1, g =1, m =1 GeV CMS § % 102 Scalar, Dirac, g =1, g,=1,m =1 GeV CMS -
Il - —— Observed limit 95% CL 1 - ]
= 100 Expected limit 85% CL 4 = - Median expected 95% CL ]
E - — bb4p™ (b7 only) E E B - 68% expected .
= N — bbp?= 1 = |
£ 10° ~—— Dileptonic th+p™™* 1 E 95% expected
5 S —— ljets thep™= = 5 10 ]
§ ; —— Al-hadronic ffsp™* 1 g E
10°E x B ]
10 E 1p =
i . : :
:l 1 1 1 1 1 I 11 | 1 1 1 |: | 1 1 1 1 1 [ I 1 1 1 1
10 10° 10 102

m, [Ge
Separate fits R
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X

> FCNC model: heavy vector mediator V.= "
with flavor-changing couplings to quarks v
and decays to DM — non-resonant
— . _ L X
"9, T Y 9au T Yag
= Only coupling between 1* and 3"
generation considered non-zero

g t

=m, > 200 GeV to allow for SM-like
top width

> Colored, charged scalar model
- resonant
= Coupling between ® and quarks:0.1 s
= O-t-x vertex coupling: 0.2

> Mono-top models and parameters i t
described in arXiv:1407.7529

B
-

November 6th 2017 Kelly Beernaert - DM@CMS 12


http://cds.cern.ch/record/2273454?ln=en

>35.8fb™ at Vs = 13 TeV g  (CMSSimulgtion Proliminary (13 TeV)
: . Ej 0'16; 110 < mg, < 210 GeV . _
> Hadronically decaying, boosted top quark __t * —Topjets |
= One fat jet with AR = 1.5, p_ > 250 GeV o1z} e
o a/gjets ]
= Soft drop jet mass in range 110-210 GeV >} :
= One b-tagged subjet .t |
D{Jﬁj
= Top-tagging from BDT voak
= Veto leptons, b-tagged jets DDE#

> Signal extraction: Ty W A TR TR TR

Top BDT
= Fit to MET distribution in SR P

= tt, Z+jets and W+jets backgrounds constrained in CRs by requiring
dilepton, single lepton, ... events and fitting the hadronic recaoill
distribution

November 6th 2017 Kelly Beernaert - DM@CMS 13
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m, [GeV]

Mono-top

> FCNC model, m =1 GeV,g, =0.25andg, =1:m <1.75TeV

excluded at 95% CL

-~ Resonant model: m, < 3.4 TeV excluded at 95% CL
FCNC model

gY=0.25,9" = 1 [FCNC]
—— Median Expected 95% CL

800~ - Exp. + 1 std. dev. (exp)

= (Observed 95% CL
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al2 = by = 0.2
m,=100 GeV

1500 2000 2500 3000 3500

Kelly Beernaert - DM@CMS


http://cds.cern.ch/record/2273454?ln=en

Mono-jet/Mono-V

> Many DM models result in a mono-jet signature:

= Vector and axial vector med, s-channel g U
= Scalar and pseudoscalar med, s-channel
= Colored scalar med, t-channel

= Less simplified models:
Extra dimensions,
Nonthermal DM, invisible Higgs, ...

q 8 x (my)
q q v
Spm L
5. P
X(my) & () X
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Mono-jet/Mono-V

>35.9fbtatvVs =13 TeV

> Finals state of one or more jets + large MET
= Mono-jet
= Mono-V with W and Z decaying hadronically

