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Standard—Model Higgs sector: 1

Theory of W, Z bosons

— start with SU(2) gauge theory fike QED with massless W, Z]
— include measured masses £ ~ —my 7 A, A¥
=- not gauge invariant, not renormalizable, so not pretty, but try...

w w
Unitarity and Higgs scalar j@: : }{i . ::}WVZW{ . :E;E
w w

— test theory in WW — WW scattering
— A x Ge E?2 like Fermi's theory, not Unitary above 1.2 TeV  (parely LHC energy]
— postulate additional scalar Higgs boson to conserve unitarity
— fixed coupling gwwH < My
— add fermions and test WW — ff
— fixed coupling ggy o< My /myy
— test new theory in WW — WWH
— fixed coupling guun o< M3 /my
— final testt WW — HHH
— fixed coupling guppn o< M2 /m3,

= all Higgs couplings non-negotiable
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Standard—Model Higgs sector: 2

Higgs potential

— remember Lagrangian invariant under SU(2) x U(1)
— break symmetry through vacuum: SU(2) doublet with vev
— minimize Higgs potential ® = (0, (v + H)/2) v = 246 Gev known from W, Z masses]
= first attempt: renormalizable Higgs potential (does all we want]
Lhigs = [Du®® =V

2
V2
V o= A (|q>|2 - ?) = —1%|®% 4+ \|®|* + const

— not the whole story with new scale A [standard Model as effective theory]

2+n
An ., V2
vos X (er-

n=0

=- gauge—invariant dimension-6 Higgs operators E’Higgs =3f/N2 O,
Okin = %a#(q>fq>)aﬂ(q>fq>)
O = —3(ol0)

= Higgs self couplings reflecting Higgs potential
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Standard Model Conversion of beam energy into particle mass

LHC searches

— search for new particles easier if particle produced
— highest possible energies

— clean ete~ colliders:

Weak boson fusion
Top-associated

Higgs couplings

LEP: Z pole
SIS LEP2: 206 GeV for e.g. ZH
Statistics ILC/CLIC: 1...4 TeV in future

— powerful hadron colliders:
Tevatron: pﬁ with 2 TeV [valence quarks]
LHC: pp with 14 TeV  (gluons]

— LHC mass reach ~ 3 TeV [win by luminosity]
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LHC Higgs searches

Conversion of beam energy into particle mass

— search for new particles easier if particle produced

— highest possible energies

clean ete~ colliders:

LEP: Z pole

LEP2: 206 GeV for e.g. ZH
ILC/CLIC: 1...4 TeV in future

powerful hadron colliders:
Tevatron: pﬁ with 2 TeV [valence quarks]
LHC: pp with 14 TeV [gluons]

LHC mass reach ~ 3 TeV [win by luminosity]

New physics at hadron colliders

what is a jet and what is inside? b, r tag]
trigger: ‘no leptons/photons — no data’
backgrounds pp — jj, tt, WZ +jets
Gaussian statistics: S/v/B > 5 discovery

o (nb)

proton -

(anti)proton cross sections

E- Ohiggs

6 [
Giggs(Myy = 500 GeV)
I L

0 Ex > ¥5/20)

F 0 (E{> 100 Gev)

o ou(E > sia)

(M, = 150 GeV)

ot

-

Tevatron LHC

%

Ow
9z

o

L

01

1 10
Vs (TeV)



Phenomenology 2:
Higgs Searches

Tilman Plehn

Standard Model
LHC searches
Weak boson fusion
Top-associated
Higgs couplings
Higgs potential

Statistics

Higgs production and decay: 1

Design Higgs searches for LHC

— (@) unitarity limit: my < 1 TeV

(b) electroweak precision tests: my < 250 GeV

— production and decay of light Higgs

gg — H
qq — qaqH
gg — ttH
qc_]/ — WH

signal x trigger
backgrounds
systematics
S/VBvs. S/B

mass resolution...
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Higgs production and decay: 1

Design Higgs searches for LHC ::j>

— (@) unitarity limit: my < 1 TeV

(b) electroweak precision tests: my < 250 GeV bt
— production and decay of light Higgs '

signal x trigger H — bb
99 : H H backgrounds H — WW
gg . ?f?_' — systematics — H — TZh”'[
44’ — WH S/VBvs. S/B H — vy
mass resolution... H — pp...

