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The Standard Model ;

The Standard Model
24 elementary matter particles

3 forces - £ H ,
26 parameters ‘ ‘ Ms

- Although the SM has many input
parameters, it is very predictive leptons

4 )
» Survived many experimental tests @
over a wide energy range

quarks

photon

- With the discovery of the Higgs
boson, it is fair to say that it is a
good effective theory no matter
what happens next

Higgs boson

weak bosons
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The Higgs boson in the Standard Model

F. Englert and R. Brout, PRL 13 (1964) 321, PW. Higgs, PRL 13 (1964) 508, G. Guralnik, C. Hagen, and T.W.B. Kibble, PRL 13 (1964) 585.

- Local gauge invariance forbids
explicit mass terms in the Lagrangian -
but experimentally both gauge bosons
and fermions have mass

* Introduce a new field with a very
specific potential that keeps the full
Lagrangian invariant but makes the
vacuum not invariant

* Higgs mechanism predicts existence
of a new, neutral boson: the Higgs
boson

* SM parameters: mass (4 or mu) and
vacuum expectation value, v
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Standard Model Lagrangian
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This talk °

» Briefly introduce the LHC and the ATLAS and CMS detectors
» Select a few key Standard Model particles (W, Z, top and Higgs)
- Highlight key ATLAS and CMS results

« See how this has improved our understand of the Standard Model

Disclaimer
Will typically present
either CMS or ATLAS
results in each case
chosen at random




X
LD

O o

&0\ §

accelerators ¢ «*

N

B Qg




The Large Hadron Collider and the

ATLAS and CMS Detectors




The Large Hadron Collider (LHC)




Side note: Cross-sections and luminosity

Number of events

N \

Integrated Luminosity =~ Cross-section
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N =L Xo
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ATLAS Online Luminosity
e 2011 pp Vs =7 TeV
— 2012 pp Vs=8TeV
m— 2015 pp VYs=13TeV
w— 2016 pp Vs =13 TeV
e 2017 pp Vs =13 TeV
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Already ~12 fb™' of 2017 data!

UONBIGIED £ L0Z [BU!

Cross-sections are measured in
barns: 1 barn =102 m? (100
fm?)

Range at the LHC: mb to fb



https://en.wikipedia.org/wiki/Barn_(unit)#Etymology

Measuring Particles

Calorimeter Superconducting
Solenoid Iron return yoke interspersee

witlh muon chambears

e NlUON Electron

Charged hadron (e.g. pion)

- = = . Neutral hadron (e.g. neutron) -=-==-Photon
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The General Purpose Detectors

Weight

ftons) Length (m) | Height (m)
ATLAS 7000 45 21
CMS 12500 25 15
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A Large Toroidal ApparatuS (ATLAS)

http://atlas.cern/

f
25m I
\5'1]‘
il L
\ \
| h" \\ Tile calorimeters
i ; LAr hadronic end-cap and
. forward calorimeters
Pixel detector ;
Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transifion radiatfion tracker

Semiconductor tracker
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https://cms.cern/detector

The Compact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m?* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Something new: CMS Pixel Upgrade CMS Pixel TDR

- CMS pixel detector was completely MS pixel detector
replaced during the 2016-2017 shut- % g g 1l

down
- Additional pixel layer

» 3—4 barrel layers (smaller radius)

« 2—3 end-cap disks

* e.9. 50% improvement in do resolution

New
4 barrel layers

Outer rings

n=2.5 -
| Innerrings

Old

3 barrel layers

Old =0 n=0.5



https://cds.cern.ch/record/1481838?ln=en

The Vector Bosons



https://www.flickr.com/photos/dullhunk/15579013071

The Z boson SMP-12-011

x10° - CMsi
» Discovered in 1983 at the SPS at CERN § 1op Lesmimam
o T E
 Carrier of the weak force P b, 2
* Reconstruct from a pair of leptons of the .
same flavour but with opposite charge 02p f g
typically with pr > 20 GeV e
« One of the easiest processes to identify o T
M(u'w) [GeV]
» Almost background free
CMS
- Widely used for lepton calibration 2 R
] . # E
» Highly accurate tests of the Standard £ it Zoee
Model bt E
200; + + _

M(e*e) [GeV]



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-12-011/index.html

Z Boson Properties

SMP-14-012 19
STDM-2014-10

Precise
measurement of
the pr distribution
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Measure Z boson angular distributions to probe QCD dynamics
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-10/