> MET > 250 GeV

= 2 categories, made orthogonally:
= AK4 jet with p_> 100 GeV

= V-tagged jet: AK8 jet with p_> 250 GeV,

mass compatible with W or Z, 2 substructure
jets

359 fo"' (13 TeV)
= 105 1 | L | L | UL | T 1 | T 1
© —$— Data

O josL CMS Preliminary [ 2+t

‘:; monojet [ win)gets

< 10* B wwwzizz

¢ B 7on quark

i 10° [ i+, v +tets
102 ——

= Higgs invisile, m_ = 125 GeV
= Ruialvector, m__ =20 TeV

10°%
12 1 1 | 1 1 1 | |

5 . T T | T T | T T | T T | T T I'_ T T7T

i 1.1 o

E: 1 o P, S
-1

2 o9 %%% ]

g 03 1 | | | 1 | | | 1 | | 1 | | | | 1 1

"-S" 2 T T | T T T | T T T | T T T | T T T | T T T

o

(=)

rﬂ‘; g__dq_-_-_b_—_T_-_

Q_, - 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

> Veto on: leptons, tau — hadrons, b-jets, photons 40 600 80 1000 1200 14C

ET™ [GeV]

> Mutually exclusive CRs selecting dimuons, dielectron, single lepton,
photons — hadronic recoil as proxy for MET distribution

> Combined fit to data in SR and CR
November 6th 2017 Kelly Beernaert - DM@CMS
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Mono-jet/Mono-V

> Interpretation in terms of scalar and pseudoscalar DM mediators

i 3591 (13 TeV
6 35.9 fb” (13 TeV) PR ... 1 L1 L.
i T T T I T T T T I T T T T T T T T I T T T T I T T T T : . . T 5
_ [ cMS Preliminary st L aannary E R4
B E = = il (]
8§ g[ Scalarmed,DiracDM,m_, =1GeVg =1,g, =1 ¢ Festchaceiacmad, i N g, = 10, . £
Y [ — owenvedasnoL 300 ---- Median expected 85% GL _g
b - L
© 4[ 7" Medenepetedssy CL - - - - - 68% expected 2
E - - 68% expected S‘ 25'3:_ ——— Observed 85% CL ?
‘= L 95% expected 2 r ——— Observed = theory unc. 8
E F * S, 200f 1
— 3r we=1 = [] amt =012
Q I o
g L £ 150 77
= [ -
- 2r -
O - 100
-\.\?‘ - -
n I 50~
o [ -
ﬂ_l 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 |_ 0- 1m 2m 300 400 Sm Bm 1G—1
1] 100 200 300 400 500 600 a
m e
m__, [GeV] mea [G€V]
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Summary

> Large collection of Benchmark models considered

= Moving from models sensitive to early Run 2 data
to less simplified models as more data is collected

= Close cooperation between ATLAS and CMS

> Variety of final states considered CMS Integrated Luminosity, pp
. . . I Data included from 2010-03-30 11:22 to 2017-11-03 06:23 UTC

= Many new results in the pipeline! _ 80 —_————————————— 80
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Back-up
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Results for A1 and V1

= No coupling to leptons

Al V1

CMS Preliminary LHCP 2017 CMS Preliminary LHCP 2017
; 1000 T T T T | T T L i '/ ' | J £ -] ; 1000 T T T T T T T T T T T T T T T T T T L | T T T T T T T =
Q 3 i e 3
G, %0 - My =2xmg, [ 8 900 Vector mediator P — = Mg=2xmy, |
é 800 Qif2012 |3 &E 800 arf=012 |4
«» 700 — «» 700 =
2] 4 o E
o Exclusion at 95% CL al m Exclusion at 95% CL =]
£ 600 = g 600 ==
E 500 = Observed _E E 500 — Observed _E
© 3§ © =
£ 400 . = £ 40 SR -
DM+ jV(ga) 359 &) | o VA + M|
-(ﬁu 300 [EXO-16-048] ] 'g 300 = ?El;ol’r:%}ﬂﬁsbb =
O _ DM4 (129" 4 0o DM+ ¢ (12815 E
200 [EXO-16-039) = 200 T [Ex0-16039] —
" 3 DM+ 20 (598" | c20@EsonY | 3
10055 e Y : [EXO-16-052] = 100 : ?El;ofg]as{i? . =
) = . - TR ST ST S S LY ERPTDIE E i i S A A TN EETEYL:
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Results for A2 and V2

