HIGGS PHYSICS AT THE LHC

Tilman Plehn

MPI1 & Edinburgh

Higgs potential and corrections

how we will find the Higgs at LHC

will work: Higgs decay to tau pairs

will not work: Higgs decay to bottom quarks
might work: Higgs self coupling

would be great: Higgs couplings analysis
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STANDARD—MODEL HIGGS SECTOR: 1

Theory of W, Z bosons
— start with SU(2) gauge theory [ike QED with massless W, Z]
— include measured masses £ ~ —my zA, A"

= not gauge invariant, not renormalizable, so what?

W W
= + y’Z +
Unitarity v
W W

— test theory in WW — WW scattering

— A x GgE? just like Fermi’s theory, not unitary above 1.2 TeV [barely LHC energy]
— postulate additional scalar Higgs boson to conserve unitarity
— fixed coupling gwwH o< My

— add fermions and test WW — ff
— fixed coupling gin o< Mg/ My

— test new theory in WW — WWH
— fixed coupling gupn oc Mg /Mw

— final test: WW — HHH
— fixed coupling gunxn o< M3 /ma,

= 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, (Vv + H)/Z) [v = 246 GeV known from W, Z masses]
= first attempt: renormalizable Higgs potential [does all we want]

ﬁHiggs — |D,ucb|2 -V
v2\?
vV = /\(|c|>|2—?> = u?|Pd|? 4+ \|d|* 4 const

= not the whole StOI'y with new scale A [fi rst-order EW phase transition: hep-ph/0407019]

2+n
An , V2
v Z AZ2n (‘ | 2)

n=0

= gauge—invariant D6 Higgs operators Ly, = > fi /A% O [hep-ph/0301097]

1
Own = 5@(@*@)8#&(&@)

1
Opor = —5(@T®)°
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LHC SEARCHES

Conversion of beam energy into particle mass

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

— clean ete™ colliders: proton - (anti)praton cross sections
LEP ZpOIe 10° §----| — T . A .5109
LEP2: 206 GeV for e.g. ZH 10°E g —————— 11’
ILC/CLIC: 1...4 TeV in future ' F Tevaron  LHC 1%
10° ¢ § j 3 10°
— powerful hadron colliders: b 1 e
Tevatron: pp with 2 TeV  [valence quarks] 10t b 10,
LHC: pp with 14 TeV  [gluons] 10° | ‘ 100
o o (B> vsi20) i1..%
— LHC mass reach ~ 3 TeV [win by luminosity] . e e
2 10 = Ow 3 10* ;
o 10°F 0 (> 100 GeV) 4 10° 8
107 . 1o-1§
New physics at hadron colliders 10° | / 1107
. . .. ; 103 é‘ o, = 10°
— what is a jet and what is inside? b,  tag] Wi b e s 1.0
— trigger: ‘no leptons — no data’ 10° [ higgs(My = 150 Gev) 1 10°
.- . 100 L ~ . 3 10°
— backgrounds pp — jj or pp — WZ-+jets N N .
0.1 1 10
— Gaussian statistics: S/ vB > 5 discovery Vs (TeV)
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HIGGS PRODUCTION AND DEcCAY: 1

Design Higgs searches for the LHC

— (@) unitarity limit: my < 1 TeV
(b) electroweak precision tests: my < 250 GeV

— production and decay of light Higgs

gg — H
qq — qqH
gg — ttH
qq’ — WH

Production rates

[luminosity 30-300 fb—1]

N
10 L 2,
NN

O
af NS L ggeHGg T
107 L qg’ - HW 3
2 L \ \\ \\ ~ .
10 3 Tl SewlTs o E
\ E . ~ \:‘;:\\\\\ ..... gg,qq—» HtT E
10 ¢ N
L 99,9~ Hbb . g 1z - - -]
10 L L [ B 1 P Y SR
200 400 600 800 1000

signal x trigger
backgrounds
systematics —

S/vBvs. S/B

mass resolution...

H — bb
H— WW
+

H— 7,7,
H— vy
H— upu...

102}

o(pp— H+X) [pb]

Vs=14TeV
M, = 175 GeV
CTEQ4M

M,, [GeV]
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HIGGS PRODUCTION AND DEcCAY: 1 ‘

Design Higgs searches for the LHC ::]> _______ wz.
— (@) unitarity limit: my < 1 TeV
(b) electroweak precision tests: my < 250 GeV
— production and decay of light Higgs bit WZ
signal x trigger H — bb
99 — H backgrounds H— WW
qq — doH systemati + -
g — i «— y ICS — H— Ton To
qd’ — WH S/\/§VS. S/.B H— ~v
mass resolution... H— upu...