The W boson

* Also discovered in 1983 at the
CERN SPS

* Other weak force mediator

« Most precise measurements
reconstruct W boson from decay to
a lepton and a neutrino

- Cannot reconstruct the full mass
because the neutrino is only
detected indirectly (missing energy)

- Backgrounds from multijet (fake
lepton) and top quarks

Events / 2 GeV

Data/Fit

Events / 2 GeV

Data/Fit
*.
{
¢
}
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STDM-2014-18

\s=7TeV, 4.6 fb" ; \Ij\;t_r)e:slt_l- EW :

[ Multijets :
I tf + singletop

1 05 E e e e +
1:_ .............................. + TR St M’mw“+++ .....
0.95 ;_ ............ l ++++++ ....... R S R + ........ H
0 20 40 60 80 100 120
m; [GeV]
1 07 % A|1_LA|S """"""""""""" _._I Data """""" i

—— Fit result -
B W—uv +EW 5
[ Multijets 3
[ it + single top

.08 ++]l _______ 3
E b - et g + .................................. _;
0.95 + .............. ........................................................... S ++ .......... _;
0O 10 20 30 40 50 60 70 80 90 100
p-IrT_HSS [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-18/
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The W Mass

* Precision measurement of W mass tests m%v —
consistency of Standard Model V2G,

- Extremely challenging measurement at a 21'3335 s
hadron collider 1004, o= 7Tov, 411

- Template fit to distributions sensitive to 1'-°°§
the W mass 0.999

0.998 =
0.997E _u 0.0<hi<0.8, slope = -0.031  0.023 —;
* Requires careful calibration and detailed 0.996 ~#~ 08chi<l 4 slobe = 0080 = 2022 3

0.995F -¥- 2.0<ii<2.4, slope = 0.103 = 0.085

understanding of reconstructed objects 0676 G078 505 61035 G001 0025 008

-1
1/ <p_(w)>[GeV']
[ ) —
mw = 80370 £ 19 MeV
T T T T
ATLAS ® my
== Stat. Uncertainty
3 0 . . . . . — Full Uncertainty
8 s 1 g 10’ ATLAS - Ei?tr?asult i
s=7TeV,4.6fb g _ -1 —
S 2 e[ Vs=17TeV, 461 W W—>ev+EW LEP Comb. 8037633 MeV
@Q c 10 @
c 2 5
> L
W Tevatron Comb. PY 80387+16 MeV
LEP+Tevatron Py 80385+15 MeV
ATLAS | ___@-80370<19 MeV
i 1.05F - i :
3 e e HT Y 3 T e ] E .
(0] = _“-0- DU S A + | - E 3 & E +
S 0.9515#* Ty g oon bt 7] Electroweak Fit | _?t?_osss 8MeVI |
Y ; 0 0.5 1 1.5 2 2.5 3
O 70 20 %0 4050 60 70 80 90 W ol im- 80320 80340 80360 80380 80400 80420
-
i

—— —_ m,, [MeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-18/
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Observation of WW scattering P 7004

* In the SM without the Higgs, the cross-section for WW scattering was
predicted to diverge at high energies

* One component of the “no lose theorem” which argued that the LHC
had to find something

 Exactly two leptons of the same charge and two jets with a rapidity gap
« Counting experiment in 6 categories by lepton flavour

» Observed (expected) significance is 5.5 (5.7)0

| 3?5.? fp'1 (13 TeV) 35.9 b (13 TeV)

(7)) - ' ' ' | ' ' (7p] n T T T T .
c [ @ Data = My =200 GeV c e Data —fr / A =0.42TeV* .
G>) 150 : EW WW === mM,,.. = 600 Gevglwl.s. N 0150 Ewww e, /A =0.61TeV? 7
LlJ _.WZ N B re Imlnal’y i Lﬁ _.WZ 8
| I Non-prompt N\ Bkg. unc. | [ 19 Non-prompt A\ Bkg. unc. 1 Fi rSt
| Others I | Others C M S | .
100 |- \ . 100 . Preliminary ] observation
ST | SO :
_— | - NN OT same-
50 | SN i _— sign WW
[ _\\\\\\\?\\\\\\\\*\\\\\\\Nt\\\\\\\\: scatterin g |
.........................
llllllllllllllllllllllllllllllllllllllllllllllll =
O ||||||||||||||
500 1000 1500 2000

m; [GeV]