A2

V2

CMS Preliminary LHCP 2017 CMS Preliminary LHCP 2017

;‘ L} | T LE L L | : T 1 L} I T LI I LN B I LA L I T L} T 1 LI} T & /l LI = T .I_ ; moo L l| L L - M [ 1 e : I I) % I LU T I LR ) I ! 5 : ! I L2 . ,l /I LR '_
® : - 74 @ : 2 =
0] : Axial-vector mediator 270 7 4 @, 1800 ' S P
= : ngraz D%ﬁ - 3 =600 i ot - e
é: . oM - _ f 1 - - =
» : g =01 = o « 1400 : y 52" ' =
g E g=01 ‘ ,..-"'/ M, = 2 X My, B g A g =0.01 - M, =2xmg, -]
e : e atsor | E 1200 7 A a0z |3
Tk ] o * — - i - - ]
) : , = 2 1000 : - T —
ﬁ : _, | Exclusion at 95% CL = ; . Exclusion at 95% CL 2
S ; g S — = E 800 A Ooserved =
g H e | e Expected _: g 600 g N R PP Expected _:
=) |~ ____ Diepton(izam’/iomy | O O )/ ___ Dieplon (1241 /130 6% |
A d, [EXO-16-031] - 400 f :Em-rsoarj_ —
Dijet (35.9 o) i f S — Diet(3591") =
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Minimal mediator width in scalar/pseudoscalar models

> No other quarks but top quarks are considered in the loops

2 2 x/2 2 2 x/2
y?-gqm‘p,a (1 - 4’”;‘\' gy M, (1 B 4mx)

Foa =L N7
f
4m? 2
fqb,a (_EL)

L

. 03y 83 4
323 p?

where x = 3 for scalars and x = 1 for pseudoscalars

= For mMED > 2mt , dominant contribution is from top quarks

= For mMED < 2mt , Dark Matter dominates
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Heavy Flavor: Signal region definition

Signal regions Leptons | Jets | bjets piiss | Other selections

min Ag(Fy, Fiss) > 1.2rad
my > 20GeV
|Mee,uy — mz| > 15GeV

ee

Dileptonic tt 4 piniss el >2 | >1 | >50GeV -
Dileptonic tt control region veto

i Z + jets control region veto

My > 160 GeV
[+ jets tE+ pimiss eorp | >3 | 21 | 2160GeV | MW > 200GeV
min zi\qb("]*i"tl piniss) > 1.2 rad

0,IRTT
_ . 24| 22 min Ag (Y, pmiss) > 1.0rad
All-hadronic tt+ pit | 0 >200GeV LT
2RTT
>6 | 21 jet
minAp(py, pris*) > 0.4 rad
2or3 | 2
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Heavy Flavor: Control region definition

L
Label | Associated signal region(s) | Dominant background | Leptons | Jets | bjets piuiss Additional or modified selections
dA | i N Dileptonic £+ P%ﬂ'ﬁ - -1 , Mo jielectinn on Mr, M%,min ﬁ<p{ﬁ-¢t“, E{?“‘“‘)
£ +iets tt + pp™= =3 = 160GeV | bbC/bbD /bbE/bbH /bbl/bb] control region veto
sIB W+ jets eor 0 No selection on MY, min Ag(Fr L s )
hadA {+jets £ + ppis eor p =2 Mr < 160 GeV, 0,1RTT
hadB W/Z +jets 0 0 0ARTT
hadC | Hadronic £ + pi=, 0,1RTT W + jets eor u =4 0 No selection on Mt < 160 GeV, min Ag(f} *, B, 0,1RTT
) . 60 < myp < 120 GeV
hadD Z+jets €6 0T i 0 =200 GeV ) ] 1% xmiss
Mo selection on min Agi{ fr -, pr=)
hadE Hadronic E+P!]!'ﬂ.‘iﬁf BT 4 jets E—il-pfl’-"]"“ eor u =1 Mr = 160 GeV, = 2RTT
hadF W/Z +jets 0 =6 | 0 > 2RTT
hadG W+ jets eor u 0 No selection on Mt < 160 GeV, min Ag(f5 ", f=) , = 2RTT
bbA W+ jets 50 < My < 160 GeV
bbB f+iets u MNo selection on min ﬁ?{ﬁ-’rﬁ‘, piniss)
bbC bb + pi=, 1btag Z+jets ee lor2| 1 70 < my; < 110 GeV
bbD M No selection on min Ag(Fr", pr=)
bbE Dileptonic tt ey 200 Gev MNo selection on min ﬁ?{ﬁ-’r&“, piniss)
bbF W+ jets e 50 = My = 160 GeY
bbb { +iets ft u MNo selection on min ﬁ?{ﬁ-’r&“, piniss)
bbH bb + piss, 2 btag Z+jets ee 2ord | 2 70 < mye < 110 GeV
bbl Hp MNo selection on min ﬁ?{ﬁ-’r&“, piniss)
bb] Dileptonic tt ey MNo selection on min ﬁ?{ﬁ-’r&“, piniss)