Branching fractions

[up to 108 events]

200 500 1000
M [GeV] Tilman Plehn: Higgs Physics at the LHC — p.6



HIGGS PRODUCTION AND DECAY: 2

Some numbers behind it
— gluon-fusion production and H — ZZ — 4, 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 ~ I /v/S < 0.5%)]

— backgrounds smaller in WW fusion: qqg — qgqH — qqWW

[works off-shell down to my < 120 GeV] 8000

— light Higgs: qq — qqH — qq77  [wil discuss later]

— more challenging strategies: 6000 -

gg — ttH — ttbb  [also later]

gg — ttH — ttWW Jiikely to work]

gg — ttH — ttr7  [yetunclear]

CICT — WH — Whb [killer QCD backgrounds]

qq — CICIH — CICIbB [no ATLAS trigger]
aqqgq — qu — Qquu [remember Kyle Cranmer’s coll.] o

4000 -

Events / 500 MeV for 10° pb-1

2000 -

_ 80 100 120 140
= \Very cool, just H — bb a sad story... myy (GeV)
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HIGGS PRODUCTION AND DECAY: 2

Some numbers behind it
— gluon-fusion production and H — ZZ — 4, 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 Amy /my ~ I /v/S < 0.5%)]

3
— backgrounds smaller: qq — qgH — qqWW & La=oit wwim
[works off-shell down to my < 120 GeV] 2’ 102] ATLAS : sq:* YV\;\;(*\)NV;(JVW
— light Higgs: qq — qqH — qq77  [wil discuss later] 3 T ot saifence
— more challenging strategies:
gg — ttH — ttbb  [aiso rater 7 Va
gg — ttH — ttWW Jlikely to work] 10 ya
gg — ttH — tt77 [yet unclear] L NN
qq/ — WH — WbB [killer QCD backgrounds] 7
qq — qqH — CICIbB [no ATLAS trigger]
qq — CICIH — qQquu  [remember Kyle Cranmer’s coll.] 1 s T e e 0 20"

= Very cool, just H — bb a sad story... m, (Gev/c?)
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WBF HIGGS PRODUCTION: 1

Signal: pp — qgqH, H — 77 — ei,ﬁ41/ two hard, isolated leptons
— 1 — fy,v, not reconstructable
— 7 from Higgs decay strongly boosted 90 GeV< m&! <160 GeV

missing transverse momentum
two forward tagging jets

[lepton (E) and T (p) approximately collinear: momentum fraction x]

= solve egs: ET,l/Xl + lzT,2/X2 = Pr,1 + Pr,2 = ET,l + ET,Z + PT,miss

4

obtain m ~ 2(k; - k2)/(X1X2)

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

After acceptance cuts

2.2 fb
1230 fb
1050 fb

49 1b

3.3fb

57 fb

2.3 fb

signal pp — Hsm +J] [my = 120 GeV]

pPp — tt + jets [tagging jet either t — bW or additional jet]
pp — bb +jj wmithb — cu

pp — WHw-— + ] (QCD) [withw — ¢1]

pp — WTW~ +jj (EW)
ey Toe o<
pp — 77 + ] (EW)

pp — Hsm +jj — WHW™ +jj
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WBF HIGGS PRODUCTION: 1

Signal: pp — qqH, H — 77 — et T4 two hard, isolated leptons
missing transverse momentum

two forward tagging jets
— 7 from Higgs decay strongly boosted 90 GeV< m&! <160 GeV

— 17 — fuyv- Not reconstructable

[lepton (E) and 7 (p) approximately collinear: momentum fraction x]

= solve egs: ET,1/X1 + lzT,z/Xz = Pr,1 + Pr,2 = ET,l + ET,Z + PT,miss

obtain m ~ 2(k; - k2)/(X1X2)

4

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

0.0020

1/0 do/dMj; [GeV™']

Background suppression cuts 0.0015

— veto central pr, > 20 GeV [it+jets down to 72 fb]

0.0010F f

— prT” Iss > 30 GeV [soft bbjj gone]

- m > 800 GeV [anti-QCD: gluons with low m;;] 6.0005 -

.
‘TT

— non-r rejection  fanti-wj
— S/B=1/6, or S/B=1/1 for my = 120 + 10 GeV"™® =

1500 2000

Tilman Plehn: Higgs Physics at the LHC — p.10



WBF HIGGS PRODUCTION: 1

Signal: pp — qqH, H — 77 — et T4 two hard, isolated leptons
missing transverse momentum
two forward tagging jets

— 7 from Higgs decay strongly boosted 90 GeV< m¢ <160 GeV

— 17 — fuyv, not reconstructable

[lepton (E) and 7 (p) approximately collinear: momentum fraction x]