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-17-004/index.html

More than one: Diboson Results

Marchl 2017_ | | QMS I?relirr]inary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+—o—+—
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys) +———o—+—
13 TeV CMS measurement (stat,stat+sys) ——eo—+—
YY 1.06+£0.01+£0.12 5.0fb"
WY, (NLO th.) — o 1.16 £0.03+0.13 5.0fb
ZYy, (NLO th.) o 0.98+0.01+0.05 5.0 fb"
ZY, (NLO th.) —e— 0.98+0.01 £0.05 19.5fb’
WW+WZ =5 1.01+£0.13+0.14 4.9fb"
WW o 1.07£0.04 £ 0.09 4.9fb"
WW <o 1.00+0.02+0.08 19.4fb"
WW . 0.96 +0.05+0.08 2.3fb"
WZ ———o—— 1.05+0.07 £ 0.06 4.9 fb™
WZ —o 1.02+0.04+0.07 19.6fb"
WZ ———e—— 0.80+0.06 £ 0.07 2.3fb"
Y4 9 0.97+£0.13+0.07 4.9fb"
Y4 ° 0.97 £ 0.06 £ 0.08 19.6 fb™
Y4 ——e— 1.10+0.04 +0.05 35.9fb"
l 1I 155 | | | | 2

0.5
All results at:
http://cern.ch/go/pNj7

Production Cross Section Ratio: o,,,/c

theo
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Massive Triboson ? STOM-2015-07

W """ REAREEEERAREERE AR R REEER R R R

= il 5
o 200 ATLAS e Data -
O 18 ] - WWW =
o - \s=8TeV, 20.3 b e WZ =
< - o Fake L 7
~ 16 wiviv vy -
12 - ~ Charge Flip L. .
W c 14— 0+1+2 SFOS SR I Other Bkg. ]
@ ¢ fo o/ A*=2000 TeV* -
‘/‘/ W 12 Age = o - fg/A*=2000 Tev* A
10 - 7 fso/A'=2000 TeV* 3
8 R ) g /A"=-6000 TeV* —
N 6 *| =
441 - =
25 =
mn Ve -
+ ~ -
N 1.5p
8 7
g
] [] 7/
» Currently only a limit from 0.5¢

ATLAS on WWWW coupling 0 100 200 300 400 500 600 700 800 900 1000

m3 [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-07/

The Top Quark



https://www.flickr.com/photos/dullhunk/15579013071

The Top Quark

« The heaviest particle in the Standard
Model with a Yukawa (Higgs) coupling
of ~1

* Discovered at the Tevatron, but large
production rate at the LHC allows its
properties to be studied in detall

* Typically study ttbar production

- Each top decays to a W-boson and a
b-quark

» Either leptonic or hadronic W decay

* Production cross-section measured to
4%

« Consistent with theoretical
predictions

ATLAS+CMS Preliminary LHCIOpWG

NNLO+NNLL PRL 110 (2013) 252004
Myop = 172.5 GeV, a (M) = 0.118:0.001
scale uncertainty

ATLAS, dilepton ep
PLB 761 (2016) 136, L, =321f"

ATLAS, dilepton ee/uu *
ATLAS-CONF-2015-049, L _ =85

ATLAS, l+jets *
ATLAS-CONF-2015-049, Lim =85 pb'1

CMS, dilepton en
RL 116 (2016) 052002, L =43 pb ' 50 ns

CMS, dilepton en
EPJC77 (2017)172, L =22fb 1 25ns

CMS, l+jets
arXiv:1701.06228

CMS, all-jets *
CMS-PAS TOP-16-013, L =2.53 0"

* Preliminary

—— 749 + 57 = 79 = 74 pb
pb”
— W 817+13x103=88 pb

) }—+—0—H 746 + 58 + 53 + 36 pb

—+e+— 834:25x118x23pb

o, summary, Vs=13TeV May 2017

———+—
total stat

O (stat) = (syst) = (lumi)

o 818+ 8 =27+ 19 pb

o 815+ 938+ 19 pb
6 835+ 32323 pb

NNPDF3.0 JHEP 04 (2015) 040
| I MMHT14 EPJC 75 (2015) 5

CT14 PRD 93 (2016) 033006

' ABM12 PRD 89 (2015) 054028

[(xs(mz) = 0.113]

