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Higgs EXCLUDED 2-M,, < M,,< 558 GeV (CMS: 600GeV)
High mass Standard Model Higgs boson (almost) excluded
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Higgs searches at Hadron Colliders UNIVERSITAT
WUPPERTAL
g L HO
g t t T T T T T T ]
g g fusion . '-g_ \s=7TeV
—10 =
> -
+ |
I ]
T -
S E
t t fusion B ;

W.Z W.Z

I I|III]|

0

W, Z bremsstrahlung

1000
M, [GeV]

HO 100 200 300 400 500
WW, ZZ fusion =9

Peter Mattig, CERN summer students 2013

LHC HIGGS XS WG 2010



BERGISCHE

Branching ratio: 100 — 200 GeV UNIVERSITAT
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How to find the Higgs @ 125 GeV?

=» How many Higgs bosons (should be) produced?
cross section = 20 pb
collected luminosity =25 fb!
=» 500 000 events

=» Decays:
H-> bb 285 000
H-> WW : 105 000
H> 7z . 13 000
H>vyy 750

Peter Mattig, CERN summer students 2013
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How the Higgs would show up UNIVERSITAT
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The ideal world: a narrow excess at M,
.... nothing else
= A handful (one) of events sufficient

Closer to reality:
Other processes similar signatur, but smoothly

distributed

reality:

Other processes similar signatur, but smoothly
distributed +

Exptl resolution broadens signal
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How to find the Higgs @ 125 GeV?

Comments:
- Large background: hard selection cuts

- in addition: how well is background known?
- sometimes use subdominant production channel

channel selection reduction width

bb identify bottom 0.5 15 GeV
WW electrons, muons 0.05 25 GeV
Y44 electrons, muons 0.001 2.5 GeV
YY 1 1.7 GeV

Clearest signals in ZZ and yy channel expected !

Peter Mattig, CERN summer students 2013
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Harvesting the Higgs - some nbs UNIVERSITAT
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In 2010 -2012:

Bunch Xings : 200 000 000 000 000

Triggered events: 6 000 000 000

Higgs produced: 500 000

Higgs selected: 500

This is equivalent to selecting
5x107 Bytes out of 5x10%°!!

BIG DATA for science ....
facebook, google, .... nsa, .........
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Higgs =» vy different samples UNIVERSITAT
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Higgs = yy combination UNIVERSITAT
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Sum over 9/11 individual contributions
converted/non — converted photons, regions of detector .....
Individually not significant

MET —— CMS preliminary
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Combining the categories
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Background smooth = shape ,fixed*
No smooth background can produce excess around 126 GeV

=» Observation of a Boson decaying into two photons
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Significance of observation UNIVERSITAT
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p-value: probability for the background to fluctate to observation
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Both experiments observe strong excess at about 125 GeV!
ATLAS: 7 standard deviations excess — more than expected

CMS : 4 standard deviations excess - agrees with expectation
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Mass of ZZ—> (e te')(utu) UNIVERSITAT
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=» Clear excess at about 125 GeV
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H=>ZZ below 2* M,
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E ol Sz At 126 GeV:
& | S :/ ‘\ how can a Higgs decay into 2 * M,?
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Significance of observation UNIVERSITAT
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p-value: probability for the background to fluctate to observation
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Both experiments observe strong excess at about 125 GeV!
ATLAS: 6.6 standard deviations excess — more than expected
CMS :6.7 standard deviations excess - agrees with expectation
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July 4, 2012: Announcement! UNIVERSITAT
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better wait and see .....
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Is ,it’ the Higgs boson?

Given mass: all Higgs properties predicted

» Production mechanisms

» Branching ratios into bosons and fermions
» Width of Higgs boson

» Spin and parity

» Higgs self coupling (Higgs potential)

Last year significant progress!

Peter Mattig, CERN summer students 2013
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A new particle

BERGISCHE_
UNIVERSITAT

WUPPERTAL
Mass:
CMS 125.7 £ 0.5 GeV
ATLAS 125.5 £ 0.6 GeV
= r
¢ 80.46 __|:| Not excluded at 95% C.L. by direct searches
. — M,,: D@ 5.3 b, | Tevatron
5;80'44__ :la%[::.ssfb e ,\6'7\
- <V
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How to measure the couplings UNIVERSITAT
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g g fusion
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Comparing data and theory
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Measure u = o(measured)/o(predicted) for different decays

I l I |
ATLAS Preliminary
W,ZH — bb
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I [ I
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H— 727" — 4]
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H— 1t
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H— vy
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H—- WW
1 =0.68+0.20

H—ZZ
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CMS Preliminary m, = 125.7 GeV
Pg, = 0-65

R BT S B B
0 0.5 1 1.5 2 )
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All results agree with expectation for Standard Model Higgs!
Uncertainties on couplings to fermions substantial!
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Examples hbb and htt UNIVE RS TAT
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q : :
W.Z W,z Select associated production
Lo =» much reduced background
g

CMS Preliminary Vs=8TeV L =19.0 fb"
T T "_f_ﬁ I T T T I T T T I L I T

> T T T
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Does the Higgs couple to fermions? UNIVERSITAT
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Existence of gluon fusion =
indirect evidence for htt — cplg.

