Experimental Tests of the Standard Model (4)

® Measurements of the Weinberg angle
® 7* and Z° discovery

® Precision measurements of the Z°

® Precision measurements of the W

® Discovery/measurements of the top
® Discovery of the Higgs
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Experimental constraints on M
iggs

* Indirect search through * Direct search at LEP in Higgs-
precision measurement of strahlung production channel
SM sensitive to radiative
corrections to Higgs in
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Theoretical constraints on the Higgs mass

® Upper limits on the Higgs mass
One considers the scattering process: WW = WW

R i
S

There 1s a strong cancellation summing up all the graphs, an essential role is given by the graphs
with the Higgs bosons. The remaining amplitude depends on the Higgs mass.
Using the unitarity limit constraint one obtains the following condition:
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Theoretical constraints on the Higgs mass

® Trepassing this limit the weak interaction will become not more weak but strong.
In other words the scattering at high energy of the weak interacting bosons are no more correctly
described by the perturbative theory.

The Higgs mass can exceed this limit, but in this case its properties cannot be obtained from the
pertubative theory
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Higgs coupling

f . f f . f

; :

v hY

GhyF =myg/v
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. . 7o B hO
2

ghvv = 2my [v ghhvy = 2m3, [v*

* Higgs coupling enhanced for heavier particles

* Vector bosons always preferred to fermions
— But must be kinematically allowed

* Fixing mass of Higgs fixes decay rates for all final states
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Higgs branching ratios

* Low Mass < 140 GeV

- H — bb dominant, BR = 60-90%
-H — 7777, cC,gg BR=a few %

—r

-H — ~7,vZ, BR = a few permille

Branching ratios

* High Mass > 140 GeV
-H—> WW*, ZZ" upto < 2Mw | A SN S S S
-H — WW, ZZ above (BR — 2, 1) R\
_H — £ for high Myg; BR < 20% oy Zyd N\
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Higgs width
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Higgs production at LEP

H° — bb dominant (BR ~ 84%)

H°(— bb)Z(— qq) ~ 60%
H°(— bb)Z(— vi) ~ 17%

H?(— bb)Z(— £7¢ )and H°(— 77 77)Z(— qq) ~ 14%
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Higgs production at hadron colliders
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Gluon fusion Weak-Boson Fusion
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Higgs Strahlung ttH
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gluon-gluon fusion

H 610(gg — H)= gt Tro(H — gg)i(3 — M)

2

G#QEENEE )

FLO — 288+/27 ‘ %Zq AE’L’(TQ)

AT)p(T) = 2[1 + (7 — Df(7)] 772
f(r) = arcsin® /7 for 7 = Mf;/4md <1
* Leading production mechanism at LHC
— Recall: parton luminosity highest for gluons

* In Standard Model only top quark matters
— b quark contribution ~5%
— In models beyond SM other particles E ::]:@ E>
could enter the loop
» modification to expected cross section — S
* Cross section known with uncertainty 1 ij w
at the level of 5% VOG-~ -
— many additional radiative terms included
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Vector Boson fusion

V*q &LO — %Z:I‘(H — VLVL)%‘VLVquq

{2
g_r‘VLVL/qq e % (V

2
q

+a2)?log (i)

Cross section grows with center-of-mass energy
Process becomes more important at higher energy and for lighter Higgs
Radiative corrections relatively small at 10% level

Distinctive kinematic signature: forward jets with high transverse momentum
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Vector Boson fusion : kinematics

I

Energetic jets in forward and backward regions (pt > 20 GeV)
— tagging jets

P P

Large rapidity separation between two leading jets which leads to
high invariant mass

— rapidity gap
Higgs and its decay products typically produce in rapidity gap between jets

— more isolation for Higgs products except for underlying event

Little gluon radiation in central rapidity region since W/Z exchange is

colorless
— require no jets in central region between two tagging jets
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Higgs-strahlung

2n g4
GZMY%,
28873
A+12M2, /8
(1-M3,/8)2

6ro(aq — VH) =

x (V2 + 42)\1/2

LY
b
~
~
H
~
LY
~
LS

Cross section ox § ! sizable only for low My < 200 GeV values.