Production rates [fuminosity 30-300 b =1

T T T
a(pp - H+X) [pb]
Vs=14TeV

M, =175 GevV
CTEQaM

102

10" L L L L L L L L L
0 200 400 600 800 1000
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Higgs production and decay: 1

Design Higgs searches for LHC

— (@) unitarity limit: my < 1 TeV
(b) electroweak precision tests: my < 250 GeV
— production and decay of light Higgs

gg — H
qq — qaH
gg — ttH
q(_]l — WH

signal x trigger
backgrounds

— systematics

S/VBvs. S/B

mass resolution...

Branching fractions  [up to 108 events]

H — bb

H — WwW
H — TZLT[
H — vy

H — pp...

M.. [GeV]
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Higgs production and decay: 2

Some numbers behind it

gluon-fusion production and H — ZZ — 4y no-brainer
[‘golden channel” above 140 GeV, mass resolution excellent]

H — WW only slightly harder, but no mass peak

[above 150 GeV, off-shell still not clear, gg — WW background only recently]

6 million light Higgses in gluon fusion: gg — H — ~~

[mass resolution Amy /my ~ /S < 0.5%]

backgrounds smaller in WW fusion: qq — qgqH — qqWwW
[works off-shell down to m; < 120 GeV]

light Higgs: qq — qqH — qQq77  my favorite; will discuss later]
more challenging channels:

gg — tfH — tbe [also later]

gg — ttH — ttWW  [ikely to work]

gg — tfH — thT _[yetunclear]

qq’ — WH — Wbb [killer QCD backgrounds]
qq — qgqH — qgbb  [no ATLAS triggen

aq — qqH — qopp  (maybe later

Very cool, just H — bb a sad story...
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Higgs production and decay: 2

Some numbers behind it

gluon-fusion production and H — ZZ — 4p no-brainer
[‘golden channel’ above 140 GeV, mass resolution excellent]

H — WW only slightly harder, but no mass peak

[above 150 GeV, off-shell still not clear, gg — WW background only recently]

6 million light Higgses in gluon fusion: gg — H — v
[mass resolution Amyy /myy ~ r/vsS < 0.5%)

backgrounds smaller in WW fusion: qq — qgqH — qqWwW

[works off-shell down to my; < 120 GeV]

light Higgs: qq — qqH — qQq77  [my favorite; will discuss later]
more challenging channels:

gg — tiH — tibt_) [also later]

gg — ttH — ttWW ket to woriq

g9 — ttH — ttrr _[yetunclear]

qq/ — WH — Wb? [killer QCD backgrounds]

qq — qqH — qub [no ATLAS trigger]

qq — qu — Qe [maybe later]

Very cool, just H — bb a sad story...

®
3
3

@
3
3

I
8
3

Events / 500 MeV for 105 pb-1

N
S
3

80 100 120 140
myy (GeV)



Phenomenology 2:
Higgs Searches

Tilman Plehn

Standard Model
LHC searches
Weak boson fusion
Top-associated
Higgs couplings
Higgs potential

Statistics

Higgs production and decay: 2

Some numbers behind it

— gluon-fusion production and H — ZZ — 44 no-brainer
[‘golden channel’ above 140 GeV, mass resolution excellent]

— H — WW only slightly harder, but no mass peak
[above 150 GeV, off-shell still not clear, gg — WW background only recently]

— 6 million light Higgses in gluon fusion: gg — H — v
[mass resolution Amyy /myy ~ r/vsS < 0.5%)

— backgrounds smaller in WW fusion: qq — qqH — qqWWwW
[works off-shell down to my; < 120 GeV]

— light Higgs: qq — qqH — qq77  [my favorite; will discuss later]

— more challenging channels: § fLazomt R
_ o = (no K-factors) A H - ZZHP o4
gg — tEH — tEbb [also later] 5 102k ATLAS :QH‘ A\N:\;‘JN\;I["JV‘V
gg — ttH — ttWW fiikely to work] g e eaee

gg — ttH — ttrr [yet unclear]

qq/ — WH — Wb§ [killer QCD backgrounds]

qq — qqH — qgbb [no ATLAS trigger] )

aq — qgH — qQu  imaybe ater vr %\//J
= Very cool, just H — bb a sad story... *\}(‘ \ \/
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Weak—boson—fusion Higgs production: 1

two hard, isolated leptons
missing transverse momentum

Signal: pp — qqH, H — 77 — eTpF4u two forward tagging jets

4

90 GeV< m™

.

