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Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

W, 7 7
H- - - < My H--- X My
A/ /

= Higgs production/decay mainly via coupling to W/Z bosons or top quarks
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Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

W, Z 7
H--- o My H--- X my
A/ /

= Higgs production/decay mainly via coupling to W/Z bosons or top quarks

Processes at hadron colliders (pp/pp):
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Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

W, 7 7
H- - - x My H--- X My
A/ /

= Higgs production/decay mainly via coupling to W/Z bosons or top quarks

Decay channels for Higgs bosons of moderate mass (Mg < 300 GeV):

-
s T ¢ g .\/\/\/ny W,Z
H --- H --- t H---« {t,W H----
_ 1 W, Z
b,’7'+ g %\/x,y
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Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

W, 7 7
H- - - < My H--- X My
A/ /

= Higgs production/decay mainly via coupling to W/Z bosons or top quarks

The role of Higgs physics in theoretical predictions

* Higgs mass enters EW precision calculations
— Mty sensitivity of SM fit to precision data

* Preparation for Higgs-boson searches
— particularly complicated at hadron colliders

= Multi-loop and multi-leg higher-order calculations at the frontier !
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Theory constraints on the Higgs-boson mass

* Upper limits from

o unitarity of Wy, scattering amplitudes (W, W1, — WL Wy, etc.) for s > M3,
Lee, Quigg, Thacker '77, ...

¢ triviality (A = 0) of Higgs sector for too large My
Hambye, Riesselmann '97, ...

. - -
Lower limit from vacuum Stablllty Coleman, Weinberg '73; Lindner, Sher, Zaglauer '89, ...

= SM valid up to new-physics scale A requires M vac.stab. (A) < Mu < M triv. (A)
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Theory constraints on the Higgs-boson mass

* Upper limits from

o unitarity of Wy, scattering amplitudes (W, W1, — WL Wy, etc.) for s > M3,
Lee, Quigg, Thacker '77, ...

¢ triviality (A = 0) of Higgs sector for too large My
Hambye, Riesselmann '97, ...

. - -
Lower limit from vacuum Stablllty Coleman, Weinberg '73; Lindner, Sher, Zaglauer '89, ...

= SM valid up to new-physics scale A requires M vac.stab. (A) < Mu < M triv. (A)

Ellis et al. '09
%‘350_"""""'I"'I"'I"'I'_
9 B —— Perturbativity bound i
EI 300 - [ Stability bound =
L = [ Finite-T metastability bound ] .
C o= L =em Il Zero-T metastability bound . SM Va“d Up tO Plaan Scale
I~ Shown are 10 error bands, w/o theoretical errors b
250 |- - with Universe in metastable vacuum ?
200 :— —:
- Tevatron exclusion at >95% CL .
150 __ —_
e 5«— Mii1=126 GeV Higgs candidate
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Intention of the talk — brief theorist’s account ...

* on the history Higgs searches before LHC
— EW precision physics, searches via eTe™

* on Higgs physics at hadron colliders
— Where do we stand ?

* on future challenges for theory

... being more topical than comprehensive, restricted to the SM

Contents

1 Electroweak precision observables
2 Higgs-boson decays

3 Higgs production at hadron colliders

4  Outlook — next steps

5 Conclusions
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Electroweak precision observables

window to the Higgs sector
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Important electroweak experiments
* Muon decay: Fermi constant GG, delivers constraint on o, My, Mz

o W&M% n
g V2MZ, (M2 — MZ,)
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Important electroweak experiments
* Muon decay: Fermi constant GG, delivers constraint on o, My, Mz

e Z production (LEP1/SLC): My and precision observables at the Z pole
_I_

(&
I'z, 0had, AFB, ALR, €etc.

_ v, Z
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Important electroweak experiments
* Muon decay: Fermi constant GG, delivers constraint on o, My, Mz

e Z production (LEP1/SLC): My and precision observables at the Z pole

* \W production (LEP2/Tevatron/LHC): W-boson mass My
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Important electroweak experiments
* Muon decay: Fermi constant GG, delivers constraint on o, My, Mz

e Z production (LEP1/SLC): My and precision observables at the Z pole
* \W production (LEP2/Tevatron/LHC): W-boson mass My

* top-quark production (Tevatron/LHC): top-quark mass my

p, P
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Important electroweak experiments

* Muon decay: Fermi constant GG, delivers constraint on o, My, Mz
e Z production (LEP1/SLC): My and precision observables at the Z pole

* \W production (LEP2/Tevatron/LHC): W-boson mass My

* top-quark production (Tevatron/LHC): top-quark mass my

Theoretical predictions
parametrized by a(Mz), Mw, Mz, m¢, mys, as(Myz) and My
— global fit of SM to data yields bounds on My

But:  high precision necessary,
since My sensitivity weak  ~ < log(My/Mw)

(in contrast to top-loops where sensitivity ~ G, m?2

y i i i -l N . . . . .
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An example: the leptonic effective weak mixing angle sin? Hi?t

Effective Z-boson couplings measured from various asymmetries at LEP1/SLC

f LEPEWWG '05
= levu(gvy — gass) Ag —e— 0.23099 + 0.00053
f Ly, A(P,) o 0.23159 + 0.00041
“Effective weak mixing angle”: oh
A —v— 0.23221 + 0.00029
. ]. V1 t 0,c i
sin? eéef?t — 2 (1—-Re gVlep Af:ad * 0.23220 + 0.00081
4 g Alept Q X 0.2324 £ 0.0012
SM prediction known to two loops Average I 0.23153 + 0.00016
Awramik, Czakon, Freitas '06; Hollik, Meier, Uccirati ‘06 10 xldotiiLals
;
QO
S,
I
£ 102 £a® = 0.02758 + 0.00035
EEm= 178.0 + 4.3 GeV
0.23 | | 0.2I32 | Ileptl 0.2I34 | |
. 2
SiN“6 ¢

Expected ILC precision:
Asin?0P" ~ 1.3 x107°

i = Y i i i A . . . . .
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Bounds on My (95% C.L.) —abrief history | cocviwe 9712

