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 Physics results
*The Standard Model at
/, 8 and 13 TeV
*The Higgs particle

*Searches for New
Physics & Dark Matter
*Summary/Outlook




The CMS Detector

Total weight 14000t C M S
Overall diameter 15 m ECAL 76k scintillating

PbWO, crystals

Overall length 28.7m MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)
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LHC experiments are back in business at

a new record energy 13 TeV
3 June 2015 Run-2 starts

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data lncluded from 2016-04-22 22:48 to 2016-10-27 14:12 UTC

45

- LHC Dellvered 41.07 b
CMS Recorded: 37.82 b’

-
=]

=

235 35
¢ ., 2016 luminosity> 10
£ . Run-1 luminosity 25
E 20 20
glsf 15
12 o 2016 10

st P 15
) o ) ° o . °
(4
N 2 W Y LA S

CMS Integrated Luminosity, pp, 2017, Vs = 13 TeV

Data included from 2017-05-23 14:32 to 2017-08-30 04:02 UTC
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B LHC Delivered: 19.06 fb '
2 CMS Recorded: 16.43 b '
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CMS Collaboration June 27, 2012
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The CMS Collaboration: 3500 scientists and engineers, incl.|
~1000 students from 199 Instltutlons in 46 countrles
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New for the 2017 R
EYTS 2017: Pixel Detector Upgrade

Upgrade Duter rings
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- 4 layers, 3 disks

- smaller radius inner layer (3cm)

- New readout chip
- higher efficiency at high rate & high pile-up (up to 100 PU) Further:

n=2.5
Inner rings

+ CO2 cooling and DC-DC powering HF readout upgrade,
- less material GEM demonstrator
slice added..



CMS Performance @

Some examples from the Run-2 data

Detector Active Fraction New Pixel detector _ " L=39f"(Vs=13TeV, 2017)
| * Number of readout chips 10

roughly doubled to 29696
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CMS Publicati

Total Exotica Standard Model Supersymmetry Higgs Top Physics > 6 5 0 p U b I |Cati 0 n S O n
Heavy lon B Physics Forward Physics Beyond 2 Generations pp (a nd pr/Pb Pb)
639 collider data papers submitted as of 2017-08-11 p hysics since 1 / 20 1 O

About 80 papers on
Higgs studies!!

Paper 16 was the
discovery paper!
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http://cms-results.web.cern.ch/cms- b -
results/public-results/publications-vs-time/ >7400 citations =
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Running of the LHC in 2017 .

LHC Pagel Fill: 6052 E: 6499 GeV t(SE): 02:34:18 06-08-17 11:35:04

PROTON PHYSICS: STABLE BEAMS

6499 GeV 2.59e+14 I(B2): 2. 74e+14

Inst. Lumi [{(ub.s)A-1] IP1: 13314.07 P2: 2.49 IP5: 12939.28 IP&: 431.68

FECT Intensity and Beam Energy Updated: 11:35:05 Instantaneous Luminosity Updated: 11:35:03
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eTotal collected so far in Run-2: ~60 fb1
| *Running possible with >2000 bunches (but now Grufallo/16L2 limit!) 4



Standard Model
Measurements




Standard Model Measur

« Standard Model measurements form an integer part of the
physics program of the LHC

* Precision measurements allow test for a wide range of SM
predictions, and extract fundamental parameters (eg a.,)

— Requires matching precision at theory prediction side

« Important to understand backgrounds for searches for new
physics

Many processes studied: Examples

Cross Sections s res .
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Inclusive Jet Production (13 T
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arXiv:1605.04436

Differential cross sections with R=0.7 and R=0.4
Jet p; spectrum consistent with predictions
from NLOJET++

<71pb* (13 TeV)

CMS

—NLOJet++ CT14
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Agreement with NLO calculations over the full range, up to and beyond
2 TeV p jets... QCD predictions work well...

Jetp_ (GeV)




New Determination of a

Inclusive multi jet production CMS-PAS-SMP-16-008
*a_s from the ratio of 3/2 jet events