<160 GeV

7 — {Dpv+ NoOt reconstructable

7 from Higgs decay strongly boosted

[lepton (K) and ~ (5) approximately collinear: momentum fraction x]
solve eqs: Kt 1/x1 +Kr 2/% = Pr.a + Pt 2 = Kr 1 + Ky 2 + P
solve for x3, o and obtain m ~ 2(k; - ka)/(x1%2)

mass measurement Amy /my ~ 15 GeV/v/'S ~ 5 GeV
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Weak—boson—fusion Higgs production: 1

Signal: pp — qqH, H — 77 — eTpF4u

two hard, isolated leptons
missing transverse momentum
two forward tagging jets

90 GeV< m®! <160 GeV

.

— 7 — Ly, not reconstructable
— 7 from Higgs decay strongly boosted

[lepton (K) and + (B) approximately collinear: momentum fraction x]
= solve egs: kr 1/X1 + Kkt 2/X2 = P11+ P12 =K1 1
solve for x3, o and obtain m ~ 2(k; - ka)/(x1%2)

4

= mass measurement Amy /my ~ 15 GeV/v/S ~ 5

After acceptance cuts
2.2fb | signal pp — Hem +]jj my = 120Gev)

+ lzT,2 + 5'Tni$

GeV

1230 fb pp — tt + jets [tagging jet either t — bW or additional jet]

1050fb | pp — bb +jj winb — vl
49fb | pp — WTW~ +jj (QCD) wmithw — 2]
3.3fh | pp — WTW~ +ji (EW)
57fb | pp — 77 +jj (QCD)
23t | pp — 77 +]jj (EW)
pp — Hew +jj = WHW ™ +j

1=
1.

bt
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Weak—boson—fusion Higgs production: 1
two hard, isolated leptons
missing transverse momentum

Signal: pp — qqH, H — 77 — eTpF4u two forward tagging jets
’ 90 GeV< mi"L9 <160 GeV

— 7 — Ly, not reconstructable
— 7 from Higgs decay strongly boosted
[lepton (K) and T (F) approximately collinear: momentum fraction x]
= solve eqs: kr 1/x1 + Kt 2/%2 = Pr 1 + Pr2 = k1 + Ky 2 + P
= solve for xy, o and obtain m ~ 2(k; - ka)/(x1%2)
= mass measurement Amy /my ~ 15 GeV/v/S ~ 5 GeV

Background suppression cuts

— veto central py, > 20 GeV  fii+jets down to 72 fb]
- p-'Pi$ > 30 GeV [soft bbjj gone] "/ \“ /o 40/ sy [6ov"]
- mj > 800 GeV [anti-QcD: gluons with low | ooee ““ ” §
/s
0.0010 , \
|

— non-7 rejection  fanti-w]
= S/Bupto 1/1 for my = 120 + 10 GeV i

e L
V4

0.0000
500 1000 1500

2000
W, [eev]



Phenomenology 2:
Higgs Searches

Tilman Plehn

Standard Model
LHC searches
Weak boson fusion
Top-associated
Higgs couplings
Higgs potential

Statistics

Weak—boson—fusion Higgs production: 1

Signal: pp — qqH, H — 77 — eTpF4u

two hard, isolated leptons
missing transverse momentum
two forward tagging jets

90 GeV< m®! <160 GeV

.

