*”v Higgs, Dark matter, dfid Exptica searches
v Looking (backward) forward i

I "“‘ "“ "‘ “‘ “ “ ,‘ 1 ‘ ‘ ‘ \ ‘. r‘ “ \“ ‘\‘ “v ““
([l | | TN




2012: A new boson discovery

Volume 716, Issue 1, 17 September 2012 ISSN 0370-2693

Events/1.5GeV |

g
g

S/(S+B) Weighted

400 500
my [GeV]

http:www.elsevier.com/locate/physlets

(%]

M. Gallinaro - "Higgs and New Physics searches at the LHC" - March 28, 2018 2



Standard Model theory of everything?

 Discovery of the Higgs boson
marks the triumph of the SM

 However, even with the
inclusion of the Higgs boson, “p m” Forces

SM is an incomplete theory = > |- . o' W Vi
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Tests of the SM

19.7fb" (8 TeV) + 5.11b' (7 TeV)
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Beyond the Standard Model

The SM answers many of the questions about the structure of
matter. But SM is not complete; still many unanswered questions:

a) Why do we observe matter and almost no antimatter if we
believe there is a symmetry between the two in the universe?

b) What is this "dark matter" that we can't see that has visible
gravitational effects in the cosmos?

c) Are quarks and leptons actually fundamental, or made up of
even more fundamental particles?

d) Why are there three generations of quarks and leptons? What is
the explanation for the observed pattern for particle masses?

e) How does gravity fit into all of this?
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Dark matter and energy

* What is that accounts for 96% of the Universe?
Nobody knows.

* |t is one of the greatest mysteries of Science

’\\‘

DARKMATTER = NORMAL MATTER

} N

g g
DARK ENERGY
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What can we look for?

A crowded field. At the LHC we can search for some of these

/
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How?

« Search for new phenomena
* Look for New Physics

Indirect searches

— precision measurements, event 77N
properties, etc.

Direct searches s
— resonances, specific final states, // /;Zf. , ‘
model-(in)dependent searches, etc. gL

Production and decay rates, event 4
characteristics, advanced tools

TheRel, ANEDIE |
INHeRE . WE HAk
L} 10 FNDTT.
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LHC performance

~ 9 T P — %  2017:

2 w2010, 7 TeV, 45.0 pb

g 80 —— 2011, 7 TeV, 6.1 ' 1*® + LHC exceeded design goal

2 70l — 2012, 8 TeV, 23.3 b ! |70 L DU

= — 2015, 13 TeV, 4.2 b ' — Peak luminosity: 2x10%4 cm-~“sec

_g 60 2016, 13 TeV, 40.8 fb | 160 — Pileup ~35

3 sof T 20 3TN SLOb |50 — 2208 colliding bunches

9 40/ 14« LHC high availability: ~50%

g 30} {30

3

i 120 -

= » CMS record efficiency:

o l . 1" — Excellent detector performance ~92.5%
L 0

o , ~ ) SOR
RS i W W W 0 e o N 0% Each sub-detector >96%

Data validated for all detectors is 95% of data .
recorded: ~50/fb to analyze (~70/fb expected for 2018) . =!———
—:
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Top quark pair rate is large

= precise measurements
and rare processes

 Single and double differential
Ccross sections

» Rare (FCNC) decays
* CP violation
* Width and mass

Pair production is mostly
through gluon-gluon, thus
providing information on
gluon distribution

March 28, 2018 10



Top production: ttZ and tt\W

arXiv:1711.02547

» Coupling of top to Z (direct measurement of background to many

d t
searches) g g t
d ! Z
SS di-leptons 3 3.4 leptons
U W+ g i
CMS 35.9 fb (13 TeV — 4 g CMS s9f"(13TeV)
@ e L S B B I8 §1'6_ * 1tV best fit =+ ttV theory [1] ij #W theory
S [ ¢ Data WttW = ttZ Nonprompt 1 & [ — 68% CLcontour § 6f
5 [ @WZ )X W Rare @Charge mis-ID 1 +.al. — 95% L contour y T W Y 4
- Controlregion :  Signal region - I 3f 9%
200+ | _ I 3 o
: - 1.2 [ IER
i 1= a8
100 + = ; é ;: ttZ theory
0.8~ °F
0 0.6h...|,..1...1...|..,1
-1 -0.5 0 0.5 1 02 04 06 08 1 1.2
D O [PD]
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ttbar+Higgs

e {tbar produced in association with H
—ttbar is a “clean” tag

» direct measurement of Higgs couplings

TIIIII IIIIIIIIIIIIII[IIIIIIIlIIIIII[IIIIIIIT]II

M(H)= 125 GeV =

LO EW) ]
,1 QCD N il
Lo 00D+ 1

L
3

|
LHC HIGGS XS WG 2016

o(pp — H+X) [pb
S
|

—
TTTT T

Cross section for ttH at the LHC: 107"

