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I INTRODUCTION

(i) Standard Model

e we have found the Higgs: My ~ 125 GeV
e gg — H dominant
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e Higgs Boson Production
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e modifications: (i) higher-dim. operators — eff. Lagrangians
(ii) extended Higgs sectors (mixing, loop effects)



(i) MSSM

ESB
e 2 Higgs doubletts — 5 Higgs bosons: h, H, A, H*

e LO: 2 input parameters: M4, tg8 = 2

U1 Haber

Carena,. ..

mz. mg Heinemeyer,. . .

e radiative corrections o« m? log —1,-2 . | M), S 135 GeV Zhang
t mt2 Slavich,. . .

e Yukawa couplings: tg3T = g% gfibT g{’il

e LHC: gg — ¢ dominant for tg8 < 10
gg — ¢bb dominant for tg3 < 10

e [NMSSM: additional Higgs singlet — 7 Higgs bosons]
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(iii) HEFT

o WW — WW @ high energies
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e ff — WW @ high energies
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e analogous for kp




weakly interacting theories

e cffective higher dimension operators up to dim 6 Buchmiiller, Wyler
Grzadkowski, Iskrzynski, Misiak, Rosiek
Giudice, Grojean, Pomarol, Rattazzi

1
L = Lgpy+ ﬁzaioi
1
= 'CSM —|— Z 52'07;
5
= Lgy +ALsirg+ALp + ALp, + ALpos + ALyy + ALcp

[assume A large]

e assume Higgs SU(2)-doublet
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e after using EOM: 53 (59) independent dim6 operators



e power counting: H — O(g«/M =1/f), 9, — O(1/M)

= expansion in H/f and E/M
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Giudice, Grojean, Pomarol, Rattazzi

e canonical normalization, unitary gauge:




L= 0uh h—ImZn2 — e} (20) 13 = 50, gm0 FOWO (14l 4 )
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CZo~ 2 (¢ + cup — cw — cuw) tan by 0 0

Contino, Ghezzi, Grojean, Miuhlleitner, S.



strongly interacting theories

L= $0uh 0 — it = cad (32) 1 = Dpmy gy a0 FOUO (14 el 4.
+m3 WWH (1 +2ew 2+ ...) +2m3 2,20 (1 +2c22+ ... ) + ...
+ (CWW W;;W—W 4+ CZTZ ZWZW + CZ ZMV’VW + % ’)’W’YW + % GZVGGW> %
T (CW‘?’W (W, DLWHH + hec.) + czoz 200, 2" + czoy Zuaqu) by

e also valid in case of a non-linear Lagrangian for a light Higgs-like
scalar [h generic CP-even scalar]

= expansion in E/M (derivatives) only, large deviations from SM
couplings

SILH: expansion in v2/f?, E2/M?, as/m, o7

non-lin.: expansion in E2/M?, as/m




eHDECAY http://www.itp.kit.edu/~maggie/eHDECAY/

o h — ff:
C@WW)| g,y = 6V (@) [1 —Cy — 26y + |A§M‘2F\>e (ABSMAf%U)] [1 4 6 k9CP]
*+0 (5 5ov 72)
T@ly = AT [L+ 6,097 + 0 (1, 2)

AZM: SM tree-level amplitude

Af]gw: SM elw. amplitude [real corrections treated analogously]

e factorization of QCD « elw. [limit small my]

e NL: no elw. corrections!



Partial Width QCD Electroweak Total

H — bb/cc ~0.1% ~1-2% for My S 135GeV ~ 2% NNNNLO / NLO
H— = /utu ~ 1-2% for My S 135GeV ~ 2% NLO
H—tt S 5% < 2-5% for My < 500GeV ~ 5% (NNN)NLO / LO
~ 0.1(54 )% for My > 500GeV  ~ 5-10%
H — gg ~ 3% ~ 1% ~ 3% NNNLO approx. / NLO
H — ~~ < 1% < 1% ~ 1% NLO / NLO
H — Z~ <1% ~ 5% ~ 5% (N)LO / LO
H—-WW/ZZ — 4f <05% ~ 0.5% for My < 500GeV ~ 0.5% (N)NLO