T T T T T T | T T T | T T T I T T T | T
CMS Preliminary ——eii—  H1 multijets at low Q° : EPJC 67:1 (2010)
6 C .05 .. H14ZEUS(NC,CC, jets)
< 0.28— —— CMS R,, preliminary, Vs =8TeV, as(Mz) =0.1150 -u'ooza H1-prelim-11-034, ZEUS-prel-11-001 (2011)
= — —e— CMS FI32 preliminary, Is =8TeV .e— ZEUSIncl. jetsin yp : NPB 864:1 (2012)
0.26 — ~—%— CMS Incl.Jet, '/E =8TeV —a H1 multijets at high Q” : arXiv 1406.4709 (2014)
= —=— CMSR,,, Vs =7TeV
- _ ——8—— CDFIncl. Jets : PRL 88:042001 (2002)
024 | —#— CMS Incl.Jet, s = 7TeV
- —»— CMS tt, Vs =7TeV — DO incl. jets : PRD 80:111107 (2009)
0.22 C —+— CMS 3-Jet Mass, E =7TeV — o~ DO ang. correl. : PLB 718:56 (2012)
— | \ #— ATLAS TEEC, {s =7 TeV . Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
0.2—\ —o— DO Incl.Jet ¢ EPJC 72:2041 (2012)
— DO Angular Correlation ——e— . ATLAS N, 7TeV : ATLAS-CONF-2013-041 (2013)
0.18— —A— H1 ~e—  ATLAS TEEC 7TeV : PLB 750:427 (2015)
— —&— ZEUS
0.16— - - - World Avg og(M) = 0.1181: 0.0011 T CMSTeTIOVIERIG TN R0
— . CMS ti cross section 7TeV : PLB 728:496 (2014)
01 4 __ —&——  CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)
0.12 - & CMS Incl. Jets 7TeV : EPJC 75:288 (2015)
E —e-—  CMS Incl. Jets 8TeV : JHEP 03:156 (2017)
0.1 - . CMS Ry, 8TeV : CMS-PAS-SMP-16-008 (2017)
0.08— World Average : Chin. Phys. C 40:100001 (2016)
C o | Ll 1 Lol 1 L v i v by by by by
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W and Z Boson Pro

Contains a new measurements at 13 TeV!
with about 5% precision (~lumi uncert.)

| | B | I I I 1 | I I I L I | I |
_8_ — ®  CMS Preliminary, 43 pb™' (13 TeV) W —
— — @ CMS, 18 pb™ (8 TeV) W+
m 4 O CMS, 36 pb™ (7 TeV) W_
X110 E_ B CDFRunll _E
b — 0 DORunl ]
[ A UA2 ]
T v Z
10° E PP =
— /4 =
- Pp N
| CMS-PAS-SMP-15-004 __|
— Theory: NNLO, FEWZ and NNPDF 3.0 PDFs —
B | | 1 | L1 I ] 1 | | | 1 L1 I | |
0.5 1 2 5 7 10 20
Center-of-mass energy [TeV

Many detailed EWK studies possible —and done-- with the large Z,W samples
G



Multi-Boson

March 2017

QMS I?relin]inary

CMS measurements
vs. NNLO (o) theory

v

WY, (NLO th.)
Zy, (NLO th.)
Zy, (NLO th.)
WW+WZ

7 TeV CMS measurement (stat,stat+sys) +——o—+—i

13 TeV CMS measurement (stat,stat+sys) ——e—+—
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|

8 TeV CMS measurement (stat,stat+sys) +——e—+—

1.06+0.01 £0.12
1.16+0.03+0.13
0.98+0.01+0.05
0.98£0.01£0.05
1.01+0.13+0.14
1.07+0.04 £ 0.09
1.00£0.02 +0.08
0.96 £0.05 £ 0.08
1.05+£0.07 £ 0.06
1.02+0.04 £ 0.07
0.80+£0.06 £ 0.07
0.97£0.13+0.07
0.97 £0.06 £ 0.08

1.10+0.04 £ 0.05

5.0 fb™'
5.0 b
5.0 fb™'
19.5 fb
4.9 fb’
49 b’
19.4 fb™
2.3fb"
49 b’
19.6 fb
2.3fb"
4.9 fb™
19.6 fb
35.9 fb

0.5
All results at:

http://cern.ch/go/pN;j7
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Top Production

BR(t—Wb)/BR(t—*Wq)
W helicity
new decays

*The heaviest known elementary particle: ~173 GeV
*Coupling to the Higgs ~1 — Special role in EWK symmetry breaking?

