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Why are masses a problem? UNIVERSITAT
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,Standard Model‘ without masses:
built on local gauge invariance & self - consistent

But:

masses of bosons and fermions break gauge symmetry

massive gauge — bosons:

cross sections W W, > W W, outside theoretical bound at ~ 1.2 TeV
Note: guaranteed discovery at LHC!

Way out: introduce new scalar (spin 0) particle ‘Higgs boson’
Theory devised in 1964 by Brout & Englert; Higgs
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The ,Higgs mechanism’
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Introduce potential (by hand)
Two unknowns: A, [t
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Higgs fields

»gives mass to bosons

» provides means for fermion mass

»implies elementary physical particle

»gives mass to Higgs Boson

» NOTE: no prediction of masses!

Mw = =-v-g
Mass of W W2
Mass of Higgs Mp =Vv2-A-v
Mass of fermions M = %Gf v

V: vacuum expectation value’
M,, = v = 246 GeV
Left over A — from Higgs mass
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A few notes on mass UNIVERSITAT
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A dynamical generation of hadron masses =»
99% of visible matter due to strong interaction
This principle does not work if particles are elementary!
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Strategy to find the Higgs Boson UNIVERSITAT
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Unambiguous predictions of Higgs boson properties
What is to be known to search for the Higgs boson:
» how is it produced?

» how strongly is it produced?

» how does it decay?

Devise search strategy along this line

J.Ellis, M.K.Gaillard, D.V.Nanopoulos (1975)

“We should perhaps finish our paper with an apology and a caution. We apologize to
experimentalists for having no idea what is the mass of the Higgs boson, ..., and for not
being sure of its couplings to other particles, except that they are probably all very small.
For these reasons, we do not want to encourage big experimental searches for the Higgs

boson, but we do feel that people doing experiments vulnerable to the Higgs boson should
know how it may turn up.”
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Higgs physics in 2009: pre - LHC UNIVERSITAT
gg p y p WUPPERTAL
6 July 2010 ml_in;it 5'1 58 GeV
5 . L Aaﬁg)d =
| R 00 Direct Searches at LEP&Tevatron
‘ ----0.02749+0.00012
4 - 3 «== incl. low Q° data — Mh >114.4 GeV &
not around 160 GeV
X 13- i
<
Indirect limits from electroweak
2 precison experiments & theory
14 ] M, <158 GeV (@ 95% confidence)
0 | Excluded s, . Preliminary
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Higgs searches at Hadron Colliders

t 1 fusion

W,Z w.Z

q
W, Z bremsstrahlung

WW, ZZ fusion =9

—
o

o(pp — H+X) [pD]
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How do Higgs Bosons decay? UNIVERSITAT
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How strong is the coupling? UNIVERSITAT
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Width of higgs boson proportional to couplin
P [(H) ~ M(H)
E | Tl | | | | | | | a
10°F E
> 10F =
=, = -
— _12 Threshold W/Z gassed:
10 F High coupling =
1020 Initial W/Z: highlX-section
10 35 | L1 1 | | | | | | 1 1 1 E gl
50 100 200 500 1000
Very small width ... My [GeV]

Very small coupling!
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How many Higgs Bosons @ 125 GeV? UNIVERSITAT
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=» cross section = 20 pb
collected luminosity = 25 fb! 500 000 events

=» Dominant Decays:

H-> bb : 285 000
H> WW : 105 000
H>ZZ 13 000
H2>yy 750

Large numbers:

But: experimental challenge to separate these from formidable
background
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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? UNIVERSITAT
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Comments:

- suppress large background: hard selection cuts = low efficiency
- systematic uncertainties: how well is background known?