Status Summer 1997

6
theory uncertainty
My > 114.4 GeV (LEPHIGGS '02)
4+ ete” —/+ ZH at LEP2
= SM fit favours
perturbative regime for My
2_
W Z
| Excluded W2 e
0 Preliminary ™\ | _ H H
2 3
10 10 10 _ o
m, [GeV] Highest sensitivity via

“high-precision observables”:

my, My, sin? 91€ept, etc.
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Bounds on My (95% C.L.) —abrief history | cocviwe 9712

Status Summer 2000

6 :| 1 1 LI
6 — i
. DO = |
: — 0.02804+0.00065 | :
- 0.02755+0.00046] . My > 114.4 GeV (LEPHIGGS '02)
4 : ' — ete” —/ ZH at LEP2
C\I>< |
< | SM fit favours
1 Mu < 200 GeV
2 - _
W v/
m m
0 Excluded Preliminary H H
10 10 °
Highest sensitivity via
“high-precision observables”:
my, My, sin? 91€ept, etc.
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Bounds on My (95% C.L.) — a brief history

Status Summer 2003

6
yu ]
Aafla)d - |
. — 0.02761+0.00036
L - 0.02747+0.00012 1
4 3 - Without NuTeV —
2 | —
0 |Excluded \ & Preliminary_
20 100 400
m, [GeV]
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LEPEWWG '97-"12

My > 114.4 GeV
ete” —/+ ZH at LEP2

(LEPHIGGS '02)

SM fit favours
Mg < 200 GeV

W Z
ww s e
H H

Highest sensitivity via
“high-precision observables”:

my, My, sin? 91€ept, etc.
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Bounds on My (95% C.L.) — a brief history

Status Summer 2006 _ ;56 cev

6 ... ‘l‘ Limit:. ?
5 Aafgd = |
. — 0.02758+0.00035 :

1 I UL —— 0.02749+0.00012 [{ : T
4 +++ incl. low Q® data [ ; —
3- P
5 |
14 |
0 | Excluded ) Preliminary_

T T T T 1 | !
30 100 300
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LEPEWWG '97-"12

My > 114.4 GeV
ete” —/+ ZH at LEP2

(LEPHIGGS '02)

SM fit favours

My < 166 GeV
W Z
ww s e
- -

Highest sensitivity via
“high-precision observables”:

my, My, sin? 91€ept, etc.
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Bounds on My (95% C.L.) — a brief history

Status Summer 2009 _ ;7 gev

6 August 2{)09 : Limit‘ -
| (5) - : |
5 L Aty aq = : |
% —0.02758+0.00035 :
1 % % - 0.02749:0.00012 [} l
4 - % i+ incl. low Q* data [} —
S Preliminary
1 I 1
30 100 300
m, [GeV]
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LEPEWWG '97-"12

My > 114.4 GeV
ete” —/+ ZH at LEP2

(LEPHIGGS '02)

SM fit favours

My < 157 GeV
W Z
ww s e
- -

Highest sensitivity via
“high-precision observables”:

my, My, sin? 91€ept, etc.
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Bounds on My (95% C.L.) —abrief history | cocviwe 9712

Status Summer 2011 _ ;¢ cov

6 July 2011 Lir.nit
5 | . Adiy = |
-1 — 0.02750£0.00033 |
| _____ N 010 ] My > 114.4 GeV (LEPHIGGS '02)
4 - 31+ incl. low Q” data - e"e” —/~ ZH at LEP2
N ] |
2]< 37 N SM fit favours
| | My < 161 GeV
2 — —
_ | W v/
ww 2
l n N \ / \ /
) | Excluded ' H H
30 100 300

Highest sensitivity via
“high-precision observables”:

my, My, sin? 916?t, etc.
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Bounds on My (95% C.L.) — a brief history

6 March 2012
° .

LEPEWWG '97-"12

Limit —

Status Winter 2012  _ ., ey

(LEPHIGGS '02)

Highest sensitivity via

5 | Do =
B — 0.02750+0.00033

1 e e 0.02749+0.00010 My > 114.4GeV
4 - «++ incl. low Q? data ete” —/+ ZH at LEP2
3- SM fit favours

l My < 152 GeV
2 ]

| W
l 1 \ /

1 LEP LHC
0 excluded o A excluded H

40 100 200

m, [GeV]

Open window not excluded by the LHC:

“high-precisi

122 GeV < Mg < 127 GeV

P

hysikalisches Institut
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my, My, sin? 9553}5, etc.
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Higgs-boson decays
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General considerations

* very light Higgs boson: My < 100 GeV

¢ large theoretical uncertainties for My S 20 GeV
(threshold effects, large o, hadronic effects)
— LEP1 searches via Z — Z*H w/o assumptions on or modeled H decays

o 'y S few MeV < detector resolutions

Hdeca
BR 1 | TuMeV]|
L 1
0.1 .
; 0.1 r
0.01 |
0.01
0.001 |
0.001 — — 0.0001 — ——
1 10 100 1 10 100
MH [GeV] MH [GeV]
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General considerations 10%¢

1 1 \
LHC HIGGS XS WG 2010

e

e

(

S 107
* very light Higgs boson: My < 100 GeV %102
0
* heavy Higgs boson: My = 600 GeV 10° /
104;
o I'y 2 100 GeV —/

<— broad resonance,

100

large interference signal—-background interference
— Simultaneous treatment of signal + background required

¢ perturbation theory runs out of control
(often two-loop ~ one-loop for My ~ 700 GeV)

= Precision of calculations seriously degrades,
but high-mass SM Higgs excluded
by candidate with My = 126 GeV and SM fit

2 Y i i i A . . .
|- e —— Physikalisches Ins““i_, 5 ~E. Stefan Dittmaier, The Quest for the Higgs Boson — a Theory

Perspective

200 300 500 1000
M, [GeV]
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General considerations

* very light Higgs boson: My < 100 GeV

* heavy Higgs boson: My 2 600 GeV

* 100 GeV S My S 600GeV

¢ 114 GeV < My S 200GeV: favoured mass range after LEP
o My S 135GeV:  H — bb dominant, H — v~ well accessible
© Mu 2 135GeV: H — WW/ZZ — 4f dominant and very well exp. accessible

