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Higgs boson production
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Higgs searches at LEP1

The Higgs mass in the SM is a free parameter
—=0<m <1 TeV (upper limit from unitarity)
Before LEP, limits from K and B decays existed,
but untrustworthy due to QCD uncertainties
Higgs production at LEP

S,

Production cross section can be calculated
reliably
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Higgs production

@ For alight Higgs the cross section has two maxima:
+ when the 1% Z is on-shell
+ when the 2" Z is on-shell

@ When m  approaches m, the

10—

Cross-Section (pbarn)

1%t maximum vanishes
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Higgs branching

ratios

@ At low mass the decays are non

perturbative

@ At higher mass one has the usual
decays proportional to the mass

Higgs Boson Branching Ratio
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LEP1 searches

@ All searches looked for a Higgs opposite to a Z decay
to leptons and neutrinos

» Form <2m_the Higgs is ~stable and the search was
for missing energy opposite to a leptonic Z decay

» Form <few GeV the search is for two particles
recoiling against the Z

» Form <20 GeV one looks for monojets

+ Above ~20 GeV b-tagging can be used on the recaoil
o With this set of searches the full range m <60 GeV
could be excluded
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Higgs searches at LEP2

At LEPZ2 the relevant production mode is a Higgs
together with an on-shell Z

This results in a best possible mass limit around
Vs-m_ which means around 115 GeV
In this mass region only H—bb is relevant

With b-tagging for the Higgs and the Z-mass
constraint for the recoil all Z decays can be used

There is an irreducible background from ZZ
events around m =91 GeV
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Results at LEP2

@ There is a slight excess (1.50) around 115 GeV, mainly
seen by ALEPH (30), which weakens the final limit

@ There is a 20 excess around 100 GeV seen by all
experiments which cannot be a SM Higgs
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(g\] F ~ N =) ‘
L 5 L LEP  5=200209Gev Tight = | LEP
<5} ¢ Data 8 1
CD 6 - Background
e - [ Signal (115 GeV/c?)
~ 5 | .
17, i $
- , ) - :
= | all  >109 GeV/e 10— ;
L 4 F :
> - Data 18 4 :
= " Backgd 14 12 : Y -
3 [ Signal 29 2.2 + + | ‘ G
2 ; > - 10 -
- e Expected for signal plus background S35 |
L [ ------- Expected for background |
1 I 136
0 L= \ ‘ il [ - ‘ 3 '

10 085 90 95 100 105 110 115 120
2
myree (GeV/c?) m(GeV/c?)
BND-school 2013 Electroweak Measurements-l| 9

1
0 20 40 60 80 100 120






Results at LEP2 (i

a Alimit mH<1 14.4 GeV has been obtained

@ The limit on the signal strength falls quickly below
30% and below 10% for masses < m,
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Higgs production at hadron

colliders
W t
\\ H W.Z
. q NN q
LD W,Z Bremsstrahlung
gg fusion
e
1 H
q V4
<
WW, Z7 fusion tt fusion

@ gg-fusion produces Higgs and nothing else in the detector
@ All other graphs have associated particles that help in the
tagging
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nggs Cross sectlons

10% p | Tevatronl - E 0% LHC ———s
10 Mt=]75 GeV < | 18
gg—hgy, CTEQ4M + 10F EE
1 0 - -
0" qqﬁhqq ..... o H E
02 ‘ ..................................... ggqq_}htht ............. b—>hSM ................. qq——;ﬁSMZ --TE _ _:
e — \
0—48;)' 0 120 w0160 TR 80100 S0 300 A0 o000
My, [GeV] M, [GeV]
@ gg-fusion dominates
@ At LHC WW-fusion significant, rest small
@ At Tevatron WW-fusion and W,Z bremsstrahlung relevant
@ Total cross section large at LHC, factor 10 smaller at

Tevatron
@ At 14 TeV cross section is a factor 2 larger than at 8 TeV
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Higgs searches at the LHC