LHC is a top factory with ~5.100 produced tt-pairs (run-1)
~3.107 produced tt-pairs (2016)



Inclusive tt cross section [pb]

Top Quark Cross

—
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w
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10

* Preliminary

Tevatron combined 1.96 TeV (L < 8.8 fb™
CMS dilepton,|+jets* 5. 02 TeV (L=27.4pb™)
CMSen7TeV(L=5f")

CMS l+jets 7 TeV (L=2.3fb™)

CMS all-jets 7 TeV (L=3. 54 fb™)
CMSeu8TeV (L=19.7fb")

CMS l+jets 8 TeV (L=19.6 b’ )

CMS all-jets 8 TeV (L = 18. 4 fo)
CMSen13TeV (L=43 pb 50 ns)
CMSeu13TeV(L=22fb )

CMS l+jets* 13 TeV (L =42 pb 50 ns)
CMS l+jets 13 TeV (L=2.2fb™)
CMS all-jets* 13 TeV (L =2.53 fb™)

CMS Preliminary

¥ ADO0SPO«0N <

800

T T T

[] MMHT 14

. ABM1 2* ] -
Vs [TeV]

600

H[ ] nweoFa.o

——— NNLO+NNLL (pp) :.CT14

——— NNLO+NNLL (pp) 1 I
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

NNPDF3.0, m

13

July 2017 |

op = 172.5 GeV, ay(M,) = 0.118 = 0.001 [ (M,)=0.1 13] -

8 10 12

Good agreement with the SM predictions up to the new 13 TeV

14
Vs [TeV]




Top Mass Determina

CMS Preliminary May 2017

Steady improvements over the

b hadron lifetime ——see@———— 173.50 + 1.50 = 2.91 GeV .
last years in run-1

TOP-12-030 (2013)

Kinematic endpoints 173.90 + +1.70 v
EPJC 73 (2013) 2494 R @~— 173.90:0.90 -2.10 Ge

Precision now is ~0.3%, similar

b-jet energy peak — @ 17220 + 1.17 = 2.66 GeV : .

TOP-15-002 (2015) to the theoretical uncertainty

5:5;‘127‘2131116) 2 ————e 173.50 = 3.00 = 0.90 GeV . . o

) Hadronization model uncertainties
epton+SecVix ~@— 173680207158 ) —Gev

PRD 93 (2016) 092006

one of the main limitations

Dilepton kinematics 171.70 = 1.10 t2.68 GeV
TOP-16-002 (2016) —® -3.09

Many alternative methods have

been and are being explored

CMS tt4] shape8TeV g . 160902110 %% g Gov using J/psi, secondary vertices,...
This is not the last word yet

Single top enriched 172.60 = 0.77 *0-97 GeV
arXiv:1703.02530 (2017) A 60=0. -0.93 Ge

fﬁté)p?oﬁ;ﬁ; 029 o 17380 71701 go GoV
CMS 748 TeV (2015) S 7244+ 015 2 047 GV Experiment combination under way

PRD 93 072004 (2016)

World combination
ATLAS, CDF, CMS, DO @~

iy o Note: the average value LHC
R I e T ! somewhat lower than Tevatron

160 170 180 190 — .
m, [GeV] one: 174.34 + 0.64 GeV

173.34 + 0.27 = 0.71 GeV




Summary: Cross Sections at

August 2017 CMS Preliminary

_ : @ 7 TeV CMS measurement (L <5.0 b™)
Ee®: oo @ 8 TeV CMS measurement (L < 19.6 fb')
. @ 13 TeV CMS measurement (L < 35.9 fb™)
[ onjet®) ¢ f b r — Theory prediction
oo L Z. Z CMS 95%CL limits at 7, 8 and 13 TeV
E: =n jet(s) : : : :
B

, o[pb.
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All results at: http://cern.ch/go/pNj7 ST e e - A0y 1N €Xp- A0

Measurements in good agreement with the Standard Model predictions




CERN & @CERN
Happy 5th anniversary, #HiggsBoson! It's been 5 years since we announced your
discovery: cern.ch/go/gm97 #HiggsStories

The party 5 years ago What happened since?



2012: A Milestone In Part

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it

proton

Events / 3 GeV

‘,,—f"

80 100 120 140 160 180
m,, [GeV]

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model



Brief Higgs Summary fro

We know already a lot on this Brand New Higgs Particle!!

T y CMS 19.?lh"ra'rew+5.1ﬂ:"n'rev_r IIIIIIIIIIIIIIIIII . o B er L o7
5 EAMSan‘d oS s l z ik 2—_ATLIASand oms | ' | 2 C."?..l."’.irITs‘f'.L:,"‘..{_'_f_{,;l‘?:ﬁ-,x.,‘
T_:: 65 LHC Run 1 :go;mzbﬁm;;yw 7 oo LHC Run 1 -E 0‘13_ io’
o 5; Stat'o:“'yunm' E S § [ — CMS data
s 5% CL g 0.08:—
4E |+ Bestfit 'g L
N3 0:_ > Seweas 2 0.05;—
oF _1'_ 0.04;— i‘a\\
1 - i B combined BH*” 002 3
01;4‘ s 1% 1?)55 T o 0 a0 e e _ [ Otre Ot —_ ] e e
e i (M) ST T log(LUT = 0M)/LUP = 07))
N
Mass = CMS+ATLAS Width Couplings are Spin =
125.09 +0.21(stat) < 24 MeV within ~20% of 0+(+) preferred
+0.11(syst) GeV (95%CL) the SM values over 0-,1,2

We continue to look for anomalies, i.e. unexpected decay modes or couplings,

multi-Higgs production, heavier Higgses, charged Higgses...
B



Higgs: ATLAS+CMS Com

Production process Measured significance () Expected significance (o)

VBF 54 46 The Run-1 HIggS LegaCY!

