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ATLAS, CMS and Run-2 data taking

B LHC accelerator designed to collide protons

& ATLAS and CMS multipurpose detector

%k particle identification, energy and momenta measurements

3k trigger system: select events interesting for physics analysis

® Run-2:data taking period 2015-2018 at 13 TeV

& Excellent LHC (and ATLAS and CMS) performance:
% ~140 fb-! pp collision data good for analysis during Run 2
3%k more than 8.5 million Higgs boson produced

& Mean number of additional pp interactions per crossing ~34

- Increasingly dense collision environment
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Rich new physics program at ATLAS and CMS

& Despite the accuracy of the SM and its predictive power many open outstanding
questions, eg.:
- matter-antimatter asymmetry

- hierarchy problem
- describes only ~5% of the universe, explanations for DM are not provided

- gravitational force cannot be included in the current theoretical framework

B LHC main goals: studying EWK symmetry breaking (Higgs),

precision test of SM, search for new physics .
)
%
Bi
- direct production of particles predicted by BSM theories |degs
- dineet conpling 1o Hhe SM aector can etimated susY
Compositeness,
- hints of new physics from small deviations between Extra dimensions
precision measurements and SM predictions Higgs Sector
- allows 1o Listinguish betweesn porsible SM extensions and 1o parther
lrive indineed comstrmints om e 4 Wiz
Minimal
W Darl'( Matter
0 Rert Lo
%k detect rare processes Multiverse

[arXiv:1311.0299]

%k use the Higgs as a discovery tool
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https://arxiv.org/pdf/1311.0299.pdf

Rich new physics program at ATLAS and CMS

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary Overview of CMS EXO results

Status: May 2019 (82-139) fo™* Vs=8,13 TeV cMs 36 fb~! (13 Tev)
Emiss -1 f
Model by Jetst ET™ [raim™] Limit Reference SsM Z(H) . [1803.06292 (20) a5
ADD Gy + g/q Oes 1-4]  Yes 361 7.7TeV. 1711.08301 2 ssMZ(qd) 1, [1806.00843 (2]) 27
ADD non-resonant yy 2y - - 367 86TeV.  n=3HLZNLO 170704147 8 LPVZ.BRGen) = 10% #z [1802.01122 (ep) | 44
ADD QBH - 2j - 370 8.9TeV 1703.09127 9 SSMwiw) My [1803.11133 (£ + ') 52
ADD BH high 3. pr slew  22) - g2 82TV n— o.My = 3TeV.roBH 160602265 g ssMwie) i, [1806.00843 (2)) 33
ADD BH multijet - 23] - 36 6, Mp — 3TeV.rot BH 1512.02586 ] SSM W(Tv) My [1807.11421 (T + EF™) a
RS1 Gy = ¥y 2y - - 367 1707.04147 F LRSM Wa(ENa), My, My, [1803.11116 (21 +2j) 44
Bulk RS Gxx — WW[ZZ multi-channel 36.1 1808.023¢ £ LRSM Wx(tNa), My, My, [1811.00806 (27 + 2j) 35
Buk RS Gk » WW - qaqq  Oen 2y - 139 ATLAS-CONF-2019-003 Axigluon, Coloron, cotg =1 e [1806.00843 (2)) 61
Bulk RS gk — tt Tep =1b = 1J2) Yes 36.1 rim 1804.10823
2UED / RPP lep 22b23] Yes 361 Tier (1,1), BA! Y - tr) = 1803.09678 scalar LQ (pair prod.), coupling to 1% gen. fermions, f=1 M, [1811.01197 (2e +2j) 144
SSMZ - tr 2ep N - 139 190306248 £ scalar LQ (pair prod.), coupling to 1% gen. fermions, =0.5 o [1811.01197 (2e +2j; & + 2 + EP™) 127
SSMZ - ot 20 - - 31 242TeV 1709.07242 S scalar LQ (pair prod.), coupling to 2™ gen. fermions, B My, |1808.05082 (2p + 2)) 1.53
Leptophobic 2’ — bb - 2b - 361 1805.00209 g scalar LQ (pair prod.), coupling to 2" gen. fermions, Mo [1808.05082 (21 + 2J; u + 2] + EF™) 129
Leptophobic Z' — tt leu 21b 2102 Yes  36.1 Tim=1% 1804.10823 $  scalar LQ (pair prod.), coupling to 3 gen. fermions, § My, |1811.00806 (27 +2j) 1.02
SSM W' — v Ten - Yes 139 CERN-EP-2018-100 scalar LQ (single prod.), coup. to 3¢ gen. ferm., =1, Mg [1806.03472 (2T +b) 0.74
SSM W' - v 1T - Yes 361 18010699
HVT V' = WZ — qqqq model B 0 e, 2J - 139 &y =3 ATLAS-CONF-2019-003 excited light quark (qg),
HVT V' — WH; ZH model B multi-channel 361 |V mass 293TeV =3 171206518 excited light quark (qy),
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25TeV 1807.10473
LRSM Wg — uNg 2p 1J - 80 Wg mass 5.0TeV. m(Ng) =0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - a0 |A 218TeV u;, 1703.09127 excited muon, fs
Clttqq 2ep - - st |A 4007V 1707.02424
Ci ettt ep  21b21) Yes 361 [A 257TeV Gl = 4 181102305 quark compositeness (qd), fums =1 i
Axialvector mediator (DiacDM) O e 1-4]  Yes 861 | foes 155 TeV 8025, 5,1.0. m(x) — 1Gev 1711.03301 quark compositeness (1), N = N
Colored soalar mediator (DiracDM) O e, 1-4]  Yes 361 | 167Tev £-1.0. m{x) = 1GoV 1711.03801 quark compositeness (4q). fura Aiam
Wiy EFT (Dirac DM) e 1451) Yes 32 My 700 GeV. m(y) < 150 GeV 160802372 quark compositeness (£1), Muss = ~1 Aima
Scalarreson. ¢ — ty (DiracDM)  0-1 e, 1b,0-1J Yes 361 |ms 34TeV ¥ =04,1=02, m(y) =10 GeV 1812.00743
ADD (jj) HLZ, nep =3 Ms.
ScalarLQ 1 gen 12e  22]  Yes 361 |LQmass 14Tev B-1 190200877 ADD (yy, 1) HLZ, neo =3 "
Scalar LQ 2" gen 124 22]  Yes 361 |LQmass 1.56 Tev p-1 180200877 ADD G emission. ne .
Scalar LQ 3 gen 2r 26 - %6 [LGymass 1.03 TeV HLQ) > br) = 1 190208103 o emison, 1= e
Scalar LQ 39 gen Oleu  2b  Yes 361 |LQimass 970 GeV B0Q{ - 11) =0 190208103 ADD QBH (). ne Mo
ADD QBH (ep), nep =6 Masn
VLQ TT — Ht/ZtjWb+ X multi-channel 361 | Tmass 1.37 TeV SUI2) doublet 1808.02343 RS Gyx(qd, 99), kM = 0.1 Me,,
VLQ BB — Wt/Zb~ X muiti-channel 361 |Bmass 134 TeV. SU(2) doublet 180802343 RS Gy(tt), ki = 0.1 e
VLQ T3 Toal Tejs — Wi+ X 2(SS)28 ep 210, 21)  Yes 361 | Tssmass 1.64 TeV. B(Tos = W)= 1, o Tus W)= 1807.11883 RS Gralyy), kMl =0.1 Mo,
VLQ Y - Wb+ X Yos 364 B(Y — Wh)= 1, cp (We)= 11207363 RS QBH (j), neo =1 Mg
VLQB - Hb+ X Yes 798 Ke=05 ATLAS-CONF-2018-024 RS QBH (61, muo Vo
VLQ QQ — WaWq Yes 203 1509.04261 non-rotating BH, Mo = 4 TeV, nep e
Excited quark ¢* — qg - 2j - 139 onlyw” and ', A = m(a") ATLAS-CONF-2019-007 Split-UED, 24 Tev. i3
Excited quark g° — qy 1y 1j - %7 only " and ', A = m(q) 170910440
Excited quark b — bg. - 1b,1] - 36.1 1805.09299 (axial-)vector mediator (xx), gq [1712.02345 (= 1j + Ef'™*) i 18
Excited lepton ¢* 3ep - - 203 20Tev 1411.2021 §  (axial)vector mediator (qd). g 11806.00843 (2)) i 26
Excited lepton v* 3eurt - - 203 16TeV 1411.2921 g ) 1901.01553 (0, 1¢ + = 3j + E™) 0.29 »
Type IIl Seesaw Teu 22]  Yes 798 [Nmass 560 GeV. ATLAS-CONF-2018-020 ¥ [1901.01553 (0, 12 + =3j + EP™) 03
LRSM Majorana v 2u 2j - 36.1 3.2Tev m(Wi) = 41TeV. g — gx a8 M, [1712.02345 (= 1) + EF™5) 14
Higgs triplet H** — ¢ 234e p(SS) - - 36.1 870 GeV' DY production 171009748 complex sc. med. (dark QCD), My, =5 GeV, CTx, =25 mm  m,, [1810.10069 (4)) . 154
Higgs triplet H** — (r Seur - - 23 DY producton, B(H}* — ¢r) 1 14112021 ; :
Multi-charged particles - - — 361 | mutticharged particle mass 1.22TeV. DY production. |g| — 5e 1812.03673 5 Typell Seesaw, B.=B,=8: Msn, [1708.07962 (=31) 0.84
Magnetic monopoles By 2.37Tev | DY Poston el = 1o, s 112 190510130 8 string resonance 1 [1806.00843 (2)) - |
L

partialdata 10 1 10 Mass scale [TeV] : mass o ’ ’
Only a selection of the available mass limits on new states or phenomena is shown. Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). W N
tSmall-radius (large-radius) jets are denoted by the letter j (J). .
Overview of CMS B2G results