0.13 pb (8 TeV) / i /
1072 —/

0.61 pb (14 TeV)

|1|||| |||||||| | |||||||| I |||||||||||||||| I‘

ttH ~1% of total Higgs cross section 6 7 8 9 10 11 12 13 14 15
(s [TeV]
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Higgs couplings to top quarks

CMS-HIG-17-004

* Multi-leptons: SS, 3L and 4L
= categories per charge, flavor

CMS Preliminary 35.9 b (13 TeV)
2] = I I | I I | T
I= . I%, post-fit (SM prediction)
g 120_— +Data @MWZ INon-prompt ]
(] i [ttH [JRares [MCharge mis-m. |
n WtW  @W=W= ggTotal unc. .
100_— [tz [JConv. —
LHC Run1 —— 237 - SS dileptons -
CMS Run2 e
Ty . 19417
41 —1 0.0%)2 0
10008 mt??-_ — —0.2:08 20 \\\_ — e
multileptons | I 1.5405 N \ \\\\ \
Hareon s ;( — +0.6 . A III||||1||I||||IIIIIIIIIIIIIIIII@m|||||||||||||||mmumnnu.mm.
mcwo:;ha:)rb' N e PP _ M B 017 _05 8 1'2:_-Stat' NG [total unc. _:
4 0 1 =2 3 4 5 S yaf E
Signal strength relative to SM prediction g ]:g -‘t iﬁ + b
30 evidence for ttH in multi-lepton final o8p -~ - . . .

states 3.3 0 (2.5 expected) R BSDT (ftH,n/?uv) :,in
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Higgs couplings to top quarks (cont.)

arXiv:1803.05485

 Lepton and tau:
=6 categories lept/tau multiplicity

CMS 35.9 fb” (13 TeV)
. B +0.45 +0.26 +0.37
s o (13700 Combined - u=1.23 0.43 [ -0.05 (stat.) 085 (syst. )]
g ¢ Observed [ Rare +tH .
o 70 I tiH (1=1.23) [ Conversions 1l + 2th |
> mtiz £ Misid. leptons +1.76 =
L [ W + ttww Uncertainty u=-152"
Wz +2Z 3l =
2iss i
1.61%058 | T
= 051 |
2Iss +t, |
w= 0 94 +0.80 | —a1—
067 |
3l |
0 ST TTTITETTITIIY \\&\ \\\\\\\\\\\\\ 3I . 071 i
5 3 + Ity -
§§ 0.5;—' - 1 34 +1.42 - —
50 -05F 4I 229 | -
L B Lo o b by e b ey + -
° 1 2 3 4 5 w= 057157..|.l..1....|....1....1...1“..1..
Discriminant =S -2 A 0 1 2 3

Best fit u(ttH)
evidence for ttH in lepton+tau final states 3.2 o (2.8 expected) o
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Higgs reloaded

HIG-16-040, arXiv:1706.09936
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Higgs mass

PRL114(2016)191803, HIG-16-041

IIIIIITIIIIITII lIIIIIIIIIIIIIIIIIITIITIIIII
ATLAS H—yy ——e—— e+ Total
CMS H—yy ————o Stat.
* One of .most important ' Syst.
propert|es ATLAS H—ZZ -4l ! - y
leen ’Fhe mass,.all the rest CUS Hs77 i
is precisely predictedbySM ([  fo 7
« Mass can be accurately ATLAS+CMS yy ———
measured from H—yy and
H—4| decayS ATLAS+CMS 4/ e ATLAS and CMS
ATLAS+CMS yy+4l ) LHC Run1
lllllllllllllllllllllllllllIllllllllllllllll
124 125 126 127 128

my = 125.26 + 0.20(stat.) + 0.08(sys.) GeV My [GeV]
Accurately measured =<0.2%!
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Consistency with SM

JHEP 08(2016)45

c —————— >l Py !
% [ ATLAS and CMS CJH - v E |> 'f ATLAS and CMS
2 3-LHC Run 1 [ Ho2zz ] ¥ - LHC Run 1
: G
LL
- > 107'F E
2 Elu.
I W
1—_ _- 10_2? 3
_ ¢ ATLAS+CMS
0'_ i ok, £ T SM Higgs boson |
[ | : — [M, ] fit
_“f: 0',“Bf . :‘68°/OCL
AT (@)sm - (B )sm i [ ]95% CL
:—68°/loCL + BestfitI * SMexpected[ | 107, Ry NPT PRI | E
— o 1 2 3 107" 1 10 102
W st Particle mass [GeV]
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Higgs and BSM

arXiv:1606.02266
° 1 H . “yp oy
|s there BSM ph?/sms hidden in the "Higgs sectf)r . Strateqy: parametrize
ZOTOTeTOToToI0D AN deviations wrt SM in
0 production and decay
b,t ¥ A& A Wbt = loops are sensitive
{ ~

to BSM physics

g

“0000000°

(0-BR)(gg > H—vy) = osm(gg — H)-BRsm(H — vy) -

Experimental approach

* Measure H(125) properties

« Search for additional Higgs bosons

« Search for BSM in signatures with Higgs bosons
» Search for BSM Higgs decays
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Couplings: decays