WH 2.4 2.7

ZH 23 2.9

o " 12 arXiv:1606.02266 /
Decay chanel < y JHEP 1608 (2016) 045
H - bb 26 37 5153 authorsII

I ll'l.l Ic

ATLAS and CMS -®- ATLAS+CMS > T T T
LHC Run 1 = ATLAS & |: 1E ATLAS and CMS
B . ~+CMs ¥ [ LHC Run1 =
. S PR N Physics paper sets record with
—— g 107 Imore than 5,000 authors
B Eu- Detector teams at the Large Hadron Collider
uz e coliaborated for @ mare precise estimate of the size of
H the Higgs boson.
L i 102k
e } ATLASCMS |
B S o, SM Higgs boson |
w e L - — M, it The neWIy found boson has
L : [ 68% CL ] .
. a Ceea properties as expected for
" e e e 104y . N 3 .
R R (T B TN B T R T 107 1 10 e d Standard MOdeI nggs
Parameter value Particle mass [GeV]

Signal strength/SM: | u = 1.09%) 15 = 1.09%007 (stat) *0 04 (expt) *o.0; (thbgd) Do (thsig),



New 13 TeV Higgs Result

S P G 16 040 T ——
g:szzz_mﬂzs.mev, fi=1.16 S’;Si) ?eighted ] IH—>yy I —-I—Per prO(I:ess:bF
%ooooz :g+c?3r::tponent H—)YY ggH 149 15 Bl sM prediction |
%:ZZZi ey E VBF | 06 |-mH m, profiled
%moof tH | 20 . |
%ZDOZ; el WH leptonic i 3155 —a— |
iggz: ' ‘ ' "B component subtr'acted_i ZH leptonic _0‘0 o - N
2”2: VH hadronic s 25 [ = | h
ot
100 110 120 130 140 150 160 170 180 Oproc/ Ttheo
my, (GeV)
> 70CMS 35.9fb"(13Te-V) . 2016 data:
g o 5?::‘1525) _|arX|V.1706-09936 Cross Section ~ X 2
2 [ qg—zz,zy* g :
§ ==z H 5774 leptons LTINS ¢ Lo
40 i
%0 u = 105701, New mass determination from H-> 4leptons
® | | 125.26 4 0.20 (stat) & 0.08 (syst) GeV
10
70 80 90 100 110 120 130 140 150 160 170 More precise than run-1 combined result

m,, (GeV)



New 13 TeV Higgs

Higgs to bb using the associated channels WH and ZH, with W,Z— leptons

359 b (13 TeV)
CMS Preliminary
g 106 T EMISII T | UL L | UL | T 17T I L | UL pcl;';;\r:ld:l-l_i‘lbg+04
E = Da 3 p=12£0.
& E proiminay PO —wen o HIG-16-044
105 - 5= 13TeV, L=35.915" B oD - h=09%05
E ~—— BKg. uncert. 3
= . | |:| Background | - WH(ob)
10* = p=17207
E % 0 lept.
10° p=00%05
; ; 1 lept.
102 - | n=19:06
- 3 2 lept.
10%_ pn=18+086 y I I I L |
= -1 2 3
— Bestfitp
B 1,
& 1.5 '
o my = 125GeV  Significance  Significance
§ 1 = — expected observed
g - O-lepton 1.5 0.0
05 . . 1-lepton 1.5 3.2
4 3.5 -3 25 2 1.5 -0.5 0 2] 18 3.1
log, (S/B) -lepton . .
10 All channels 2.8 33

Direct evidence for H->bb in CMS! Combination with CMS Run | (7 & 8TeV):
— 3.80 (3.80 expected)

+0.31



New 13 TeV Higgs Re

Higgs to tt using 0-jet, VBF and boosted categories
arXiv:1708.00373

359" (13 TeV)

-'Q 1 07 L] LI | LI T T I T T T T I 1T 171 l T T T T I T T T T a
c BF T T v 3
O . CMS 15 Je_ (Obs.-bkgybkg. |] 7
Lﬁ 10 14F — (H—to)bkg. i3
1 Bkg. unc./bkg. 7
10° o ]
o8 13
0.2 =
10* ° ——25 <
3 log (S/(S+B)) 3
10° -5 E
107 E
- -+- Observed ™% =
10 E . ut, . er, 1
u ey — H—tt (u=1.09) .
1
E Bkg. unc.
-1 L L1 1 I 1 1 1 1 I L L L L I L1 L1 I 1 1
0 3~ 25 2 15 1 05 0

log ; 0(S/(S+B))

Signal Obs.
Strength significance

Exp.

