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The Standard Model Higgs Boson:
theoretical basics and expectations

* gauge field theory with gauge symmetry in weak isospin/hyper charge [SU(2) x U(1) ]
to describe electromagnetic and weak interactions of quarks and leptons:
includes massless gauge bosons (y, Z°, W*, W-) and fermions

® any attempt to include mass terms breaks gauge symmetry and destroys
renormalizabilty of the theories

e Englert, Brout and Higgs (1964): spontaneous symmetry breaking (generates mass,
keeps renormalizabilty):

* introduction of complex SU(2) doublets of scalar fields with a potential
of V(@) =N (@ ) - p* ¢*¢ ; with A, p*>0; ¢

(¢1+i¢2)
3 +igy

* \/ does not have minimum at ¢ = O, but at
b= = 5
20 A2

e 3 of the 4 real degrees of freedom are used to generate
the longitudinal spin d.o.f. of Z% and W=,
4. d.o.f. —> physical Higgs particle!
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theoretical basis and expectations

e inserting ¢ in Lagrange function results in 3 massive vector fields, 1 massless vector-
field, plus one massive scalar field with

MW=%gv = v=246 GeV
M, =My /cosO,,  (g=e/sinf)

M, =0

MH = 2M2 = 2)\.\/2

e introduction of Yukawa-couplings gs between ¢ and the fermion fields: generates
fermion masses my = grv/2

e fundamental fermion-Higgs couplings:

" eM

f W+, 70 —_ AW
SWWH sin By,
M 8N = e coow eM
w W — Z
¢ W-, 20 8ZZH sinfy, cos 0,,,
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theoretical basis and expectations

theoretical bounds for M, from self-consistency arguments of the

Standard-Model:

® upper bounds: perturbativity

e lower bounds: vacuum stability

n.b.: if SMis valid only up to
A=0(1TeV),
then My =50 ... 1000 GeV

n.b.: if SMis valid up to A = O(Mplanck)
then My ~ 125 ... 180 GeV

;‘ 350 RF Jfrrfrrrrrrrrrrrrrrrrroer1 /1
[ & 1
S - - Perturbativity bound 1
o . (] Stability bound ]
300 — A =2 [] Finite-T metastability bound ]
- 4 Bl Zero-T metastability bound -
i Shown are 1g error bands, wio theoretical errors =4
250 — _T‘
N 1
5 not allowed ]
R 4
200 (— s
- ]
: Tovatron exclusion at >55% C1 .
150 - allowed ]
e

4 6 8 10 12 14 16 18

log (A/GeV)
validity scale of the Standard Model (A)
A\: energy scale up to which SM is valid
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Higgs: production and decays

W/ q < '
e*\ V. ‘W (Z2)
N _*_ -<\ /> ______ H
e/ 2R W (@)
\ £ '
H q q
Higgs-radiation W- (Z-) fusion
q LW
g t e
_——— H /Z*,Wj\\
g q \H
Gluon - Fusion Higgs-radiation (,,associate production”)
+
Higgs-decay: q, L, W+Z0
predominantly into heaviest, H- "~~~
kinematically accessible pair of .
qa g W_ ZO
leptons or bosons ” R

Tevatron and LHC WS16/17 TUM S.Bethke, F. Simon

VO9: Search for the Higgs Boson (1)



LG IMGAS XS wa aem

| . _

Higes BR + Total Uncert
o

|
|

I

Z‘(’ \ :

100 120 140 160 180 500
M, [GeV]

|

102

Br(H— yy) ~ 107

My < ~135 GeV: dominanter Zerfallskanal H-—> b b
My > ~135 GeV: dominanter Zerfallskanal H -—> W*W-
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Higgs: decays

Low mass region, e.g. myg = 125 GeV: y

YY, 0.2% -\
ZZ, 3.0%—

bb, 56.4%

WW, 21.8%

Ordered by the sensitivity to the signal:
o H—-2Z — (f‘(‘)([‘f‘)

@ H— v

@ H— WW — (¢'v)(£ v)

®@ H— 7"7" (large background)
@ H — bb (large background)

High mass region, e.g. myg = 300 GeV:

other, 0.1%

ZZ, 30.7%

Ordered by the sensitivity to the signal:

@ H—ZZ — (eHe-)(eH )
H— ZZ — (£+6 ) (wv)
H— ZZ — (¢7€7)(q9)
H— WW — (£ v)(6v)
H— WW — (£v)(qq)
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Higgs: production

ete” annihilation
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cross section (pb)

Higgs: production

Standard Model Higgs Boson @ Tevatron
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Higgs: production

Standard Model Higgs Boson @ LHC (7 TeV)
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Higgs: production

Standard Model Higgs Boson @ LHC (14 TeV) TN w
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Higgs production cross-sections

proton - (anti)proton cross sections
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Higgs search
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Higgs-search in e*e” annihilation: direct

production:

search includes ~ 80% of all final states with ~ 40 - 50% selection efficienc
S.Bethke, F. Simon