ATLAS-CONF-2015-044, CMS-HIG-15-002, JHEP08(2016)045

BSM physics in the loop Vector and fermlon coupllngs
i 3 T r
ATLAS and CMS —=o | "I ATLAS and CMS
- e A — x2
LHC Run 1 .ATLAS+CMS ATLAS CMS | (o} "LHC Run 1 :
=2l = = = e 251 ]
Kw_ — _"-":: I f— _"’;":_ | ) Combined 1
i - B T T - CJH-yy
Ky 'E——.*— -i——O—— Z?DH_’ZZ B
= —=— [ [JH-wwW ]
— ' — ' i H— -
b = . I SH—»EL .
- Bl - T 1.5 -
| . e I ]
| = I e 1 .
i, 2= e
{ L kst ' - B 0 '
Basw Bosm =0 — = 0.5 E—
IIIIIIIIIIIII IIIIIIII IIIIlIIIIIIIlIIl IIIIII IIIIIIIIIIIIIII]IIIIIIIIIIIIIIIIIIIIlIII e ———————
1.5 1 -05 0 0.5 1 1.5 2 -1.5 - 05 0 0.5 1 1.5 2 i 1
Parameter value L — 68% CL ----------- 95% CL |+ Best fit *‘SM expected -
BRgsy can be measured % 05 1 15 2
BRggy < 0.34 at 95% C.L. (assuming ky, = 1) Ky

BRgsy includes non standard decays, visible or invisible

—Results in agreement with SM (k,=ke=1) within 1c
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Events / 4 GeV

Events / 50 GeV

H—ZZ resonant search

CMS-HIG-16-033, HIG-16-034

CMS Preiiminary 12917 (13 TeV)
—T —T—T
e Data E
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« Search for spin-0 resonance with any different width
* Interference among X, H, and background

o(pp — X— ZZ) [pb]

CMS Preliminary 12.917' (13 TeV)
: | ! 1] 1 1} { 1 ] | 1] :
= Expected Observed, 95% CL;
- 4] r=0 i+ 1std. —
- (HIG-16-033) -eex 2 std. .
B I'=2GeV ]
10E I =10 GeV - E
- I' =40 GeV - — A
- 212 r=0Gev - i
- (HIG-16-034) -
| =
107 =
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130
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di-Higgs searches

* Destructive interference in SM
e Could be altered in BSM

* If constructive, it could be large enhancement

* In SM, only 6=33fb at 13 TeV
 Study different final states

(X>)hh>-

[ bbbb
bbtt
bbww

_ bbyy

BR
34%
7.3%
27%

Mass scale

} High

0.26% Low

interference

non-resonant production

Only SM

resonant production

New Physics

VOO -h
/7
A>‘X‘.:
\
000 “h
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Searches for HH production

CMS-EXO-15-008, CMS-HIG-16-012, CMS-HIG-17-002

« Searches in: bbbb, bbWW, bbrtrz, bbyy, yyWW

* Resonant and non-resonant production
— Double Higgs production to determine A,

— Check couplings: i, =Apn/ Ao k=YY M = 10p 35.9 b (13 TeV)
— BSM could enhance non-resonant hh production 2 §,?,2#,§ina,y o Do W ,é,ga‘a

-~ i CD
- H_)h125h125_)bbTT é‘:, - gzi—rYbir;'

: c M Higgs
* h,,5 decay products nearly collinear 1 f?{iﬁ"?x‘”

—boosted “single” merged jet (—bb) >

©

* US€ TTh, T,Th, aNd 1,1, final states 10
—sidebands/inverted isolation to estimate bkg |
* set limits as function of mass

1072 5

300 400 500 600 700 800 900 1000
mERFt [GeV]
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Rare decays

arXiv:1712.07173
« Search for LFV decays of Higgs boson to et and ur
* Previous 2.4c hint in Run1 data not confirmed

35.9fb" (13 TeV) CMS 35.9 b (13 TeV)
- S —— e e E et 0 Jets L UL NLALALE NLAL AL NN N LA B T
= 350 ,
Q E CMS ) giseee;vedgézyﬁ t 073% 0.78% B h-»ex: BDT fit
‘(L) 300 :_ l.lTIe, 2 jets VBF [ | up [, ":le S er,, 1 Jet e Observed
c : [ Diboson [ _|W+jets,QCD 0.81% (1.13%) . X Median expected
il e H—> o
0>> 250 [ SM Higgs == H—ut (B=20%) ex, 2 Jets 5 B co% expected
L 200 - [ Bkg. unc. 1.94% (1.59%) [] 95% expected
C er,, VBF
150 - ’;.49% (0.74%) I.
100 - et,, 0 Jets l
E 1.22% (0.90%) B N
50F et,, 1 Jet
C : .66% (1.59%) .
0 - = a—
et , 2 Jets
&15_ e kit l‘2.259/0(2.54“/0) -
&) il et VBF
; Tt _+_ M+M++‘¢'H+++ it l;.10% (1.84%) ..
8 0.5 B A 4 Ho e }
\ . . i 0.61% (0.37%)
_0'6 _0'4 _0.2 0 0'2 o e b by by |
0 2 4 6 8 10 12 14