=» Sometimes subdominant production/decay channel

channel selection reduction width background
bb identify@ottom 0.5 15@GeV huge
WW electrons,@uons 0.05 25[GeV large
Y44 electrons,@uons 0.001 2.50GeV small
a 1 1.7&GeV large

Clearest signals in ZZ and yy channel expected !
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Higgs discovery I: H>yy UNIVERSITAT
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E:?Tmijm=oozm* Apr 18,2011

4500
4000

Events / GeV

3500 ATLAS Preliminary

H—vyy channel

+
5
5

3000
— Background-only
2500
2000
1500
1000

200

i
1 ]
b

jnmimaitain ale an ain ain ajn

200

Data - Fit

200 T
100 110 120 130 140

Peter Mattig, CERN summer students 2014



BERGISCHE

Photon Identification UNIVERSITAT
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S CATLAS
IR LeceiveNT

Aun Numt

,Isolated’ photons not in jets Converted photon y = e*e
Information about direction In tracking chamber + deposition
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Higgs Discovery Il: ZZ-> (e *e’)(utu")
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H=>2Z below 2* M,
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B o from fit
T QED unfolded
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CMS Simulation: mostly

- one Il combination M =91.16 GeV
- second combination 10 — 40 GeV
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Remember: M, =91.16 GeV
= M, << 2*M,

Breit — Wigner shape of Z° =
Some chance to produce Z at 30 GeV

CMS (s=7TeV,L=511";Vs=8TeV,L=19.7fb"
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A new particle! UNIVERSITAT
A new boson!

Mass:
ATLAS: 125.36 + 0.37 £ 0.18 GeV
CMS: 125.03 £+ 0.26 £0.14 GeV

Peter Mattig, CERN summer students 2014



N
fire
!
N

N\

W
]|| ;

\\\
i
N

BERGISCHE_
UNIVERSITAT
WUPPERTAL

Nt

nggs needle in hay stick
In 2010 -2012:

N
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Bunch Xings : 200 000 000 000 000
Triggered events: m» D00 000 000
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July 4, 2012: Announcement! UNIVERSITAT
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Historical precedents: ©  UNIVERSITAT
Don‘t jump to early on conclusions '
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A new particle! A Higgs boson? UNIVERSITAT
WUPPERTAL
H H o LU} ’ ° | ~ -
Qualitative: ‘Hi ggs. suggestive : § 50.46]_[[] ot excluced at 5% G.L. by it searches
» Mass accords with expectation F gl M DB M Tovaron
> Itis a boson (NOT spin 1!) oot 5
» Found in expected decay channel so.40k 4
80.385—
Move to quantify agreement 056
Higgs properties exactly predicted s0.34f
80.32[-
» Production mechanisms AT
. . . . 165 170 175 180 185 190
» Branching ratios into bosons and fermions M, (GeV)

» Width of Higgs boson

» Spin and parity

» Higgs self coupling (Higgs potential)
Significant progress since discovery
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How to measure the couplings

7

g g fusion

BHtt

Gluon fusion cross
section ‘known’
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O ~ |8uu*8hzzl?

Compare observed cross
section to predicted one
=>» Products of couplings

Theoretical prediction known to
10%

Peter Mattig, CERN summer students 2014



BERGISCHE_
UNIVERSITAT
WUPPERTAL

Comparing data and theory

Measure |1 = o(measured)/c(predicted) for different decays

: — o(stat. : - -
ATLAS Prelim. _g((igas ) . Total uncertainty 19.7 o' (8 TeV) + 5.1 f' (7 TeV)
m, = 125.5 GeV neery +t1oonpu
o theory) — Combined CMS m, = 125 GeV
Hoyy i 1 w=100201 | Prafiminar
w=157 028 |01 ‘ L Y
H— 22 - ail1 o | — H — bb tagged
H=189 s g o i pL=0.93+0.49
H— WW* - v 1
w=1.00"0%155 i
_ 020 |t | H — 1t tagged
Combined —— —
Hoyy, Zzwwe e e n=0591+0.27
“:1'35020 o \ S
W,Z H - bb : — H — vy tagged S
w=02°71"" J 1 n=1.13+024
H — 11 (8 TeV data only) §§ 1
03 —t—
w=1470010 J - H— WW tagged
Combined § ] pu=0.83x0.21
H—bb, 1t w036 138
= 1'09—032 ‘504 i I
H— ZZ tagged
Combined T n=1.00+0.29
w=1.30018 00 A ' '
0.17 |- 008 i I I 1 1 1 1 1 1 1 1 Il 1 1 1 1 1 1 1
v fi-ssasn 05 0 05 1 15 2 0 0.5 ‘ 12 2
\s=7TeV [Ldt=46-481 . Best fit GfO'SM
\s=8TeV [Ldt = 20.3 b Signal strength (u)