— 7 — Ly, not reconstructable
— 7 from Higgs decay strongly boosted
[lepton (K) and + (B) approximately collinear: momentum fraction x]
= solve eqs: ky 1 /X1 +Kr 2/X2 = Pr 1 +Pro2 = ki1
solve for x3, o and obtain m ~ 2(k; - ka)/(x1%2)

4

= mass measurement Amy /my ~ 15 GeV/v/S ~ 5

Background suppression cuts

veto central pr > 20 GeV [ti+jets down to 72 fb]
- p-lmiS > 30 GeV [soft bisjj gone]

mj > 800 GeV [anti-QcD: gluons with low |
— non-7 rejection  fanti-w]
= S/Bupto 1/1 for my = 120 + 10 GeV

+ lzT,z + 5'Tni$

GeV




Phenomenology 2:

mgossearches . VWeak—boson—fusion Higgs production: 2

Tilman Plehn

R Anti-QCD: central mini-jet veto

£ searches — additional jet emission cross section large (e.g. tt, tij, ttjj)
Weak boson fusion < oo min
Top-associated 02 303 = pin d0'3 for pT ~ 10GeV (WBF)

Higgs couplings T p%'—”m ~ 40GeV (QCD)

Higgs potential

— veto py, > 20 GeV and njm‘" << njmax to suppress QCD

Statistics

probability like Sudakov: additional jet with Pjet [initial state radiation, mei” = 20 GeV]

reg reg n a—Pjet
o o pn. e~ Pi
3 n+1 . jet . _ -
Piet = —teg = —T1eg f(n; pjet) = " f(n#0;pjer) =1~ Piet
a, on n!

veto probabilities 0.88 (signal) and 0.85...0.24 (backgrounds)
= S/B=2.8/1 for my = 120 + 10 GeV

Both 77 channels with safe margins [standard Model with 60t —1]

My [GeV] 100 110 120 130 140 150
€ - osjg (fh) 062 058 050 037 023 011
S 374 350 300 223 137 6.5
B 675 270 108 6.7 5.7 5.3
S/B 0.6 13 2.8 3.3 2.4 1.2
oGauss (dual leptonic) 4.2 5.7 6.9 6.2 4.4 2.3
ocauss (lepton-hadron) 5.7 7.4 6.3 4.7 2.6
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Weak—boson—fusion Higgs production: 2

Anti-QCD: central mini-jet veto

— additional jet emission cross section large (e.g. tt, tij, ttjj)
oo

0y <oz = _dog  for piMiN ~ 10 GeV (WBF)
Pr plin ~ 40 GeV (QCD)

— veto py, > 20 GeV and njm‘" << njmax to suppress QCD
— probability like Sudakov: additional jet with Pjet [initial state radiation, mei” = 20 GeV]

reg reg n a—Pjet
o o, pr, e~ Pi
3 n+1 ) jet X _ —
Piet = —tqg = —1eg f(n; pet) = " f(n#0ipa)=1—¢ Piet
a, on n!

veto probabilities 0.88 (signal) and 0.85...0.24 (backgrounds)
= S/B=2.8/1 for my = 120 + 10 GeV

General features of WBF production

— cross section 10 - - - 3 pb for my < 200 GeV

= (H — vy)@50 fb~! for my = 110 .- 145 GeV (4~ mass resolution]
(H — 7’7‘)@60 fb71 for my = 100---140 GeV [lepton-hadron and dual lepton]
(H — WwW)@5 fb~* for my = 140 - - 200 GeV
even invisible higgs decay observable!
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Associated quark—Higgs production

Decay H — bb for a light Higgs?

what about the 90% of Higgses decaying to bb?
gluon-fusion: killed by QCD background

WBF fusion: no trigger, killed by QCD backgrounds
WH production: killed by low rate and NLO background
a(ttH) ~ 100 fb

tfH7 H— bEl for a |Ight HIggS [Atlas study, CMS-TDR even worse]

=
=

trigger: onet — bW+ — b/t
reconstruction and rate: one t — bW+ — bjj

o
=
T

o
w
K

il

continuum background tthb, ttjj weighted by b-ag]
reconstruct my in pp — 4bg 2j lv

higher lumi means poorer b-tag, no-win oz
likely to be ‘challenging’ e

Fraction of events
o
b
T

o
N
bl

T

01

1
20 40 60 80 100 120 140 160 180 2
Number of choices
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Associated quark—Higgs production

Decay H — bb for a light Higgs?

what about the 90% of Higgses decaying to bb?
gluon-fusion: killed by QCD background