Cross section for W=H approximately 2 times larger than ZH.

* Minor role at LHC because of parton luminosity
— anti-quark from sea

* Cross section favored mostly in low mass region where WW and
ZZ final states are still small

* Important production mechanism at Tevatron
— valence anti-quarks in anti-proton
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Associated production

- g Q 111 e—
q >n'trrn'u~<"*ﬁ M: -----
q Q L1 —

 Higgs production associated with pair of fermions in final state
— useful experimental signature to recognize (tag) events

* top dominates because of its much larger coupling to Higgs
—b quark also contributes

different diagrams imply different kinematics
—recall:VBF very different from gluon-gluon fusion

* top decays require dedicated or at least b- tagging

Non-leptonic Higgs decays rather challenging when combined with
two top quarks
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Comparison between the processes

* gluon-gluon fusion relevant for any Higgs mass and hence
relevant for all decay channels

* Vector boson fusion most important for mid-high Higgs mass
— distinctive kinematic signature with accompanying forward-backward
jets
— beneficial for WWV final state that suffers from more background
because of missing particles in final state

* Higgs-strahlung most important for low mass region

Experimental Subnuclear Physics
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Higgs production cross section @ 7 TeV

\s=7 TeV
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Higgs production cross section @ 8 TeV
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Higgs production cross section @ 14 TeV
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o(pp — H+X) [pb]
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Effect of the increasing of the energy
o 25 . | L B B L B ' 1 '
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* 25% higher cross section at 8 TeV
— 25% more data compared to running at 7 TeV
— or 25% less running time to have same sensitivity
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Cross section at TEVATRON

6(pp — H+X) (pb)
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Higgs Boson Production: a Rare Process

T T 7 3 . Proton-(anti)proton
C i il 1 e Cross sections
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Higgs Boson Decay
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The ATLAS detector

........
-------------
-----

25m

Tile calorimeters
LAr hadronic end-cap and
) forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

..........
......
.......

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker
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The CMS detector

CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter : 15.0m Pixel (100x150 ym) ~1m? ~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

PRESHOWER

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

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

Silicon strips ~16m? ~137,000 channels

|\ FORWARD CALORIMETER
 Steel + Quartz fibres ~2,000 Channels



How do we find the Higgs Boson?

* Search in‘clean” signatures: leptons or photons
e (Calculate “invariant mass’ of decay products
m? = |p1 +pa|” = (E1 + Ba)” — |1 + P’

* Plot mass of every selected event into histogram and
look for signal peak over background

2

S /N

o / %%

@) / \
Background

Mass
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H =yy

CMS Experiment at the LHC, CERN ]
Data recorded: 2012-May-13 20:08:14.621490 GMT i
Run/Event: 194108 / 564224000 H 9 }'} Y
candidate
.' » ;
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H =>yy

* Signal
— nice mass peak

— energy and angular resolution are
critical ingredients

— Selection: isolated high pt photons | r

* Irreducible background: direct production of di-photon events in Standard
Model

— Any signal selection selects also these events
— no peak in invariant mass

but lots and lots of then q— Ko | g ::]:[X Y
( ——anannn Y Y

* Reducible background

— gamma + jet: jet mis-identified as photon
— di-jet: two jets with misidentified photons

Experimental Subnuclear Physics
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Higgs sons with higher p_

|_Photon1 Eta | h7 __Photon1 Pt | . h6
Entries 20000 . | Entries 20000
0.03 Mean 0.007417 0.04 Mean 56.02

n AMS 1.867 - RMS 22.20
0.025( I FL‘ Underfiow  0.0007 ROaSE Underflow 0
Overflow o - Owverflow 0.0182

i Integral 09999 u.ua; Integral 0.9808
0.02} . E
0.025—
0.015 0.02"
— g fusion
0.015-
0.01 r = H giraih.
0.01—
0.005 E '
06 i S TR W 3 % 20 a0 e 80 100 120 _ 140
n pt(GeV/c)

* Higher pt for VBF and Higgs-strahlung

— less background from standard model: not many SM particles decaying in
high pt photons!