BDT discriminator 95% CL limit on B(H—> ex), %

i, 0 Jets
0.51% (0.43%)
w, 1 Jet
0.53% (0.56%)
r, 2 Jets
0.56% (0.94%)
w, VBF
0.51% (0.58%)
rT,, 0 Jets
1.30% (0.83%)
T, 1 Jet
1.34% (1.19%)
I, 2 Jets
2.27% (1.98%)
r,, VBF
1.79% (1.62%)

i—=ut
0.25% (0.25%)

= Stringent limits well below 1%
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CMS

35.9 b (13 TeV)
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Searching for DM

. : BSM:
Stable(-ish) particles:
. ( ). Beyond the « Supersymmetry,
* Anti-nuclel Standard neutralinos, gravitinos
« Photons Model (BSM) T
_ Physics « Extra-dimensions
* Anti-protons . . .
.  Axions(-like) particles
 Positrons . .
_ » Sterile neutrinos
* neutrinos
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Searching for DM

Dlrect Detectlon

Indirect Detection

Beyond the
Standard

Model (BSM)
Physics
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DM at the LHC

 CMS/ATLAS experiments not designed for DM searches
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Dark Matter

How do we find DM?
* Need to understand how it interacts with Universe
* Traditionally through a mediator

*Yields at least two new particles
Dark Matter
Mediator X

O

Rest of the @- — —
Known universe

o

X
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How do we find it: @LHC

* Produced it through a mediator

Mediator

X
o /

Y Dark Matter
\

Additional signature to flag interaction
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DM searches at LHC

How do we find DM at the LHC?
* DM production gives MET signature

Escapes detector
MET

A Jet (or a photon, W/Z. etc.)

M. Gallinaro - "Higgs and New Physics searches at the LHC" - March 28, 2018 29



DM searches: backgrounds (cont.)

How to discriminate signal against the background?
» Can fit the shape and look for signal

19.7 o' (8 TeV)

Fit it and look
for signal

“

Signal

|

200 300 400 500 600 700 800 900 1000
miss
B (GeV)
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Build a V-tagger

* Two jets are more collimated at high pT

g
* At low pT jets are “resolved”

—Focus on reconstructing di-jets with mass near W mass
* At high pT get one “fat” jet

—Focus on identifying one jet with mass near W mass
» Use additional variables to improve discrimination
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arXiv:1712.02345
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DM search in mono-jet/\VV

gq=1’gnm=1

B .

/
_ v
10797

ool

Lol

Pseudoscalar med, Dirac DM

- ==+ CMS exp. 90% CL

— CMS obs. 90% CL

—— FermiLAT -

10

102
mpm [GeV]
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arXiv:1703.05236

» DM search with H(—bb,yy)

23" (13 TeV)
|

* Model dependent search S Efﬁ;,;

o/’ 2HDModel

q I
/
,I
7z
. 1
a4\ (
q X

* No significant excess
 Set limits for coupling g=0.8

- mA =300 GeV, m, = 600 GeV

=300 GeV, m, = 800 GeV
=300 GeV, m = 1000 GeV

0 50 100 150 200 250 300 350
;-nISS [GeV]
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Experimental results

* Limits for given couplings between SM and DM interaction
« Competitive limits at low masses wrt other experiments

. CMS Preliminary EPS 2017
Z‘ 10 t LB | LI I LI I LI I LB I LI I LI ] LI | LI | L l:
S = - -
2 [ — Oy (LHC DM WG) - CMS Prellmlnary LHCP 2017 CMS observed exclusion 90% CL
5 s " Pseudoscalar Mediator 4 = — T —r—TTrrr Axial-vector med., Dirac DM; g =025, =1.0
~ [ = Observed exclusion 95% CL Dirac DM 7] (\E 10 i ,
o) = g =10 - = Boosted dijet (35.91%7)
N Expected exclusion 95% CL gq =1.0 g [EXO-17-001]
10° 1 oM - & 10% Dijet b
- DM + 35.9 fb 5 g — Dilet (35.987)
- T [Exo-]::a’-(gzgl( ) My =1 GeV J oz (EX0-16-056)
[ DM +Z(ll) (35.9 ib™) 4 o 4o DM +JV_ (359 57)
. 53.“3’355?,5(22‘.2 ) et ; - [EXO-16-048]
[EXO-16005] e e 10 o DM+ y(120f57)
10 DM +tt(l) 859107 T Tl | [EXO-16-039]
= [SUS-17-001] st et E a1 .
- L et - 10 DM +2Z,(359f")
- TTLLL st . [EXO-16-052]
E e e . 107 DDAD observed exclusion 90% CL
.............. — PICASSO
/_’ 1079 [arXiv:1611.01499]
ast PICO-60
1= = T [arXiv:1702.07666]
E ] 10 Super-K (bb)
~ n [arXiv:1503.04858]
B N — lceCube (bb)
10 L [arXiv:1612.05949)
— -1 IceCube (tt)
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Search for heavy resonances