WBF fusion: no trigger, killed by QCD backgrounds
WH production: killed by low rate and NLO background
a(ttH) ~ 100 fb

tfH, H— bEl for a |Ight HIggS [Atlas study, CMS-TDR even worse]

=
=

trigger: onet — bW+ — b/t
reconstruction and rate: one t — bW — bjj

continuum background tthb, ttjj weignted by btag) 2 EnH(lzo)
. . ttjj
reconstruct my in pp — 4bag 2j lv 8 [ ttob (QCD)
60| [@ttbb (EW)

higher lumi means poorer b-tag, no-win
likely to be ‘challenging’

Events / 10 GeV
8

N
S

50 100 150 200 250 300 350 A4

m,, (GeV)
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Associated quark—Higgs production

Decay H — bb for a light Higgs?

ttH7 H— bEl for a |Ight HIggS [Atlas study, CMS-TDR even worse]

what about the 90% of Higgses decaying to bb?
gluon-fusion: killed by QCD background

WBF fusion: no trigger, killed by QCD backgrounds
WH production: killed by low rate and NLO background
a(ttH) ~ 100 fb

trigger: onet — bW+ — b/t
reconstruction and rate: one t — bW+ — bjj

continuum background tthb, ttjj weighted by b-ag]
reconstruct my in pp — 4bg 2j lv

higher lumi means poorer b-tag, no-win
likely to be ‘challenging’
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Standard Model Coupling extraction at the LHC

LHC li . . . . . . .
e — motivation: e.g. little Higgs axions vs. radion vs. Higgs?

Weak boson fusion

— measurements: g9 : H — ZZ, WW vy
VW :H — ZZ WW vy, 77
B CEUpITE ttH : H — WW, bb...

Higgs potential

Top-associated

— light Higgs: 8 good o - BR plus H — bb
extract: couplingsto W,Z,t,b, 7,g,~, invisible
— most Complete: 8 parameters [plus Higgs mass]

Statistics

— trick: cancel uncertainties

(WBF : H— WW)/(WBF : H — 77)
(WBF : H — WW)/(gg : H — WW)...

— goals: Higgs vs. scalars? SM vs MSSM? doublet vs. general Higgs?

= unwanted assumption: gwwn < 9zzn Via SU(2)
unwanted assumption: gppH < 9,-n Via down-type Yukawa
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Higgs couplings extraction

Coupling extraction at the LHC

— motivation: e.g. little Higgs axions vs. radion vs. Higgs?
— measurements: g9 : H — ZZ, WW vy
W i H — ZZ WW, vy, 77
ttH : H — WW, bb...
— light Higgs: 8 good o - BR plus H — bb
— extract: couplingsto W, Z,t,b, 7,9,~, invisible g i D)
— most complete: 8 parameters  (pius Higgs mass] %30 o )
0.8~
Include total width -
— on-shell degeneracy: o BR o (92/vTw) (93/vTH) Uﬁ? 2Exper|m;nts y
ffrom (WBF : WW /7 7) measure gyt /9 1] 0_5; J-L 4t=2+300 fb
— additional constraint: 3" T;(9%) < 'y = Tx |min 04l
— WW — WW unitarity: gwwn < oS¥ = | max g
=- couplings and width extraction great but hard
T P PN EEE FT FUTHN PR AT S

110 120 130 140 150 160 170 180 190
m, [GeV]
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Higgs potential and self coupling

Higgs self coupling

and self couplings Agy /Ay = Vv
— MSSM: Agh/Aan = Vsin(B + a)/ cos 2a

Higgs pair production

scalar with Yukawa couplings to fermions, so what?
renormalizable SM potential: ;2 = —AvZ with A = m? /(2v?)

D6 operator: u?/v2 = —Xg + 3A\1v2/(4A%) and X = Ao — 3\1v2/(2A?).