200 400 600

O

O

800 1000 1200 1400
[pb]

leptonic

hadronic
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The Top Mass TOP-16-022

» Another key parameter of the Standard Model

* Measured using analogous technigues to the W mass measurement,
but more challenging as it requires both leptons and jets

* Theory interpretation is challenging

* Measured top mass = theoretical pole mass

p

CMS Preliminary 221" (13 TeV

2400 [T T T T T T | T T T I. | T T T
2900 i tt correct B Single t

ATLAS+CMS Preliminary LHCIOpWG  m,,, summary, {s = 7-8 TeV May 2017
""""" World Comb. Mar 2014, [7]

20 O O t! Wrong W-i'.lets f;?;l uncertainty total stat
[ ]tt unmatched N Z+]ets My, = 173.34 = 0.76 (0.36 = 0.67) GeV . = total st = syst) P
1800 e Data [ 1QCD multijet ATLAS, lets () 172312155 (075135 77ev (1)

ATLAS, dilepton (*) 173.09 = 1.63 (0.64 = 1.50 7TeV [2]

[
) [

173.49 = 1.06 (0.43 £ 0.97)  7Tev [3]
) [
[

1600

CMS, l+jets
1 400 CMS, dilepton 172.50 = 1.52 (0.43 = 1.46 7TeV [4]
CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7 TeV [5]

LHC comb. (Sep 2013)
World comb. (Mar 2014)
ATLAS, l+jets
ATLAS, dilepton
ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets

173.29 = 0.95 (0.35 = 0.88) 7 TeV [6]
173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7)
172.33 = 1.27 (0.75 = 1.02) 7 TeV [8]
173.79 = 1.41 (0.54 = 1.30) 7 TeV [8]
1751+1.8 (1.4 £1.2) 7 TeV [9]
172.2 £ 2.1 (0.7 = 2.0) 8 TeV [10]
172.99 + 0.85 (0.41+ 0.74) 8TeV [11]
173.72 £ 1.15 (0.55 = 1.01) 8TeV [12]

1200
1000
800
600
400

ATLAS comb. ~(une 2016) 172.84  0.70 (0.34 = 0.61) 78 7Tev [11]
200 4 CMS, l+jets ’ e 172.35 = 0.51 (0.16 = 0.48) & Tev [13]
] CMS, dilepton 172.82 = 1.23 (0.19 = 1.22) 8 TeV [13]
1 _5 T T I UL T T CMS, all jets 172.32 = 0.64 (0.25 = 0.59) 8 TeV [13]
7

CMS, single top
CMS comb. (Sep 2015)

172.95 £ 1.22 (0.77 = 0.95) 8 TeV [14]
172.44 + 0.48 (0.13 = 0.47) 7+8 TeV [13]

O 5 L 1 I | L (*) Superseded by results

T [
1 O O 2 O O 3 O O 40 O Sholwn below the line |

165 170 175 180 185

Data/MC Permutations /5 GeV



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-022/index.html

Single top production

t-channel § w*

w*

s-channel 5

Q|

Wit W

Measurements of the top produced by itself

Inclusive cross-section [pDb]

—h
o
N

10

- Single top-quark production
[ May 2017

t-channel
. V“ Wt
N s-channel

" ATLAS+CMS Preliminary LHCfOpWG

ATLAS t-channel
PRD 90 (2014) 1120086, arXiv:1702.02859,
JHEP 04 (2017)086

® CMS t-channel
JHEP 12 (2012) 035, JHEP 06 (2014) 090,
arXiv:1610.00678

| _Li_ . O ATLASWt
PLB 716(2012) 142, JHEP01(2016) 064,

arXiv:1612.07231

O CMS Wt
PRL110 (2013) 022003, PRL 112 (2014) 231802

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

% *  LHC combination, Wt

A ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,

PLB 756 (2016) 228

¥ CMS s-channel
JHEP 09 (2016) 027 95% CL

x  7+8 TeV combined fit 95% CL

- == NNLO PLB 736(2014) 58

scale uncertainty

PRD 82 (2010) 054018, PRD 81(2010) 054028

Wi: tt contribution removed
scale ® PDF ® a, uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74
MR= MF= Miops
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
Wi: p: veto for tf removal=60 GeV

and u =65 GeV
- scale uncertainty

scale ® PDF @ o, uncertainty
My,p=172.5 GeV

[el0} lels
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Vs [TeV]