A75nS SUSY Searches’ - 95% L Lower Limits ATLAS P e only a personal selection of recent

a ;
Model Signature [t 1™ Mass limit Reference W-AWZ-2uuqd, HVT model B e (2GR i
. WWZ-1vgd, HVT model B o [B26-16-029 (vad) i
43, 3-qt) y 26 jets 361 155 m()<100GeV 171202802 W-WZ-11ad, VT model 8 P -
» monojet  1-3 jets 36.1 071 m(@Hm(i)=5 Gev 1711.03301 WWH-qqbb, HVT model B Mo i r m r r r
8 B . o W WHoIVbE, HVT model B Ha ;
22, E—aat) Oeu  26jets  EP 361 |# 20 m(¥})<200 GeV 1712.02332 o - b
§ 2 Forbidden 0.95-1.6 mi)) v 1712.02332 WWH-qdtT, HVT model B M :
s " . : . W' combination (2016), HVT model B o i
&z roacon Gow  des %1 |E 185 m(i})<800Gev 170603731 Z-WW—adad, HVT model B o Gad) i
2 o jets - EF %1 & 12 m(@)-m()=50GeV 180511361 Z~+ZH=qdbb, HVT model B e [B26-17-002 (dbB) 5
B gz gogawzt] oeu  Tiets B 361 @ 18 m a” <400GeV 1708.02794 g Z=ZHouwbh VT model 8 > [826-17-004 (wobB) D 9
2 SSep  6jets 139 |& 15 m(g)-mi ATLAS-CONF-2019-015 E 2= ZHtth, WVT model B i i
= ot 0-1ep 3b  EPt 798 | % 2.25 mo'(A"kzquev ATLAS-CONF-2018-041 8 | Z-~ZH-qqrT, HVT model B 3 i ]
SSen 6 jets 139 |# 1.25 ‘m(z)-m(¥1)=300 GeV ATLAS-CONF-2019-015 8 2 combination (2016), HVT model B "z H
VVH=qdbh, HVT model 8 1, [26-17-002 (qd !
Bub, Bi—b¥ /i Multiple %1 | b Forbidden 09 1708.00266, 171103301 VVH=(w, 1y, #)b5, HVT model B 1 [B26-17-004 (W, £, 1)) i
Mutiple 361 | Forbidden 0.58-0.82 708.09261 VVH-qdTT, HVT model B 1, [B26-17-006 (agTr) i
Muliple 139 b Forbidden; L ATLAS CONF-2019.015 V' combination (2016), HVT model B 1, [B26-18-006 (all final states) i
b1, by —bY2 - bt} Oep 6b  EPT 139 |, Forbidden 023135 30 GeV, m| SUSY-2018.31 GWW-tuqd, Bulk G, kiffy = 0.5 v, [B26-16:029 (tvad) 107
25 B 0.23-0.48 ¥ [ miE)- SUSY-2018:31 GZZ-t1vw, Bulk G, ki = 0.5 iy [B26-16-023 (2tvv) 082 .
% oW or 026 02n2bEP 381 |7 - p 150608516, 1708.04183, 171111520 G combinaton (2016), Bulk . kil =05 . 526:15:006 (allfnatstates) ossl
A WhY Ten  3esitb EP 138 | 0.44-0.59 })=400GoV ATLAS-GONF 2019017 Rettaqr Radion A =176V o (B2GLT008 (GATT) . it ] M\
g8 AnAoWRG trei s ol s Ean o — e ooy o torrs ResHH-+b605, Radion, A = 3TeV . [826:17-019 (b i 15
gg At oty oG Tl 2l s @ 118 e ! ResHH-1vqqbb, Radion, A = 3TeV e [826-18-008 (FvadbB) L2
TS Al ioctl /e aoch Oep 2¢ %1 |& 085 Ge! 1805.01649
i 046 mii é)-m( 1805.01649 ot Bt _
O monojet EPF 361 @ 0.43 1711.03301 2t BIZ+th=100%, [1Mz=1% e
2 00%, F/Mz=10% e
i, b +h 12en ab EPY %81 @ 032:0.88 0GoV. mi7)-mi} 1706.03986 7t BZ~t0)=100%, /M =30% e
hoh +7 3en 1b EPS 439 | Forbidden 0.86 0 GeV, mfi, -mi(¥| ATLAS-CONF-2013-016 G-t Kaluza-Klein Giec Mo
- ~ Wtbbbty, My, <M, right-handed W ™
Ti¥: via wz 28eu Epsed | EG 06 . 1403.5204, 180602203 ZsTAZt, tHE) 1y + e, BT-+Z)=B(TtH)=50% e
et =1 B 139 [/ 0205 mET)miE})=5 Gev ATLAS-CONF-2019-014 W(tB, bT)-+tHb-badbbb, BOW-+bT)=100% e
2ep Eps 139 [ 0.42 ATLAS-CONF-2019-008 LQLO-tutyi-sp * 1~ b + jets, BLQ-tu)=100% Mo
Olen  2b2y EP™ 139 |¥E  Forbidden 0.74 m(i})=70 GeV | ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ LOLQ-tTtT-sitT + jets, BLQ-tT)=100% Mo
2ep Eps 139 |0 10 S(m(E7 )em(E)) ATLAS-CONF-2019-008 LOLQ-bubu-ir i~ +jets, BLQ-bV)=100% Mo
2r 139 | % L] I06:08] 0.12-0.39 i ATLAS-CONF-2019-018 £E* stgtg-stvbb + jets, B(t* +tg)=100% Mo
2ep Ojets 139 7 0.7 ATLAS-CONF-2019-008 .
2ep =1 139 |7 0.256 @-miE ATL YY-bWbW-tvgdqd, B(Y-bW)=100% oy
- . TT-+bWbW-+£vqdqq, B(T-+bW)=100% My
3:.# nzx g : i 0.13-0.23 - 0.29-0.88 sauqﬁ - I ::zmsg TToAZZA(E* 515,14 0217) + jets, B(T+12)=100% My
T P . BRI} — Z . TT-stHtH-bgdbbbadbb, B(T-tH)=100% My
§ @ Direct ¥ prod. long-ived ¥} Disapp. trk  1jet Pure Wino 7120211 TS £ 1) s, T singlet e
28 Pure Higgsino ATLPHYS PUB-2017-01 TS 120 114 17) +ets, TT doublet e
TS , BBSWIWo(L #0417, £5051%) + ets, B(B-tW)=100% e
g-§ Stable g R-hadron . Multiple ) 1902.01636,1808.04095 BB-bZb7-+5qdbad, B(E-12 "
S S Metastable 3 R-hadron, g-qq¥] Muttiple miif)=100 Gev 1710.04901,1808.04095 BBbHbH, B(B-+bH)=100% e
LFV pp—si + X, 7 —seufet/ur eperur A4y =011, diyizaaas=0.07 1607.08079 BBo(1%, L2121 2 L*17) +jets, BB singlet Mo
e ot miss BBo(1%,£%1%,0%1%1%) + jets, B doublet o
TR IS — wwpzeeetr dep Ojets  E} 1804.03602 { £27) 4o foublet o
72 g—aa¥1. X - qqq 45 large-R jets 1804.03568 X XsastWEW(2 =, 1 £%) + fets, B(XsstW) My,
88, B—qa¥i Xy — 3t 5=, 12 1*) + et (513 fx,
N Mutiple ATLAS GO a018.003 XX tWEW(L 1 21%) + jets, BUK5-) e,
& . TurtZbqdt £, narrow T i
& 77, i), K] = 1bs Multiple: ATLAS-CONF-2018-003 bTu-btZ-bbqdt £ -, narrow T M,
fift, fi—bs 2jets+2b 171007171 BobHobbb, narrow B e
2ep 2b BR(7) —~be/by)>20% 1710.05544 B-tW-tv + jets, narrow B Mg
1 ov BR(i—qu)=100%, cost=1 ATLAS-GONF-2019-006 L s s L L
1 2 3 4 5 6 7 89
mass scale [TeV] -
1 Selection of observed exclusion limits at 95% CL (theory uncertainties are not included). EPS-HEP 2019
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

henomena is shown. Many of the limits are based on
simplified models, c.1. refs. for the assumptions made.
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://cms-results.web.cern.ch/cms-results/public-results/publications/

Dark matter? signature and phenomenology at collider

DM evidence & Empirical evidence of DM from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral

- no information about its nature

%k most studied class of theories: DM is a weakly interacting massive particle

7-9 October 2019 Deborah Pinna - UW 5



Dark matter? signature and phenomenology at collider

DM evidence & Empirical evidence of DM from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral

- no information about its nature

%k most studied class of theories: DM is a weakly interacting massive particle

assume weak
interactions with SM

A4

DM production & DM could be produced at colliders (rare process)

(o

SM

%k no direct trace in the detector, éut could create a
primbalance (MET)

- parton initial pr=0, conserved

ﬁ?iss _ Z ?T

“u DM

~ particle colliders

| Emiss| = missing transverse energy (MET)

%k need visible particle to which DM particle recoils
against

- “mono-X searches”. X includes jets, vector
bosons, top, ...

7-9 October 2019 Deborah Pinna - UW 6



Dark matter? signature and phenomenology at collider

& DM nature (+mpw)
O scalar (real or complex)

DM evidence
@ Dirac fermion (*assumption for LHC searches)

0

assume weak
interactions with SM

A4

DM production
(o

SM

k ~ particle colliders

investigate specific
interactions/final states

“u DM

Y~

DM signature

Deborah Pinna - UW
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https://inspirehep.net/search?p=find+eprint+1507.00966

Dark matter? signature and phenomenology at collider

& DM nature (+mpw)
O scalar (real or complex)

DM evidence
@ Dirac fermion (*assumption for LHC searches)

0

assume weak '
& Which type of events do we study at colliders?

interactions with SM
v . . . .
can assume different interactions (med. couplings gq, gom)
DM production .
(/ vector axial-vector q X(mowm)
SM -
S 9D Vudra | 92 A Med(Mmed)
SM ‘w DM ,
k particle colliders QI scalar PSCUdOS calar q X
c .
= ¢ ; 4 o5
o 94 /5 zf: yrt'f 975 zf:yf 7y parameters: mpm, Mmed, gq, EDM

investigate specific
interactions/final states

DM signature

<
\ S
~ \
e
badl >
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https://inspirehep.net/search?p=find+eprint+1507.00966

Dark matter? signature and phenomenology at collider

DM evidence & DM nature (+mpm)
W S O scalar (real or complex)
@ Dirac fermion (*assumption for LHC searches)

a ...

assume weak

interactions with SM & Which type of events do we study at colliders?