‘.CMSEp riment tLHC CERN

* Heavy BSM resonances (>1TeV)
may decay into SM bosons (W,Z, H) ¢

» Several final states | e

« Experimental challenges
—SM bosons decay mostly to quarks

—Due to large Lorentz boost, decay
products merge into single jet

— Clustered within a large-cone jet (R=0.8)

* Look into jet substructure

—Jet “grooming”: get rid of soft jet
components from UE/pileup, keep
constituents from hard scatter

— Apply filters (mass drop, pruning,
trimming)
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Jet grooming

arXiv:0802.2470
Mass drop/filtering
* [dentify approx. symmetric sub-jets (with smaller mass than sum)
R
b b
9 mass dr;)p
Mass drop: define 2 sub-jets i
27 N
C/A ,/"6\“3 OO \
— i \
AL }?‘g""’
. \\\O (@) O‘;
Initial jet m’ [M® < pgae :r-vc‘!’ Y > Yeu
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W, Z, H reconstruction

CMS-B2G-17-002

e Grooming and jet mass
—Pruning

—soft drop (stable w/pileup, and
good jet mass resolution ~10%)

» \Vector boson tagging (V—qq)

—n-subjettiness t,,: how consistent
with 2 sub-jets

— Categorization according to purity:
high (<0.35) and high (>0.35)

x10°

35.9fb" (13 TeV)

M. Gallinaro - "Higgs and New Physics searches at the LHC" -

soft drop jet mass (GeV)
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X — VH — qgbb %10° X - VH —> qgbb 359 fb™ (13 TeV)
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W, Z, H reconstruction (cont.)

CMS-B2G-17-002

* Higgs boson tagging (H—bbar)
—Double b-tagging
— Exploit b-tagging to identify two b-quarks
In same jet
— Soft-lepton information
— Combines tracking and vertexing in MVA

%108 X — VH — qgbb 35.9 fb" (13 TeV)
..(L, [ I T T T T l T T T T l T T T T l T T T T l L
5 30 CMS ¢ Data ——— Background —
LTI Preliminary —— H(bb), mx=1200 GeV =--e- H(bb), mx=4000 GeV _|
W(qq), m =1200 GeV ---- W(qg), m =4000 GeV 1
25 —— 2Z(qd), m =1200 GeV -+ Z(qd), m =4000 GeV
loose s tight

20 -

15

10

III|IIIlllllllllll[llllllllll

lllllllJl]llllllJlJ[

-1 -0.5 0 0.5 1
b tagging discriminator
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_. X—VV—-qqqq

* All hadronic resonance search with
single (qV) or double (VV) V-tag
— At least 2 back-to-back jets p>200GeV
— Categorization (jet mass, 1,4) q

: PR n g 35.9 fo' (13 TeV
 Background estimation: “bump hunt” fit . 17 per—rr e 13 1Y)
. S - CMS —+ CMS data
data with power law o 10 BB 5 per. background i
— e, T q*(4 TeV)—qZ (o = 0.01 pb)
CMS Candidate ZZ event 12 o qZ, high-purity
TN Dijet mass: 3.2 TeV 5 10¢ = |T'|| < 2.5, p.> 200 GeV
g T
| 1035_ m; > 1050 GeV, lAnnI =13
/ \ ‘ 107
/ = =¥ Antiky R=0.8 jet 10
Anti-ky R=0.8 jet A \ pr 1374GeV
mn 321 Gev , W 7 oa i
u g‘;? \ g ) ?:L-D 94.8 TE +
i’ku .10.3G6V . "/—"”‘, TZ; 0.29 T-||||||||!|||||||||!|||A"l‘llll!lll‘.l.glllll!lll—
n o 0.23 = = g2 . . -
“\ Pk || S — R N A SR
‘ _ / o Y[ . * .
’ h 8 % o :""'"-";"':"" """"" """"""" ‘° """ > ’_
2000 3000 4000 5000
NS Experiment ot LHE. CERN Dijet invariant mass (GeV)

Data recorded: Mon Jul 18 19:59:10 2016 CEST
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X—-WV—{vqq

CMS-B2G-16-020
 Search for a resonance decaying to 107 1291 (13 TeV)

. _ S V)
WV in leptonic channel I A ]
. . . v 08 —
» Categorization in 1,y and W/Zmass < ¢ 1
. . g 06 D Single Top @ Uncertainty ]
- Sideband+transfer function for bkg 2 ¥ . ]
1 04 —_
estimate 12.9 b (13 TeV) - ]
S g o2k | E
8 10* | Preliminary ~ ® Data W—uv =W+iet5 r wwwwwwwww
S .. i = e .
E 10 @Uncertaimy _ut's-;":; 3-1** §§+}§*?* ,}ir‘
o 10°F 8° -2fF .
g 10 , 40 60 80 100 120 140
T R m,, (GeV)
1 iR
10.1 [ [ ] ] [
102  Similar sensitivity to Z(#)V(qQ)

search
* Excluded up to 2 TeV

Data-Fit
Odata
NOMN

x10°

1 15 2 25 3 35 4 45 5

. . m,» (GeV)
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X—VH—{vqq

PLB 768(2017)137, arXiv:1802.09407
« Search for a resonance decaying to VH in leptonic channels