~ 0.17(354)* for My > 500GeV  ~ 0.5-15%

e QCD: variation of Higgs widths for scale by factor 2 and 1/2
elw: missing HO estimated from known structure at NLO
My 2 500 GeV: Higgs self-interactions dominate error
different uncertainties added linearly for each channel

e parametric uncertainties:
my = 1725 £ 2.5 GeV as(Mz) = 0.119 + 0.002
mp(mp) = 4.16 = 0.06 GeV me(me) = 1.28 +£0.03 GeV
different uncertainties added quadratically for each channel

e total uncertainties: parametric & theor. uncertainties added linearly



HDECAY & Prophecy4f
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Denner, Heinemeyer, Puljak, Rebuzzi, S.

e MSSM: large SUSY—QCD corrections to ¢° — bb

~ Hall,. ..
b Carena,. ..
7 g oc &s mg,utgﬁ ~ Ab Nierste,. . .
h -~ ﬁ\ s MgUSY Hafliger,. . .
b Noth, S.
B Mihaila, Reisser
b

etc.



SUSY-QCD Corrections to bb¢° A S 1%)]

_ A
Lopp = —Nbp |63 +$¢8* b; + h.c. valid to all orders in A,
_ GO _ A
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v 14+ Ay tga tgps
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b
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_ ~b Carena, Garcia, Nierste, Wagner
= resummed Yukawa couplings g, Guasch, Hafliger, S.

[analogous for NMSSM]
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small a. ¢y scenario [modified]
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I1 HZGGS BOSON PRODUCTION

(i) g9 — h/H/A

g V0000
tbhibh > ----- PO Georgi,. ..
Gamberini,. ..
s S., Djouadi, Graudenz, Zerwas
' D , Kauff
e NLO QCD corrections: ~ 10...100% awson, Kauffman

e NNLO calculated for ms > My = further increase by 20—30%

Harlander, Kilgore
[mass effects small] Anastasiou, Melnikov
Ravindran, Smith, van Neerven
Marzani, Ball, Del Duca, Forte, Vicini
Harlander, Ozeren
Pak, Rogal, Steinhauser

e N3LO for m; > M, = scale stabilization
Moch, Vogt

scale dependence: A S 5% Ravindran

de Florian, Mazzitelli, Moch, Vogt

Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Mistlberger
Ball, Bonvini, Forte, Marzani, Ridolfi

Anastasiou, Duhr, Dulat, Herzog, Mistlberger



LHC

ion

MSTWO08 68cl

P=pR=HF € [Myy/4,my]
Central scale: p = my/2

50 |- ppshaX gluon fusi

\/?/Tev

Anastasiou, Duhr, Dulat, Herzog, Mistlberger



Catani, de Florian, Grazzini, Nason

NSLL soft gluon resummation [m; > Myl: <

5% Ravindran
Ahrens, Becher, Neubert, Yang

Ball, Bonvini, Forte, Marzani, Ridolfi

elw. corrections: ~ 5%

QCD corrections to squark loops: 10—100%

Schmidt, S.

Aglietti,. . .
Degrassi, Maltoni
Actis, Passarino, Sturm, Uccirati

Muhlleitner, S.
Bonciani, Degrassi, Vicini

impl. of gg — ¢ in POWHEG including mass effects @ NLO

Bagnaschi, Degrassi, Slavich, Vicini

genuine SUSY—QCD corrections: 10—-100%
[« A, @ large tgg]

SUSY-elw. corrections unknown

Harlander, Steinhauser, Hofmann
Degrassi, Slavich
Anastasiou, Beerli, Daleo

Muhlleitner, Rzehak, S.



a(gg — ®) = oro(g’, ;) [1 + 0gcp + 9sQep
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Muhlleitner, Rzehak, S.