Run 2 1.09+0.27 g 56 4.90 4.70

Run1 &2 0.98+0.18 5.90 5.90

significance

35.9 fb' (13 TeV)
> 1800_| rrr[rrrr[prrrrt 1T T T [ T T 1T T ] 1T T T 1
O - AR I LA I I .
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- Observation for H >t in CMS!



New 13 TeV Higgs

ttH production with H to leptons, taus, photons, b-quarks

*Observation if the ttH channel gives direct evidence and measurement
for the top-Higgs coupling

*Run-1 combined ATLAS and CMS significance was 2.30

«2016 data : cross section x 4 and luminosity x 2

*The 2016 data are getting there.

Including the 2017 data should lead to clear evidence for ttH!!

ttH production

LHC Run1 —— 2377
JHEP 08 (2016) 045 0.6
CMS Run2
Preliminary |
Y Y1 —— ) —— 2_2 tg.g
HIG-16-040, 36 o' | : .
Y| — 0.0+2 Andre David
L ssssssetarasiisse, V' 0.0 a1\ .
He-to0at so| 0o April 17 CERN Courier
—— ) ——— —\U.£ 0.8
HIG-16-038, Efbb1 -
multileptons NP 1.5 05
HIG-17-004, 36 fb™'| 06
th+X1 s )t — 0-7 i-o:s
HIG-17-003, 36 fb~ [T R R T | oo b by by

4 0 1 2 3 4 5
Signal strength relative to SM prediction



Search for LFV Deca

arXiv:1502.07400 Recall: Results from the 8 TeV

Thad * Comparable sensitivity cMs 197 7 (8 TeV)
x,0dets [ T T T T
from all channels SChoeg . Observed
H 2.04% (obs.) | * Expected N
ut , 1 Jet
‘s6% (o (B xpected - 1o
e © B(H - ) < 151%at95% s W0 20T
LFV uta,EJeta B |
| e | I |
u.':h.OJets
+ Large improvement of 261% ove) | =N )
revious limits Wy 1 et
P tovee| ]
uth.2Jets
2.31% (exp.) - .
* Background-only a8%obs) [ e
p-value of 0.010 (2.4 o) | W ) Q)
—Bestﬁt 1.51% (obs.) - A T .
+0.39 o 2 4 6 8 10
B(H — pt) = (0.84Z37)%. 95% CL limit on B(H—px), %

Mild excess giving a 2.40 effect in Run-1... What about 2016 data?



Search for LFV Decays:

The 2016 data does NOT show an excess

MS preiiminary 35917 (13 TeV)
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Have been
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Search for LFV Decays.

LFV H—ut

95% CL Limit on Br(H— u 1), %
w
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CMS
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5 13 TeV (2015, 2.3 fb™): HIG-16-005
13 TeV (2016, 35.9 fb™"): HIG-17-001

— Observed
X Median expected

4 [ 68% expected
[ ] 95% expected

<1.51 (0.75) %
<1.43 (1.01) %

ATLAS

8 TeV (20.3 fb™'): EPJC 77 (2017) 70

= Observed

X Median expected
[ 68% expected

<1.20 (1.62) %

<0.25 (0.25) %

o N
L L B B B

2015

2016

CMS8TeV ATLAS8TeV CMS 13 TeV CMS 13 TeV

95% CL Limit on Br(H— et), %

LHC measurements overview
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Higgs @ 13 T

Higgs particle is still there ! ©

* Precision on e.g. cross sections/sensitivy improves with
factor ~2 wrt Run-1 results

* The mild deviations seen in Run-1 seem to be gone ®

« Evidence for H—bb in the associated production channel
* QObservation of H —»Tt In a single experiment

 ttH is getting close to be observable directly

* No deviations from Standard Model Higgs expectations
yet!!

The Higgs Boson is still very
much Standard Model-like!



Physics Beyond the Standard Mod.