Top and other particles

TOPQ-2015-21
TOP-17-005

Probe the production of the top together

with other particles

Measurement of ttW and ttZ cross-
sections:

(ttW) = 0.80%012 (stat) *013 (sys) pb  o(t(Z) = 1.0070 (stat.) %12 (sys.) pb

Measurement of tty cross-section
139+7(stat.)x17(syst.) fb

CMS Prellmmarv

September 2016
I

g 3 L I I I I 1] I 5.02 TeV CMS measurement (L= 26 pb™) J
— 10 3 - ] :7 TeV CMS measurement (L = 5.0 fb ) 3
o) F ] : 8 TeV CMS measurement (L < 19.6:fb™)
= Doeae : : : i 13 TeV CMS medsurement (L < 15.6 fo)
o 1 02 E : — i Theory prediction: : -
B F ﬁ 777/ | CMS 95%CL limit 3
3z : : '
5 10F .
3 é é é é é é
S I  mim
= 'F i—a—iq.-Lil T LT
310F | f | | — %= 4
e B B B B B B -& 7
o Ll : : : : : : : 5 1

10%E -

T S R S SR N N N

tt ttbb tty ttw ttZ ttH ttt

All results at: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

Oy, [Pb]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-21/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-005/index.html

The Higgs Boson




The Higgs Boson

* Predictions date from the 1960s

» Discovered at CERN by ATLAS
and CMS in 2012

 Only known elementary scalar ..
- Particle associated with the gmg:;:;:s:;;::

g
o
o
o

Higgs mechanism which
provides elementary particles
with their mass

[ Bkg Fit Component
L 1o
| I 20

| T S AT R U (I
110 120 130

S/(S+B) Weighted

s

In the following HO refers to the signal that has been discovered in
the Higgs searches. Whereas the observed signal is labeled as a spin
0 particle and is called a Higgs Boson, the detailed properties of HO
and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

g el gy iy et

10" ke 2
101 15 120 125 1 50

—— Observed 225 Expected Signal = 10
200 300 400 500

Concerning mass limits and cross section limits that have been ob- A
tained in the searches for neutral and charged Higgs bosons, see : By my [GeV]
the sections “Searches for Neutral Higgs Bosons” and “Searches for e
Charged Higgs Bosons (Hi and Hii)”, respectively.

HO MASS
VALUE (GeV) DOCUMENT ID TECN COMMENT
125.0940.2140.11 1,2 aaD 158 LHC pp, 7, 8 TeV |

e o o \We do not use the following data for averages, fits, limits, etc. e o o

C — P




Producing the Higgs

L = |D"|* — yiqrqrd — 1" ¢° — A" + ...

Coupling to bosons Coupling to fermions
quarks,
W,Z leptons _
_ Higgs
_ _Higgs -—— -
my,
w2 i- mg
W,Z Anti-quarks, -

anti-leptons

Massive gauge boson? Massive fermion?
...then it couples to the Higgs ...then it couples to the Higgs



Studying the Higgs? Decays

Gauge bosons

Massive gauge boson?

...then it couples to the Higgs

W,Z SW
_Higgs  peiH _

» «

w,Z SW

Fermions

Massive fermion?
...then it couples to the Higgs

quarks, 2Nsup
leptons enoiqsl
P Higgs eppiH q
- — - - ——
Anti-quarks, 2Msup-ifnA
anti-leptons enoilqel-itns

A— T

—



Higgs Production and Decays

Higgs Production

le
—i EE
0 a1
k=3
—_——~ _g
> - 18
+ g

F ] i

T 10E E

g f - :

5 [P qqH (NNLO QCD + NLO EW) i

pp — WH (NNLO QCD + NLO EV)) |

e ZH (NNLO QCD + NLO EW) _

e — ——————— — -

E  pp —ttH (NLO QCD + NLO EVY) |

_  pp— bbH (NNLO QCD in SFS.ENI O QCD in 4FS) .