Note: H — V'V — 4f for My < 2My to be treated as four-body decays

Y i i i A~ . . . . .
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Precision calculations for SM Higgs-boson decays Hdecay + ProphecyA4f

o [{ _, ff Bardin, Vilenski, Khristova ‘o1 i L e El
Dabelstein, Hollik '92; Kniehl '92; ... £ F 1
QCD up to NNNNLO QCD for bb g |
... Baikov, Chetyrkin, Kihn, Steinhauser ("97-'05) ':10-1_n __5
x 7 .
0 ‘_ ]
*H—vy/gg 5 ]
full 2-loop result + h.o. improvements I 7 i
Spira, Djouadi, Graudenz, Zerwas '95; ... 10°

(Actis,) Passarino, Sturm, Uccirati ‘07,08

Yy Zy

* H—-> WW/ZZ — 4f

'3 Il Il Il Il Il Il Il | Il 1 1 1 1 | 1
> NLO for stable W/Z bosons PTI0 120 10 10 180 el
Fleischer, Jegerlehner '81; Kniehl '91; Bardin, Vilenskii, Khristova '91 "

¢ NLO for off-shell/decaying W /Z bosons

Bredenstein, Denner, S.D., Weber '06

Tools

* HDECAY: all 1 — 2 decays (integrated) Djouadi, Kalinowski, Mahlleitner, Spira

®* ProrPHECY4F: H — 4f decays (integrated & differential) Bredenstein. Denner. S.D.. Miick. Weber

Physikalisches Institut )E).m
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Precision calculations for SM Higgs-boson decays Hdecay + ProphecyA4f

o — ff Bardin, Vilenskii, Khristova '91 |3 1w T S — ¢
Dabelstein, Hollik '92; Kniehl '92; ... S 12

QCD up to NNNNLO QCD for bb g |
... Baikov, Chetyrkin, Kihn, Steinhauser ("97-'05) ':10-1_n __5

x 7 .

0 ‘_ ]

*H—vy/gg 5 ]
full 2-loop result + h.o. improvements I 7 i
Spira, Djouadi, Graudenz, Zerwas '95; ... 0% E
(Actis,) Passarino, Sturm, Uccirati ‘07,08 - .

: VY Zy :

* H—-> WW/Z7Z — 4f i

'3 Il Il Il Il Il Il Il | Il 1 1 1 1 | 1
> NLO for stable W/Z bosons PTI0 120 10 10 180 el
Fleischer, Jegerlehner '81; Kniehl '91; Bardin, Vilenskii, Khristova '91 "

© NLO for off-shell/decaying W/Z bosons , . . Cciner SD. Weber 06

Parametric + theoretical uncertainty of BRs: |, ~ Higgs XS WG 2011

Mu[GeV] H— bb 7777 ¢ gg vy WW 77,

120 3% 6% 12% 10% 5% 5% 5% <« driven by 0I'y_15
150 4% 3% 10% 8% 2% 1% 1%
200 5% 3% 10% 8% 2% < 0.1% < 0.1%

Physikalisches Institut )E).m
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Partial H width for H — WW — veet i,

Bredenstein, Denner,

S.D., Weber '06
I'[MeV] H — veeTu 1, 6 [%0] H— veetu 1,
LUV N I B B N N R N N B B B B [ Js A |
corrected —— 12 [ corrected —— ! N Born
NWA ----- [
10 10~ IBA ‘ .
1
0.1
0.01
Prophecy4f
" - 0 -
000 b—L—1 1111 | I I NN N N B
120 130 140 150 160 170 180 190 200 120 130 140 150 160 170 180 190 200
MH [GeV] MH [GeV]
T T
Coulomb singularity threshold effect in loops
at My ~ 2Mw at My ~ 2My,
NWA = “narrow-width approximation” (on-shell W bosons)
IBA = “improved Born approximation” (universal corrections)

Corrections ~ 4—8%, NWA not useful for Mg < 165 GeV
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Kinematical studies of H — Z7Z — flflfzfz

Invariant Z mass: Angle between Z decay planes: Choi. Miller
30- T T T T | T T T T I T T T T I T T T T I T T T T I T T I- 0_22 T T T I T T T I T T T I |_ T _l MUhlleItI:]er’
H-Z'z - (f,f){F,F) I H-zz - (f)Ef) | Zerwas 02
M, =150GeV - i M,, =280 GeV |
25 . 0.2 i
0.18}- ; ‘ , .| ]
w ." 1“ "" -l‘ |
w [ B ; B
014} .
012} N
———sm
--------- pseudoscalar
01 L L L L L L L | L L L | ! | !
0 2 I 32 2n

My = Mf1f1

Histograms = SM simulation for L = 300 fb—1

— distributions sensitive to spin and parity
corrections available via PROPHECY4F

. . Y
Bredenstein, Denner, S.D., Muck, Weber

-; i ysikali { puun . . . . .
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Higgs production

at hadron colliders

S ! i i i B . . . .
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SM Higgs XS predictions

g \s=7TeV ¢
for the LHC at /s = 7TTeV =10 -
LHC Higgs XS WG 2010 %
T 13
: _
gl E
o) ]
i t
1 k e
10 t+ H

107 =
: | | | | | |
Uncertainties NLO/NNLO/NNLO+
Mg scale PDF4LHC QCD EW
ggF < 500GeV | 6—10% 8—10% >100% 5%
VBF < 500 GeV 1% 2—7% 5% 5%
WH < 200 GeV 1% 3—4% 30% 5—10%
ZH < 200 GeV 1—-2% 3—4% 40% 5%
ttH < 200 GeV 10% 9% 5% ?