\ . . . .
can assume different interactions (med. couplings gq, gom)
DM production .
(/ vector axial-vector q X(mbm)
SM -
S 9D Vudra | 92 A Med(Mmed)
‘ Q. q “ gq gDM
SM *w DM ,
~ particle colliders QI scalar PSCUCIOSCGI ar q X
c .
= ¢ : iA a5
o _ & 95 D vl | 9 ;yff vy parameters: mpm, Mmed, gg, SOM
investigate specific f

interactions/final states

\4
L . - ATLASICMS DM forum
DM signature %k benchmark models: kinematically distinct set of model parameters [arXiv:1 507.00966]
t : ! t'X'<X Simplified models: Sgelfliﬁc mgdel;; Complete models:
t SMIBSM mediator  °5 < 728" %4 et eg. MSSM
f S s'\m\)\%e‘ers Mode
r@ ’ ’ N mofe tefs\

a
o )\f )\{- ) - more ’P‘“Ome
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https://inspirehep.net/search?p=find+eprint+1507.00966

How do we search for DM at colliders?

1 - Selection: DM appears as excess of events in MET tail wrt SM

- no very striking signature, eg. mass peak, mr kinematic endpoint
- look for excess in region enriched in signal (signal region - SR)

2 - Blg: precise modeling and evaluation of other processes in SR essential

- achieved through use of multiple control regions (CRs)

2 - Reslts: Compare SM predictions with data

- excess of events in data. Did we find DM?
- no excess, interpret result in terms of theory model parameters

7-9 October 2019 Deborah Pinna - UW
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: ** DM signal
N * SM bkg \

. + data
SR

MET
A
SM bkg
+
+, + ot CRs
L
MET — SM bkg

N ‘\_id‘ata

MET

(%]
X
c
(o]
(%]
=
=
|

10



How do we search for DM at colliders?

// ** DM signal X
AN e
1 - Selection: DM appears as excess of events in MET tail wrt SM | +Z;4tabkg
| SR
- no very striking signature, eg. mass peak, mrt kinematic endpoint ;
- look for excess in region enriched in signal (signal region - SR) ' ME?
A""‘”-:. it CRs
2 - Elcg: precise modeling and evaluation of other processes in SR essential +4
- achieved through use of multiple control regions (CRs)

3 - Reswlts: Compare SM predictions with data

- excess of events in data. Did we find DM?
- no excess, interpret result in terms of theory model parameters

%k accurate E calibration/resolution of visible objects ("fake” MET from mis-measured jets)
% mitigate effects from additional pp collisions (pile-up)
% MET thresholds affected by trigger (very high collision rates)

% precise particle reconstruction and identification

7-9 October 2019 Deborah Pinna - UW 11



Spin-1 mediator:
simplified and extended sectors

Signature: large MET and =1 high-p jet/vector boson/photon
mono-jet mono-V(=W.2)|Z’

4

% ATLAS:JHEP01(2018)126
(2015+2016) (2015+2016)

s« CMS: PRD97.092005(2018)
(2016)

Losw ST M

Reminder:

vector axial-vector

@>_V.aor'a | @ A
q q

* choose X to increase xsec or bkg rejection

2 CMS:HEP02(2019)074
(2016)

s ATLAS: EPJC77(2017)393
(2015+2016)

%k selected most recent results


https://link.springer.com/article/10.1007/JHEP01(2018)126
http://dx.doi.org/10.1007/JHEP10(2018)180
https://link.springer.com/article/10.1007/JHEP02(2019)074
https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005

DM +_let SeaI‘Ch & ATLAS: JHEP01(2018)126

91-5 e zt . bz_g . > 107 L S B S S B S S N S B B S S B S B N S B B N S S S
. ‘ 8 ATLAS ®  Data2015+2016
~ 10° 4 Standard Model
P Vs =13 TeV, 36.1 fb B 2 V) +jets
S 10° k= Signal Region e B W ) + jets
u>.| pT(H )>250 GeV, ET >250 GeV - Z(— ) + jets
10° B i - single top
B Diboson
10° multijets + nch
----- m(b, 7)°) = (500, 495) GeV

%k =1 jets, pr(j1) > 200 GeV major: 102
DM Z(vwv), tt, 10

& :, * MET > 250 GeV W(lv)+jets A e e .t

¥ DM % lepton veto from CRs -

..... (Mg M,,.)= (400, 1000) GeV
ADD, n=4, M_=6400 GeV

= - [ Stat. + Syst. Uncertainties T —
> 1Fo--0--2. . .@aae. LI ] $ s m——— * ................. ]
I I — ’
[m] o i

0.8

300 400 500 600 700 800 900 1000 1100 1200
ET* [GeV]

& 3- Rewlts: signal extracted through combined fit of SRs and CRs (systematic unc. as nuisance parameters)

= I o _36
/ . % 1000_ ATLAS Expected limit£2a,, _ og 10 -
| vector/axial-vector S Vs = 13 TeV, 36.1 fo” B Expected limit (¢ 10,,,) — C
- Vector Mediator E
g Dirac Fermion DM ——— Observed limit (+ 165‘2:,'&,””) é 1 0_38 -
. "C'/'V'I 'S' e 'I' "t gq= I gDM =] Sg)c"s;.oézl.sl‘i:\);ts- ’ adDM) g ~
. :simiar - _ _ i 40|
. . q al10
= strategy, but : - N AT iz B
:  targets 500~ R j0-42
E mono_]et/v E i / 90% CL limits
:  together : - i — Picoo0 T
:l EEEEEEEEEEEEEEE l: = ‘."‘ 1 0-44 n ATLAS Axial-Vector Mediator ]
q / ‘ V5 =13 TeV, 36.1 fo' Dirac Fermion DM |
2 o L gq=0.25,g‘= 1.0 i
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DM +_let SeaI‘Ch & ATLAS: JHEP01(2018)126

bq-f e zt . bz-g . > 107 L S B S S B S S N S B B S S B S B N S B B N S S S
. * 8 ATLAS ®  Data2015+2016
~ 10° 4 Standard Model
P Vs =13 TeV, 36.1 fb B 2 V) +jets
S 10° k= Signal Region e B W ) + jets
u>_| pT(J1 )>250 GeV, ET >250 GeV - Z(— ) + jets
10° B i - single top
B Diboson
10° multets + ncb

DM %k =1 jets, pr(j1) > 200 GeV major: 102 e
Z(vwv), tt, o o
& :' * MET > 250 Gev W(lv)+jets ‘ N T e

¥ DM * lepton veto from CRs " B .. [ s
= PP sa syt Uncenainies Ty T + ............ ]
3 1 pomstcadoa b LI ] $ s m——— * ................. -
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& 3- Rewlts: signal extracted through combined fit of SRs and CRs (systematic unc. as nuisance parameters)

) - T T T T | T T T T | fr— —36
/ %) 1000 ATLAS Expected limit 2, oé 10 f_
[ : - - o
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Dirac Fermion DM 2 Observed limit (+ 107202 g 10
EEEEEEEEEEEEEEEER f— j— i gq-0.25.gx-1.0 —
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= CMS: similar : . _ - 8 o
- = i (=) _—
: strategy, but : LY <k KZ i
: targets  : 500(- ol
= mono-jet/V : - -
. ] . — 90% CL limits
:  together : - i — Picoo0 T
:lllllllllllllllll: 10-44:__ ATLAS Axial-Vector Mediator ]
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comparisons possible only in the context of a benchmark model

LHC DMWG , o
sk essentialto ‘fully=specify model/parameters and be aware of limitation 14
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DM+V/Z’ search

& ATLAS:JHEP10(2018) 180

B 1 - Selection: events categorized based on vector boson boost, b-jets multiplicity

merged
%k =1 jets, pr(j) > 200 GeV
* MET > 250 GeV

%k invariant mass jet consistent
with V/Z’

%k 2-prong structure inside jet

DM
&
¥ DM
J (larnge-come jet,
. R=0.9,1.0]

mono-V
> """ [rerrrreTT [rorrrreTT I"""'D"tl """"" [rerrrrTeT [rrT
- : Q 10°E ATLAS = Z1jets
4 2 g% 9 - {s=13TeV, 36.1 fo" %;’f"ﬁgﬁgmpquam
Il -g') - merged topolio -Dil?oi$eon
- tt, Z(vv) and W(lv)+jets 5 10 Sr porged opckoay %Afgégsggggg%nucﬂainty
main bkg, from CRs e —Homv(, = 100%
— - Vector Mediator Model
10 mz =600 GeV, m =1 GeV
1 .3.‘
& 3- Results: combined fit of SRs o ——
and CRs 1072 —
_ SyStematiC unC_ included aS c% 1-5;||||||||||||||||-i-|-|-|-|"|-|-|-|-|||||||||||||||||||||||||||||||||||_E
nu |S ance p aram et ers % 0 51 g"“‘ 2o aaninninsl *“.‘.\.\.i\'.\.\.\.\.?.\.\.\.\.’.\‘\.‘?‘.\.\;\'.\.\.\.‘:'?.\I‘.\b?.\.\.\.\.ﬁj
TEoa b b oo oo b Lo 3
e 400 600 800 1000 1200 1400
E™ [GeV]
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resolved

%k not selected as merged
% =2 jets, pr(j) > 30 GeV
*k MET > 150 GeV

1 W+iets

[ tt + single top

Diboson

1 Multijet

N\ Background Uncertainty
Pre-fit Background

— - Dark Higgs Model
my, = 350 GeV, m = 5 GeV
— . Dark Fermion Model

m, = 700 GeV
m,’ =175 GeV

Vs=13TeV, 36.1 fo

SR: resolved topology
0 leptons, 0 b-tags

Events / GeV

=

w» : 3 3

B a 2 ’\-\\\\’\’\\\\’\'\\\\’\"\\\'\v\\\\-\c\\\\'\c\;

8 0'5-%l|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||l||||—i
2000 400 600 800 1000 1200 1400

EM* [GeV]
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DM+V/Z’ search

& ATLAS:JHEP10(2018) 180

& Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section

K Simplified vector model

q W,Z
g,=0.25 gom=1
X
q

: I T T I T T T T T T I T T T I T T T I T :
— — 0, —
- -1 o .
goo[ V5 =13TeV. 361 (+1cand +20)  —
- Mono-W/Z(qq): Vector, Dirac Relic density ]
500~ gsm =0.25, gpy = 1.0 —
400~ «\* =
- i .
300~ < 3
200 N =
100 2~ |y =

Lok

| | I | I'\ |
200 400 600

| | I | | | I | | | I |
800 1000 1200 140
mz’ [GeV]

:  CMS:similar strategy, but  :
: targets mono-jet/V together :
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DM +V/Z, SeaI‘Ch & ATLAS:JHEP10(2018)180

& Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section

K Simplified vector model

q W,Z

g4=0.25 7 goM

X

q

; : T T T I T T T T T T I T T T T T T I T T T I T \0 T I T :
g7 amas — Qe s
[} N _ —1 (o] B
- 6001 Vs =13TeV, 36.1fb (@loand 120)
E - Mono-W/Z(qq): Vector, Dirac Relic density .
500 T Osm = 025, 9om = 1.0 ]
400~ ’L‘M —
- i .
300 i =
200 4 E
100 L~ E

4 P R T i ol b
0 200 400 600 800 1000 1200 140
K " [w

:  CMS:similar strategy, but  :
: targets mono-jet/V together :
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DM+V/Z’ search

& ATLAS:JHEP10(2018) 180

& Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section

K Simplified vector model

q W, Z
g4=0.25 o gom
X
q
; : T I T T T T T T I T T T T T T I T T T I T \0 T I T :
g7 amas — Qe s
[} N _ —1 (o] B
~ 600 Vs =13TeV, 36.1fb (+1c and +20) =
E - Mono-W/Z(qq): Vector, Dirac Relic density ]
500 gsm = 0.25, 9om = 1.0 .
400~ m.f\}/ —
- i ]
300 i =
N . =
100~ I =
£ JHTN IR IO e : L | [ | L1 1 | 1 ]
200 400 600 800 1000 1200 140

mz’ [GeV]

-

CMS: similar strategy, but
targets mono-jet/V together
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K Dark-fermion model
Z’ couples to heavier dark-sector

fermion X2 and DM

.
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o) 103_‘ [T I I ]
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10!