At low mass H—vyy has best sensitivity (low BR, but clean)

H—ZZ—4l quickly becomes competitive apart from a window
around 2m

—
I
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H—-WW-—=lvlv Iis sensitive
between 120 GeV and 250
GeV

For high masses the hadronic [ oo
Z and W decays and especially %10'2;

+ Total Uncert
2
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N
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H—ZZ—llvv become important

With these modes the region ok |
up to ~530GeV is excluded ]
with 10 fb™" apart from a ' N\

window around 125 GeV 10750 200 300 400 1000
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The mode H—-WW—=lvlv

The mode H->WW-—lvlv has a large
rate, however a large background
from SM WW and a bad mass

resolution

If the WW come from a Higgs they
have same helicity

WW from SM predominantly have
opposite helicity

Because of the left- (right-) handed
coupling of the W~ (W") the leptons
tend to be close in phase space for H
and far for WW
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Expected search limits at the LHC

ATLAS 2011 + 2012 Data
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Observed searoh Ilmlts at the LHC
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Higgs discovery at the LHC

@ You all know that the Higgs was discovered on July 4 2012

@ |n the following | will go through the Higgs measurements
using the best available statistics
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How to separate production
modes?

@ gg-fusion results in a Higgs in the detector and nothing
else (apart from ISR)

@ ZH, WH, ttH has reconstructible W,H,t
@ \/V fusion:
2 9 2

: 1
+ Propagator: — t=(p — )%~ dpp sin? 2 ~ miy
L —miyy, -

—tag jets visible in the detector

+ Higgs is colour singlet — no activity between tag-jets
and Higgs

W.Z O Higgs decay
"~ Tag jets< — products




Event categorisation

@ In a typical analysis the events are put into
different categories

@ This has two reasons:

+ the signal to background ratio depends on detector
dependencies like conversion status, angle..., this
iIncreases the statistical power of the analysis

+ special features like extra jets or leptons give
different ratios of different production modes
allowing to disentangle them
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Categorlsatlon of ATLAS H—yy

ggF ®WVBF ®=WH mZH mttH
ATLAS Simulation H—yy

Inclusive

Unconv. central low th
Unconv. central high P,
Unconv. rest low P,
Unconv. rest high P,
Conv. central low P,
Conv. central high P,

Conv. rest low P,

Conv. rest high P,
Conv. transition

Loose high-mass two-jet
Tight high-mass two-jet
Low-mass two-jet

E™ significance

One-lepton
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arxiv:1307.1427 signal composition (%)
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Results in the different channels

The experiments provide results in the different
decay channels:

* vy, ZZ, WW, bb, 11
Limits exist in some rare decay modes
* ZV, UM, invisible

From the categorisation the different bosonic
production modes can be disentangled

Special searches exist to look for associated
production with tt
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H—Yyy

Large background from QCD
qq—Yy

Huge bg. from qgq—yj and qg—jj
— need excellent y-j separation
Signal fitted on top of smooth bg.

Need good mass resolution to get
good signal/bg

ET~32 GeV ET~21 GeV

2 'l et | ATLAS Simulation ]
ATLAS: very good spacial o 012 Ve Preliminary
resolution for y-j separation and & °F =~ o125 G
photon direction s oot e
CMS: excellent energy resolution ZZj_ E
in crystal calorimeter, however ¢ E
need vertex for direction e N ]
016 118 120 122 124 126 128 130 132 134

my, [GeV]
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10000

» ATLAS:

+ strong signal
with 7.40
evidence (4.30
expected)

+ correspondingly
slightly high
signal strength:
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+ allows for differential cross section measurement

ans spin analysis
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H—vyy (iii)