Tevatron and LHC

WS16/17 TUM

decay chanel (ete— —> HZ):

4-Jet- 51%
Kanal

2.4%

5.1%

7 e Lepton- 4.9%
vy Kanal
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background:

WW —qqqq,ZZ —bbqq
QCD djets

WW —-qqlv,ZZ—bbvyv

WW-qqtv,ZZ—qqtt
QCD (low-mult. jets)

ZZ—Dbbll




L3: Candidate event
for ee --> HZ --> eeqq
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from direct search
My > 114.1 GeV
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Higgs-search in e*e~ annihilation: indirect
radiation corrections in SM:

photonic corrections: ><{W +§< + >w< +>[“:j<+...

corrections ~ 100%, selection dependent;
factorisable: (1 +9,_)

non-photonic corrections: ROSEDSRY +>‘¥:Z<+>L’-H-l<+ Herld

corrections ~ 10%, selection independent;

can be absorbed into running coupling constants:

 5in20_(s) *als)= O; . Aa= 1064 bei s =M,
- Al

° OCS OCS 2 .
of 1+7+1.4 —| +. (fiir Quarks)

2 2
MV2V = p-cos’ 0, mit  p=——: Ap= 0.0026M—;- 0.0015 ln(%)
M7 I-Ap M; M

W
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Higgs-search in e*e~ annihilation: indirect

insertion of running couplings into”Born”-approximation :

. . . _ Gy M;’ ) 2
partial decay widths of Z: Iy = - [gai +gvf] (and thus, also the

cross sections) become dependent on: e

indirect determination (fit) of M., M, , und &_from combination of

I
I
V

all available electro-weak observables
(differential cross sections, partial decay widths, forward-
backward asymmetries, T-polarisation, ...)

Zay=13y (3. Komponente schw. Isospin; =x1/2)

gv,f = 13’f - 2QSln2 HW
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Higgs-search in e*e~ annihilation: indirect

6 July 2008 My = 194 GeV
indirect ' |
(adjusting 5 Actoy = |
radiative corrections): : _ 8'82?221—[2'88832 |
|\/||_| = 84+34_26 GeV 4 | : . e B
(68% c.l.) |
R
> 3
2 _
direct searches 1 1 _
(exclusion) — |
My > 114.1 GeV 0 Excluded . Preliminary
30 100 300

m,, [GeV]
114.1 GeV <My < 154 GeV (1-sided 95% c.l.)
My < 185 GeV (incl. 114 GeV lower limit)

n.b.: at the end of LEP (2000), indication for few events with My ~ 115 GeV (~2.3 std. dev.)
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Higgs-Search at Hadron colliders: Tevatron

Branching Ratio

o | L
200 300 500

My < ~135 GeV: dominantdecay H-—> bb (~90%)
H-—> 11 (~ 8%)

My > ~135 GeV: dominant decay H-> W*W-

hadron collider: b b background from QCD processes
dominates: irreducible:

myp [GeV]
) => gg->H->bb cannot be used
102 e, therefore:
oclpp—> H + X) [pbl o .
10 L Ve =2 TeV S fmion
Egg% H . .
P focus on associate production
) o g S N (ZH, WH) and analyse
Hgq e WW. ZZ fusion
» R s, e.g.Z—>1"I"; H-—>bb
E i . s ' ‘
—3 tThson
10 F
S TT decay suitable for all production
10'4 T TR TN TE NN TR s GZM<HO y p
BO 100 120 140 180 180 200 Channels

Tevatron and LHC

M, (GeV/c*)

WS16/17 TUM

S.Bethke, F. Simon
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Higgs-Search at Hadron colliders: Tevatron
example: My =120 GeV and 30 fb™' (model study!)

250
®
9 .
~ |
. 2= Vs =2 TeV
0 |
c 200 |
< |
3 |
Ll
175 Signal + backg.
150 |
125 |
100 | ]
75 | _LI_L
50 | My
f b
25 | L
| WH W
C 20 40 60 80 100 120 140 160 180 200
M (GEV)

very difficult measurement; background must be known extremely well!
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Collider Run Il Integrated Luminosity (delivered)
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Tevatron was shut down on Sept. 29, 2011, after 26 years of colliding p and p
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definition of: signiticance of signal

e definition of significance g Ns

o Ng: number of signal events V' Ns
0 Ng: number of background events
detector

> VNg = uncertainty on number of : resolstion
background events >
RN /

ediscovery: S>5
- probability to observe
background fluctuation:
~ 1077
e aim for high significance
> minimize mass resolutiono,: S ~ 1/Voy,
> maximize luminosity L: S ~ 4L

2 same dependence of efficiency
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Expected Tevatron sensititvity
2xCDF Preliminary Projection