100
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Dark-Higgs model
Z’ radiates dark-sector Higgs (hp—XX)
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% | First result| for DM production in association with a new vector boson Z’
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Spin-1 interactions

Vector mediator, Dirac DM

0.2 gq=0.25,gi= 0, g,= 1

Simpliﬁed vector model %k ATLAS:JHEP05(2019)142(2015+2016)
— 1 .6 L L e G | " L |

q W.Z E [ ATLAS :

g,=0.25 E‘ 1.4:— E

/ = P i

gom=1 4 1.2 : ’ ]

q X i (01,* ]

e K4 -

%k low sensitivity to off-shell region due to strong I ) "\,(0 .

reduction of production cross-section 0.8F o —

% Can we recover the sensitivity? 0.6[ 4 .

0.4F r -

0 05 1 15 2 25 3 35 4
mZ.A[TeV]
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Spin-1 interactions: “the invisible through the visible”

Simplified vector model
q W, Z
g,=0.25
Z/
gom=1
q

X

m, [TeV]

%k low sensitivity to off-shell region due to strong

reduction of production cross-section

%k Can we recover the sensitivity? visible decays

gDM X 89
‘V\I\I< > W\/‘(
7' X 7' q

2 mediator
- harrow resonance

89—

- wide resonance

& interplay changes
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q

%k ATLAS: lHEP05(20I9H4 (20I5+20I6)

1.6 e R
-.?ﬂ‘u‘s*?rehml ry ; ,// e w/\"y i
1 4 13 TeV JL]| 2019 ] _
N ’.0,' a\@ -
S /' g i
1.2 S bE reéq -
B / ]
S / _
¢ y ]
B / i
0.8 ! /| ]
B « - . -
0.6 | & ]
: 5. 'x..-'ﬁ ' ]
R Y e | i
0.4 ':'? :" / I H
SN / i
0.0 R Eﬁlss +X Axial-vector mediator, Dirac DM -
. = gq=0.259|=0!gx=1 -
Al limits ar 95% CL ]
0 0.5 1 1.5 2 2.5 3 3.5 4
m; [TeV]
— ET™+X — Dijet — tf resonance
ET**+y, 36.1 fo” Dijet, 37.0 fb 36.1 fb

Eur. Phys. J. C 77 (2017) 393
ET™+jet, 36.1 b

JHEP 1801 (2018) 126
ET**+Z(ll), 36.1 fb”

PLB 776 (2017) 318
ET™+V(had), 36.1 fb™

JHEP 10 (2018) 180
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PRD 96, 052004 (2017)
Dijet TLA, 29.3 fb™

PRL 121 (2018) 0818016
Dijet+ISR, 79.8 fo™'

PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fb
PLB 788 (2019) 316

Boosted di-b+ISR, 80.5 fo™
ATLAS-CONF-2018-052

EPJC 78 (2018) 565

— bb resonance

36.1 b
PRD 98 (2018) 032016
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Spin-1 interactions: “the invisible through the visible”

Simplified vector model
q W, Z

g,=0.25

gom=1 Z

q X

%k low sensitivity to off-shell region due to strong
reduction of production cross-section

%k Can we recover the sensitivity? visible decays
gDM X 8q
’W\( EE— W\/‘(
A X A

2 mediator

q

q

- harrow resonance

89—

- wide resonance

& interplay changes
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— ET4X — Dijet — Dilepton
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Can we infer more on
new physics from this signature?

Signature: large MET and =1 high-p+ jet

mono-jet extra-dimension

»

% ATLAS: JHEPO1(2018)126 % ATLAS: [HEPO(2018)126
(2015+2016) (2015+2016)

% CMS: PRD97,092005(2018) % CMS:PRD97.092005(2018)

(2016) (2016)

%k selected most recent results



Extra-dimensions: possible explanation to hierarchy problem

2 ADD model

- n additional ED compactified on a torus of radius R

- SM particles and interactions confined to the 3+1 dim

- gravity diluted in 4+n dim

- increased phase space available in EDs enhance gravitons (G) production

M = MR

Mp: &WMM Dlanet. scale
Mpe: apparent G-dim Planck scale

% G produced in pp collisions escape undetected into EDs  mene-4et sigmatine
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Extra-dimensions: possible explanation to hierarchy problem

2 ADD model

- n additional ED compactified on a torus of radius R

- SM particles and interactions confined to the 3+1 dim

- gravity diluted in 4+n dim

- increased phase space available in EDs enhance gravitons (G) production

M = M, /R;

Mp: WM‘W Dlanet. scale
Mpe: apparent G-dim Planck scale

% G produced in pp collisions escape undetected into EDs  mene-4et sigmatine

& DM+jets interpretation in terms of ADD ED model: lower limits at 95% CL on Mp as a function of n
35.9 fb" (13 TeV)

T - [ T T T T T

Ly | |
> 1 ATLAS E 16 - CMS
=, fs =13 TeV, 36.1 fb" ] X —e— Observed
% imits. mss> n 14 —
ED 10 9_5 (/): SL el;:/n:::'li?\it 400GeV 3 - - Median expected
S e . Observed limit + 16 ] 12 | B 68% expected
= 9 - -Expected limit E 95% expected
é g IgpeCted limit + 16 E 10 - —e— CMS, 8 TeV, 19.7 fb’!
— ; pected limit + 2 ¢ E < -
(O] _ -1 ] D
g ATLAS {s=13TeV, 3.2 fb E e
(@) N (=)
-~ =
= 2k -
| | | | [ 1 1 1 1 1
3 4 5 6 2 3 4 5 6
Number of extra dimensions Number of extra dimensions
TAS\ Mo < 7.7 (4.8) TeV for n=2(6) cMs| Mo < 9.9 (5.3)TeV for n=2(6)

excluded excluded
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Extra-dimensions: possible explanation to hierarchy problem

& Warped extra dimension model

Planck-brane TeV-brane
- one single compact extra dimension Bulk model

- in which both gravity and all SM fields propagate 5D bulk —

- gravity exponentially suppressed from Planck to TeV brane _ Q e
- massive spin-2 resonance, first Kaluza—Klein excitation of graviton (G) Sl P

- strength of the coupling depends on k=k/Mpj (k curvature of ED) w_— IR

- production through quark-antiquark annihilation and gluon-gluon
fusion, decay to WW, ZZ, HH  wisible sigpatunre
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Extra-dimensions: possible explanation to hierarchy problem

& Warped extra dimension model

Planck-brane TeV-brane
- one single compact extra dimension \ Bulk model
- in which both gravity and all SM fields propagate 5D bulk
I H ermion Higgs
- gravity exponentially suppressed from Planck to TeV brane K
gravity

- massive spin-2 resonance, first Kaluza—Klein excitation of graviton (G)

Gauge Boson

_ strength of the coupling depends on k=k/Mpj (k curvature of ED) e IR

- production through quark-antiquark annihilation and gluon-gluon § CMS: arXiv:1906.00057

fUS|On, decay to WV\/, ZZ, HH wa W @ ATLAS: arXiv:1906.08589

& Plethora of final states considered based on VV decay: upper limits at 95% CL on prod. xsec as a function of mg
1 04 10 2016 diboson combination 35.9fb" (13 TeV)
§III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I§ 3 *:—||||II|IIII|IIII|IIII|IIII|IIII|IIII3
- ATLAS Observed 95% CL upper limit . o - CMS Combination .
- - ) N ——— WW — qqqq (PRD 97(2018)072006)
10% (s=13Tev, 139 0" ... Expected 95% CL upper limit 3 T I —— WW - Ivqq (JHEP 05(2018)088) ~
e — 2o eroseuane
r — — N - —_— —>VV =
B VV —qqaq Bulk RS, k/Mp, =1 s, 77 > Ich_? ?JHEP 09(2018)101) .
< R —— ZZ - Ilvv (JHEP 03(2018)003) .
< “'* .... —— HH — bbbb (PLB 781(2018)244) .