Bhit 8hzz

Discrimate gg—2>h from WW-> h by jets in fwd direction
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Gluon fusion vs. Boson fusion

CMS Preliminary \s=7TeV,L<51fb" {s=8TeV,L<19.6fb"

v

Bkg. only

. o SM Higgs ® Fermiophobic @

Or

0 0.5 1

Ky

1.5
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Spin + parity measurements UNIVERSITAT
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11> 2>
Y 4
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Higgs Spin/Parity: 0*

Spin: angular momentum ‘of a point’
Measured from angular distribution of
Higgs decay products

Parity: how does a particle look in the mirror?

parity transformation (x, y, z, t) =2 (-x, -y, -z, t) M

wave function either symmetric (+) or 55
antisymmetric (-) A v

Measured by sequential decay =

L. o Se—

Peter Mattig, CERN summer students 2013



BERGISCHE

Spln of the nggS UNIVERSITAT
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Example: h 2> W*W- — roo
I Simulation Vs =8 TeV B
03,_ H— WW* — evpv/uvev + 0 jets ===~ S= 2, qu =25%]

Arbitrary units

Spin 0 = Spins of W’s opposite
u’s aligned

w* — Lg—

+ C o A
W wW 500 ATLAS

s b -
Spin 2: no such correlation R S L
(After subtracting background) s :

100 =

data agree better with spin 0

o h O

Data/(sig.+bkg.)
o0 -4
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Parity of the Higgs UNIVERSITAT
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Example: h-> ZZ
compare 0" versus 0"

.$2O?|I.||Dla{a|||\||\|

e
£ | g Il Background 22 ATLAS Preliminary ]

W "F Wl Background Z+jets, tt H-zz">41

16 signal (m, = 125 GeV) E

14 —S=0 V=7 TeV:[Ldt = 4.6 fo!

E.g. angle between decay planes o F0 e Tevili-z07 1!

Use several observables to find optimal % |
discrimination

o N A D
| TTTT T T TT
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ATLAS
H S vy ® Data Compare SM 0*
Vo= BTV LI=20TT oL expected with other possibilities
Ho>2ZZ" >4 assuming JP=0"*
Vs=7TeV [Ldt=461b" B+io
s =8TeV [Ldt=20.7 fb” e .
H > WW* —> evv/pvev Other possibilities
S | disfavoured with
S {= 102 -10*probability

CL
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The remaining questions UNIVERSITAT
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* Higher precision for couplings to W, Z, ..... spin/parity
* Direct measurements of coupling to fermions
* Higgs potential: h 2 hh

ATLAS Preliminary (Simulation)

Vs = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb
| Ldt=300 fb"! extrapolated from 7+8 TeV

Requires a lot of detailed MGas

. . ttH,H—pup
work and statistics VBE Hsee
A program for the next 20 years Ho 27

VBFH— WW B
Ho WW

It will be a much slower progress now ...

VH,H—
Next 10 years: couplings 10 — 20% ﬂH,H%ZZ
Next 20 years: new decay modes in reach VBFH-vy
Higgs self coupling to be measured Aoy ) R
H—yy

with about 3 standard deviations T
0O 0.2 04 06 0.8

Ap
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Is it the Higgs? UNIVERSITAT
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Pro:

* mass agrees with precision physics
e production rates as expected

e spin — parity favours 0*

precision to be improved
But as yet: no disagreement

,it tastes like a Higgs, it smells like a Higgs, it looks like a Higgs’

=>» general feeling: indeed ‘we have found it’
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It took 116 years to establish the SM UNIVERSITAT
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New forces discovered
=» Diverse description of
matter and forces

Coherent description
based on few principles

>
Final element found (?)
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Problem solved = New questions UNIVERSITAT
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For the first time in history: an elementary scalar
= Hierarchy/Naturalness problem emphasised
(or is it no problem at all???)

Higgs provides a mechanism to generate mass
=» no predictive power on mass values

Mass of Higgs boson known
=» is there a message associated?

A huge step forward
But still a lot to understand!
We need a more encompassing theory!
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.... and need tools to probe deeper UNIVERSITAT
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LHC will run for the next 20 years
=» able to probe masses up to some 10 TeV

Will we find something beyond the Standard Model?
Whatever it will be: homework of SM analyses has to be done!

But we also have to look beyond:
R&D on more powerfull accelerators
should proceed with vigour!

ENERGY(GeV)

JLLISION

STITUENT €«

Both for theory and experiment: an exciting time ahead!
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Consistency of masses UNIVERSITAT
WUPPERTAL
1 10p—rrr—rr e e .
S o e | A e
c<\11 8 \s=8TeV, L=5.3fb" :E:YZYZ(VBFMQ);
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N
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Disadvantage: broad signal

Simulation: assume Higgs @ 125 GeV

95% C.L. Limit on o/cg,,

CMS Simulation

Vs=8TeV,L =5.1fb"
H—WW-—-2I2v 0/1/2 jet cut based
Signal Injection mH=1 25 GeV

- - - Median Expected
[ ] Expected = 1o

[ ] Expected = 20
—e— Average Observed

Observed = 10

1 1 | 1 1 1
120

1 160 1 1
m,, [GeV]

1 | 1 1 1 1 | 1 1 1 1 l 1 1 1
130 140 150

Larger than expected limit over 40 GeV
=» very good control of normalisation & background needed

Peter Mattig, CERN summer students 2013
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Note: 2 Vv’s

i.e. half of the mass
not measurable

= to be inferred
from charged leptons
alone