~20 7
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o >
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S 38
= >
2 o W
< 5
1
0 0
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With Projected Improvements mH (GeV/ 02)

Tevatron at end-of-run (Sept. 2011): < 12 tb' / experiment

—> exclusion (3 0) expected: 100 - 117 und 150 - 179 GeV;
5 0 discovery possible to be reached at 160 - 167 GeV.
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H—-WW-—lvlv

* Basic event selection 1s two .
reconstructed leptons and
missing E;
* Presence of two neutrinos in
final state prevents complete |
Higgs mass reconstruction
» Separate potential signal y _[ooude -
from large backgrounds using gm?":mme =
kinematic event information Y zm
F
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H—=WW—lvlv

» Results from thirteen independent search samples
are combined to obtain the best possible sensitivity

» No significant, observed excesses in data above
predicted SM background contributions

w 60
o CDF Run Il Preliminary —+ Data-background
-1

% 40 H-W'W,L=97f" mg g Higgs signal
3 —— 21 5.d. on background

20 [

—+
0 —— ——
-20
-40
m, =125 GeV/c’
-60
-3 -2.5 -2 -1.5 -1 -0.5 0

log,,(s/b)
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H—bb

 Tevatron searches in this
decay mode are still the

: - /ZH—vvbb
world’s most sensitive

» Basic event selection 1s
0, 1, or 2 leptons and/or
missing E+ plus two high

ET jctg WH—lvbb

)

* Challenge 1s separating
the small number of
potential signal events
from the much larger SM
background contributions

ZH—1lbb
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H—bb

Central Leptons, 2 jets, Pretag @ COF Run Il Preliminary ( 9.4fb" )

5] u —
. | “
5 .of Pre-tagged events oz
2 7000 CIww
3 t @ Single top (t-ch)
0000 |- [ Single top (s-ch)
: C
5000 -
E ) Nonw QCD
so00 | 0 Z+jets
: B Wi
ok ) weee
: N w+bb
2000 -
: D Wit
1000 - w— WH (115 GeV) x 100
e 0 20 40 ¢0 80 100 120 140 160 180 goo
Dijet mass NN Corrected (GeV/c*)
Focus on Increasing lepton Improving the Optimizing dijet

reconstruction and efficiency for tagging mass resolution
selection efficiencies bottom quark jets
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CDF/D0 combined conclusion (July 2012):

« SM Higgs exclusion
in the range 147-180
(and 100-103) GeV
@95% CL

* Expected exclusion
range 139-184 GeV

« 2.5 0 excess in region
115-135 GeV (3.0 o at
Mu=125 GeV)

observed Hosry
H-W'W

signal strength:

H-t't

VH— Vbb |
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Tevatron Run Il Preliminary, L < 10.0 fb'

- pan ‘
g s Ommwmi' , Tevatron Exclusion
£10 % ----- Expected w/o Higgs
= b B 11 s.d. Expected
(_l_) ',_. 12 s.d. Expected
8 [~

1

. June 2012

100 110 120 130 140

Tevatron Run i, L < 101"
m, =125 Gevic?
[ Combemea (8% CL )
-~ Singe channel

11111

Best Fit (o x Br)/SM
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Summary SM Higgs-search w/o LHC data (2012):

- v

March 2012 o~ 152 GeV
Precision measurements of 6 T
electroweak observables, accounting . ] Aol = |
for radiative corrections (o log m?)): S 00030
1 ---0.02749+/-0.00010 ¢
my = 947%, GeV (68% C.L.) and 4- R Y gt 0
my < 171 GeV (95% C.L.) “‘%< 3- u
Direct searches at LEP: & 7
my >114.4 GeV at (95% C.L.) ‘ ]
1+ .- -
. |LEP " Tevatron.
Direct searches at Tevatron: o excluded excluded
my <147 GeV at (95% C.L.) and 40 200
my >180 GeV at 1(3?1% C.t%) - m,, [GeV]
B |
LEP direct ~_Tevatron  LEP indirect measurements

L N —

100 120 140 160 180 200 220 240 260 280 300
my, (GeV)
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Higgs-search and discovery at LHC (preview):

M | L4

> [~ T L ZuE o T A | T T ror e
o =
O 2
o 100 —
a F z
.-5, 80— =
0 . pA
w60 =
iof 3
- 1s=7 TeV, [Ldt=4.8fb" —
20»-_ 1s=8 TeV, J-Ldt=5.9fb'| H—)YY
o 8 P S EPU P S B
. s
Data S/B Weighted o a3t Li.o 4l ..o N 4 Ao b
4 : . £ 0 i s gl o A b
——— Sig+Bkg Fit (m _=126.5 GeV) % -4
-------- Bkg (4th order polynomial) = .8 g ; . . .
“ 100 110 120 130 140 150 160
my, [GeV]

(see next lecture; 16.1.2017)
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