November 6th 2017

Kelly Beernaert - DM@CMS

24


http://arxiv.org/abs/1706.02581

Heavy Flavor + MET final state

= M_,, =1 GeV, pseudoscalar mediator

221" (13 TeV
2'2 fb—1 (13 Tev} I | T T T T T T T | T { T T I}
I | T T T T T LI | T T T T b|_ _ _ _

’C’l_ 10° = Pseudoscalar, Dirac, g =1, g =1, m =1 GeV = 75 102 Pseudascalar, Dirac, gq—1, 91"1’ m}_1 GeV CMS —
B = 4 L : CMS 1 - g
Il - —— Observed limit 95% CL 1 = I Median expected 95% CL ]
= e Expected limit 5% CL 1 < i i

E 104 E B :H B+ o) E g I - 68% expected

£ F — bbapr ] E
= B —_— Dlepu:uicmp:‘“ -~ _
E 103 E I+iat3tf+pfr"“ E g 10 .
St f —— Alrhadronic tf+pT™™* E g- ]
10°¢ E ]
10 - ~ e E
1 §_| | _§ _l 1 1 1 1 1 1 1 | 1 1 1 I_
- 1 1 1 | N N B | 1 1 1 1~ 10 102
10 10°
m, [Ge
ma [GEV] a [ V]
Separate fits Combined fit
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> FCNC model Lagrangian

L= Lsp+ Liin + VP,X’]KV (gvx + g,qx’]fs)}( + h.c.
+ Guy" (v, + §4.75)9u Vi + Gay" (v, + §a,75)q4Vu + hc.

gVu o gAu = ng o g‘q-d'

>

> Resonant production Lagrangian
L = Lsm + Liin(¢s x) + (d [(al) + (01)79°)d; + pElali? + bL29%)x + he.).
coupling between mediator and quarks: a_ = b*  =0.1

. 1/2 — 1/2 —
d-t-x vertex: a . b . 0.2
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Mono-top

> FCNC model

- imi -1
, CMSPreliminar 35.8 fo! (13 TeV) - ,CMSPreliminar 3581 (13 TeV) 10Pq
T T LI | He | , ,I | LFLL | T | O :. : )
| ] o v ' 3 2
1.8 m, =1 GeV, g: =0.25 [FCNC] / _: 8 0.9 m =1 GeV, Qx = 1[FCNC] [ = o
——— Median Expected 95% CL 1| . é_ aalll - MedanEpeded 950k e 2
(B (e Exp. £ 1 std. dev. (exp) f ERCDT- S e Exp. £ 1 std. dev. (exp) 1 = 108
1.4 Bl —— Observed 95% CL | 0.7 8 — Observed 95% CL =
_______ i 1 2 ------- Obs. * 1 std. dev. (theory) |-
25 Obs. + 1 std. dev. (theory) E 0.6 s 3 ]
=81 1 41 2 05 4 31
08 = 0.4 31
0.6 - 0.3 =
] ] 10"
0.4 0.2 =
0.2 it 0.1 i E
02 04 06 08 1 12 14 16 18 2 22 10°

18 2 22

my, [TeV] my [TeV]

1.2

02 04 06 08 1 14 16
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