Dim 6
L= =3 ampoPOp® (14l )4 2e,Go,Gub 4

oro ~ |ciFy + 1209|2 — | + 1209|2 (th > MI%)

; h
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= ¢g renormalized @ NNLO, scale dependent ©@ NLL
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GG,

(67



Higgs ppr (or how to prove that ggF is loop-mediated)

L= =3 Mo (D)D) (14 %g +..) F L Gg,,c;wg + ...
g t,rb g g g
g —l - H g “ \\\\ H
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dashed line My=160 GeV, exact
1074 —
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" 1
%‘ : dotdashed line M =180 GeV, approx
g 4
COERUIS E
o - ' :
o i
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§ my = 160 GeV
~ 10—6 | ]
=] F -
d - 3
K top
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e QCD corrections only known for my > Mg, prg Glosser, Schmidt
de Florian, Grazzini, Kunszt

Anastasiou, Melnikov, Petriello

Boughezal, Caola, Melnikov, Petriello, Schulze

Chen, Gehrmann, Glover, Jaquier

Boughezal, Focke, Giele, Liu, Petriello

Harlander, Neumann, Ozeren, Wiesemann

Vs = 14 TeV Vs =14 TeV

expected separation[c]
expected separation[c]

central expectation
I sampling uncertainty
B efficiency uncertainty
[ background uncertainty

central expectation

- scale uncertainties
B missing top mass effects

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Luminosity [fb'] Luminosity [fb']

Langenegger, S., Strebel

e large pry: elw. Sudakov logs ~ log? MVQV/Z/p%H



e factorization: ppr < 2my — Q ~ my [« POWHEG, MCGOGNLO]

| pp-H+X  Vs=8 TeV NLL+NLO

1.2

| MSTW2008 NLO

08— T Grazzini, Sargsyan
| MHp=pg=my=125 GeV :
o Q1=mn/2 ]

0'6 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 [] 1 1 | 1 [] 1 1
0 20 40 60 80 100

pr (GeV)

e Sudakov form factor — unresummed logs —--- ¢

log® M% /m}



(i) W/Z fusion: pp — W*W*/Z*Z* — h/H

QCD corrections «— DIS: ~ 10%
2—loop: S 1% [approx]
elw. corrections: ~ 10% — HAWK

full NLO SUSY-elw. corrections

implemented in VBENLO

Cahn, Dawson
Hikasa
Atarelli, Mele, Pitolli

Han, Valencia,
Willenbrock

Figy, Oleari, Zeppenfeld
Berger, Campbell

Bolzano, Maltoni, Moch, Zaro

Ciccolini, Denner, Dittmaier

Hollik, Rzehak, Plehn, Rauch
Figy, Palmer, Weiglein

Dim 6: new tensor structures < implemented @ LO



(iii) Higgs—strahlung: pp — W*/Z* - W/Z + h/H

W,z

Glashow,. . .
Kunszt,. ..

AN
S h,H

e QCD corrections < DY: ~ 30%
2—loop: < 5%

e SUSY-QCD corrections small
e clectroweak corrections: ~ —-10% — HAWK

Han, Willenbrock

Brein, Djouadi, Harlander
Djouadi, S.

Ciccolini, Dittmaier, Kramer

o IV H/ZH. fully exclusive @ NNLO QCD Ferrera, Grazzini, Tramantano
05 T T T T ‘ T T T T ‘ T T T T T T T T T T T T ‘ T T T T
[ pp~>WH+X-lvbb +X Vs=14 TeV ]|
0.4 =" my=120 GeV —
Mp=MUp=My+My :
EOS? : 7,
o) L —_
> [ T, 0p=2.617 + 0.003 fb
ok L | ] P 4
© 02— e ‘ Ono=1.487 + 0.003 fb —
r - . ]
. — Tano=1.263 £ 0.014 fb
r | — m
— ‘
01~ E- T -
0.0 -+ P f e T
12 N N N N N =
1.0 = —
0.8 NNLO/NLO —
06;7\ L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L 7:
200 250 300 350 400 450 500

pr’ (GeV)

e Dim 6: new tensor structures «— implemented @ LO



(iv) Bremsstrahlung: pp — tt+ h/H/A

q t g 00000 )y—>——1
g \
\\q}o ______ o Kunszt
Gunion
Marciano, Paige
q t g “oOOOO i
dominant

e ith — ttbb important @ LHC — top Yukawa cplg.

e QCD corrections [SM]: ~ 20% Beenakker,. . .