= solve egs: ET,l/Xl + KT,Z/XZ = P11+ Pr2 = ET,l + lzT,2 + Pr,miss

obtain m ~ 2(k; - k2)/(X1X2)

4

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

1.5

10

Background suppression cuts x, o}
— veto central pr, > 20 GeV [it+jets down to 72 fb] P Ty
H > 7 L i W

m|ss -0.5 T . ,‘q.. T

— p7 " > 30 GeV [soft bbjj gone]
— mj > 800 GeV [anti-QCD: gluons with low my]

— non-7 rejection  [anti-w]

IR
0.0

= S/B=1/6, or S/B=1/1 for my = 120 £+ 10 GeV

-0.5

X

T T1
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WBF HIGGS PRODUCTION: 2

More anti-QCD: central mini-jet veto

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

o, @)
oo < Oyt = / do,y for pr min ~ 10GeV (WBF) PT.min ~ 40 GeV (QCD)

PT,min

= veto py, > 20 GeV and 7jmin < 7 < 7,max t0 suppress QCD

— theoretical treatment difficult, efficiencies likely to be measured
= S/B=2.8/1 for my = 120 £+ 10 GeV

Both 77 channels with safe margins [standard Model with 60fb —?]

My [GeV] 100 110 120 130 140 150
€ - osig (fb) 062 058 050 0.37 0.23 0.11
S 374 350 300 22.3 13.7 6.5
B 67.5 27.0 10.8 6.7 5.7 5.3
S/B 0.6 1.3 2.8 3.3 2.4 1.2
OGauss (dual leptonic) 4.2 5.7 6.9 6.2 4.4 2.3
oGauss (Iepton-hadron) 5.7 7.4 6.3 4.7 2.6
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WBF HIGGS PRODUCTION: 2

More anti-QCD: central mini-jet veto

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

oo < Oyt = / do,y for pr min ~ 10GeV (WBF) PT.min ~ 40 GeV (QCD)
PT,min
= veto py, > 20 GeV and 7jmin < 7 < 7,max t0 suppress QCD

— theoretical treatment difficult, efficiencies likely to be measured
= S/B=2.8/1 for my = 120 £+ 10 GeV

General features of WBF production
— cross section 10 - - - 3 pb for my < 200 GeV
— forward jet tagging, central Higgs decay products, central mini-jet veto
= (H— yy)@50 fb~! for my = 110 - - 145 GeV [y~ mass resolution]
(H— 77)@60 fb~! for my = 100 - - 140 GeV [iepton-hadron and dual lepton]
(H— WW)@5 fb~* for my = 140 -- 200 GeV
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ASSOCIATED HIGGS PRODUCTION

What about H — bb for a light Higgs?

what about the 90% of Higgses decaying to bb?

gluon-fusion: killed by background
WBF fusion: no trigger

WH production: killed by low rate and NLO background

o(ttH) ~ 100 fb

ttH, H — bb for a light Higgs [ATL-PHYS-2003-24]

b 44

trigger: onet — bW — b/ v
reconstruction and rate: one t — bW™ — bjj
continuum background ttbb, ttjj [weighted by b-tag]
reconstruct my in pp — ttH — 4byag 2j 4
higher lumi means poorer b-tag, no-win

likely to be ‘challenging’

Fraction of events

e . |
20 40 60 80 100 120 140 160 180 200

Number of choices
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ASSOCIATED HIGGS PRODUCTION

What about H — bb for a light Higgs?
— what about the 90% of Higgses decaying to bb?
— gluon-fusion: killed by background
— WABEF fusion: no trigger
— WH production: killed by low rate and NLO background
— o(ttH) ~ 100 fb

ttH, H — bb for a light Higgs [ATL-PHYS-2003-24]

i
o
T T

>HF [ JttH(120)
i + + O g B ¢
— trigger: onet — bW™" — b/ v o °f @ ttbb (QCD)
Z 601 [ ttbb (EW)
— reconstruction and rate: one t — bW — bjj 2 |
>
11

continuum background ttbb, ttjj [weighted by b-tag]

reconstruct my in pp — ttH — 4byag 2j 4

~100 150 200 250 300 350 400
higher lumi means poorer b-tag, no-win m,_, (GeV)

R

likely to be ‘challenging’
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ASSOCIATED HIGGS PRODUCTION

What about H — bb for a light Higgs?

ttH, H — bb for a light Higgs [ATL-PHYS-2003-24]

b 44

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

WBF fusion: no trigger

WH production: killed by low rate and NLO background
o(ttH) ~ 100 fb

ZE ] Y
. + + I LH high lumi ‘
trigger: onet — bW™ — b/ v A A\* LH reslisic (onlum)
reconstruction and rate: one t — bW™ — bjj 3
continuum background tthb, tfjj weightedbybtagg ¥
L
reconstruct my in pp — ttH — 4byag 2j 4 I _
o o = @ W

higher lumi means poorer b-tag, no-win m,, (GeV)
H

likely to be ‘challenging’
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HIGGS COUPLING EXTRACTION: 1

Coupling extraction at the LHC
— motivation: e.g. little Higgs axions vs. radion vs. Higgs?