Physikalisches Institut *E),ﬁ
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Stefan Dittmaier, The Quest for the Higgs Boson — a Theory Perspective Helmholtz Alliance, DESY Hamburg, Dec 2012 - 16



[ERY
o
N

SM Higgs XS predictions

oy
for the LHC at /s = 14 TeV =
LHC Higgs XS WG 2010 %
I
“H : 10
o
g
W, 7Z o}
¢ 1
£
10"

\'s= 14 TeV

LHC HIGGS XS WG 2010

200 300 400 500

Rough numbers:
Uncertainties NLO/NNLO/NNLO+
Mg scale PDF4LHC QCD EW
ggF < 500GeV | 6—14% >100% 5%
VBF < 500GeV 1% 5% 5%
WH < 200 GeV 1% 30% 5—10%
ZH < 200 GeV 2—4% 45% 5%
ttH < 200 GeV 10% 15—20% ?

Physikalisches Institut *E),ﬁ

0 =
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Higgs production via gluon fusion
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Corrections to Higgs-boson production via gluon fusion

®* QCD corrections:

] Graudenz, Spira, Zerwas '93
¢ complete NLO correction known Djouadi, Graudenz, Spira, Zerwas '95

o NNLO correction known as expansion (H:g[;anrl‘dgg ,fl'c'ﬁfgﬁ gzg;ni o1

for m: — oo matched with § — oo Anastasiou, Melnikov '02
Ravindran, Smith, v.Neerven '03,04

Anastasiou, Melnikov, Petriello '04
ONNLO Marzani et al. '08
K=——"""—~20 Pak, Rogal, Steinhauser '09
OLO Harlander, Ozeren '09

¢ resummations / virtual / soft terms to NNNLO in limit m: — oo
Catani et al. '03; Moch, Vogt '05

g me — 00 I Laenen, Magnea '05; Idilbi, Ji, Ma, Yuan '05
tL e H - . @ H  Ravindran '05,06; Ravindran, Smith, v.Neerven '06
Ahrens, Becher, Neubert, Yang '08,'11
9 g Berger et al. '10; Stewart, Tackmann '11

Banfi, (Monni,) Salam, Zanderighi '12
Becher, Neubert '12

. .
EW corrections Aglietti, Bonciani, Degrassi, Vicini '04,06

Degrassi, Maltoni '04

o ' ~
complete NLO correction known 0(5%) Actis, Passarino, Sturm, Uccirati '08

¢ mixed O(aas) corrections for small My Anastasiou, Boughezal, Petriello '08

S Insmlﬁ ﬁ‘E‘:fn Stefan Dittmaier, The Quest for the Higgs Boson — a Theory Perspective Helmholtz Alliance, DESY Hamburg, Dec 2012 — 19



QCD scale dependence of predictions for inclusive gg — H
Moch, Vogt '05

80 — . — .

; o(pp -~ H+X)[pb] 1 ¢ o(pp — H+X) [pb] |

60 - . M, = 120 GeV [ My, = 240 GeV :

oo, :.l T ;--—.\_§~ . :

I e, 115 SR i

_— S o s ~eer . I RS - m\:

40 |- Tso T4 b S~ T

L '-.... \\\\\ 7 10 _.'- \\\\\_

[ NLO T | NLO ]

i e 1L e :

3 T - A .

- — N Loapprox LO i . — N I—Oapprox LO 7

e N2LO [ == NALO ]

0 1 1 1 1 oo | 1 O i 1 1 1 1 | 1 |

0.2 0.5 1 2 3 0.2 0.5 1 2 3
lJ‘r/MH l'lr/MH

Reduction of renormalization-scale dependence with increasing orders !
— residual scale uncertainty S 5—10%

Y i i i _A — . . . . .
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NLO EW corrections Actis, Passarino, Sturm, Uccirati ‘08

Correction to partonic cross section: K factors for pp cross section:
(band width: MH/2</VLR/F <2My, MR/2<MF <2uR)
2.7 . — :
pp - H+X  Vs=14TeV
2.6 r
MRST 2002
25
2.4 -
g 2.3
E
< 22
2.1
2
1.9 NNLO QCD — — -
L8 NNLO QCD + NLO EW ———
100 150 200 250 300 350 400 450 500 . 100 150 200 250 300 350 400 450 500
Mg [GeV] M, [GeV]
g vvsT5U0 t
EW corrections ... Wo e H et
e matter at the 5% accuracy level g ewe t

* show non-trivial structures near WW, ZZ, tt thresholds
— finite widths of particles in loops required (otherwise unphysical peaks)

* mixed O(aas) corrections for small My Anastasiou, Boughezal, Petriello 08
suggest factorization of QCD and EW corrections within good accuracy
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Combination of Higgs production and decay H — WW — [lvv

Anastasiou, Dissertori, Stockli '07

ppo> H+X>WW+X->everv+X pp o H+X->WW+X->everv+X
N T T T | T T T T | T T T T | T T i 3.5 T T T | T T T T | T T T T | T T
MRST2001 LO, MRST2004 NLO/NNLO
Mp/2 S pg = pp £ 2 My
M, = 165 GeV

300 |— MRST2001 LO, MRST2004 NLO,/NNLO NNLO
- Mp/R S up = pp SR M,
- M, = 165 GeV

3.0

200 — S
= ! 2

Pl L g

© - 2
i RIS ©

CTXRKKKHKHKKS
100 — DO ssesasessseetetetete?
«’""':":’:020?"‘.“’ - LO i
RoSete b
0 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
50 100 150

¢ = angle between charged decay leptons in the transverse plane

K factors in general depend on decay phase space.
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Higgs production via vector-boson fusion
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A multi-leg example: Higgs production via weak vector-boso n fusion (VBF)

q colour exchange between quark lines suppressed
W, Z = small QCD corrections
----H Han, Valencia, Willenbrock '92; Spira '98;
W, Z Djouadi, Spira '00; Figy, Oleari, Zeppenfeld '03
q — t-channel approximation (vertex corrections)

VBF cuts and background suppression:

o signature = Higgs + 2jets
e 2 hard “tagging” jets demanded:

prj > 20GeV, [y;| <4.5 Forward Higgs
. ) . tagging Decay
* tagging jets forward—backward directed: jets

ijj > 4, yi1 - Y2 < 0.