Important SM parameter — stability of EW vacuum A Higgs at 125 GeV
" _— g X 12065497 Precise measurements of the
oo QOEE— top quark and the Higgs mass

2 B 7 arXiv:1403.6535
@ 176 F : ; ; ¥ 3] .
SmpE T w e e We also know that:
. 174' ' Universe content
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IGSL ..................... ] :
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Higgs pole mass M, in GeV

New Physics inevitable?
But at which scale/energy?

E) —L \ Y 1 -+ jﬁji) under exploration r.i-g-llt_l:.c:\:v__'
('/dt f/lﬂ' C i
e ﬁ J{ Searches!!
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particle mass (GeV)




Searches for BSM Physics




Supersymmetry: a new symmetry in Nature?

Standard particles

SUSY particles

¥ "One day all these trees will
be SUSY phenomenology papers”
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Supersymmetry: Gl

I t
pp —> 80, G —qa%  Moriond 2017 pp = §g, § = bbX® Moriond 2017 pp = 89, § = tiX? Moriond 2017
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No significant signal to date
Within the context of the SMS:
Exclude with gluino masses ~ 2100 GeV for neutralino masses up to 800 GeV



What is really needed from _

End 2011: Revision!

CERN Nov 2011 mw,,.,, Aabd SUSY

and many many more ..

[Soe
LHC data end 2011 \\( j
Stops > 200-300 GeV
Gluino > 600-800 GeV ~ ~
Moving away from Yoo t
constrained SUSY models \L
to ‘natural” models

120

Natural SUSY survived
LHC so far, but we

are getting close to uhﬂ”’”‘J L +mjj (

push it to its limits!

I Also:Barbieri & Giudice (1988): Natural Models!




Top Squark Search Su

Run-1 Run-2

~r~ ; ~ sl ) o _ _
t-t production, t—=t /c’, 56 pp = tt, T —=t%° Moriond 2017
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Within the context of the SMS:
Exclude with masses up to 1000 GeV for neutralino masses up to 500 GeV
Sensitivity is ~ 200-400 GeV better than Run-1 reach & gaps being covered

Is this getting critical for Natural Models??



Chargino and Neutralino

Direct production of “electroweakino pairs
*Decays via sleptons /sneutrinos

*Using benchmarks to illustrate different scenarios
*Multilepton searches (incl. taus)
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Exclude masses up to 1100 GeV for neutralino masses up to 600 GeV




Phenomenological MSSM an

SMS don't always fully cover signatures...
-> the 19 parameter phenomenological MSSM (pMSSM) analyses

arXiv:1606.03577

o three independent gaugino mass parameters My, My, and M3,

o the ratio of the Higgs vacuum expectation values tan 8 = v2/v1,

o the higgsino mass parameter y and the pseudoscalar Higgs boson mass 14,

e 10 independent sfermion mass parameters mg, where F = Q;, Uy, Dy, Ly, By, Q3, Us,
D3, L3, E3 (for the 2nd generation we take Mg, = Mg, , My, = mg,, mg, = mg,, My, =
mp,, and mg, = mp ; left-handed up- and down-type squarks are by construction

mass degenerate), and

o the trilinear couplings At, Ap and A-.

pMSSM CMS
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108 points sampled: Leads to softer limits on the sparticles masses
Gluinos > 500 GeV, stops > 250 GeV => there is still low mass phase space left!

Based on
7/8 TeV
limits




The SUSY Chart

Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17
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SUSY (as seen outsid

November ‘16 ago on the web page of The Economist (1?!):

Supersymmetry is a beautiful idea. But no evidence supports it
But not giving
up as yet!!!

http://www.economist.com/news/science-and-technology/21709946-supersymmetry-beautiful-idea-there-still-no-evidence-support-it



Astronomers found
that most of the .
| matter in the Universe
must be invisible Dark }
Matter

- F. 2Zwicky 1898-1974

Distance




The Dark Matter Connectio

Indirect

Collider

Use effective theory
or better simplified
models to relate
measurements to
Dark Matter studies

arXiv:1407.8257
- arXiv:1411.0535

Direct M Indirect

DM DM DM _ g
g q DM q
Collider @
g  Photon+MET g Jet+MET
7 .- DM NI .- DM
U o
7 - 7 .
~ . iz ~ .
q DM q DM

Mono-jets: Generally very powerful
Mono-photons: First used for dark matter searches

Mono-Ws: Distinguish dark matter couplings to u-
and d-type of quarks

Mono-Zs: Clean signature
Mono-Tops: Couplings to tops
Mono-Higgs: Higgs-portals




Missing Transverse Mo

Are Dark Matter Particles WIMPSs?