—Z—vv: transverse mass m(VH) & a"
—W—¢v: top control region W/Z q
: .. : X
—Z—U: high-efficiency dilepton ID
: W D . J J
—H(bb) b-tagging « Heavy vector triplet (Z', W’)
g { o . I
- Sideband bkg prediction 9v: G (Cvs Cr): couplings
X =+ VH (v 22007 (13TeY) = X VH o (wbvlipd  22br(sTey)  OMS _ X—VH-(wivibh 222517 (13 TeV)
é\mo CMS o +I ID'ata E1()2 CMS i D . ?U;L /
é \/V+VH - % VY’ VH 0.5¢ 2500 GeV ™
W/Z mass reglorr HVT model B g, =3 ol N

107"

b 10-2 (T
e 1 I 0
2 2 / + 3 =2 g— 3
g 2k | SO U YN SRR OO RsU USROS 3
‘;zl _gjiﬁ'* % ﬁ“f*ﬁﬁ* H ;%‘:;r“i'gli‘il R32L “:E ? _g?j * + v ¢ —E
] E -4F =
% T mm—T 565 525 300 £ 7000 1500 2000 2500 3000
jet pruned mass (GeV) myy, (GeV)
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Search for multilepton final states

CMS-EXO-17-006, arXiv:1708.07962

» Type-lll extension to SM
« Search for 3 or more lepton final states
* Pair production of W/Z/H—-ZXX

» Scalar sum of lepton p; (L;)

 Bin and count (Lt+MET)

. - -1
CMS Preliminary 35.9 fb” (13 TeV) CMS Proliminary 8591 (13 TeV)
%105”'I”'I""'”J'Dété"”é— T T T | l T T
(EL; Misidentified 7 TR olppEZR) o, e T
10 Wz o -
v Conversion 32 95% CL upper limits
2 e ZZ ] 10°1E -+-- Observed |
S 10° W Rare s e Expected 3
i —e—| ey Uncertainty 3 N I 1 std deviation ]
10° s EE S i 2 std deviation i
— ] Q
p " L -
10 @)
1072 = “:
1 - 3 ]
1077 : :
Qo 2 L L L L o ot Torr
X 15
S 1 ‘
805 10-3||||||l||||||||1||||||||1||1|||||
05—t — 400 500 600 700 800 900 1000

L PR SRS I PR
0 200 400 600 800 1000 1200

L+E™® (GeV) 2 Mass (GeV)
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Resonances

*Di-muon events: a re-discovery of the SM

1317 (13 TeV, 2016)

> 10”% Trigger paths
g oF CMS .
= 107 E Preliminary .
2 10k o =
s = ¢ : B v
- B » I low mazs double muon + track
L 1085_ b double muon inclusive
107’_ n @
= Z
10525
10°E
10*
III 1 1 1 1 1 L1 II 1 1 1 1 L1 1 II
1 10 _ 10°
pu invariant mass [GeV]
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Dilepton resonances

arXiv:1803.06292

(Data - Bkg) / Bkg

« Search for dilepton (ee,un) resonance

35.9 fb (13 TeV) N 36.3 fb (13 TeV)
10° }{ Data - » 10°F "~ { Data “>e
10° [y/Z > e'e CMS O 10° - GRS
10* [ i, tW, WW, WZ, ZZ, w10

3 [ ]Jets 8
182 —— 7, (M=3TeV) 2 1823
10 10
1 1
107 107k
102 102
10°° 107°
10 104
10—?"1 T L B S R R cn10—§' T T
0.5 5 latl ] sl 0.5 Y B FS _
0 .5..-..9...0...,........-.-.o.-.nom';moggif*y’xq,{,m*i-* H oo %) 0 AR e T PE L H”H el l -:
05— DL g N & -05—- Sy HI ]
-1786700 200 300 1000 2000 s ~180100 200 300 1000 2000
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Resonance searches: Summary

B 13Tev [_]8TeV
LQ1(ef) x2

LQ1(ej)+LQ1(vj) B=0.5 ,
LQ2(yj) x2 coloron(j) x2 [
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Looking forward: PPS

» The Precision Proton Spectrometer is a joint CMS and e e EES

CERN-LHC-2014-021

TOTEM project that aims at measuring the surviving CMS-TOTEM
scattered protons on both sides of CMS in standard =
running conditions

 Tracking and timing detectors inside the beam pipe at
~210m from IP5

* Project approved in Dec. 2014 by LHCC /
« Data taking started in 2016 (full scope from 2017) NG DS RETORT TR