NN ——— HH — 1tbb (JHEP 01(2019)051)

107"
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o(pp = G ) x B(G_ — WW+Z2) [fb]
2
T IIIIII|

a = 95% CL upper limits S
107 —— Observ R D
C -3 __
10—2 T H  A  T NTHT HT T N T A A Y O R R B N A 10 IE c e P
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W= Ww, 22 W= WW, 22, HH

| ATLAS v CMS v
mc < 1.8TeV, for K=1.0 mc < 850 GeV, fer k=0.S
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Reminder:

| scalar | pseudoscalar
9 oA _
@ zf:‘f @ ;‘f 7f

* choose X to exploit coupling < to quark
mass (or increase xsec)

Spin-0 mediator: simplified models

Signature: large MET and 1(2) top quarks
DM+top: titW-channel

L}
By

% CMS:JHEP03(2019)141, (2016)

s ATLAS: JHEP05(2019)41 (2005+2016)
[top+DM, different mediators: +2/3 charged,
colored spin-0, or spin-1_with FCNC interactions ]

*

~
), '.\’ \/
'O
p >
\ A

CMS: PRL122.01 1803(2019)
(2016)

ATLAS: 0¢/2¢ EPJC78(2018) 18
14/JHEP06(2018)108, (2015+2016)

%k selected most recent results


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.011803
https://link.springer.com/article/10.1140/epjc/s10052-017-5486-1
https://link.springer.com/article/10.1007/JHEP06(2018)108
https://link.springer.com/article/10.1007/JHEP03(2019)141
https://link.springer.com/article/10.1007/JHEP05(2019)041

DM +t(tt) SeCH‘Ch & CMS:JHEP03(2019)141

B 1 - Seleetion: events categorized based on #leptons, # b-jets and #forward jets

forward jet 0 é | | (
% leptons veto: e,y %k 1 lepton: isolated e,y
%k 2 3 jetS (imallcon) %k 2 2 jetS (umallcon)
=1, 2 2 b-tagged jets %k =1, 2 2 b-tagged jets
* MET > 250 GeV * MET > 160 GeV
+0 or = | forward jets (InN|>2.4) +0 or > | forward jets (In|>2.4)
14, 1b, 0 forw. jets 0¢, 2b
359fb (13T9V) . 359fb (13TeV)
b2 L L B M n 10 AR B L B ‘i
B 2- gkg § 1L CMS + Data -2(||)+ jets 5 CMS ¢ Data .2(n)+ jots -
w 1, SR, 0 FJ B Z(w) + jets I W() + jets - 0l 2 b tag, SR B z(vw) + jets B W(W) + jets _g
_ ; ; . tt t+X tt t+X -
tt’ V+-I ets main bkg’ from 0 Bvv.vH [ ]Fitunc. 3 BV, vH  [T]Fitunc. ]
CRs 10 g
107 .- Pre-fit ___t, tt+DM, e Pre-it __t, tt+DM, .
m,=100 GeV 107 m,=100 GeV
10
10
2 3- Reslts: combined fit of SRs ‘ .
Gnd CRS 2 14 1.4
) ) ‘\n 1.21 g 1.21
- systematic unc. included as  § g § oo
nuisance parameters 3, 2 g, 2
250 300 350 400 450 500 550
P (GeV)
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DM+t(tt) search

& CMS:JHEP03(2019)141

B 1 - Seleetion: events categorized based on #leptons, # b-jets and #forward jets

forward jet

04

% leptons veto: e,y
%k 2 3 jets (jumalloon)
%k =1, 2 2 b-tagged jets
* MET > 250 GeV
+0 or = | forward jets (|n|>2.4)

I{

%k 1 lepton: isolated e,y
%k 2 2 jetS (jumallcon)
%k =1, 2 2 b-tagged jets
* MET > 160 GeV
+0 or > | forward jets (|n[>2.4)

B 3- Raults: interpretation in terms of DM model with Dirac DM upper limits at 95% CL on xsec

35.9 fb (13 TeV)

scalar/pseudoscalar interaction &

B 9
gq=1

Scalar, Dirac x,gx=gq=1, m, =1GeV

g DM— I N Observed 95% CL
Median expected 95% CL (t+DM, tt+DM)
B 68% CL expected
95% CL expected
-=-:« Median expected 95% CL (t+DM)

-a=-= Median expected 95% CL (tt+DM) ,*

o
0
o

Pseudoscalar, Dirac y, 9,=9, = 1, m =1GeV

Observed 95% CL
Median expected 95% CL (t+DM, tt+DM)
P 68% CL expected
95% CL expected
-=-:« Median expected 95% CL (t+DM)

359fb (13%“

-a-= Median expected 95% CL (tt+DM)

* | First search \at LHC for DM+t or DM+tt in scalar/pseudoscalar interactions

sk up to x2 limits improvement at high mediator masses wrt previous DM+tt results
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Spin-0 interactions: “the invisible through the visible”

Simplified scalar/pseudoscalar model

%k low sensitivity to off-shell region due to strong reduction
of production cross-section

& CMS: arXivl 908.06463

200 EMS 137 fb™" (13 TeV) 200 SMS 137 b~ (13 TeV)
600 - 600 1
scalar pseudoscalar
500 - 500 1
S 400 - > 4001
[0)) é'lm‘( [} 22mMx
S i e S e
> >
£ 300+ g 300
% Selection:
. pr Ly
2 same-sign leptons or at least 2001 =L 2001 e —
) " 95% CL exclusion regions - / / 95% CL exclusion regions
three leptons, and jets =1 Obs. (gsu =1, gou=1) : / / (W Qbs. (G5 =1, Gom = 1)
100 1 1 Exp.(gsu=1,gom=1) 1001 ] Fo B2 B lgsm=1,00u=1)
CZ71 Obs. (gsw =1, gom = 0.5) " o |E22 Obs. (9sm =1, 9ou =05)
¥ mmep > 2 my C27 Exp.(gsu =1, gou =0.5) i {1 T=2 Bxp.(gsu=1.00m=05)
o 0 A . 1 ! : . .
200 200 500 600 200 300 400 500 600 700
my (GeV) Ma (GeV)
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o PR LS

' Higgs boson discovery
:234 Mev/c? Z;;BGCWCI ;372.44 Gev/c =125.09 GeV/c2

/2 a 12 3 12 a 0

u JU charm J top J 0 H
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GAUGE BOSONS

2|2 e
Higgs boson: " s e
extended sectors and invisible decays

Signature: large MET and one Higgs boson candidate

2 Various decay modes considered, H —

mono-H(bb) H invisible decays
Lo
H H ....... < ~~$
) Rl A % ATLAS: CONF-2018-039 %  ATLAS:PLB793(2019)499
Y (”’W)'-’(ZO e (2015+2016+|2017]) % ATLAS:PLB793(2019)499
%  ATLAS:JHEP05(2019)142 %  CMS:PLB793(2019)520
s ATLAS (yy): PRD96(2017)1 12004 (2015+2016) Rl
(2015+2016) % CMS:EP|C79(2019)280,(2016)
% CMS(WVV,ZZ)(-'ZC(J;I)Z)V:WO&OI 713, % CMSJHEPI1(2018)172,(2016)

selected most recent results

k


https://arxiv.org/abs/1908.01713
https://link.springer.com/article/10.1007/JHEP09(2018)046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112004

& ATLAS: CONF-2018-039 & CMS:EPIC79(2019)280

mOnO-nggS’ bb decay & ATLAS:JHEP05(2019)142 & CMSJHEPI[(2018)172

2 1 - Selection: different approach based on Higgs boson boost

large boost

CMX 1 jet, pr (j) > 200 GeV
%k [1,2] b-tagged jets categories
%k Jet invariant mass in my range

@similar, with jet radius(pr) for
b-tagging [MET>500 GeV, 2 b-jets]
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https://cds.cern.ch/record/2632344
https://dx.doi.org/10.1007/JHEP05(2019)142
https://link.springer.com/article/10.1140/epjc/s10052-019-6730-7
https://link.springer.com/article/10.1007/JHEP11(2018)172

. . & ATLAS: CONF-2018-039 & CMS:EP|C79(2019)280
mon O'H | g gS bb d ecay & ATLAS:JHEP05(2019)142 & CMSJHEPI[(2018)172
2 1 - Selection: different approach based on Higgs boson boost
large boost medium boost CMS
H'w ....... Hiw .......
CM3% 1 jet, pr (j) > 200 GeV * similar approach as large
%k [1,2] b-tagged jets categories boost, but with “larger
%k jet invariant mass in mu range cone” to reconstruct the jet
@similar, with jet radius(pr) for

b-tagging [MET>500 GeV, 2 b-jets]
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https://cds.cern.ch/record/2632344
https://dx.doi.org/10.1007/JHEP05(2019)142
https://link.springer.com/article/10.1140/epjc/s10052-019-6730-7
https://link.springer.com/article/10.1007/JHEP11(2018)172

& ATLAS: CONF-2018-039 & CMS:EPIC79(2019)280

resolved

%k 2 2 jets, pr(j) > 20 GeV ( usttcon)
% = 2 b-tagged jets

% 3 MET regions in range [150,
500] GeV

mon O'H | g gS' bb d ecay & ATLAS:JHEP05(2019)142 & CMSJHEPI[(2018)172
2 1 - Selection: different approach based on Higgs boson boost
large boost medium boost CMS
H,w ....... Hiw .......
CM3% 1 jet, pr (j) > 200 GeV * similar approach as large
%k [1,2] b-tagged jets categories boost, but with “larger
%k jet invariant mass in mu range cone” to reconstruct the jet
@similar, with jet radius(pr) for

b-tagging [MET>500 GeV, 2 b-jets]
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https://cds.cern.ch/record/2632344
https://dx.doi.org/10.1007/JHEP05(2019)142
https://link.springer.com/article/10.1140/epjc/s10052-019-6730-7
https://link.springer.com/article/10.1007/JHEP11(2018)172

& ATLAS: CONF-2018-039 & CMS:EPIC79(2019)280

mOnO-nggS‘ bb decay & ATLAS:JHEP05(2019)142 & CMSJHEPI[(2018)172

2 1 - Selection: different approach based on Higgs boson boost

large boost medium boost CMS resolved
H'ggS ....... Higs ....... H'ggs .......
CM3¢ 1 jet, pr (j) > 200 GeV % similar approach as large * 2 2 jets, pr(j) > 20 GeV (uton)
%k [1,2] b-tagged jets categories boost, but with “larger % = 2 b-tagged jets
%k jet invariant mass in my range cone” to reconstruct the jet %k 3 MET regions in range [150,
. o : 500] GeV
ATLAY similar, with jet radius(pr) for

b-tagging [MET>500 GeV, 2 b-jets]

XX Background Uncertainty

----- Pre-fit Background

— - mono-h Z’-2HDM

m,. = 1400 GeV, m, = 600 Ge
Ogignal = 3.75fb

>60_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
© [ ATLAS Preliminary - o%%
Q) . 4 B3 St
o 50— Vs=13TeV,79.8 b [ Diboson
AN - SR (Merged) : 0 lepton -tt+_single top
~ - miss [ Z+jets
B 2_ . " C ET** > 500 GeV Waiots
£ 40\ 2 p-tags w4
()
>
L