CMS-PAS-HIG-1|3|—(I)O1

> CMS Z5000F G hray T el
Q) [ {s=7TeV,L=511fb" (MVA) S+B Fit i

* downward L0 L Vs=8TeV, L=19.6 5" (MVA) ElBkg it Component
fluctuation signal \40003 B <20 B
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> corre§pondingly 820001_ E
low signal strength 57} :
p=omstoz 2 ¢ _:
» cross checkcut @ ¢ :
analysis gives QL ]

u=1.1 with slightly @ © 10 720 130 140 150
larger error m,, (GeV)
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Events/5 GeV

H—/Z/—4l

@ Very clean channel
@ Almost only irreducible background ZZ—4l
@ Strong signal from both experiments
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H—WW-—lvlv

No mass peak, need to understand background very well
Categorisation in number of jets to separate production

modes

~40 signal by both experiments
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H—bb

H—bb is the largest decay mode (57%)

gg—H—bb is completely hopeless due to QCD
background

VH—Vbb has some chance due to the additional vector
boson

Signal/background is better at lower energy so that the
Tevatron is competitive in this channel

At the LHC one can improve signal/bg by going to
boosted topologies (large V,bb energies — merging
jets)
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H—bb at the Tevatron

arxiv:13036346
@ The Tevatron has searched for the Higgs with their

full luminosity of ~10 fb™

@ Inthe 115-140 GeV region VH—Vbb is the most
sensitive channel

@ With some upward fluctuation the Tevatron sees

. N Tevatron Run II, L <10 o’
about 30 evidence for H—bb N
m, =125 GeV/c
(\E [ Tevatron Runll,L_ <10 fo! (1 Combined (68% C.L.)
Egoo [ 1+2 b-Tagged Jets —il— Single channel
o -
S0l —+— Data — Bkgd H—vyy | |
— 600
@2 T B Wz
[ " _
2 4001 [ ]2z Ho W'W  —H
w Higgs Signal
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] | |
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je ass ev/C .
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Weighted events after subtraction

H—bb at the LHC

Both experiments search for VH—Vbb in the 0/1/2-jet
mode and in bins of p_

Both experiments see clear signal of VZ production

CMS has 20 evidence for H—bb (1 = 1.0 & 0.5) while
ATLAS has a downward fluctuation with similar sensitivity

(p=02%5¢
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Sub. MC stat. uncert. :

m Visible MC stat. uncert.|
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HoTT

In H—TT events always (at least) 2 neutrinos are
missing
The T-momenta can be reconstructed under the

assumption that the v is collinear with the 1 and if the
2 1s are not collinear in the transverse plane

This makes the H—TT analysis more sensitive in VBF,
VH and gg with significant ISR
T

ne analyses are split according to the 1-decay mode
(leptonic or hadronic) and the jet multiplicity
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H—-TT (ii)

@ CMS sees 2.90 CMS-PAS-HIG-13-04
. CMS Preliminary, ¥s = 7-8 TeV, L = 24.3 fb™'
evidence (2.60 S Pl G
expected) Q o0}
° Together with H—bb £ wf [] .
this gives 3.40 2 | I
. . - 600 - m. [GeV] .
evidence for the Higgs % - e 1
. = - —e— observed ]
Coup_lmg to down-type 3 = ]
fermions > wof — e
o ATLAS doesn'tusethe ¢ [ el
full 2012 statistics yet 0 100200 300

m.. [GeV]
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SearCheS fOr rare mOdeS ATLAS-CONF-2013-080

£ Data ATLAS prellmlnary
—— SR+CR background fit

F oo SM signal (m, = 126.8 GeV)
E oo SR-only background fit )
= Signal region Leptonic channel | 3

Events /5 GeV

@ ATLAS searched for several rare modes

@ Limits (95% C.L. meas(exp. no Higgs)): i Jr
» ttH (H-vyy): u<5.3(6.4) M = ';}';'V}[;l"".;_';';};Q'f__
» Hopp: p4<9.8(8.2) e
> H—)Zy: |J<182(’|35) ATLAS-CONF-2013-009
+ H—inv.: BR(H—inv)<65%(84%)
+ t—cH: BR(t—cH)<0.83%(0.53%)