All results agree with expectation for Standard Model Higgs!
Uncertainties on couplings to fermions substantial!
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Example hbb UNIVERSITAT
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) W.Z w.Zz H-> bb largest decay fraction

in gluon fusion: enormous background
Associated production: tag W/Z—>leptons
=» much better S/B

— o
g H
W, Z bremsstrahlung

_| T T T | T T T T | T T T T | T T T T
- CMS ® Data [ W-+udsc

T T T 7T

.... but still formidable! 5001 o= rrov,L-so’ mEw W
- 1s= 8TeV,L=18.91b" [ _Jwv [ single top
[ 1z+bb — VH
[] Z+udscg vV
[ w+bb ~— MC uncert. (stat.)

Various contributions
Zbb, Wbb, tt, ......

S/(S+B) weighted entries
B
o
(=]

II|IIII|IIII|IIII|IIII|Ir

and: broad reconstructed signal 100

IIIIIIIII[IIIIIIIII]II

Lo

DI MC uncert. (stat.l)

E 1%dof =022

As yet, no significant signal observed e 3
m(jj) [GeV]
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Fermion vs. Boson Couplings UNIVERSITAT
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Discrimate gg—=>h from WW/ZZ-> h by jets in fwd direction
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W
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CMS Preliminary 19.7 fo" (8 TeV) + 5.1 fb™ (7 TeV)

< , -+ Observed ¢ SM Higgs
! For each channel
1.5 :, .................................. Separate gg/VBF
i production
1 Data agree with the
! Standard Model
0.5 ) expectation
i . E . |
00 0.5 1 1.5
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Measuring the Higgs
spin
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Spin + parity measurements UNIVERSITAT
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Predicted 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)
wave function either symmetric (+) or 155125

antisymmetric (-) /\ B
Measured by sequential decay 1>

P
-— =X
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Spin of the Higgs UNIVERSITAT

WUPPERTAL
Jamplen o W -
Spin 0 =» Spins of W’s opposite R
u’s aligned < 02
= > <™= S 0.1
K o M o

+ L wa
w w soo- ATLAS Bt

C \s=8TeV | Ldt=20.7 tb" - oo
- H-oWW*—evuv/uvev + 0 jets B Zjets

] Wijets
I wzizz/wy
L1

[ single Top

400

Spin 2: no such correlation

Events /0.14 rad
s
=

300

200

(After subtracting background)
data agree better with spin 0

100p=

Ok O

Data/(sig.+bkg.)
00 —-
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Parity of the Higgs

Example: h-> ZZ
compare 0" versus 0

E.g. angle between decay planes
Use several observables to find optimal

discrimination
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L
- - Daia . ATLAS Preliminary
[l Background ZZ )

- Wl Background Z+jets, t  H—ZZ —4l
Signal (rrlH =125 GeV)

T

T

< mlf}'pfllmll

E—P=0 1s=7 TeV:[Ldt = 4.6 fo!
e P20 15=8 TeV:Ldt = 20.7 fo™! ]
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. . “7--"7 BERGISCHE_
Spin — Parity summary 7 UNIVERSITAT
;;= WUPPERTAL
ATLAS
H o vy ® Data Compare SM 0*
o= TVIL=20TT 6L, expected with other possibilities
H—ZZ" >4 assuming J"=0"
Vs=7TeV [Ldt=461b" B+io

Vs=8TeV [Ldt=20.7 fo’'

Other possibilities

H —> WW* — evuv/uvev

| reTeiamReren | disfavoured with
T‘iﬁm | | | | 102 - 10% probability

CL
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IS it the nggs'-’ UNIVERSITAT
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Pro:

* mass agrees with precision physics
e production rates as expected

* spin — parity favours 0*

precision to be improved
But as yet: no disagreement

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

=» indeed ‘we have found it’ = ‘a Higgs boson’

Peter Mattig, CERN summer students 2014



Future | 7
| NEXTEXIT A | ||

w——
v—-

. AR -
_-"_v

Peter Mattig, CERN summer students 2014




BERGISCHE

The remaining questions UNIVERSITAT

WUPPERTAL
* Higher precision for couplingsto W, Z, ..... spin/parity
* Direct measurements of coupling to fermions
* Higgs potential: h 2 hh