- VH+jets, tt main bkg, normalization (shape) from CRs 20

20k

B 3- Redts: combined fit of SRs and CRs
- mt(MET, H) for large boost (CMS) 10

II|IIII|IIII<|IIII|IIII|IIII

- MET for medlum bOOSt E 1 g:_l T T T | T T T T | T T T | T T T T |
- muy in different MET ranges large boost+resolved (ATLAS) (cf%s 1*\\};\;\\\\\\\‘*@%&\\\\\\?&*%&@\\%
‘) 05;_ L1 |_0_| [T |_"_| L0 | E

50 100 150 500 550
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https://cds.cern.ch/record/2632344
https://dx.doi.org/10.1007/JHEP05(2019)142
https://link.springer.com/article/10.1140/epjc/s10052-019-6730-7
https://link.springer.com/article/10.1007/JHEP11(2018)172

mono-Higgs combination: rich phenomenology

& CMS:arXiv:1908.01713
& ATLAS:JHEP05(2019)142

& ATLAS:JHEP05(2019)142

& Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section

Z’ baryonic: Z’ radiates a Higgs h
and decays to DM, non-resonant

q

— h(WW) == h(ZZ) =—h(bb)

35.9 b (13 TeV)

£ — T T T [ T T T T [ T T T T [ T T T T
\b 10°- CMS Preliminary — combination = h(bb)
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https://arxiv.org/abs/1908.01713
https://dx.doi.org/10.1007/JHEP05(2019)142
https://link.springer.com/article/10.1007/JHEP05(2019)142

mono-Higgs combination: rich phenomenology

& CMS:arXiv:1908.01713

& ATLAS:JHEP05(2019)142
& ATLAS:JHEP05(2019)142

& Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section

—

Z’ baryonic: Z’ radiates a Higgs
and decays to DM, non-resonant

q

— h(WW) == h(ZZ) =—h(bb)
T T T | T T T T | T T T T |
CcMSs Preliminary

Baryonic Z', Dirac DM
9q=0-25, g, = 1,m =1 GeV
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K Z’-2HDM: 2HDM + Z" = h A,
“resonant” to the Z’ mass

q X

N
X

V4 N
\\
q h
= h(bb)
100 CMS 35.9fb" (13 TeV)

SR ‘ 2T Observed

(\5", 1100R Expected

----- + 1 std. deviation
-..- + 2 std. deviation

m,= 100 GeV
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400|
Qmoo 1500 2000 2500 3000 3500 4@
m,. (GeV)
CMS
med. boost ATLAS excl.up to 2.8 TeV

(79.8 fb-!), CMS up
3.2TeV (36 fb-!) in mz
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2HDM+a: 2HDM+light pseudo a,
a couples DM to SM, mixes with A

h/Z
. ,
(l\‘\( X
%
=E7=+h(yy) —ET*®+2Z(Il)
PRD 96 (2017) 112004  PLB 776 (2017) 318 = Emiss+h (bE)
—EM™17(qa) =h(inv) fs=7,8 Tevi.7,203 " T
JHEP 10 (2018) 180 JHEP 11 (2015) 206,
— 2000p . . .
= HATLAS Fim, >20%
s = BB A Ay ki E
O, 1800jVs=13TeV, 361 2HDM+a, DiracDM
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https://arxiv.org/abs/1908.01713
https://dx.doi.org/10.1007/JHEP05(2019)142
https://link.springer.com/article/10.1007/JHEP05(2019)142

mono-Higgs combination: rich phenomenology

& CMS:arXiv:1908.01713

& ATLAS:JHEP05(2019)142
& ATLAS:JHEP05(2019)142

& Interpretation in terms of DM model with Dirac DM: upper limits at 95% CL on cross section

Z’ baryonic: Z’ radiates a Higgs
and decays to DM, non-resonant

q

— h(WW) == h(ZZ) =—h(bb)

35.9 b (13 TeV)
T T T T

_‘_C_‘ T T T T | T T T T | T T T T |
E 10°- CMS Preliminary — combination = h(bb)
b E Baryonic Zl, Dirac DM .combinationﬂo — h(tT) E
B g =0259g =1, m =1 GeV combinationt20  =——h(yy)
- K * —h@2) —howw) |
102 £ Solid (dashed) lines: observed (expected) 95% CL limits_ -.=
] S =

N
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@ CMS up to 1.6 TeV in mz
AT
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f Z-2HDM: 2HDM + Z2 —hA,
“resonant” to the Z’ mass
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https://arxiv.org/abs/1908.01713
https://dx.doi.org/10.1007/JHEP05(2019)142
https://link.springer.com/article/10.1007/JHEP05(2019)142

& CMS:PLB793(2019)520

Higgs: a portal to the invisible? § s L1z rlanico

B DM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM Higgs IR 4
- gluon fusion (MET+) ‘s
- associated VH (MET+V)
%k vector-boson fusion (MET+2jets)
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https://www.sciencedirect.com/science/article/pii/S0370269319302576?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319302564?via=ihub
https://dx.doi.org/10.1103/PhysRevLett.122.231801

& CMS:PLB793(2019)520
& ATLAS:PLB793(2019)499

Higgs: a portal to the invisible? § s nse0icnty

B DM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM Higgs -
- gluon fusion (MET+) JRREN DM
- associated VH (MET+V)
%k vector-boson fusion (MET+2jets)

2 1 - Selection:
- 2 jets (large |4nj|, small |[4®;|), MET > 180-250 GeV

[T U U

> 2- Blg:
- V+jets main bkg from CRs

Experimental clallenges
%k precise estimation of bkg mj shape distribution, signal as excess of events at large m;

%k excellent calorimetry in forward region to measure jets

7-9 October 2019 Deborah Pinna - UW 40


https://www.sciencedirect.com/science/article/pii/S0370269319302576?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319302564?via=ihub
https://dx.doi.org/10.1103/PhysRevLett.122.231801

& CMS:PLB793(2019)520

Higgs: a portal to the invisible? § st L 2ia0ic01

B DM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM Higgs -7
- gluon fusion (MET+) RREIEN
- associated VH (MET+V)
%k vector-boson fusion (MET+2jets)

B 3- Reslts: combined fit of SRs and CRs to mj

—

\ATLAS-\ 3 bins
cms = shape distribution

491" (7 TeV) +19.7 o (8 TeV) +38.2 fb™ (13 TeV)

> B | | | | ] = Ir | |
? 1= ATLAS Preliminary _ % oo CMS E
T B Vs=7 TeV, 4.7 fb™ ] £ g —e— Observed
m = Vs=8 Tev, 203 fo T £ 08 3 --©-- Median expected E
c 0.8 \s=13TeV,36.11b"  — T .0 E
S = Observed limit ] = r B 687% expected ]
.é ICLLLT] EXpeCted I|m|t 1o — 8 0.6 :_ 95% expected _:
.= O0.Occnman=e  ammm Expected limit x20 — Pt ]
— All limits at 95% CL £ o5F 3
@ ] &
S 0.4+ _ g 0.4F E
B = - 4 f
L - (-3 0.31
- f(\) C
0.2 S 0.2
B ] 0.1
0 | | | | _ _ C | |
Vé{Tjal‘.]d.)ZH ZSEE)ZH R\{JBHFZ C?qrzglrzled C%I’Et;lqed CF?[T:]b‘IIr-:-ezd OCombined 7+48+13 TeV Combined 13 TeV Combined 7+8 TeV
ATLAS\ BR(H—>isw) <0.26(0.17) obs(exp.) CMS | BR(H—>imu) <0.19(0.15) obs(exp.)
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https://www.sciencedirect.com/science/article/pii/S0370269319302576?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319302564?via=ihub
https://dx.doi.org/10.1103/PhysRevLett.122.231801

& CMS:PLB793(2019)520
& ATLAS:PLB793(2019)499

Higgs: a portal to the invisible? § s nse0icnty

B DM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM Higgs 4
- gluon fusion (MET+) s
- associated VH (MET+V)
%k vector-boson fusion (MET+2jets)

B 3- Resaulls: translated into a spin-independent DM-nucleon elastic scattering xsec limit [PLB709(2012)65]
%k mpwm smaller than half of my, interaction between DM and nucleus mediated by H exchange

49" (7 TeV) +19.7 b (8 TeV) + 38.2fb™ (13 TeV)

— — 107¥ ; — ;
(a\] E } & I T ?
= - B <024 ATLAS Prelim. 5 o[ CMS %% CLlimits
O, 3 All limits at 90% CL  Vs=7TeV, 47" g B(H—inv) <016 3
21 0_40_5 Is=8TeV, 203 fo p 2 10 Higgs-portal models
4 = \s=13TeV, 36.1 b abg o e cermion DM

% E Higgs portals 10_415 Scalar DM :
O 1 0_42_E o — Scalar wiMP F Direct detection Eg
= RO — Fermion wivp 102 —— XENONAIT 3
= Other experiments oF — LUX 3

= 10 — PandaX-ll
_aaf Cresst-llI ° = —cowstte

10 E === DarkSide50 1074 & —— CRESST-I

- o LUX E — CDEX-10
3 " - pandaX-ll e p :
10‘46_E T === Xenon1T 10 b= :
II| 1 1 IIIIII| 1 1 IIIIII|2 1 1 IIIIII|3 1 1 IIIIII|4 1 1 11 47E | | 3
10— 1 1 1 11 1 11 1 1 1 11 1 11 1 1 1 11 1 11

1 10 10 10 10 ] 1 10 10° 10°
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https://www.sciencedirect.com/science/article/pii/S0370269319302576?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319302564?via=ihub
https://dx.doi.org/10.1103/PhysRevLett.122.231801
https://www.sciencedirect.com/science/article/pii/S0370269312001037?via=ihub

& CMS:PLB793(2019)520
& ATLAS:PLB793(2019)499

Higgs: a portal to the invisible? § s nse0icnty

B DM-SM interactions mediated by Higgs boson
- direct coupling to DM enhance H invisible decays (SM ~0.1%)

B Higgs production as in SM Higgs 4
- gluon fusion (MET+) s
- associated VH (MET+V)
%k vector-boson fusion (MET+2jets)

B 3- Resaulls: translated into a spin-independent DM-nucleon elastic scattering xsec limit [PLB709(2012)65]
%k mpwm smaller than half of my, interaction between DM and nucleus mediated by H exchange

49" (7 TeV) +19.7 b (8 TeV) + 38.2fb™ (13 TeV)