— Suppression of background
* from other (non-Higgs) processes,
such as tt or WW production Zeppenfeld et al. '94-'99

* induced by Higgs production via gluon fusion,

such as gg — gg9H o) pyca et al, '06: Campbell et al, 06
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Work on radiative corrections to the production of Higgs+2jets

* NLO QCD corrections to VBF in DIS-like approximation

© total cross section Han, valencia, Willenbrock '92: Spira '98: Djouadi, Spira '00

¢ distributions Figy, Oleari, Zeppenfeld '03; Berger, Campbell '04
¢ matching with parton shower (POWHEG) | ... oleari 109

(full) NLO QCD+EW corrections to VBF
Ciccolini, Denner, S.D. '07
— NLO QCD ~ NLOEW ~ 5—10% Figy, Palmer, Weiglein '10 (DIS-like EW)

NNLO QCD corrections to VBF in DIS-like approximation
— NNLO QCD ~ 1-2%

NLO QCD corrections to gg — Hgg, €tC. ,npell. R.K Eliis, Zanderighi ‘06
— contribution to VBF ~ 5% |iitenko Vazquez 07 (NLO scale uncertainty ~ 35%)

Bolzoni, Maltoni, Moch, Zaro '10

QCD loop-induced interferences between VBF and Hgg-initiated channels

. < -3 PuE I Andersen, Binoth, Heinrich, Smillie '07
— Impact % 10 %(neg“glble') Bredenstein, Hagiwara, Jager '08

* |oop-induced VBF in gg scattering
— impact ~ 0.1%

Harlander, Vollinga, Weber '08

SUSY QCD+EW corrections Hollik, Plehn, Rauch, Rzehak 08
— |MSSM — SM| < 1% for SPS points  (2—4% for low SUSY scales)
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Distribution in the azimuthal angle difference Ag;; of the tagging jets

Sensitivity to non-standard effects:

0.009
0.008
0.007

0.005
0.004
0.003
0.002
0.001

1/crd0/dA(ﬁj

Corrections to the Ag;; distribution:

0.006 =

oL
-160 -120 -80 -40 0

CP-even, CP-odd —
CP-even

40 80 120 160

Ag;

Hankele, Klamke, Zeppenfeld, Figy '06

(Individual contributions

without SM)
CP-even: L oc HW W™ Hv
CP-odd: L o HW;F,,W_’“”

Ciccolini, Denner, S.D. '07

aag- (] pp — Hjj+ X 2 _1[%)] pp— Hjj+ X
13 | | | 0 | | |
EW+QCD —— _9 | EW+QCD —— -

12 - LO - --- - 2 W HAWK
b QCD e -

SR S s T port e T [
—6 LT -

10 |- Y - Neglected corrections

9 - ~10 could be misinterpreted

8 My — 120 GoV - —12 as non-standard couplings
14 My =120GeV |

7 ] ] ] ] ] ]

0 45 90 135 180 0 45 90 135 180
Ay Ay
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Production via Higgs-strahlung
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Current status of theoretical predictions

d/

> \/\/\/\/\/Z

u/d

°* NLO QCD:  corrections entirely Drell-Yan like

Han, Willenbrock '91; Ohnemus, Stirling '93; Baer, Bailey, Owens '93
V2VH (Spira); MCFM (Campbell, R.K.Ellis)

* NLO EW: total cross section, stable W/Z bosons
Ciccolini, S.D., Kramer '03

differential cross sections, via HAWK with W/Z decays
Denner, S.D., Kallweit, Mick "11

°* NNLO QCD: total cross section, stable W/Z bosons

Drell-Yan-like part, gg — ZH
Brein, Djouadi, Harlander '03 (VH@NNLO)

differential WH XS, with W decay, Drell-Yan-like part

Ferrera, Grazzini, Tramontano '11

total cross section, non-Drell-Yan-like parts
Brein, Harlander, Wiesemann, Zirke '11

* NNNLO QCD: total cross section, gg channel
Altenkamp et al. "12
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QCD and EW corrections to the pr i distributions

0[]
0

Ferrera, Grazzini, Tramontano '11

S L I B B B BN
ppoWH+X-lvbb +X Vs=14 TeV |
0.4 ;“ my=120 GeV —
i _ QCD Mp=Hp=My+my |
0.3 | -
P 01=2.617 = 0.003 fb
| |
0.2 o B Ono=1.487 + 0.003 fb -
Lo Ex i
T - - Oo=1.263 + 0.014 fb |

0.8 NNLO/NLO —
06 ; | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | =
200 250 300 350 400 450

py’ (GeV)

~15 F

—20

Denner, S.D., Kallweit, Muck '11

Hifrm—— EW corrections
Hvo
| | | | |
50 100 150 200 250 300
pru|GeV]

Butterworth et al. '08

Boosted-Higgs pr.u > 200 GeV (“fat jet” with bb substructure) = 01052 S0 oo

pronounces corrections to HW — H¢T v at pr g ~ 200—300 GeV
o 5QCD ~ —5—20%
* jpw ~ —10—15%
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Anomalous VHH couplings in pt u spectra

WTH (acc. cuts) VBF (with VBF cuts)
L . . —
S pT——— similar VBF results by
/5 = 14 TeV o | ;? | 3 p—jiH+X 1 Hankele, Klamke,
do fb L.O deJ, o | Gev Vs =14TeV . ,
a2 |y ] LAWK : U0 Zeppenfeld, Figy '06
0.1 HAWK
1 -
— SM
—— d=+0.06
0.01 | ——— d=-0.06
g ——— d=+0.06 ...
Ol b —— dp = 1018 ...
——— dp =+0.18 ...
0.001 : : : : : : : :
0 100 200 300 400 500 0 100 200 300 400 500
pT7H[GeV] pT7H[GeV]
5 2.5 : —
o - _ pp — JjH +
Tomai pp — (Tl + X Tomai Z _ tg:gg V5 = 14 TeV
4 V5 =14TeV ——— d=+0.06 ...
LO 2t dp = +0.18 ... .
—— dp = +40.18 ...
HAWK
nv
3 HAWK C XX HW,LLV W
1.5 .
) L o HW,, WH
1 d = +0.06 4
d = —0.06 ~
——— d=+0.06 L < HB,,B""
. . . ——— d=-0.06 05 . . . .
0 100 200 300 400 500 0 100 200 300 400 500
pT7H[GeV] pT,H[GeV]