107" =

1 1 1 I 1 1 1 I 1 I 1 l 1 1 1 I 1 1 1
120 122 124 126 128 130
MH [GeV]
q W 2
-—— —
)— —
W,z
q
— —

Gluon-gluon fusion

Vector boson fusion

Higgs BR + Total Uncert
S S

10°°

1055

q

Higgs Decay

L | | | | | | I | E | I | | | | | | | | | | | —
= : WwW =
- bb ]
1T ZZ |
el >: E
L cC * _
| I | | | | | : | I | | | | | | | | |
100 120 140 160 180
My [GeV]

W/Z associated production

Top fusion

LHC HIGGS XS WG 2013

200




Discovery Channels

An excellent channel Golden channel over a
for mp = 125 GeV wide mass range

Simple channels with excellent mass resolution
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Movie link

Higgs to two photons (H—yy)

I | | I | 1 I I | | | I 1 I I | | I | 1 I
fs =7 TeV I Ldt=0.02fb "' Apr 18,2011

Events / GeV
N
(e
(e}
(]

S ATLAS Preliminary -

3000 — H—yy channel =

— —— Background-only —

2500 =

2000 — =

1500 f— —f

1000 F- E

500 - =

o A MM

T 200F -

©

S 0

200 |

100 110 120 130 140 150 160
M., [GeV]

4 July 2012


https://twiki.cern.ch/twiki/pub/AtlasPublic/HiggsPublicResults//Hgg-FixedScale-Short2.gif
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What do we know about the ngg

JHEP 08 (2016) 045, PRL 114 (2015) 191803, EPJC 75 (2015) 212 Phys. Lett. B 726 (2013 . 120-144

Measure basic properties
Mass and width

Production rate
JPC' _ O-I—-I—

« Spin and parity (only elementary scalar):

Measure decays

In the following HO refers to the signal that has been discovered in
the Higgs searches. Whereas the observed signal is labeled as a spin
0 particle and is called a Higgs Boson, the detailed properties of HO
and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for
Charged Higgs Bosons (HjE and Hii)”, respectively.

H® MASS
VALUE (GeV) DOCUMENT ID TECN COMMENT
125.09+0.2140.11 L2 AAD 158 LHC  pp, 7, 8 TeV |

e o o We do not use the following data for averages, fits, limits, etc. @ o o

R R


http://dx.doi.org/10.1007/JHEP08(2016)045
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
http://link.springer.com/article/10.1140/epjc/s10052-015-3351-7
http://www.sciencedirect.com/science/article/pii/S0370269313006527

H

iggs

Mass Measurement
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HIGG-2014-14, ATLAS-CONF-2017-046, HIG-16-041

o o e e LA A e o e e e LA B e e S CMS Preliminary 35.9 b (13 TeV)
() - . . - > crrrrrrrerprrrr T T T T T T T T T T T T
O] - ATLAS Prellmlnary ~¢- Data . 8 C ﬁew ~ All categories ]
To] B 1 — Fit 1 25000 - m,=125.4 GeV, u=1.16 -
o . Vs=13TeV,36.11b ! . P } Data ]
= Oy zzo 22 Background 20000 2 — S+B fit ]
12] - i T . " LU L B component .
c I - - I +10 -
Lﬁ 15—_ _— 15000:— I:I 2 G —:
! i 10000 |- -
101 . 5000 -
: : 0: | L1 | 1 .'-ﬂ
5 _ e0FF 1 B component subtractedJ
- i 400 =
_ i 200 §- —
I | _ é3

| | | | | | | | | | | | | | | | | | | | | | | o E

P10

R

115 120 125 130 135 ~200
_40 1 1 1 1 1 1 1
m4l [GeV] gPOO 110 120 130 140 150 160 170 180
m,, (GeV)
T T T I T T T T I T T T T I T I T T T T I T T
ATLAS and CMS —e—i Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst. .
ATLAS H—yy F———H 126.02 = 0.51 (= 0.43 = 0.27) GeV ° Flnal Run_‘l : 125.09 i 0.24 Gev
CMS H—yy == 124.70 = 0.34 (= 0.31 = 0.15) GeV
ATLAS H—ZZ 4] —— 124.51+ 0.52 (= 0.52 = 0.04) GeV
CMS H—ZZ 4] —=— 125.59 = 0.45 ( = 0.42 = 0.17) GeV i CMS Run—2. 125.26 i 0.21 Gev
ATLAS+CMS yy |-—|§||—-| 125.07 = 0.29 ( = 0.25 = 0.14) GeV
| amasiousy = = 125192000 (107 10190 « ATLAS Run-2: 124.98 + 0.28 GeV
ATLAS+CMS yy+4] H$H 125.09 + 0.24 ( = 0.21 = 0.11) GeV " " — "
1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-046
http://arxiv.org/abs/1706.09936

39
axXiv:1205.6497

Higgs Mass Implications

« Measured final SM parameter !