* Unfortunately these are also the modes much smaller than gluon-
gluon fusion
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Higgs sons with lower p_

| Photon2 Eta | h11 | |{| Photon2 Pt | | h10 |
Eniries 20000 " | Entries 20000
Mean -0,006123 0.05

r AMS 1.044
o C Undorflow o ;
rm U Overflow o 0.04—
0.04— q » l Integral 1

0.03f

- VEF

0.03

0.02— i

0.01 o

0 % 20 a0 80 80 100 120 140
pt(GeV/c)
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Irriducible background

counts

0.3

0.25

0.2

0.15

0.1

0.05}-

h306

Entries 19966
Mean 54.53
RMS 22,11
Underflow 0
Overflow 0.01433
Integral 1

—=- VBF
—— gg tusion
—=— H strah.
* Born.
—= Box.
—=— gamma+|.

GGF
HStr

Box
Y+

% 20 a0 60 80 100 120Pt(G_g‘l}40
=z |

D.0a5

* background processes %

have spectrum more similar  o.0ss-
to photons from gluon-gluon
fusion

— irreducible background

h307

Eniries 19966

Meaan -0.005665
RMS 1.623
Underflow [+]
Overflow o

Integral 1

- VBF

—— gg fusion

—== H strah.
= Born.
—== Box.

—e— gammas].
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inclusive H =yy

* Not very encouraging S/B CMS Simulation @ 14 TeV, 10 fb-"
e . 0 i i i ETETTY
— irreducible background pass all § '- ' : e
. " . w 800 B H, gluce fusion (X10)
SIgnaI criteria C et
E +jet (1 prompt)

N r+iet (2 prompt)
I o

» Optimal and well understood
mass resolution essential for
observation of this final state

— S/B drops significantly if resolution

waorsens ]
m*, =2 E E, (1 - cosBy) 100

1 - cosB,,=2sin’0,,/2

/2
o, _1fo], o] [ %
m 2| E E, tg0/2

* For 8=90° |5 mrad of angular resolution equivalent to 1% of energy
resolution!

— understanding and stability of electromagnetic calorimeter will determine
success of discover in this decay mode
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H =2yy

Strategy:

e Select two isolated photons

= [ T T T T
| | | B 180~  [Ldt=45f"\s=7Tev ATLAS
o Calculate di-photon invariant mass g . F Jid-208m%1s=8Tev + Dot
and fit distribution S — Signal+background
2 140 Signal strength categories
PN ===+ Background
120 — Signal
Complete m,, = 125.4 GeV
l 100
Run | datal
80

EXpeCt ~ 1400 60
Higgs Bosons a0

a
I-‘-'51—'—'|||'|”_III|III|III‘III|III|III‘III

ellider il ENAE A FENARENE ER A ARRE RRRA RN ARRAN
o

Sighal strength w: g o
o-B observed rate %
= — £ of
8 osm - Bsy expected rate | sE ‘e
N g . | . | |
110 120 130 140 150
= 1.17 = 0.27 m,, [GeV]
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How sure are we ?

e Calculate the “p-value™
|. Build probability density distribution [ for background-only hypothesis Hy: f(x|Ho)

2. Probability to obtain result x4, or less likely, given f(x|Ho):
O

p= f (x|Hp)dx

Lobs

* Map p-value to Gaussian

P-value

standard deviations N,: <

0O €—2y2 2 p g

p - \/ﬁ Y %\
iy

° >

Set of possible results
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How sure are we ?

e Calculate the “p-value’:

|, Build probability density distribution f for background-only hypothesis Hy: f(x|Ho)

2. Probabllity to obtain result x.,s or less likely, given f(x|Hp):

o0
D= f(:U\Ho)d;UD I
Tobs TDJ 10°E ---- SM expected
— Observed
§ 10
* Map p-value to Gaussian 1
standard deviations N,: 10'21
9 10
0 o—2y7/2 10°

P = dy 107
N, V2T 10

10°
107

* Significance: 5.20

108k [Ldt = 20.3 fo™, /s = 8 TeV
| T R

B m, =125.4+ 0.4 GeV

A
ATLAS
H— yy

_9 1 l
107 920 122
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H =27Z7% 4]