Impact of ACs larger in WH production than in VBF !
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A loop-theorist’s summary of ...
Two decades of Higgs precision calculations

Successful predictions required + triggered great leaps forward

* at the multi-loop frontier
— two loops with masses, massless multi-loop calculations

at the LO multi-leg frontier
— automatized MCs based on full MEs

* at the NLO multi-leg frontier
— full 2 — 4(5) calculations, automation

for calculation beyond fixed orders
— QCD resummations / parton showering / matching at NLO

* in many conceptual issues
— unstable particles, etc.
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Outlook — next steps
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Higgs coupling analysis
* ]1st step: global analysis of signal strengths u
Signal strength u:  oobs = 1 X osm X BRswm

Status July 2012:

CMS Vs=7TeV,L=5.1fc" V's=8TeV, L=5.3fb"

[ ] ] ] ] ] ]

ATLAS 2011 -2012  m, = 126.0 Gev w=0.874+0.23 ™= 125.5 GeV
W,ZH - bb i

\s=7TeV: [Ldt=4.7 fb*
H - 1t

Vs =7Tev: [Ldt =(:t).6-4.7 fot
H- WW' - lviv :
\s=7Tev: [Ldt=4.7 fo* " Hos 77

H— vy

Vs=8TeV: [Ldt=58 1"
H- :
\s=7TeV: [Ldt=4.8fb" : PY
Vs=8TeV: [Ldt=59 1" H

5 : H— WW
H-zz' - 4 ;
Vs=7TeV: [Ldt= 481" ——
Vs=8TeV: [Ldt=58fb" H
H— Tt

Combined

Vs =7TeV: fLdt=46-48f" p= 14+0.3 i _e—
s =8TeV: JLdt=5.8-591" :

I R B B P H— bb

- PRI S SO SRS RS
1 0 1 L .

2 3
Signal strength (W) Best fit o/og,,

Y i i i N . . . . .
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Higgs coupling analysis
* 1st step: global analysis of signal strengths u

e 2nd step: rescaling of SM couplings

... different variant proposed by many authors
Zeppenfeld et al. '00; Duhrssen et al. '04; Lafaye et al. '09; ...

Interim recommendation of the LHC HXS WG '12:
< rescale all SM Higgs couplings: ¢ = r; x ¢o™ i =HWW, HZZ, Htt, ...
with simplifying assumptions:
¢ no new tensor structures in couplings
— Ignores shape distortions by BSM effects (e.g. CP-odd couplings)

¢ rescaling of SM corrections (to avoid artificial deviations in SM limit)
— QCD corrs: reasonable, since dominant correction factorize
EW corrs: failure for BSM — additional uncertainties of ~ 5—10%

¢ narrow-width approximation for Higgs, no gg — ZH, etc.
Recipe can give gualitative picture:
¢ deviations from SM rates significant ?

¢ pattern of deviations (W/Z sector? Custodial symmetry? fermion sector? ...)

! i i I - .y . . . . .
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Higgs coupling analysis
* ]1st step: global analysis of signal strengths u

* 2nd step: rescaling of SM couplings

* 3rd+ steps: more sophisticated approaches

¢ model-independent effective-field theory (EFT)
— SM with Higgs boson = low-energy theory
— inclusion of, e.qg., all d = 6 operators for “Higgs” couplings
— consistent inclusion of higher-order corrections in EFT approach
— hints for BSM model building ?

¢ precision analyses in specific BSM models
— THDM, triplet models
— with and w/o SUSY
— constraints on or hints for additional new Higgs-like states

Y i i i A~ . . . . .
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Future challenges

* Analyse ttH production
¢ Relevance: direct experimental access to ttH Yukawa coupling

> Problem: control background by pp — ttbb, tt + jets (S/B ~ 1/10)
status 2008: signal not significant due to background contamination
— activities: — more sophisticated tricks in analysis

e.g. “fat jet” with bb substructure Plehn, Salam, Spannowsky '09

— NLO QCD prediction also for background

— ttbb Bredenstein, Denner, S.D., Pozzorini '09
PP Bevilacqua, Czakon, Papadopoulos, Pittau, Worek '09

PP — tt + 2jets peyilacqua, Czakon, Papadopoulos, Worek '09

TT T[T I T T[T T T [TT T [TTTT[T]
ATLAS

3 jj -
[ ttbbEW 1
[ ttbbQCD
Signal
Signal

Cross-section [fb/30GeV]

“CSC book”
CERN-OPEN-2008-020

M(bb) [GeV]
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Future challenges

* Analyse ttH production
* Triple-Higgs coupling

¢ Relevance: reconstruction of the Higgs potential
(at least partially)

2 2 2
172 172 gM 3 g M 4
SM,U gauge w w

¢ Problem: — small Higgs pair production cross sections
— Mg ~ 126 GeV — bb~y~ final state with BR suppression

Baur, Plehn, Rainwater '03

<o 3 I i 0.000125[— = [ e T
H coup!lng .requwes at least E g i pp—bbyy, LHC |
high-luminosity LHC oooot00f- |\ my =120 GeV _|

. . = L
— |LC highly desirable here S ;
> 0.000075 [~

o H* coupling out of reach g 00000s0 -

(ocuun way too small) S 0.000025 -
0.000000 40
200

y i i i -l N . . . . .
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Future challenges

* Analyse ttH production
* Triple-Higgs coupling
* \ector-boson scattering

¢ Relevance: — test of weak coupling of longitudinal vector bosons
— analysis of quartic gauge couplings
— high sensitivity to new physics related to EWSB

¢ Problem: small cross sections, large background

¢ Role of the Higgs boson:
Off-shell Higgs exchange rescues unitarity in SM.
— SM with low-mass Higgs boson = background in BSM searches !