CMS-TOTEM
PRECISION PROTON SPECTROMETER

CMS+TOTEM

CERN-LHC-2014-021
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PPS: Physics motivations

 Central Exclusive Production
— photon-photon collisions
— gluon-gluon fusion in color singlet, JF¢=0*

* High-p; system in central detector, together with very
forward protons in PPS

— momentum balance between central system and forward protons, S
provides strong kinematical constraints , Wk o

e L.’- ¥\,
— Mass of central system measured by momentum loss of the two :
leading protons

« Gauge boson production by photon-photon fusion and
anomalous couplings (yYWW, yyZZ, and yyyy)

« Search for new BSM resonances
« Study of QCD in a new domain

i

A

Y
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PPS detectors

“3D” pixel sensors with

 Tracking detectors columnar electrodes

— Goal: measure proton momentum
— Technology: silicon 3D pixels (6 planes per pot)

* Timing detectors
— Goal: identify primary vertex, reject “pileup”
— Giime~10ps = o,~2mm
— Technology: silicon/diamond

electrodes

= - - W W - . - - e % 4 ceoee = e e e e - - - — e e o _— = e W e —_— et ot = o

A
\ 4

5cm .
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Timing detectors

vy—WW, both protons from signal
TT lIIl.l.T-‘I‘II|lllllIII‘I|IlII|IIII|IIIl|‘IIII|IIII

Use timing to reject pileup background 10ps -
» Two scenarios studied: L
—10ps and 30ps time resolution ok fgh E
» Baseline: solid state detectors
_ _ _ o8 Excluswe WW N

 Detector options investigated: LR R L-gad.ng.emgnVeazxz;zs.t,ss[cﬁs
—Diamond sensors z e Inclusive, W.W.P.?Q‘.‘Q”?Hﬂq .........
—Fast silicon sensors (UFSD, HFS) 5;;5_ E
» Status: 9
—Diamond and LGAD detectors installed o f
" Inclusive WW. -

|
=25 20 15 10 -5 0 5 10 15 20 25
Leading lepton vertex z position [cm]
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WW production

JHEP 08(2016)119

» Study of process: pp—pWWp P D

— Clean process: W in central detector and “nothing” else, intact
protons can be detected far away from IP

— Exclusive production of W pairs via photon exchange: QED ol w=
process, cross section well known N
Y +
» Backgrounds: w
—inclusive WW, 11, exclusive two-photon yy—ll, etc.
: p p
* Events:
—WW pair in central detector, leading protons in PPS
 SM observation of WW events
14 W+ W+ VY W+

—AQGCs predicted in BSM theories \
—parameters: a,"V/A?, a VA2 y W— ¥ W— ¥ W-
 Deviations from SM can be large

« Anomalous coupling study > RN \
7
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Exclusive Dileptons

CMS-PPS-17-001

« Study exclusive processes at the EWK scale

« Search for two-photon production of opposite charge
lepton pair with forward proton tagging

o p J X B X

\\-‘Yq:j——ﬁ Y ' Y i——«— &t
, DD ‘
Y " Y £ Y "
signal Background: SD, DD, DY, dibosons, PU

« Signal selected with:
« at least one proton tagged, muons, kinematic selection
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Results

CMS-PPS-17-001
* Correlation between the ¢ values in central system vs RP

* 12uu, 8ee candidates observed (>5c over expected bkg)

* First observation of two-photon production of a lepton pair at
this mass range

0.2 CMSITOTEM 2016, L = 9.4 b, {s = 13 TeV (CMS+TOTEM 2016, L =9.4 0", {5 = 13 TeV

I.‘ ] L I LB I l ] T I o1 I L] T l L l’\ 8 T T™TTT | ] | LI A | I
t;'ﬁ 0.18 QT-PPS left arm = 2 - .
C {1 No acceptance for any RP . = 6= - |
0.161 I No acceptance for near RP = R cupn .
T -e- Matching 'l events . o ete” -
0.14F —&— Non-matching I'I” events T 4 -
r -=~ Out of acceptance /'l events . eC‘io,4 i
: . = 5 .
0.12|~ — 2 &0 —
_:_ -+ Red: u'u E o e . i
0_1: + - Blue: e'e —: o: < o) :
0.08[ =+ -] R oo :
N 7 2 . [ Jo) ]
0.06[- - B ~ oo ]
B . 4 [ | No acceptance _
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N o L. . B |:| Double-arm acceptance ]

1 1 11 111 | 1 1 1 11 111 | 1 1 1 | . I
00 002004006008 01 012014016018 02 -8 10 10° 10*
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Expected limits @95%CL.:

AQGC expected limits

ol /A2 =2 x 1076 (3 x 1075),
ay /A% =7 x 107% (10 x 1079)
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BSM searches: resonances, etc.