Neutral weakly-interacting massive and stable on detector distance scales
-> Dark Matter appears as Missing Transverse Momentum MET in Detectors

Effective Field Theory Simplified Model

CME exparimant al LHC, CERN
Dwatas recorded: Man Sep 38 03:40:40 2016 CEST

CMS. ' RurvEvent: 257045507004610 q X q
%4\] Mediator
- Ef"—‘mﬁl"f L - . .
Missing 4
Peia ,, transverse momentum
A q X q
q

{
! =p
subjott N 1
Py = 132 GaV \ —/
n =035 I subjet2 ® mpwm, M+, underlying coupling type,

-1.88 356 GoV .

'Y s DM types Mediator
AKA jot | § =-1.63 - mmom
pr= 486 GoV | ® Valid when Qu? « M2

n = 0.08
@ =-1.7T0




Simplified Models

Simplified models as used for SUSY analyses at the LHC

Features of Mediators

Charge Q

Mass m

Dark sector
bosons similar to

Lorentz structure
Coupling “g”

Consequences

spin

Qmed = 0 for s-channel

0 spin 1

unknown
H v.Z,Z’
[1609.09079]
scalar 1 vector yH
pseudosc. ys| axial v. y*ys
« mass o« charge
Mpb > Mg Qb =Qq¢

Tae Min Hong, LHCP 2017

® Mediator has minimal decay
width

e Minimal flavor violation

e Minimal set of parameters 4

® coupling structure, Mmeb, mpm, gsm

q

(9q), 9oM

Osm
(9a)

MmEeD
Mediator

mom X

gom




Dark Matter Searches: E

eDark Matter hunt is one of the new main physics goals for the LHC!
*New developments with Simplified Models, allow including many more
search channels such as dijets (aka “In Search for the Mediator”)

46
q N i X . E
gy A < : : A
gy AN I ., - ] g
1, : | o A strategy for
7_Mono-Z(it) Mono-Photon Mono-jet/Mono-V future studies
CMS Preliminary Dark Matter Summary ICHEP 2016
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‘Mono-jets’ for ED and Dark Matter

EXO-16-048 Search for new physics in final states with an energetic jet
or boosted hadronically decaying vector bosons
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More DM limits given in the summary plots



Search for Large Extra Di
Mono-jet final state +Missing E; (ADD)

MET > 250 GeV

graviton,.
i
L.-"

MET

pr jet > 100/250 GeV

Limits on M,
between
6 and 10 TeV

359 ™ (13 TeV)

I I I I I
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Mumber of Extra Dimensions
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n

95% CL upper limit on /o,

EXO-16-048

Lower limit on the Planck Scale
versus number of extra dimensions
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Search using Z + MET f

EXO-16-052 ' gearch for Dark Matter, Extra Dimensions, Invisible Higgs
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Search with MET + Hi

. . . . 35917 (13 TeV)
Search for dark matter produced in association with a 5 fesrumm 1 o
- . - o " DM+H(yy) ===--=== Non-Res Background Pdf
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——— SM Higgs Contribution
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Dijet Resonance Searches

36 fb” (13 TeV)
E 10%- CMS preiiminary ¢ Data
5 — Fit
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36 fb-1 limits from 13 TeV between
1.7 and 7.7 TeV, dependent on model -

Background: QCD smooth shape fit

s CMS Preliminary 27 fb” & 36 fb™ (13 TeV)
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Dijet Angular Correlat

CMS Preliminary 359 fb (13 TeV)
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mEmmmE NLO QCD+EW prediction
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Contact interactions, EDs, BHs, dark
matter searches...

CIs: Exclusion up to 13 TeV (dest. int)
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Search for Light Vector Reso

.
Bump hunting in dijets

roduced with an ISR , . |
: *i\ /;.-Z-f:if:______

jet or high p; jet

to give the trigger ith an ISR jet
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Jet substructure
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Sensitivity ‘beats’ the old UA2 result, going now well below 140 GeV
Mild excess around 115 GeV observed: 2.90 (2.20) local (global) significance
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.
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Dark Matter Search Sum

CMS Preliminary
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Comparison with Direct

Axial-vector mediator and Vector mediator and
Spin dependent direct limits Spin independent direct limits

CMS Preliminary

LHCP 2017 s S—— ., OMS Preliminary LHCP 2017 cus ovserved exctusionaoss .