¢ Full potential of channels require high-luminosity LHC

e

Y i i i A . . . . .
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Conclusions
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Higgs physics — status 2012

* SM predictions in good shape for gg — H, VBF, and WH/ZH
uncertainties ~ 5—20% depending on final state
* ATLAS/CMS find Higgs candidate at My = 126 GeV via H — v /Z7Z* JWW™
compatible with Tevatron 3¢ evidence for H — bb
— spectacular agreement with SM fit to EW precision data
* BUT: scale of BSM physics might be very large
— precision might be the way to new discoveries

The near future

 Establishment of I — bb /77 and ttH signals (hopefully)
* Higgs coupling analysis beyond simple rescalings of XS and BR
® Constraints on specific BSM models (MSSM, THDM, etc.)

The far future (including high-luminosity LHC)
Precision BSM physics, triple-Higgs coupling, W1, scattering, etc. (?)

= Tremendous homework for theorists
Higgs physics might guide the way to more comprehensive theories beyond SM !
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Backup slides
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An example: H - WW /ZZ — 4f

Survey of Feynman diagrams for NLO corrections

/
oo
Lowest order: S
S
/
Typical one-loop diagrams: # diagrams = O(200—400)

pentagons

vertices
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Distribution of invariant Z mass inH — ZZ — e ety pu*

Bredenstein, Denner,

dr -3 )
10 _ _ S.D., Weber '06
N 6 [70] H— e etppt
0.0025 T T T T T 1 T T T T T 1
40 o ]
corrected My = 170GeV. 7,
0.002 |- 4 S
My = 170 GeV i
0.0015 —
0.001 - N ) T
e e' (v recomb.) ——
—20 ==t gy recomb.) ----- T
0.0005 - e"et (no recomb.) ------ -
10 I pt (no recomb.) e _| Prophecy4f
0 ] ] ] ] ] ] | ] ] ] ] ] ] ]
60 65 70 75 80 85 90 95 100 60 65 70 75 80 8 90 95 100
M,y |GeV] My |GeV]

~ recombination if M < 5GeV

v/ wy

Large corrections due to photon emission in Z reconstruction

S ! i i I - N B . . . .
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Corrections to distribution in angle between Z decay planes
— 5—10% effects that in general distort shapes of distributions

An example:

dé | deg

dr [MeV]

H—e etpuput

0.003
0.0028 -
0.0026
0.0024 _
0.0022 |

0.002

0.0018

| | |
¢' corrected

¢,corrected
Born

My = 200 GeV

360

Bredenstein, Denner,
S.D., Weber '06

6 (%] H—eetpput
15 | | T
¢ —_
R
10 |~ -
My = 200 GeV

: | Pro;?hecy4f
0 90 180 270 360
¢, ¢' [deg]
PR T
P,— o+ )XP — "_PM—M+)XpM_ ‘
Ccos ¢’ — (pe_e+ Xpe—)(Pe—e+ xpu_)

|pe_e+ Xpe_ | pe_e‘l‘ Xpu_ ‘
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Higgs production via vector-boson fusion
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Integrated VBF cross section at NLO QCD ¢ EW

o [fb] pp — Hjj + X 5 [%) pp — Hij + X glcl::)cc’)(ljlgl, Denner,
10000 f—————T—T—7— 10 S D.
, NO cuts ------ .
R NLO, I(l)O cuts - QCQDvC%O gﬂg: """ '
- LO, cuts ————- - , cuts ———-—- /"
- NLO, cuts - - 5 - EW, no cuts /S
| } HAWK

1000

100 ] ] ] ] ] —10 ] ] ] ] 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700

My [GeV] My [GeV]

QCD and EW corrections are of same generic size

* W /Z resonances in s-channels described via complex-mass scheme

* sensitivity to cuts: large for QCD, small for EW corrections

* heavy-Higgs corrections at My ~ 700 GeV: G, Mpj ~ (GﬂMﬁ)i ~ 4%

) N—— ~
— breakdown of perturbation theory 1-loop 2-loop
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Production via Higgs-strahlung
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Total cross section: NNLO QCD and NLO EW corrections

LHC Higgs XS report

CERN-2011-002, arXiv:1101.0593 [hep-ph
own = our@NNLO w1 + OWH,EW

Note:

X (1 + 5ZH,EW + Oge—7ZH 5VH,EW insensitive to PDFs !

VH@NNLO
OzZH — UZH@

K factors forpp - VH+ X @ /s = 14 TeV:

Brein et al. & Ciccolini et al. '04

61'35

[ ] —~
B i — L T RLEETTLE
TR
I i I I R R
- RRZRIRIXAEG BT o tosetatosotate
— I [ i — T s sl
~— ~ . st s
3 TR R IS
BRI F S O RIS
L . T R R
RS ] N - s e
st e R R SR
SRR RS
. B - O RRRIERRTEL XN QRIS
7 5 S R S IRSARIIIIEL
f ] L = YR S
. IR 35 RIS SRS
[ ] SR 25 RIS
- SO S BITS, R SSS
L ] IS e e s
ZSRIKRKKL ST RARHHRRIIRLRARK XK IRRKKR XK RKRRIRRHXK,
TS RIS RS R
- _ LR Z IR RRRRRRRRS
A TS RS ss SIS &L
S Hanes SRR q .
XX X R IRKRK IR IKXRX
i 1 3 5 ORI
L QKA -
o b KRR
OCD+EW . AT
| | 5 I e oS |

X $oetata e .
[R5 XXX KK RXXX 2 ‘.‘“‘.‘
OISR IR
QCD+EW :
C
1.1

1.05

* typical size of corrections: a) ~ O(a) ~ 5—10%

b spikes at Mg = 2Mw and My = 2M7y,
= perturbative artifacts from WW/ZZ threshold
— require inclusion of W/Z decays (see below)
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Differential cross section: (N)NLO QCD and NLO EW corrections

LHC Higgs XS report
CERN-2012-002, arXiv:1201.3084 [hep-ph]

VH@NNLO(DY
down = dO‘WH@ oY) X (1 + 5WH,EW)
Again:
dozg = da\Z/PHI@NLO X (1 4+ dzu,Ew) dvi,Ew insensitive to PDFs !