& E , & 10T g =
= - " 504 ATLAS Prelim. 5 ul CMS 90% CLlimits ]
O, E at 90% CL Vs=7TeV, 471" § B(H—inv)<0.16 3
—40[ (s =8TeV, 20.3 fb" 2 10°% Hiags-portal model
?,_1 0 = Vs =13 TeV, 36.1 fb' 75 g0 Iggf fo::rr:i:,: :Ms 3
% E Higgs portals 10_415 Scalar DM ;
O 10_42_E~ — Scalar wiMP ;E Direct detection Eg
= = Fermion wivp 10%E T XeNoNaT g
= Other experiments WoF \ ] L ;
b Cresst-|Il U \ T oowee
10 E == DarkSide50 104 —— CRESST-I
= T - — CDEX-10
?_ ___.—;:::33:::::— IISEGJ:](daX-II 10_45:5 N\ :
10‘46 e === Xenoni1T 107 | =TT
El 1 1 IIIIII| I~:-IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 1 1 _47E ) ) ) |||||| ) ) ) |||||| ) ) ) ||||§
1 10 102 10° 10 o 10 e o
" Mywe [GEV] My [GeV]
N sk comparisons possible only in the context of a benchmark model LHC DMWG
%k essential to fully specify model/parameters and be aware of limitation [arXiv:1603.04156]
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https://www.sciencedirect.com/science/article/pii/S0370269312001037?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319302576?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319302564?via=ihub
https://dx.doi.org/10.1103/PhysRevLett.122.231801
https://arxiv.org/abs/1603.04156

Dark Ph()ton in H’ggs decays & ATLAS: arXiv:1909.01246

& CMS:arXivl908.02699

p Simplified models make minimal assumptions fefFefFe ﬁ):';m
» An extended dark sector might exist 150) "o Feolf o
- contain DM candidate and a heavy resonance that 9.0 ® _J -
couples dark sector to the SM felelolfe.
- can lead to H exotic decays N M dark sector
B Massless dark photon yp couples to H and B Massive yp mixes kinetically with SM y and
escape undetected (MET signature) decays into SM leptons and light quarks
- BR(H — yyp) <5% not yet excluded - kinetic mixing term (&) determines yo lifetime
- consider auaciated 2(OH production and heavy - assume yp small mass leads to lug bossts:
neutral H with masses [125, 300] GeV collimated beptons and Lght badnons in jet-Lilke structune
137 b (13 TeV) = ¢
o) DL L o F
% 1 — CMS — Observed ‘ 2 f MDP‘:;;DGP‘:/ channel
= _ B 68% expected ) & 10°E mH':_ e
é ~ZH > 2|+prTn Sy == 95% expected 1 ]T: - m,, =400 MeV
= i SM T o -
T 10 b % ﬂg 10
T e, - 5 SHENE mmm e
= - W st - B(H— 2y +X) = 10%
o - - 3
bN .............. 1 § B
1072 107
S T LT expected limit
B — observed limit
,| ATLAS expected = 20
L, . 10°E 8611 (s=13Tev M expected = To
150 200 250 300 _llll 1 1 IIIIIII 1 | lIIllll 1 1 Illllll 1
m, [GeV] 1 10 10° 10°

Dark photon ct [mm]
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https://arxiv.org/abs/1909.01246
https://arxiv.org/abs/1908.02699

Summary

B New physics is a main physics goal at the LHC

B Rich new physics analyses program at ATLAS and CMS

- various interactions and signatures investigated

- new experimental tools used to improve sensitivity

B Essential complementarity with non-collider searches in the search for dark matter
- comparisons possible only in the context of a benchmark model
- essential to fully specify model/parameters and be aware of limitation

B Many new results expected with full 2016+2017+2018 data '
- various analysis improvements foreseen | StGY tunEd .
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Particle reconstruction at CMS

Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon
|
( ,
Silicon /
Tracker T
Y‘“" Eiaciromagoe 4 particle-flow (PF) algorithm |}
Hadron —— re-constructs and identifies 1
Colorimeter solencid particles combining information |
Transverse slice - from all subdetectors |
Jet reconstruction

particle-flow candidates clustered using anti-kt algorithm

MET

MET — — ‘ZﬁT used to indirectly detect non-interacting particles

sum over all PF candidates
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% ATLAS:JHEP10(2018)180
(2015+2016)

% CMS: PRD97,092005(2018)
(2016)



http://dx.doi.org/10.1007/JHEP10(2018)180
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005

DM+V//Z’ search: additional results

& invisible Higgs boson decays:

- observed (expected) upper limit on H BR(inv): <0.83 (0.58) at 95% CL
- combining the contributions from VH, ggH and VBF production modes

& xsec of DM+W/Z

- SR selection except mje: requirements and the b-jet multiplicity

- stronger limits for DM+Z wrt DM+W because in 2b cat (highest sensitivity/lowest bkg) mainly DM+Z

events
e} 3 | | | |
o= 10 _ ATLAS (Expectedd 95°/)o CL _E
+1o and 20 —
E i \E =13 TeV, 36.1 fb1 — Observed 95% CL 4
o) ]
; - -
%0 ===
> = —
SI: §
®) [ W(qa) + E ’
-
E L Limits on visible cross-section - ]
E 10E o, 00 at95% CL E
o C  After all selections
8 - inclusive in b-tag multiplicity -
o ~ inclusive in mjj/mJ —
> | | | | |
o 1 [150,200) [200,250) [250,300) [300,400) [400,600) [600,1500)

CL
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Range in ErT‘rliss [GeV]

[
o
[\S]

—
o

CL, upper limit on o ;. [f0]

I I I I ]
ATLAS — Expected 95% CL |
1 (10 and +20) i

Vs =13TeV, 36.1 b —— Observed 95% CL

Z(qq) + ET*° -i

Limits on visible cross-section

O’vis Z7+DM at 95% CL

After all selections,
inclusive in b-tag multiplicity
inclusive in mjj/mJ

[150,200) I [200,250) I [250,300) I [300,400) I [400,600) I[600,1500)
Range in E?'SS [GeV]
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t/tt+DM k CMS:arXivli901.01553, (2016)

DM-+top: titW-channel DM+tt



DM+t(tt) search: phenomenology

B Two is not always better than one ... (Phys. Rev. D 96. 035031)

8 £(b)
- DM+z previously overlooked production predicted from same spin-0 model )
X
. o . . . ¢/a
- minimal flavour violation, couplings proportional to SM fermions masses 8q P Iy
X
- motivated various collider searches for DM+# and DM+
- Sizable contribution to DM searches with HF quarks (up to factor of 2) § t(b)

- up to now only FCNC processes (mono-top)

— —l T T T T T T T | T T T T I‘I T -II-eIV
o) — -
Q. 10° - scalar mediator =@ it + DM -
c - m,=1GeV == t/E+ DM, all channels 3
O 107 t/t + DM, t-channel 5
S 1o :5. .......... ........ —— t/? + DM, tW-channel _J
n Scon o e ...... —&— t/t + DM, s-channel 3
B olE— e =
e 10-1 - E:
©
107 E
10° =
10
107
107
- | 1 1 1 1 1 1 1 | | 1 1 1 1 1 1 1 1
107
10 10 10°
m, (GeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.035031

DM+t(tt) search: phenomenology

U. Haisch, P. Pani, G. Polesello ’.g; LA " """""" AR A ]
U o) 105 — scalar J
- — pseudoscalar ]
L
X :
n i
“50 100 150 200 250 300 350 400 450 500
M (GeV)
Fragmentation function Squared matrix elements
gi [4(1-=x) s ) - 2 _ @ 2
SC froole) = b | W o ()] > M 0)* = 22
2 T — 2
_ 9 5 n 2_ 9t
PS ft—m(x) - (471')2 _.I’lIl (mf)] ’ Z ’M<tt — CL)‘ 19

Scalar xsec: dominated by gluon-fusion diagram with a mediator fragmentation

Pseudo xsec: both mediator-fragmentation and top-fusion diagrams in gluon-fusion are relevant
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https://arxiv.org/abs/1611.09841

DM+t(tt) search: phenomenology

tt+DM
Scalar xsec: dominated by gluon-fusion diagram with a mediator fragmentation

Pseudo xsec: both mediator-fragmentation and top-fusion diagrams in gluon-fusion are relevant

t+DM
» t-channel: has contributions only from diagrams with mediator fragmentation

e tW-channel has contributions from both mediator-fragmentation and top-fusion diagrams

mediated by
~ virtual t-channel W~

associated production with W boson

)

= = = med. fragmentation

\_ NG

= = = top fusion = = = med. fragmentation y
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DM+t(tt) search: selection

B 1 - Seleetion: events categorized based on #leptons and # b-jets

DM+t DM+tt
(%]
S forward 0 % leptons veto: e,
=
K s W %k 2 3 jets (j mallcone)
| ,, v * =1, = 2 b-tagged jets
- , V
DanS * MET > 250 GeV
b.Wil. v)
' " bW,
forward
b Wi | % 1 lepton: isolated e,
0 b, Wii. i) %k 2 2 jets (jumallcons)
” T %* =1, =2 2 b-tagged jets
AN ¢ b. Wii. )
* MET > 160 GeV
. b, WG, j)
~ —
= >? # b-tag
Single-lepton SRs All-hadronic SRs
1¢,1b-tag, 0F] 1/,1b-tag, 1F] 1¢,2b-tag 0/,1b-tag, 0F] 0¢,1b-tag,1F] 0¢,2Db-tag
Forward jets >1 — = >1 _
i =1 >2 = =1 >2
Miep =1 =1 = =0 =0
pr(j1)/Hr — — <0.5
Njet >2 >3
pmiss >160 GeV >250 GeV
mr >160 GeV —
my >200 GeV —
minAg (j o, Piss) >1.2rad. >1.0rad.
m® >180 GeV >180 GeV
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DM+t(tt) search: background estimation

> 2- Bl
- tt, V+jets main bkg contributions
- CRs:similar selection to SR except #leptons and hadronic recoil as proxy for Z(l) CR

- no b-jets/forward jets categories

- remaining contributions from simulation

P 3- Rwua/l

%k Dbin-by-bin maximum likelihood fit to MET distributions in SR and CR,
fitted simultaneously

I cms ¢ Data W Z(v) +jets Tt

B W(v) +jets il t+X | NAAY%

- oI, signal region, 0 FJ - i‘r:); Jets !tngH/?,t :Mgrh‘fm'
mw=200 GeV mw=200 GeV

- constrained nuisance parameters: effect of syst. unc. constrained by e,
magnitude of corresponding source of unc. ! B

- rate parameters, connect separately each
main bkg across CRs and SRs for each bin of MET spectrum

- expected signal included in fit of SRs and CRs to account for CR
contaminations

sk DM production cross section: expressed in terms of ratio between excluded xsec and theory prediction

- computed with modified frequentist approach (CLs), profile-likelihood ratio as test-statistic in the asymptotic
approximation

%k syst. unc. included as nuisance parameters

- dominant unc from b-tagging eff data/MC scale factors, theoretical unc on backgrounds
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mono-H:WW and ZZ decays



mono-Higgs: WW and ZZ decays

B 1 - Selection: MET and identification of Higgs boson candidate

é.

w at 4t
. ) Y
v

7-9 October 2019

%k 1 opposite-sign e pair

* MET > 20 GeV . Z ¢

%k v prevent full kinematic Higgs - t
Higgs reconstruction 7 @’

* MVA techniques to
recover sensitivity

Deborah Pinna - UW

%k = 4 leptons

sk Z candidates from
same flavour ¢

%k Mg, consistent with
SM Higgs
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mono-Higgs: WW and ZZ decays

B 1 - Selection: MET and identification of Higgs boson candidate

%k 1 opposite-sign e pair %k = 4 leptons
%k MET > 20 GeV Z ~ {* 3k Z candidates from

o*
.
o*
.