@ CMS has similar results
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(s=8TeV,| Ldt=2071" @ ww O
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The mass of the Higgs boson

@ The mass can be obtained in an (almost) model
independent way from the two high resolution channels
H—yy and H—-ZZ

» ATLAS: myg = 1255 £ 0.2 £ 0.6GeV
*+ CMS: mpy =125.7£0.3£0.3GeV

® This is already better than needed for any application

CMS Prell
= 't atLas —— Combined (stat+sys) | 10— climinary fs=7TeV. L5 ¥s-8TelL<tooh
Y [ Vs=7TeV[Ldt=46-481b" - Combined (stat only) H—) +H—)ZZ — Combined
- Vs=8TeV [Ldt=20.7 fb" —H—’YY £ 1 Hos
61— — HoZZ* >4l K, 1 (ggHttH), i
- < —HZZ
Q] ].IW(VBF,VH]

= N Wk~ 0O OO N (.O
L DL L L LI L B B B TTT T T

o
T

TR T e S T T T
m,, [GeV] my (GeV)
BNuU-suiivul cu 1o cirecuuwedk Measure..ic.ivo



Spin and CP of the new boson

@ From the observation of H—yy one knows that the new
particle cannot have J=1 (Landau Yang theorem)

@ In general J” can be measured from the decay angles of
the Higgs

@ For J#0 also the
production mode (gg,
qq) influences the

decay angles
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Spin and CP (il

@ Hoyy:

+ cos(0%) is
sensitive to J

+ if J=0 no
sensitivity to P

@ H-WW-=lvlv:

Events / 0.1
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200 :—
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oF
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[ REEER R e e
- ATLAS H—>yy —Jb 2" Expected
\s =8TeV JLdt 20.7 fb"
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2* Data
syst. uncertainty :

—0%)
(qu_O %) -
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|cos 6%

Events / 0.1

. g _ﬂ
+ several variables (® , m ) sensitive to JP§
L

+ can be combined with BDT

o H-ZZ—-4l:

+ full final state sensitive to JF can be

reconstructed

+ combined in BDT or with matrix element

method

BND-school 2013

Electroweak Measurements-l|

250

arxiv: 1307 1432

LA L L L LN L B L

ATLAS H - yy — Jb 0* Expected

200__ \s=8TeV J-L dt=20.7 fb" e J=0"Data E

C Bkg. syst. uncertainty
150 A
100——_1—, + 3

r e

L —

ok
: ‘|’ e

?:LIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III-l:
& data e

6F — 0°,m =126 GeV J

- J"—u m, =126 GeV 1

5 :IZZ‘Z'Y -

C [ z+x ]

ar- 3

3F

21

£

O“...J..n—v—‘fr:

00102030405060708091

|cos 6%

CMS preliminary Ys=7TeV,L=51f"ys=8TeV, L=196"

0010203040506070809 1
D
CMS-PAS-HIG-13-02 °

36



Spin and CP (il

@ Hypotheses tested pair-wise with Iog likelihood ratio
‘C(JP — O—l_v ﬁ0+7é0+)

q = log
_-é\ L [ T T ‘
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Test of scalar vs tensor
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o

o

- ATLAS | eDam Spin0-

[ H—> WW* - evuv/uvev Signal hypothesis Hie ]

[ \s=8TeV [Ldt=207 b ef_o [J2o]
LN ]

WW(ZZ) and yy complementary
Spin 2 model excluded with
>99.9% C.L. over full range!

Use minimal coupling graviton inspired model
Still gg/gg production fraction free parameter

CATLAS
FH— vy

e Data

[ \s=8TeV [Ldt=20.7fo" Signal hypotn

LNy

.JP=2+

ATLAS
H— vy e Data
Vs=8TeV [Ldt=20.7 fo"

v CL, expected
H—>ZZ* — 4l

assuming JP =07

Vs=7TeV [Ldt=4.61fb" Biio

Vs=8TeV [Ldt=20.7 fo"

H —» WW* — evuv/uvev
Vs=8TeV [Ldt=20.7 fo"




Higgs couplings

@ A single Higgs cross section is proportional to ['['/T" .