Features:

* NNLO QCD for WH in Drell-Yan-like approximation (ZH in progress)

Ferrera, Grazzini, Tramontano '11

* NLO EW (+QCD) calculated with HAWK
Denner, S.D., Kallweit, Muck '11

* size of corrections and TH uncertainties larger than for oo

channel HIT 1 Hl HIT1™ Huiy
Spans | % —14 —14 —11 —7
Appr /% +5 +5 +5 +5
Ascale /% +2 +2 +2 +2
Ano /% +1 +1 +7 +7
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NLO EW corrections to the integrated cross section of pp — H¢T v, + X
Denner, S.D., Kallweit, Mick '11

51%)
0 | | | |
55\,”“: pru>0GeV  ——
L 5%;\7”: pra >200 GeV  — |
10 _
I Born: pry > 0 GeV ]
1 = NLO QCD4+EW: pru>0GeV —— \N;
i Born: pr g > 200 GeV — ]
- NLO QCD+EW: pr.yy > 200 GeV ]
0.1 I I I I 920 I I I I
100 120 140 160 180 200 100 120 140 160 180 200

my|GeV] myu[GeV]

* sound behaviour of 6gw near WW/ZZ thresholds

* size of EW corrections increases for boosted-Higgs scenario wrt oot !
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NLO EW corrections to pr ¢ and pr miss distributions for pp — H{T vy + X

d(T/de71+ [GGV] [fb]

14— ,
1.2
1
0.8
0.6
0.4

0.2

sNLO QCD+EW (utv,

I
)

0

150 200
pr 1+ (GeV]

250

300

—20 L '

50 100

150 200
pr )+ [GeV]

250

300

do / de,miss [GGV] [fb]

14— ,
12

1

| | |
NLO QCD+EW (1T v,)

0.8 .
0.6 .
0.4 .
0.2 .
0 I
50 100 150 200 250 300
PT,miss [GeV]
(%]
0 T T T —
i
5 kL i -
—-920 | | | | |
50 100 150 200 250 300
PT,miss [GeV]

Denner, S.D., Kallweit, Miick '11

“bare muons”: no ~ recombination
— collinear x and v assumed separable
— mass-singular corrections oc avln m,

“rec”: recombination of collinear ~
— collinear u-y 1y quasiparticle
< NO mass-singular corrections

— EW corrections mostly of non-universal origin (not simply FSR!)
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Higgs production in association with tt pairs
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Idea under discussion: highly boosted “fat jets”

_ . _ _ _ Butterworth et al. '08; ATL-PHYS-PUB-2009-088
— fat jet containing bb pair from high-pt Higgs (successful in WH/ZH revival!)

A theoretical study: Plehn, Salam, Spannowsky '09

e fatjets: pr >200GeV and R =1.5

e substructures:  bb pair with |m,; — Mu| < 10GeV, similar for t — 33, etc.
e S/\/B still ~2.2—2.6 for £ = 30fb~}

* S/B raised from ~ 0.1t0 0.2—0.4

* background mainly due to ttbb (suppression of tt + 2jets)
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Scale dependence of cross sections at the LHC

...for ttH production: Beenakker of al. ‘03 ...for bbH production: S.D., Krémer, Spira '03
1400 ———— . — 200 ——————— ——
o(pp - ttH + X) [fb] - a(pp — bbH + X) [fb]
1200 B Js= 14 TeV i \\\ Vs=14TeV
[~ M,, = 120 GeV I M,y = 120 Gev E
1000 \\ Ho =M + M, /2 _' : Ho=m, + M,/2

N Py, and pyg > 20 GeV

800

600

400

200 L L R T T S T | L L L [ L P T T T T T T | L P S T T S T
0.2 05 1 2 5 0.1 0.2 0.5 1 2 5 10

M, W,

Drastic reduction of scale uncertainty in  LO (~ 100%) — NLO (~ 10—20%)

Note:  both both b’s of bbH tagged at pr > 20 GeV,

otherwise scale dependence larger!
Similar results by

Dawson, Orr, Reina, Wackeroth '02; Wu et al. '05 (ttH) and
Dawson, Jackson, Reina, Wackeroth '05 (bbH)
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Integrated cross section of pp — ttbb + X in NLO QCD

Bevilacqua, Czakon, Papadopoulos, Pittau, Worek '09 Bredenstein, Denner, S.D., Pozzorini '09
o [fb] pp — ttbhb 4+ X
10000 — T e
10000

8000 PR = pF = Emy

K 1000 |}
—, 6000F ] _
2
b
4000
100 §
po = my + mbl_),cut/z
2000
,UJO/2 < pu< 2,&0
0 ' P ——— | L R E 10 . 1 L L 1 1 1 1
0.2 05 1.0 2.0 5.0 20 40 60 &80 100120140 160 180 200
£ mbl_),cut [GeV]
Main results:

* results of the two groups agree
* correction very large at central scale yr,rp =my: K = 1.77

* NLO scale dependence still large:  ~ 33% for uo/2<pr,/r<2po0 (~ 70% at LO)

— further theoretical and/or phenomenological tricks necessary to stabilize analysis
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More results on pp — ttbb + X

e Improvements on scale choice and selection cuts: ~ Sredenstein, benner,

S.D., Pozzorini '09
o [fov] pp — tthb + X donio pp — tthb + X

100 1 L) L) L) L) L) L) L) ] 2 L) L) L) L) L) L) L)

NLO —— | L8 r
1.6
14 f
1.2 f

1l
0.8 |
0.6 |

myp > 100 GeV 0.4 myp > 100 GeV

0‘1 1 1 1 1 1 0.2 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

myi, [GeV] myi, [GeV]

10 |

— reduced K factor ~ 1.2 and NLO scale dependence ~ 21%
for new central scale 5 = ms./PT.6P1 5
* Another idea under discussion: ~ Butterworth et al. '08; ATL-PHYS-PUB-2009-088
fat jets containing bb pairs from high-pr Higgs (successful in WH/ZH revival!)

— Dbetter background suppression Plehn, Salam, Spannowsky '09
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