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST
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H =Z7* -4l

e Strategy:
- |ldentify 4 isolated leptons (electrons, muons)
. ) > _\ L I L I 7T T TT | T TTT I LI | FTTT L L I_
- Calculate invariant mass & 35L ATLAS ¢ Daa -
I‘Q E H - Zz* - 41 ‘:l Signal (mH= 125 GeV u =1.51) E
S 30 - \s=7TeV ILdt=4.5 b B =coroun 2z B
u+ g C (Se8Tev ILdt=20.3 o - Background Z+jets, tt B
/ [} 25 — % Systematic uncertainty ]
- > B i
@ W i,; :
20 i
y S ]
P H 151 ’ -
5 / P 10 -
F_ @ 5 H _

0
80 90 100110120130 140150 160 170
m,, [GeV]
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H =Z7* -4l

* Strategy:
- |dentify 4 isolated leptons (electrons, muons)
. . > _I T T I FTTT I T T T 1T | T T 1T I FTTId | 7T L T T I_
- Calculate invariant mass S 35EF ATLAS ¢ oaa =
I‘Q E H N ZZ* N 4l |:| Signal (mH= 125 GeV u = 1.51) E
e Conditions: S’J 30 [ \s-77ev ILdt=4.5 o B =cccrouna 2z 7
. ) ) ﬂ E 8 TaV ILdt=2U.3 o - Background Z+jets, tT E
- Tiny overall branching ratio: S 25 Y systematic uncertainty —
- BR(H = ZZ*) = 2.6% o f ]
- BR(Z = £0) = 34% 200 | E
= Expect ~75 Higgs bosons in 15 * ~
this decay! - .
10 - 7
* Result: - !
- St
- Significance: 8.20
. 0
- Signal strength: 80 90 100 110120 130 140 150 160 170
p = 1.50 T35 (stat) To15(sys) m,, [GeV]
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Higgs Boson Properties

e Mass mH

e 5pin and CP

* |nteractions with other particles

Experimental Subnuclear Physics
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Mass Measurement

Y weights / GeV

Y weights - fitted bkg

* Not predicted by theory
- Once measured by experiment, everything else is determined

. Use h|gh resolut|on H - Yy and H = ZZ* = 4{ channels:

rrrryrrrryrrrrry rrrryrrrryrrrryrrrrr T T T T rTTrTT
I | | I I | I

- . > .
1805 det 45fb \s= 7TeV ATLAS — [O)) 35 ATLAS ¢ Do i
- - 1 ys = . — —
160— ISLBdt _,2:'3dIb LemOTey 4~ Data = O : [ signal (m_- 125 Gev = 1.51) 1
* = =1,
140 SIgn:Ie;?r;:gtﬁucn;tegor'es ~ Signal+baciground_- L‘N) - 22" >4 - ) u .
| | — *

= == Background ] 30 [ \oo7rev JLdt ~451" Background 22 ~

L 1 —~ .
120— — Signal — n - . - Background Z+jets, i
N m, = 1254Gev ] -.E = \s =8TeV ILdI=203 fb » —
100{— H ' — D 25 — % Systematic uncertainty ]
- . > - .
80— — Ll . Z
60— — 20 N ]
Py ] 15 B ]
201~ = - .
o T -

| | . I I E 0
110 120 130 140 m ISOG V160 80 90 100110120130 140150160170
n [GeV] m,, [GeV]
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ATLAS + CMS Mass Measurement (Run 1)

ATLAS H—yy ——s——-1 1 Total
CMS H—yy e Stat.
1 Syst.
ATLAS H—ZZ 4] ; = :
CMS H—ZZ —4l ————
ATLAS+CMS yy i
ATLAS+CMS 4] ——e— ATLAS and CMS
ATLAS+CMS yy+4l LHC Run 1
IIII|IIIIIIIII||IIIIIIII|IIIIIIIIIIIIIIIIIII
124 125 126 127 128
m,, [GeV]
¢ RGSUF[ mH — 125.09 1 0.24 Gev 2%o uncertainty!