@ There is no model independent way to measure the Higgs
width and consequently the partial widths
@ Model independent measurements:
+ measure cross sections and express results as
u=o__ /o

meas SM

+ from fits to different categories can get ratio of partial
widths of initial state

+ from ratio of different analyses can get ratio of partial
widths of final state

@ Any further interpretation needs model assumptions!
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H— vy
H— W'W
H- 1t

VH— Vbb

Total signal strength
@ ATLAS: p=1.23+0.18

Experiments measure
for all analysis and

combine

@ CMS:
@ TEV:

All results are consistent

with p=1

Accuracy ~15%

Tevatron Run Il L, < 10 fb
m,=125 GeV/c®

| Combined (68% C.L.)

—l— Single channel

BND-school 2013

= n
= I
—a—
-
| | | | | | | | | |
1 2 3 4 5 6 7 8 9 10
Best Fit (o x Br)/SM

Combined
u=080%0.14

H— bb (VH tag)

H — bb (ttH tag)
H— vy (untagged)
H— vy (VBF tag)
H — vy (VH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— 7 (0/1 jet)

H — =t (VBF tag)

H — 1t (VH tag)
H— ZZ (0/1 jet)
H— Z7Z (2 jets)

\s=7TeV,L<51fb" \s=8TeV,L<19.6 o'

CMS Preliminary m, =125.7 GeV

Py, = 0.94 1_._
=

4

Electroweak Measurements-l|

0 2 4
Best fit G/GSM

u=0.80%0.14
u=1.44+0.60

ATLAS — "Es‘a‘)) Total uncertainty
—o(sys
m, = 125. V
h=125.5Ge __oitheo) T loONp
H N 'Y’Y tg:gg arXiv.g1307.1427 M —
+0.17 —_
_ 1 +0.33 :0.13
W=185 ool o
+0.35 arXivi1307.1427
H— ZZ* — 4l Lo : N
X ——
_ {.43040]-01
H 370.35 ol } | H
H N WW* N |V|V jggg arXiv§:1307.1427 —
— 0.99'031 o : —
=0 —0.28| 00 1 ! H— !
Combined +o13[ " andviiao7 1427 1
H-vyy, ZZ*, WW* . :
e e S8 .
H=1.99 g0 | | H
W,Z H— bb 05| ——] , ATLAS-CONF-2013-079
Preliminary 0.4 _
=0 2+0.7 :
=026l i | |
H- 1 (8TeV: 13 fb™) } ATEAS-CONF-2012-160
Preliminary
-0 7+0.7
H 06 :

\s =8TeV JLdt = 13-20.7 b

i
ls=77TeV Lat=4648" 0.0 0 0.5

|
1 15 2
Signal strength (u)
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x B/Bg,

l'LVBF+VH

e 2D fits are only possible in p__

Higgs production modes

‘BR
d

@ The ratio can be obtained in a model independent way
@ gg production is established without any doubt and vector

—
o

co

boson production with >30

arxiv:1307.1427

II|||||||\
ATLAS

\s=7TeV [Ldt=4648%" -
\s=8TeV |Ldt=2071" ]

—H - vy
—H - ZZ* > 4l
— H - WW* = v

+ Standard Model ]

X Best fit
— 68% CL

TN =e- 95%CL

s

BND-school 2013

ot b b by
0 05 1 1.5

v x B/B

Electroweak Measuiernieris-

SM

-2AInL

CMS Prellmlnary is ?Tev L{ 51fb" ys=8TeV,L< 196"

§

O

T [ = Combined

— H—11
— H-WW

— H-ZZ
— H—=yy

CMS-PAS-HIG-13-05

_ N W ~ OO0 OO ~
T L |

o
O LI

VBF,VH lJ'-\L':]{;]H,’E’EH
4 |



Fermion vs boson :
couplings

@ Assume:
+ all fermion couplings scale
with K_(=K =K =K ...)
F b t T
+ all boson couplings scale
with K (=K K
V W Z
» no BSM contributions to I
and y,g loops
e K_K #0 established at >50