— HH — 4W: serious detector simulation needed, not hopeless

[use observable myg to determine Ay, need NLO o (tj)]

— HH — bbr7: miracle required

— HH — 4b: several major miracles mandatory
[ILC in better shape]

— HH — bbpu: small miracle would be helpful
[might come out of 11« mass resolution]

— HH — bb~~: some enhancement needed

= serious challenge to detectors and machine

A=A/ Ay

AN

©
T

ppoftiiay |

Vs = 14 TeV
95% CL limits

1k

140
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Modern statistics tools

Statistics: Neyman—Pearson lemma

— assume correct hypothsis m;: Higgs signal
assume wrong hypothsis m,: SM background

likelihood ratio p(d|my)/p(d|m2) most powerful estimator

[lowest probability to mistake right for fluctuation of wrong ( type-II error)]
probability of event p(d|m) ~ |M|?
— combined likelihood ratios of events — PS integral over likelihood ratio

= Compute maximum statistical significance

Matrix element method

— compute likelihood of top events estimating | M |?
— maximize probability p(d|SM, m¢) as function of m;...



Flmereroe?  Modern statistics tools
Tilman Plehn

Statistics: Neyman—Pearson lemma
Standard Model

LHC searches — assume correct hypothsis m,: Higgs signal

Weak boson fusion assume wrong hypothsis m,: SM background

Top-associated — likelihood ratio p(d|m;)/p(d|m2) most powerful estimator
Higgs couplings [lowest probability to mistake right for fluctuation of wrong ( type-Il error)]

REBSFREE] — probability of event p(d|m) ~ | M|

Statistics

— combined likelihood ratios of events — PS integral over likelihood ratio
= Compute maximum statistical significance

Maximum significance for LHC signals

— example: Poisson statistics [p(n|s + b) = e~®*®) (s + b)"/nl]

p(n[s + b) s s,
q:logW:—ernlog l+5 —>—JZS,-+JZHJ- log ler—j

— phase space integration of s,b — p(s,b) ~ |Ms,b\2 [LEP-Higgs inspired]

|Ms(r")|2>

q(r) = —osL + log (l+ —\Mb(F)\Z

— probability distribution function via Fourier transform: ps ,(q)
— compute CLy(q) = fq°° dg’pp(q’) Beiscl, = 2.8510~7]
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Statistics: Neyman—Pearson lemma
Standard Model

LHC searches — assume correct hypothsis m;: Higgs signal
Weak boson fusion assume wrong hypothsis m,: SM background
TSkl — likelihood ratio p(d|m;)/p(d|m2) most powerful estimator

Higgs couplings [lowest probability to mistake right for fluctuation of wrong ( type-II error)]

Higgs potential

— probability of event p(d|m) ~ |M|?
— combined likelihood ratios of events — PS integral over likelihood ratio

Statistics

= Compute maximum statistical significance

L [N Py 3000
s dofdm,,
ol — 0 Zx |
1T 4 Laig
r S Zew
AT e R
L 0l
005 - "
L 10'27”;71,5/'
ol ! 0l . . I L N
-30 20 30 17 18 19 120 121 122 123

q m,,[GeV]
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Modern statistics tools

Statistics: Neyman—Pearson lemma
— assume correct hypothsis m,: Higgs signal
assume wrong hypothsis m,: SM background
likelihood ratio p(d|my)/p(d|m2) most powerful estimator
[lowest probability to mistake right for fluctuation of wrong ( type-Il error)]
— probability of event p(d|m) ~ | M|?
— combined likelihood ratios of events — PS integral over likelihood ratio
= Compute maximum statistical significance

Semi-realistic results
— irreducible & unsmeared
Otot = /dPS Mps dO‘pS = /dFM(F) dU(?)
; idth
— smearing Ami™" < Ampeas .
ou = [ dFvdy [ din M) do ) W)
— acceptance cuts to reduce phase space...
= WBFH — ppu: 3.50in 300 fb~?!

=- Tool works, waiting for applications
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¢l

Outlook

Standard-Model Higgs at the LHC

— we will find it in more than one channel for all my

— we will measure many properties more or less well:
set of couplings and width
self coupling (only Aynn)
CP properties and WWH coupling structure
invisible decays
Higgs to muons (2nd generation Yukawa)
former stealth models...

— hardly anything still correct in Higgs chapter of Atlas TDR

for WBF we need to understand central jet veto  (or give up and measure if
for some measurements we need NLO backgrounds

it is a disgrace that we will miss H — bb

higher-dimensional operators mandatory fite done yet]
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