ATLAS Preliminary (Simulation)

\s = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb
JLdt:SOO b extrapolated from 7+8 TeV

Requires a lot of detailed Hou J
work and statistics ::F'T:: "
A program for the next 20 years Hes 77
VBF,H—> WW
It will be a much slower progress now ... VHHZL";’\Y’
Next 10 years: couplings 10 — 20% HH Hoyy
Next 20 years: new decay modes in reach VBF,H>7y
Higgs self coupling to be measured HovY (+)
with about 3 standard deviations il

0O 02 04 06 0.8
o Ap
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It took 116 years to establish the SM UNIVERSITAT

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

WUPPERTAL

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!

10,0060

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

CONSTITUENT COLLISION  ENERGY[GeV)

Both for theory and experiment: an exciting time ahead!
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Consistency of masses UNIVERSITAT
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Disadvantage: broad signal UNIVERSITAT
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Simulation: assume Higgs @ 125 GeV

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

6 CMS Simulation
u \s =8 TeV, L =51 fb™
5 ¢ H—>WW—2I2v 0/1/2 jet cut based Note: 2 V's
- ” Signal Injection m =125 GeV . half of the mass
- l1.e.
‘E B Erpertod s tr nzt n?easu rable
- [ ] Expected = 1o
st lewesa= | 3 10 be inferred
L —e— Average Observe
, = ”””““l” [ ovbserved = 15 from cha rged |ept0ns
n lly alone
1 : MMJ“W“M‘M‘UHIIIHM IIIIIIIIIIIIIIIIIII '
0 : [l [l [l [l | [l [l [l [l | [l [l [l [l | [l [l [l [l | [l [l [l [l [l [l
120 130 140 150 160
m,, [GeV]

Larger than expected limit over 40 GeV
=» very good control of normalisation & background needed
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Significance of observation
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p-value: probability for the background to fluctate to observation

[rerrprrrrp T T T T T T T T T
ATLAS Preliminary
H—yy

LI ‘ 1T T T I L
— — Expected P,
—— Observed P,

Local p

Data 2011ys =7 TeV

— Obs. 2011
~—— Exp. 2011
—— Obs. 2012
— — Exp. 2012

JLdt =48fb"
Data 2012 \s = 8 TeV
JLdt =20.7fb"

Local p-value

| I T - ‘ L1 1 1 | I | L1 1 1 | I T | I | |
110 115 120 125 130 135 140 145 15
m, [GeV]

CMS\s=7TeV,L=5.1fb'\s=8TeV,L=19.6 fb"’

1€ BRRRERERER | | RERRE
H I < 4o
107 : l --------------------------- E
102 I E
10° =
-4 -
1 0 = H—>yy obs. =
B === Exp. for SM H J4o
10—5 1 Ns=7TeV
= CMS preliminary (CiC) |.....\ys=8Tev

7\II\II\II‘I\II‘II\I'I\II\II\II\II\II\II7
110 115 120 125 130 135 140 145 150
m, (GeV)

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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Significance of observation UNIVERSITAT
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p-value: probability for the background to fluctate to observation

QO 5 L I L | \\\\\\\\ ‘ L ‘ T \- I-I ‘ T 1T 1771 m 1
= 10 — (E))E)S 228115 ATLAS Preliminary % 10-;
8 10°F — o 2011 Ho zz"— 4 > 107
= T Expaotl Vs=7 TeV:[Ldt =4.6 fb" o 10
—— Obs Combination _ 4
10f --om Exp Combination s-g TeV:|Ldt =20.7 b @ 18_5
107 Nz 2 10° .
3 107
1 O 10-3 Observed m,,
1 0-5 110(-)10 Observed m::j K:. p/m, orV,
1077 10" L -
9 1012 J‘ © CMS Preliminary | § °
107k 1013 L O H—eZZ—a
10" Cs=7TeV,L=511" i
1 0_11 10—15 b Vs=8TeV,L=196 to ! -
_13 10-16llIIILIIlllLIE‘JIIl".IIILLJIIII:IL.E{JIIIIIIII
10410 120 130 140 150 160 170 180 110 120 130 140 150 160 170 180
m, [GeV] m, [GeV]

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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