@ (K_mainly from gg-loop, direct
evidence from CMS ~30)

||||||| ‘111|||||||bllIIIIII}LiliIIIIIIIIIIIII

4—ATLAS LiH=4l i iH—o v
- is=7 TeV [Ldt = 4.6-4.8 1o #8H — vy ElCombined
3 \s=8Tev/Ldt=20.71b" + SM x Best Fit

s

1.5:

x
0.6 07 08 09 1 11 1213 141516

CMS Preliminary Vs=7TeV,L<b1 b t -8TeV,L=19.81b"

2_

. ¢ SM nggs . Fermlophoblc O Bkg. only

H— bb

o
.,
_"\‘»{§

1.5
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Loop induced couplings

@ Assume:
+ all tree-level couplings to SM particles as in SM

CMS Preliminary {s=7TeV,L<51fb' {s=8TeV,L<19.6f0"

" " " 2.0
» no direct BSM contributions to ' 2 20 2
1.8 =
e U B U I I BN LI IR 5 18 <«
oo ATLAS + SM = 1.6 . C.\'
2; Vs =7 TeV [Ldt = 4.6-4.8 fb! x Best fit E 14
" \s=8TeV |Ldt=20.7 fb" —68% CL . ' 14
1.8 Combined Hoyy, ZZ*, WW* "7 95% CL = 1.2 e
1.6? 7: 1.0 ----- 10
1'45 _E 0.8F 8
1.2F -
0.8F = 0.4 4
0.6F E 0.2 5
s 5 0.0 0
0.8 . . . . . . . . 0.0 0.5 1.0 1.5 2.0

° K and K, compatible with 1 with ~15% uncertainty

@ puts limits on heavy (colour-)charged particles coupling to
the Higgs
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BSM couplings

Direct searches ZH—Il+inv. gives
BR(H—inv)<0.6 (95%C.L.)

Parametrise ' ="' +I'__ ( sensitiv
to undetectable modes)

—~ e
o - ATLAS Preliminary [K,kqB, ]
s " \s=7TeV,JLdt=-4648fm"  —Opserved
o -~ \s=8TeV,[Ldt=13207fb" -- SM expected

- 4 J
- . J
- P =
’
- . ]
- s =
- . J
_ ’, i
- , .
- », =
- . =
- . J
- > _—
’
.
’
-,

.
-
-
-
-
-
-
-
-
7z
=7
-
. e v b by by Py by 1T

_ N W A~ 01 OO NN 0O O O
T T ‘ ]

o
|

01 02 03 04 05 06 07 08 09
Bi,u

o

ATLAS:

4 assume K=1 for a” tree Ievel SM Is=7TeV,L<51fb" {s=8TeV,L<19.6f"
CMS Preliminary W 68% CL
modes | = ose CL
H KV —'*—-
+ fit for K, K BRBSM

» BR__ <0.60 (95%C.L.) .

CMS: —-—
—f——

# assume KVS1

> flt fOr KV,Kb, KT, Kt, Kv, Kg, BRBSM BRBSM ......................... e [Kv_1]p ........ _ 088

> BRBSM<O_64 (95%C.L.) 005115 225335 445 5

parameter value
BND-school 2013 Electroweak Measurements-ii 44

—



Conclusions on Higgs
measurements

The new particle found at the LHC is most probably a
scalar

Its mass is 125.6GeV with an error <0.5%

All coupling measurements agree with the SM
prediction with errors down to 15%

By now we can be reasonable sure that the new
particle is a Higgs

E.g. SUSY predicts a Higgs doublet where the light
Higgs can agree with the SM prediction to an arbitrary
level

This means we will never know if we found the Higgs
unless we find that we didn't
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