. . % - —my= 80.370 + 0.019 GeV |

+ Good consistency with mw and miop § eosp A 72070l

= 80.45 :_ e 6&?/95% éL of_m;N and m, _:

* my= 125 GeV :
80.4—

* A bit too heavy for supersymmetry, but .- = _
nOt SO heavy as to eXCIUde 8035— """ - 68/95%CLofEIectrowealg§
supersymmetry - | | Z'ﬁﬂ’@ﬂ“.lvﬁrl‘l&) e

8025——"965 170 175 180 185

* Perhaps a bit lighter than the mass m, [GeV]
needed for the Standard Model validity
to Planck scale (modulo theory r
assumptions) - e

P AR
. . o 150 /6@0\ z
* mn = 125 GeV — our universe may lie on ERR :
the boundary between instability and 3 100] Stability 3
stability & :
= 50t g
* No need to panic: metastability means that |
I I I Ok oo s —r————
the universe is unlikely to end tomorrow T e o0 150 oo

e But |ntr|gu|ng, nonetheless - Higgs mass M, in GeV



https://arxiv.org/pdf/1205.6497.pdf

Spin/Parity HIG-13-002

HIGG-2013-17

* Only elementary particle with spin-0
« Spin and parity determine angular distributions of decay products
« Use vy, ZZ and WW
» Don’t forget, though, that the yy observation implies
* Does not originate from spin 1 : Landau-Yang theorem
« Charge conjugation is +1 (assuming C and P separately conserved)

- WW/ZZ channels disfavour CP odd hypothesis (can occur through

&)18— ' o R cMs Vs=7TeV,L=511";/s=8TeV,L=19.7 0"
o- : . Data ATLAS : 8 TTTT I TTTT Il TT || TTT ||| TTT Il TT || TTT ||| T ||| TTT || TTTT
C . I ah= Data _
é 16: B Background 2z Hes77%—4]| S 0; + Dyyy>0.5
=140 Background Z+jets, tt ] D J =0,
= 14: !JP 0" SM [s=7TeV, 45" g gl CDzzzy N
Wiolk 7 /s =8TeV, 20.3 b o B zX
C - JP=0 ] > B
C - 7 L L
6_— -
41— _
2_ . B -:____ ]
0_||||||..||_._.----:-.".W|_'_I_ — | _

| s i ——
0 0.102030405060.70809 1

Do;

40


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/
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Spin/Parity Results HIGG-2013-17, HIG-14-018

£ 120 CMS H- 2Z 19.7 fb" (8 TeV) + 5.1 fb' (7 TeV)
e 4 "5 | {~—Observed —Expected @ i 0 i oioboiobiobiobb bbb S-t
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-018/

Phys. Rev. D88 (2013) 054024

nggs Width ar>.<|v 131.1r358é9 HIG- .16 03§

 Direct measurements of the Higgs width are limited by the detector
resolution to a few GeV (SM: a few MeV)

- Can do much better with indirect measurements using the ratio of the
off-shell to on-shell cross-section

 Currently constraint width to a few tens of GeV

» But: brings in model assumptions

CMS Preliminary 12.9 fb” (13 TeV) Preliminar. 1291 (13 TeV
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8~ ] 8- 7
6 —: 6:— |
- | 95% CL
b= =
o[- ]
feswoL ]
i O %\’NL-LI‘ . 1 1111 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1
4 45 0 001002003004005006007008009
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-033/index.html
https://arxiv.org/pdf/1206.4803.pdf

Higgs Production and Decays

Higgs Production Higgs Decay
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iggs Results ATLAS-CONF-2017-045, ATLAS-CONF-2017-041, HIG-16-021,

HIG-16-043. HIG-16-041, HIG-16-044, ATLAS-CONF-2017-043
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-041/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-021
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-043/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-044/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/
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Production and Decay Strengths

JHEPO08(2016)045
Production Decay
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http://link.springer.com/article/10.1007/JHEP08(2016)045
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Interpretation as Couplings