— 125.09 == 0.21 (stat.) + 0.11 (SYS’E.) GeV
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But is it THE Higgs Boson ?

Need to determine its other properties precisely:
e 5pinand CP
* Production rates
e Couplings to bosons and fermions

- According to boson and fermion masses?

Experimental Subnuclear Physics
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Why Spin 0 ?

* \Vacuum:
- No charge:

- Rotationally invariant, i.e., no preferred direction

* Higgs boson should have same quantum numbers
as observed vacuum:

- No charge: ¢

- Mass cannot depend on direction
= Spin 0
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Spin and CP

Standard Model Higgs boson: JP€ = 0**

Charge conjugation: change sign of all quantum numbers

—_

Parity (“mirror’) transformation’: PX — -X

Strategy: falsify other hypotheses (O, |7, |-, 27, 2),
demonstrate consistency with O™ hypothesis

Spin-1 excluded by observed H = vy

Use angular variables

Calculate likelihood ratio
between alternative hypothesis
and standard J* = 0" hypothesis
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Spin a

nd CP

Arbitrary normalisation

g rrrp e e et g
1oL ATLAS HoZ2Z' >4
- — Data e ]
1§—O+SM H— WW* = evuv 3
C _ s=8TeV,20.3 o' ]
I 0 i
107 E
0% | E
- | -
10°% | E

E 1 40¢

104 = :

- 3 30f

- _, i oy L L1 "_ 5

1030 20 d0 o0 i0 a0 a0 20f

Gg=—2-In(Lye/Lg+) 10

| projection o Of

10}

-20}

P + 20k

e SM| =0 favored 30}

e Other models disfavored at >99.9%

ATLAS

—e— Observed
Expected
B 0 SMt1ic
I 0SMt2¢
[ ]0°SM+30c
Bl ) 16
I J +20
[ 1J°+30

s

o

-

H— Z/7° — 4]
's=7TeV, 4.5t
's=8TeV, 20.3 fb’

H—> WW* = evuv
's=8TeV, 20.3 fl'

H— vy

's=7TeV, 45t
's=8TeV,20.3 5’

_ I.itll

JP=0r JP=0
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JP =2

K'q=|€g

JP=2- yP-2*
Kq=2Kg4 Kq=2Kg4
pT<300 GeV pTd 25 GeV

JP=2t JP-2*
Kg=0 Kq=0
pT<300 GeV pT<125 GeV
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But is it THE Higgs Boson ?

Need to determine its other properties precisely:

¢/ Spin and CP
* Production rates
e Couplings to bosons and fermions

- According to boson and fermion masses?

Experimental Subnuclear Physics
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The k Framework

Model and fit framework:

e Once Higgs boson mass is known, all other Higgs-boson parameters
are fixed in the SM
e Jo allow for measurement deviations from SM rates, introduce

coupling scale factors: kK = ——

gsM
SM 2 SM 2
M2 T .
(0-BR)(inH»j) = 8ot &y r o 8RR
I'; k% OsyBRgy Ky

Assumption:
e Only one SM Higgs-like state at ~ 125 GeV with negligible width
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Production and decay Modes

gluon fusion

Vector boson fusion (VBF) ~ L

r....'-- q
W:Z‘. .J.'.‘. > H
WZ

q

LHC Run 1

ATLAS and CMS

-o- Observed t1c
Th. uncert.

ggF

VBF

ZH

ttH

TT .

L bbl )

/. —6 —4

Decay modes ﬁ
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6 - B norm. to SM prediction

0 2 4 6 8

10
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Production and decay Modes

ggF

VBF

Y signal strength

ATLAS and CMS -0~ ATLAS+CMS
LHC Run 1 -» ATLAS
-+ CMS
B —t1c
—p—— —12c
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i
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Coupling to Fermions and Bosons
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Mass ~ Coupling Strength ?
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LHC Run 2
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with each event
weighted by the ratio of signal-to-background in each event category, observed by ATLAS [125]
at Run 2. The residuals of the data with respect to the fitted background are displayed in the lower
panel. (Right) The my, distribution from CMS [126] Run 2 data.
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ATLAS + CMS Mass Measurement
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Combination

Combine
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Combination
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