CMS-EXO-15-004, CERN-LHC-2014-021

1 ( ML CMS Experiment at the LHC, CERN

Data recorded: 2015-Sep-11 22:46:54.589056 GMT exclusive WW production

Run / Event / LS: 256353 / 437637379 / 244

diphotons at PPS
\

events with 20/fb

simulation
CMS-TOTEM

[ 100fb™, 13 TeV, 0=10 ps
+eees 100fb™, 13 TeV, 0=30 ps

— 51b", 7 TeV, Aoy = 500 GeV
| | |

-0.002 10°
08 06 04 02 0 02 04 06 08

ad,/A% [GeV?
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Increased reach at 13 TeV

Min. bias A&,

Predicted cross-section ratios

13TeV (o'L)

VH :}2; 13 TeV with 2.2 fb!

g Tt{}" \ potentially more sensitive
jg§029 TZV; than 8 TeV (19.8 fb-)

a9 (1.0 TeV)

gg (1.5 TeV) N

ad (2.5 TeV) .
Z'co (2.0 TeV) N
G* (3.0 TeV)
HSCP g (2.0 TeV) N
W —tb (2.0 TeV) 8
KXoz (1.0 TeV)
XsaXsr3 (1.5 TeV)

ggH (oL) 8 TeV

1 10 10 10° 10*
O 13 Tev! Og Tev
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Current status: LHC schedule

« Current status and plans

« CMS detector is closed

 Solenoid is cold and operating at 3.8T

* Running regularly on cosmics with magnet off

« All detectors included: reading out (including pixels)
» Ready for collisions

2015 2016 2017 2018
J|F|M|A[M|]|]|A|S|O|N|D}]|FIM|AIM]|]|]|A|S|O|N|D]] | FIM]AIM| ][] |A|S|O|N[D]J [F[M[A[M[] (] [A[S|O[N|D]
EYETS
Shutdown/Technical stop « Peak luminosity limit ~2x103*cm-2s-"
Protons physics
Commissioning * ~40-50/fb/year in 2017/18,

« >100/fb in Run2
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Phase 1 Pixel detector
Pixel upgrade: Installed for 2017 Run

« Baseline L=2x103* cm2sec! (50 PU) with small efficiency loss

» More robust tracking: to 4 layers (can compensate losses in strips)
« Better readout (up to 2.5x1034cm-2s-) with no inefficiency

« Radiation hard to 500fb-"

» Less material in front of outer tracker

* Inner layer closer to beam =better vertex resolution

F _— L _— L _— L _— L _— L _— L _— L _— L _— L _— -
Upgrade Outerrings 1 Puxels |
=0 ing c [ ] Current Pixel Detector e Upgrade Pixel Detector
"~ n=2.0 | §o07[s

n=2.5 i
——Innerrings
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Other CMS upgrades for 2017

* Implement multi-anode on PMTs for Forward Hadron (HF)
Calorimeter to reject spurious MET

 GEM-based muon detector slice in Endcap (first use of this
technology for HL-LHC)

* Precision Proton Spectrometer new timing detectors
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HL-LHC upgrades

Luminosity of ~3000 fb-" expected for HL-LHC

 Tracking information in “L1 track-trigger”
— Tracker designed to enable finding all tracks w/p>2GeV in <4us

 Tracker is all silicon but with much higher granularity, up to |n|=4
—>2billion pixels and strips

* High Granularity Endcap Calorimeters

—Sampling of EM showers: every ~1A (28 samples) w/pixels, and every ~0.35A
(24 samples) with pixels+scintillator to map 3D shower development

—~6M channels in all
* Precision timing to add a 4" dimension to object reconstruction
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Future: HL-LHC upgrades

Trigger/HLT/DAQ
* Track information in hardware event selection
» 750 kHz hardware event selection
» 7.5 kHz events registered

Barrel EM calorimeter
* New electronics

* Low operating temperature &
-10¢°

Muon systems

* New DT & CSC electronics

* Newchambers 1.6<n<2.4
'+ Muontagging2.4<n<3

New Endcap Calorimeters
* Rad. Tolerant
* 5D measurement

New Tracker
* Rad. Tolerant - light
* High Definition measurement \
* 40 MHz selective readout for hardware trigger
* Extended Pixel coverage to n =3.8

A

Beam radiation and luminosity
Common systems and infrastructure
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Precision Timing Layer
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Summary

LHC performing very well

— High-availability of “stable beams”

Excellent detector performance
— Detector ready for data

Excellent physics results
— ~100fb! of data collected
— >600 publications so far

Installation of new detectors in 2017
Upgrade program for HL-LHC underway
Plenty of data expected in 2018-2022!
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Evaluation

Review and present a seminar from one of these topics:

* di-Higgs production, Phys.Lett.B 778(2018)101:
https://arxiv.org/abs/1707.02909

* inclusive Z measurement, JHEP 01(2011)080:
http://arxiv.org/pdf/1012.2466

 charged Higgs, JHEP11(2015)018:
https://arxiv.org/pdf/1508.07774 .pdf

* Higgs observation, Science 338(2012)1569:
http://science.sciencemag.org/content/338/6114/1569.full.pdf
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