JHEPO8(2016)045
W
ATLAS and CMS ®- ATLAS+CMS H K
LHC Run 1 - ATLAS W
B i —1ointerval
K —— —§=— D¢ interval
Z —— —+— WV
Ky o - Assumptions:
u No contributions to width
K, e from BSM particles (no
RS i decay to BSM particles)
| - No contributions to loops
' — from BSM particles
Ky — — Generally good
— agreement with SM
fic, —
| | I I | | I*I | i I I | I I | | 1 ReSUItS for fermions
-2 -1 0 1 2 3

Parameter value are much weaker than
for bosons



http://link.springer.com/article/10.1007/JHEP08(2016)045
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Observation of H— 1T e B

35.9fb™ (13 TeV)
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- CMS paper last week as first single experiment observation of the
H—1t (ATLAS+CMS observation in Run-1 combination)

« Only channel so far to directly observed the coupling to fermions
- Two channels (by T decay): lepton-hadron, hadron-hadron
 Exploit both gluon-gluon fusion and VBF production

+ Key elements: reconstructing the Higgs mass despite the presence of
neutrinos and accurately estimating the Z— 1t background


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-043/index.html
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Evidence for H—bb HIG-16-044, ATLAS-CONF-2017-041

* H—bb is the most common decay

I|III|III|III|III|III| I|III|III|I
12~ ATLAS Preliminary —eo— Data ]

(58%) but, due to the large (ol Eooreucore’ o (=10
" I . | 2+3 jets, 2 b-tags . Uncertainty
baC kg rOundS, It IS Very Chal |eng I ng 8'_ Weighted by Higgs S/B Dijet mass analysis

« Recent result from ATLAS provides the
evidence for H—bb with an observed
(expected) significance of 3.50 (3.00)

- Use associated production with a W PR

Events / 10 GeV (Weighted, backgr. sub.)

and Z boson 40 60 80 100 120 140 160 180 200
m,, [GeV]
 Leptonic decays provide trigger
 Strongly reduce backgrounds "TTATLAS Prolminary | tetaTev, 36,1 o7
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« Cross-check by measuring VZ o | e 045 U (9%.9%)
production with Z—bb with an N N P
observed (expected) significance of o
F—e—- 1.90 o6 (Zoaes 042 )
5805300 L S ———
Comb. He-H 1.20 1332 (202 t0ns)
« CMS combination of Run1+Run2 of 40 128 4 s 6 78

4.80 -


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-044/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-041/
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Novel High pr H—bb Search S

- Select events with a large radius jet with pt > 450 GeV
» Typically accompanied by a jet radiated off the Higgs
- Validate with Z—bb observation (5.10)
- Early days for the Higgs: observed (expected) significance of 1.50 (0.70)

35.9 fb (13 Tev)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-010/index.html

50

H—pup HIGG-2016-10
_ 8 e U —
- So far, we've focussed on coupling of i 0E weretssr Do —ver s io0g
the Higgs to third generation fermions ¢l Hoser

« Structure of the fermionic sector is far
from trivial !

« H—=pp will soon provide us with a
means tO pI’Ob e _th ec Ouplln g Of -th e BE o E

Data/MC

Higgs to the second generation -
» Higgs is easily identifiable via the two § SEamas T E
muons, but there is a background £ ntsoms

many orders of magnitude larger than : e

the Higgs from Z—pp decays T: — Sgnaix20 -
- Current limit is 2.8 (2.9) x the SM i *

SE

» Will become very interesting with
more data!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-10/

Does the Higgs Decay to new particles?

Constraints on rate of decays to particles that we cannot see
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Summary: Coupling vs Mass HEPOB(2016)045

> T L L
S E IE ATLAS and CMS
Y. - LHC Run 1
ELLT> ok ] Good agreement
N but check the y-
axis carefully
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http://link.springer.com/article/10.1007/JHEP08(2016)045

Thins we don’t know about the Higgs

» Direct evidence for the Higgs-top Yukawa coupling

 Other rare Higgs decays, e.g. lepton flavour violation —
 Confirm the Higgs self-interaction (HH production) Beglllr;génsg of
- Study the Higgs potential physics

 Evolution from the early universe

* Phase transition ? Connection to electroweak baryogengesis

Higgs ,
potential ’
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Real vacuum



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-001/index.html

Conclusion

Standard Model Total Production Cross Section Measurements staius: July 2017
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