Dawson, ...
Broggio, Ferroglia, Pecjak, Signer, Yang
Kulesza, Motyka, Stebel, Theeuwes

. Frederix et al.
e link to parton showers: aMCQGNLO, PowHe&| «kardos Papadopoulos, Trocsanyi

. o Yu, Wen-Gan, Ren-You, Chong, Lei
e clw. corrections: ~ 1 — 2%) Frixione, Hirschi, Pagani, Shao, Zaro

Denner, Feger
e dim 6: ¢;,cg — ¢ dominant

e SUSY-QCD corrections: moderate Dittmaier, Hafliger, Kramer, S., Walser
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tgB =5
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|
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Dittmaier, Hafliger, Kramer, S., Walser



tg = 5
L = 639.8 GeV
Ay = —1671.4 GeV
A, = —905.6 GeV
mg = 710.3 GeV
m('jL = b535.2 GeV
mg = 620.5 GeV
R
my, = 360.5 GeV

— mg, = 204.1 GeV,mg2 = 656.1 GeV,m'E1 = 533.3 GeV,mE2 = 625.2 GeV



(v) bb+Higgs production

g b b
o - H [ A
g b b
NLO NNLO
exact g — bb splitting & mass/off-shell effects massless/on-shell b's, no pry
no resummation of log M7 /m? terms resummation of log M7 /m? terms

L L L B L L L L B L L B L L L AL L B AL R
o(pp — bbh+X) [fb] | :
TN Js=7TeV Santander matching:
102 L il
: W= (2m, +M,)/4 4AFS 5FS
MSTW2008 o — o + wo
1+ w
10 3 w777 bb - h (NNLO) — o MH >
' - gg-btbhnoy ] W =109 my
| Harlander, Kramer, Schumacher
1 |
i ) Dittmaier, Kramer, S.
1 | | | | | | | Dawson, Jackson, Reina, Wackeroth
10 L b L L L L L :
100 150 200 250 300 350 400 450 500 Harlander, Kilgore

M, [GeV]



e twoO approaches for proper matching 4FS + 5FS

Bonvini, Papanastasiou, Tackmann
Forte, Napoletano, Ubiali
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Bonvini, Papanastasiou, Tackmann



Ms My [GeV] 5601) 05y sy 085y rem 5501) 0y sy 0815y rem
100 113.9 0.23 —-0.30 04x10%] 027 —-0.38 0.3x10°4
200 200 0.38 —-0.30 29x10%] 0.39 —-0.30 58x10*
7 TeV 300 300 0.46 —-0.30 6.7x107%| 0.47 —-0.30 9.3x10*
400 400 0.53 —-0.30 1.3x103%| 053 —-030 15x103
500 500 0.57 —-0.30 2.0x103%| 059 -0.30 22x103
100 113.9 0.14 —-030 0.4x10%]0.17 —-0.38 0.5x107%
200 200 0.28 —-0.30 2.7x10%| 029 —-0.30 5.7x10*
14 TeV || 300 300 0.37 —-0.30 6.5x107%] 0.39 —-0.30 9.3x10*
400 400 0.45 —-0.30 12x103|0.45 —-0.30 1.5x10°3
500 500 0.50 —-0.30 2.1x103|0.49 —-0.30 23x103
tgB | Ma Mg [GeV] | 65,y 08U 5y rem 05y sy 081 Y rem
3 [[ 200 209.7 —0.04 2.1x10%] —0.04 5.7x10°°%
5 200 204.0 —0.06 2.4x10"% | —0.06 5.3 x 104
7 200 202.1 —0.08 25x107%| —-0.09 3.9x 10
7 TeV 10 | 200 200.9 —0.12 25x10% | —0.12 3.8x 104
20 || 200 200.1 —0.21 26x107% | —0.21 4.4x104
30 || 200 200.0 —0.30 29x10%| —-0.30 58x10°%
3 [ 200 209.7 —0.04 2.0x10%| —0.04 7.2x10°°%
5 200 204.0 —0.06 22x107% | —0.06 5.0x 1074
7 || 200 202.1 —0.08 2.4x10"% | —0.09 4.4x10*4
14 TeV | 10 || 200 200.9 —0.12 25x10% | —0.12 4.1 x 104
20 || 200 200.1 —0.21 2.7x107% | —0.21 4.4x104
30 || 200 200.0 —0.30 2.7x107% | —-0.30 5.7x10°%
SPS1b Dittmaier, Hifliger, Kramer, S., Walser