Axial-vector med., Dirac DM; % =025, gw =10 I Vector med., Dirac DM, % =025, 9, 10
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90% CL limits

More reliable comparisons with direct detection results now
possible via the SMS method



Dark Matter Search Su

Collider results for scalar/pseudoscalar mediators

. CMS Preliminary EPS 2017 . CMS Preliminary EPS 2017
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Invisible Higgs Deca}

Search for invisible Higgs decays using
Z+H - 2 leptons + missing E;
VBF H = 2 jets + missing E;

Possible decay in Dark Matter particles

(if M<M,/2): Higgs Portal Models

Combined result from the three channels
BR(H—invisible)<24%(23% exp) at 95% CL.
for a Higgs with a mass of 125 GeV

arXiv:1610.09218 X

49%" (7 TeV)+ 18.7 b (8 TeV) + 2.3 b7 (13 TaV)
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CMS Exotica Physics Group Summary — ICHEP, 2016



Vector-like Quark Productio

m color-triplet spin-1/2 fermions; L & R components transform the same
way under weak isospin

Q- qwW
T—=1H
T—=1tZ
T —+ bW
B — bH
B —+ bZ
B — tW
X513 =+ tW
X5/3 =+ tW

T—DbW

Vector-like quark pair production

Observed limit 95%CL (TeV)

Vector-like quark single production

t—le
TotH gt

Tt 1P

Cxn=2.5

T—tH !~ had
cwie=1.5

t = had

T=MH cn=2.5

T—=1Z cwm=15
T—=1Z cz=15
B—bZ cwm=15
T—bW cm=15

Y— tH cwp=1.0

0 025 05 075 1 125 15 175 2
Observed limit 95%CL (TeV)

Exclusions up to masses of
800-950 GeV and up to 1.75 TeV
for singly produced VLQs (model dep.)



Searches for Long Lived

e I O <~ Increasing interest and effort:
\\ | ményinng Look for unusual signals in the
o detector from long-lived particles

.
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eExample displaced Jets:

/d' R X _— search for pair-produced long-
isplace / iShlaca ot pictured: . . .
corversan  Outof tme decays lived decays to four jet final

states.
Present coverage?
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LHC-wide organized study ->
https://indico.cern.ch/e/LHC_LLP_October_ 2017
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Heavy Stable lonizing P

Detection techniques used for (multiple/fractional)

heavy stable charge particles

e Abnormal energy loss (de/dx)

e Slower than speed of light (lowf) via time of
flight measurements with the muon system

25 (13 TeVv)

DYIQI 1e, M 1000 GeV
DY QI =2e, M =400 GeV—
DY 1Ql = 1e, M = 400 GeV

2
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i
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4
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Search for Stopped Long Lived

EXO-16-004 <Search for long lived particles that stop in the detector and
decay into jets after some time, non-coincident with pp collisions
«586 hours trigger lifetime in 2016 included in this search.
eSearches for long lived gluinos and stops (R-hadrons) with jets
*13 events observed in 2016 -> consistent with background

> 2000 | .(fMS Preliminary 201 5| +2016 G observed b %‘ 1400
I Ldt=27+3680" = —-ee-- t observed ] (O]
(.2, i EEERE q expected (median) i b 1200 - a
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n | n f | | | | | | | | 4 " 0 L k L L . .
10710°10°10*10° 102 107" 1 10 10> 10° 10* 10° 10° 0 200 400 600 800 1000 1200 1400
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Limits on Mg, < 744 GeV and M., <1385 GeV 95% CL for
lifetimes from 10 psec to 1000s



Search for Stopped Long Lived

EXO-17-004 e<Search for long lived particles that stop in the detector and
decay into jets after some time, non-coincident with pp collisions

Hupper e 744 hours trigger lifetime in 2015/16 included in this search.

eSearches for long lived gluinos with delayed muons

Hower @ NO events observed in 2015/16.

+B-1upper

+B-1lower
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New Physics in Rare _

Analysis of the BO—K*p+p- decay (LHCb) PRVARNGE
LHCB: arXiv:1512.04442 CMS: BPH-15-008 \RQ;
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A General Search View!
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Summary .

Standard Model measurements @ 13 TeV show no surprise.
E.g. W/Z and top cross sections according to expectations

New Higgs measurements at 13 TeV. So far the Higgs is very
consistent with Standard Model expectations.

No sign of new physics in the first 13 TeV data... This starts to
cut into the ‘preferred regions’ for a large number of models,
like SUSY.

Dark Matter and Long Lived Particle searches are being
explored in a more systematic way

The LHC is continuing to explore the Terascale. We have

much data to look forward to: it takes on signific ¥
to show the way!! Collected >60 fb1@ 13 TeV ¢ =
-« JT‘

And hopefully one day soon:
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