— measure: gg : H — ZZ, WW, v~
W . H— ZZ, WW,~vvy, 7T
ftH : H — WW, hb...
— light Higgs: 8 good o - BR plus H — bb
— extract: couplingsto W, Z,t,b, 7, g, ~, invisible
— most complete: 8 parameters

= 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: gwwH < Jzzn Via SU(2)
unwanted: gy < g--n Via down-type Yukawa
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HIGGS COUPLING EXTRACTION: 2

Coupling extraction at the LHC
— motivation: e.g. little Higgs axions vs. radion vs. Higgs?
— measure: gg : H — ZZ, WW, v~

W :H— ZZ, WW, ~v~v, 71 T Zh2)
ftH : H — WW, bb... élj:jog; g
— light Higgs: 8 good o - BR plus H — bb D Y () GF(H.D
— extract: couplingsto W, Z,t,b, 7, g, ~, invisible OB?
— most complete: 8 parameters 0.7} r _
= trick: cancel uncertainties 06 2 Experiments
(WBF: H— WW)/(WBF: H— 77) - J'Ldt:g*soom 1
(WBF: H—WW)/(gg: H— WW)... O5F
0.4
Include total width 03
— degeneracy: ¢ BR o (95/vTH) (95/vTh) f .

[from (WBF : WW/77) measure gwwh/9+-H] r

0.1~
_ additional ConStraint: Zrl(gz)< I_H:I_Hlmln OEll‘llll‘llll‘llll‘llll‘llll‘lllli‘llll“ll‘];“lll
. . SM 110 120 130 140 150 160 170 180 190
- WW — WW Unlta“ty: JwwH S JwwH = FH|max m,, [GeV]

= couplings and width extraction great but hard
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HIGGS COUPLING EXTRACTION: 2

Coupling extraction at the LHC
— motivation: e.g. little Higgs axions vs. radion vs. Higgs?
— measure: gg : H — ZZ, WW, v~

YV 'H— 227 WV_Va Y, TT ;;2 1: ........ g’(H,2)
ttH : H — WW, bb... U ok —— g¥(H,W)
— light Higgs: 8 good ¢ - BR plus H — bb R ¢'(H)
. . . . 0.8~
— extract: couplingsto W, Z,t,b, 7, g, ~, invisible -
— most complete: 8 parameters 0.71 L |
= trick: cancel uncertainties 06 2 Experiments
S
(WBF: H— WW)/(gg: H— WW)... -
0.4
In future 03
— fit to more observables 02f T
— error on mass measurement [sMvs. SUSY?] 0af NG
- CanCEI maore errors [universallogsinoandr?] O:H‘xHx‘HHluHliHxluHli1>Hhu.1‘1‘1‘.1r11u
. . 110 120 130 140 150 160 170 180 190
— compute higher-order corrections my, [GeV]

= warning: underestimating errors now will bite us later!
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Higgs

HIGGS POTENTIAL AND SELF COUPLINGS

self coupling

scalar with Yukawa couplings to fermions, so what?

renormalizable SM potential: ©* = —\v? with A = m{/(2v?)

and self couplings Asy/Aan =V

MSSM: A3n/Aan = Vsin(B + a)/cos2« and my, a la 2nd floor
D6 operator: p?/v? = —Xo + 3A\1V°/(4A%) and X = g — 3A1V7/(2A%).

pair production

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

[use observable my;s to determine Ay, need NLO o ()]

HH — bbr7: miracle required
HH — 4b: several major miracles mandatory

[ILC in better shape]

HH — bbuu: small miracle would be helpful

[might come out of u . mass resolution]

HH — bb~~: some enhancement needed
serious challenge to detectors and machine

()\ - >\SM)/>\SM

ANgpr =

3 +—

[aV]
T ‘ T

—_
T ‘ T

\
pp >4 +4] —
Vs = 14 TeV

95% CL limits

SM

~.....3000 fb?

— -~ 600 tb" |

140

160 180 200
myg (GeV)
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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 Apun)

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 it]

for some measurements we need NLO backgrounds

it is a disgrace that we will miss H — bb

R

if SM then higher-dimensional operators mandatory [absolutely nothing done yet]
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