% v prevent full kinematic 1888 ™ z ¢ same flavour ¢+
Higgs reconstruction A %k my, consistent with

* MVA techniques to SM Higgs
recover sensitivity

B 2 %' CMS Preliminary 359 fb' (13 TeV) CMS preliminary 359 fb' (13 TeV)
. c e c
0 10 lgr Z'— DM + h(WW) _§| @ 4o Z'—~ DM +h(z2)
~ I hboson B Z+jets m
?J 10° & N VAWV ww - ;J B  boson ] Z_+X
E E Top [ Nonprompt 3 E 104 B v v
q>J L —¢— Data Systematic Uncertainty 3 g —¢— Data Systematic Uncertainty
w 10°g post-fi — m 10° ~——— Z-2HDM: m,, = 1200 GeV, m, = 300 GeV, & x BR = 0.02 b
E ——— Z'-2HDM: m,, = 1200, m, = 300 GeV, o x BR =1.75 fb (x 500) E Baryonic Z': m, = 500 GeV, m = 1GeV,0xBR=0.301b
L - Ll - 2
10 4 major: 10
. S S . 7H 10
. s : and WH
major: ok S
Ww, tt, Z(ll) s ] and non- ‘
10 3 -1
from CRs : resonant ZZ 19
7 2
10 L e from MC 10
10‘3
O 1.4 F NS @) 1.4 . - &=
= = XS s 5 Al
< 12 AN - - N 3
© 1 §\\ R * © i s \&{\{\\;\\'\Q\ AN\ \\\\\&\\ \\é @© 1 \\ \\ \t\ \\ \\ }\\ \ i\\\ \X
T 08 FE o ien NN £ 08 BN BN\
QO 06 F postit ‘ . AN\~ A 06 =
-0.5 0 0.5 1 1o 102 . 10°
MVA discriminant pT'e® [GeV]

2 3- Reslts: fit to MVA in CRs and SRs from fit to MET

7-9 October 2019 Deborah Pinna - UW 59



mono-Higgs: WW and ZZ decays

93-2‘40«(14:

%k syst. unc. included as nuisance parameters

- dominating unc from statistics, bkg estimation/
normalization

35.9 fb" (13 TeV)

_E - [ A IS A L j

) - CMS Preliminary DM +h(WW) ]

B [ Z-2HDM, Dirac DM —Observed -

sl Irac --Expected a

- 9,=0.8, g =1, tanﬁ 1 Expected = 20

- My=m .=, i

10°F |

10 =

e E

10—1 | | | | | | | | | | | | | | | | | | | | |
500 1000 1500 2000 2500

m,. [GeV]

Higgs ....... ,"“ p )
£+

%k syst. unc. included as nuisance parameters

- dominating unc from statistics, bkg estimation/

normalization
35.9 fb' (13 TeV)
E | T T T T | T T T T | T T T T | T | T |
O 10t CMS Preliminary DM +'h(22) —
5= = . —Observed 3
© £ Z-2HDM, Dirac DM - Expocted E
- 9,=0.8, g =1 tanB 1 Expected + 20 |
10°E mA_m =fh,, -

10?

10

—_
III|
IIII|

C | | | | | | | | | | | | | | | | | | | | -i
500 1000 1500 2000 2500

m,, [GeV]
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mono-Higgs: WW and ZZ decays

B 1 - Selection: MET and identification of Higgs boson candidate

é.
w at 4t
H,ggs ........
. >
Wy,

B 2- gﬁg:

- tt, single top

%k 1 opposite-sign e pair

%k MET > 20 GeV

%k v prevent full kinematic
Higgs reconstruction

* MVA techniques to
recover sensitivity

- CRs: similar selection to SR except #b-jets (=1)
and hadronic recoil as proxy

- remaining contributions from data driven
methods or from simulation

& Note:

- easily reducible backgrounds

7-9 October 2019

[.
LA~
H'gg's ....... , P
a4
[+

B 2 gﬁg:

%k = 4 leptons

sk Z candidates from
same flavour ¢

%k Mg, consistent with
SM Higgs

- SM Higgs boson and non-resonant ZZ
production from simulation

- remaining contributions from data driven
methods or from simulation

B Nete:

- easily reducible backgrounds

- fully reconstructable Higgs boson candidate, with
excellent mass resolution

Deborah Pinna - UW
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mono-H: bb and combination



mono-Higgs: bb (high-boost), CMS

3k signal will appear as localized excess in the mr (A(inv),H(bb))
distribution above SM backgrounds

3k resonance masses [0.8, 4] TeV considered to have a sufficiently
boosted Higgs boson

%k b-jet categorization:

%k 2 b-tagged category most sensitive at low mx
%k | b-tagged category most sensitive at high mX

sk track-reconstruction efficiency decreases + overlap between
the two subjets at very large jet pr

%k V+jets main bkg contributions
sk tt estimated from CR

5k V+jet: mr distribution in SR derived from data in the mje: SB + a
transfer function determined from simulation
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359" (13 TeV

~

L L

¢ Data
[ Z(vv),W(Iv)+jets

tt, t+X

Bl VY. vh
| BKkg. unc.
- Pre-fit

HVT model B g, =3
........... m,, = 2000 GeV
Z'-2HDM
m,=300 GeV
..... m, = 1400 GeV
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g 25 3
4, 0?--é-é--é--ﬁ—é--;-;-;-;—6-;-;4-;—-6-- e 3
§ 4F ‘ ‘ ‘ 3
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~
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2
|
{

Events /(100 GeV )
=

—_
o

L R L L R B Y I L B |

LI B e e |
¢ Data
0 Z(vv),W(Iv)+jets
tt, t+X
- VV, Vh
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- Pre-fit
HVT model B 9,~
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mono-Higgs: bb (high-boost), CMS

B 3- wa«ad
sk results extracted from mr(A(inv),H(bb)) distribution
3k syst. unc. included as nuisance parameters

- dominating unc from bkg estimation/normalization

mono-H(bb) combination
CMS 35.9 fb! (13 TeV)

35.9fb" (13 TeV)

<1200 N 220 served ' | 310° ;1000 DM + h(bb +yy + tv + WW +ZZ
%.) A S % Observed - 2 8 é)bs;YrVYed 95% CL
— =) — Expected 95% CL
(5<1 1 00 ..... * 1 std. deviation] | Ié £ 900 Obs. = 1 Oneory
= ~ ’ -..-.. + 2 std. deviation <L EXD. = 1 0 periment
1000F 10
SN = T 800
900 L\ ° 1 =
= § J
s00b- & N
E\ m,= 100 GeV 1T @
700 4 Ma=M=m,,. :N/ 600
f ©
600 S
L= 500
5004 107 £
g 400
400 3
300 1020
1000 1500 2000 2500 3000 3500 4000 2 500 1000 1500 2000 2500 3000 3500 4000
m,. (GeV) o m,, [GeV]
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mono-Higgs: bb (Z-2HDM)

CMS: high boost

1000 CMS 359" (13 TeV)
> AN 1 Obsérved " T =
@ 1100 Expected o E

NN t 1 std. deviationg ]
E 1000 NS S - - + 2 std. deviation
900 5
800F
: m = 100 GeV
700 M=M=,
600}
500
400
300
1000 1500 2000 2500 3000 3500 4000
m,. (GeV)
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ATLAS: resolved+high boost

T | T T T T | T T T T | T T T T | T T T T | T T T T | T
- —— QObserved 95% CL
ATLAS Prel
/5=13 _F:\}n;geg¥b_1 ====1 Expected 95% CL (+10)
- T —-= PRL 119, 181804
h(bb) + ET'ss: Z’+2HDM simplified model
tang =1, g =0.8, m, =100 GeV, my = my= = 300 GeV

N

| | | | | | | | | | |
1000 1500 2000 2500

3000
mz’ [GeV]
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Dark photon in Higgs decays

B Several BSM models predict H decays to undetected particles and photons

- consider associated ZH production

B Massless dark photon yp couples to H through a charged dark sector and

escape undetected (MET signature)

- BR(H — yyp) <5% consistent with all model parameters and LHC constraints

- also heavy neutral H with masses [125, 300] GeV considered

B 1 - Selection: B 2- Eﬁg
- 2 opposite charge leptons same-flavor - WZ, Z2Z
(ee,uM), consistent with Z boson decay main bkg
from CRs
- =1y
- MET > 110 GeV
g
. — ¥
& 3- Reswlts: signal extracted fitting mr(y,MET) in bins of 2
IN(y)| using in SRs and CRs (systematic unc. as nuisance T
pbarameters) F:’
s
1072
7-9 October 2019 Deborah Pinna - UW

N
o

T CMS -4-Data
L .ZZ
L ' < 1 wz
F 'l B
vy
B Top quark/ww
N Bkg. unc.

Events / bin

-
(6]
L T

10

|

— 1| 7|

137 b (13 TeV)
—— et

—Z()H,,(v,#Y) (0.1x o )+ bkg. ]
— Z(I)H, (v, *+Y) (0.1x 5 )+ bkg. ]

0 100 200 300

m, [GeV]

§ CMS — Observed
- . B8 68% expected
FZH — 21+p" 4y = 95% expected

10_1 :‘.".

137 b (13 TeV)

-3

m, [GeV]