SPS 1b

tgs = 30
u = 495.6 GeV
Ay = —729.3 GeV
Ay = —987.4 GeV
mg = 916.1 GeV
mg, = 762.5 GeV
my = 780.3 GeV
R
mg, = 670.7 GeV

— my, = 631.8 GeV,m52 = 829.1 GeV, my = 721.8 GeV, mg = 820.7 GeV



distributions
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IIT CONCLUSTONS

Higgs boson searches/studies at LHC belong to major endeavours

most QCD and elw. corrections known in SM & MSSM
— A S 10-15% @ LHC

QCD & elw. corrections to dim 6 contributions in the making
(— Ghezzi, Gomez-Ambrosio, Passarino, Uccirati
Berthier, Hartmann, Trott)

important to develop NLO event generators [« backgrounds]



BACKUP SLIDES




g9 — H

e cChromomagnetic dipole operator

Ctg

g “0000) g g
Ct Cqg
¢ - H + - H + 20 GRS N H +
g QQQQJ g g QQQQJ

gsmnt

H
Lepr = —ctmttt— -+ cg4gs GG, — —|— ctg (v -+ H)G [tLJWT“tR -+ h.c.}

— mixing of operators, renormallzatlon Q@ 'LO:

4 1 2 2
dcg = %e(ctg)l_(l + ¢€) < Ul ) — <Oét - mt2>
,uR € A7 27V

Degrande, Gérard, Grojean, Maltoni, Servant



gg — HH

g TOET) LH g — - H 9 70000 A
o . " 0o | ‘ - "y cup
PUAN N
g 0000 “H g — Ll " g 0000 “H

e threshold region: sensitive to A
large My sensitive to ¢y 4, [€.9. boosted Higgs pairs]

| o(pp — HH + X) [fb] |
1000 V5 =14 TeV, My = 125 GeV No AN

100

N [decreasing with M# /]

| 74: ......... ;fi'l | | Baglio, Djouadi, Grober, Miuhlleitner, Quevillon, S.
503 -1 01 3 5
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g “0000)

gg — HH

tb 4

SM

9 QQQQJ

e third generation dominant — ¢,b

g

e 2-loop QCD corrections: ~ 90 — 100%

2 2 —
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Dawson, Dittmaier, S.
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e extended to dim6 — large impact on cxn
small impact on K-factor
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Grober, Muhlleitner, S., Streicher



e 2-loop QCD corrections:

N o N N o4 2.75) . .
oO—=a0 —= X :
0 2 m® 2.5\ -
Grigo, Hoff, Melnikov, Steinhauser AVl 2_25; W, =
LN |
7] NSe— T — — S
. N - i
e NLO mass effects @ NLO in ' ST = —— 1~ +10%
real corrections: ~ —10% L.75 ST T
Frederix, Frixione, Hirschi, Maltoni, Mattelaer, 151 A 1 ‘
Torrielli, Vryonidou, Zaro 300 400 _ 200 600 700
— large virtual mass effects \/Scut (GeV)
e NNLO QCD corrections: ~ 20% 020}
[MIQJ < 4th] de Florian, Mazzitelli 2 o1l T Mo
Grigo, Melnikov, Steinhauser% ' //’x'\:\\\\ """ Lo
S 0.0} fr T SN
2 Jri N
S oot TN
0.00 £ . . IR
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e soft gluon resummation: ~ 10% Q(GeV)

[M?2 < 4m?]

Shao, Li, Li, Wang
de Florian, Mazzitelli



Diagrams with A only:

02 m——r———— 71— 7 T T T
do/dQ? (pp — HH + X): relative NLO mass effects

015 only A diagrams 7
Vs= 14 GeV — top 1
01 1 - - - top+ bottom |
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700

02 L., A IR R
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e Situation unclear «— boxes different?



