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I INTRODUCTION

e Higgs Boson Production
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e Discovery: LHC [Tevatron]
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MSSM ceb
e 2 Higgs doublets — 5 Higgs bosons: h, H, A, H*

e LO: 2 input parameters: M4, tg3 = 22 Haber

v1 Carena,. ..

Heinemeyer,. ..

o . 4 mglmfz < Zhang

e radiative corrections oc my 109 —— » | My S 130 GeV|  siavich,. ..
6| gb gff g{’;

h | ca/sg | —sa/cg | $5—a

e modified couplings: | g sa/Sg | calcs | ch_a 2HDM type II [type I

A || ctgpg tgps 0
[—ctgs]

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

e LHC: gg — ¢ dominant for tg8 < 10
gg — ¢bb dominant for tgs = 10
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I1 HIGGS BOSON DECAYS
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log resummation — ~ factor 1/2
(larger than BSM effects!)
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Djouadi, Kalinowski, Muhlleitner, S.



. 2
o ATLAS: py/pzz = T(H — bb)/T(H — ZZ)|s1s—norm = 0.87T523
— my(Mpy) = 2.59'_"8_'2361 (stat)'_"g.'lzg(syst) GeV

) 37
o CMS: uy/pgy = T(H —bb)/T(H — ZZ)| g1 norm = 0.841 031
— my(Myg) = 2.55'_"8_'3353(stat)'_"g_'2367(syst) GeV
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e MSSM: large SUSY—QCD corrections to ¢° — bb

- Hall,. . .

b - Carena,. ..

_____ e g o s mgéutgﬁ ~ Ay Nierste,. . .

h 0 T Mggy Hafliger, . . .
b etc.

A (known at NNLO) Noth, S.

Mihaila, Reisser
Ghezzi, Glaus,...

7| .0 Ab Ox* : _
Lerr = —Npbr |01 —I—@gbz br + h.c. valid to all orders in A
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= —myb |1+ iy — p_ /Y g gl (1 - b p
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Carena, Garcia, Nierste, Wagner

= resummed Yukawa couplings g;” Cuasch. Hafliger. S
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Djouadi, Kalinowski, Muhlleitner, S.
Eriksson, Rathsman, Stal
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Krause, Muhlleitner, S.

[new: H-COUP (+4elw)]
Kanemura, Kikuchi, Mawatari,
Sakurai, Yagyu

+ charged Higgs decays



III HZGGS BOSON PRODUCTION

(i) g9 — h/H/A

g "00000)
£ b G
t,b,t,b4 > ———— - HO0 eorgl
Gamberini,. . .
g . .
S., Djouadi, Graudenz, Zerwas
' D Kauff
e NLO QCD corrections: ~ 10...100% awson, Kauffman

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

. Harlander, Kilgore
[top mass effects small in SM] 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



3 . < ~0 Catani, de Florian, Grazzini, Nason
N°LL soft gluon resummation: S 2% Ravindran

Ahrens, Becher, Neubert, Yang
Ball, Bonvini, Forte, Marzani, Ridolfi
Bonvini, Marzani

Schmidt, S.

Aglietti,. ..

SM + 2HDM elw. corrections: ~ 5% | ~ Degrassi, Maltoni
Actis, Passarino, Sturm, Uccirati

Jenniches, Sturm, Uccirati

Muhlleitner, S.
QCD corrections to squark loops: 10—100% Bonciani, Degrassi, Vicini

impl. of gg — ¢ in POWHEG including mass effects @ NLO
(QCD also valid for 2HDM and other Higgs extensions)

Bagnaschi, Degrassi, Slavich, Vicini
SUSY-elw. corrections unknown

genuine SUSY—QCD corrections: 10—100% Harlander, Steinhauser, Hofmann
Degrassi, Slavich
[<_ Ab @ large tgﬁ] Anastasiou, Beerli, Daleo

Muhlleitner, Rzehak, S.
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Fritz, Muhlleitner, Rzehak, S.



(ii) g9 — HH

g “0000)

t,b A

9 QQQQJ

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

1000
. gg — HH
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Baglio, Djouadi, Grober, Muhlleitner, Quevillon, S.



g9 — HH at NLO QCD | /5 = 14 TeV | PDF4LHC15
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Borowka, Greiner, Heinrich, Jones, Kerner Baglio, Campanario, Glaus,
Schlenk, Schubert, Zirke Muhlleitner, Ronca, S., Streicher
. +13.8% +13.5%
oNLo = 32.91(10)T; 555 fb 32.81(7) 750y, fb
HTL __ +18% +18%
oNLG = 38757 5 fb 38.66" co, fb
my = 173 GeV 172.5 GeV

= -15% mass effects on top of LO



uncertainties due to my

e use m¢, m(m) and scan Q/4 < u < Q — uncertainty = envelope:

da(ggdg 1) =300 Gev = 0.02078(7)¥3;5, fb/GeV.,
da(ggdg B, o0 oy = 0.1609(4) 2%, fb/GeV,
da(ggdg HH) 0—600 Gev = 0.03204(9)T0% b/GevV,
cla(ggdzz> HH )|Q:1200 Gev = 0.000435(4)T0% fb/Gev

e bin-by-bin interpolation:

4%,
o(g9g — HH) = 32.8177% fb



e Why a dynamical scale ~ Q7
large momentum expansion (3 = Q2 > m7?), two FF:

pole mass my:
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e renormalization/factorization scale uncertainties @ NLO:

V=13 TeV: oy = 27.73(7)T138% b

12.8%
(0]

Vs=14TeV: oy = 32.81(7)FT13E5 b
(0]

Vs=27 TeV: oy = 127.0(2)1T]177% b

(0]
Vs =100 TeV: oy = 1140(2)F 0% fb

e m; scale/scheme uncertainties @ NLO:
Vs=13TeV: oy = 27.73(7)T1% b

Vs=14TeV: oy = 328U(7N)T1E fb

Vs=27 TeV: oy = 127.8(2)11% fb

Vs =100 TeV: o = 1140(2)73% fb

e how to combine them? — envelope ~ linear sum (rel. err.)



e renormalization/factorization scale uncertainties @ NNLO prgpproq:
o
Vs=13 TeV: o4y = 31051227 fb

(0]
Vs=14TeV: o4y = 36.691227° fb

(0]
Vs=27 TeV: oyy = 139.9113% fb

Vs =100 TeV: oy = 12247097 fb

e HO corrections: dominated by universal S+V+C corrections

= ~ rescaling of rel. m; scale/scheme uncertainties



final combined ren./fac. scale and m; scale/scheme unc. @ NNLO prgpproqr:

6%
Vs=13TeV: oy = 31.05707% b

(0)
Vs=14TeV: o4y = 36.6915% b

+5%
\/E = 27 TeV . Otot — 139.9_228/0 fb

149
Vs =100 TeV: oy = 12247570 fb




A dependence

g9 — HH at NLO QCD | /s = 14 TeV | PDF4LHC15
103 | T T T T T T T T T T T T T T T T T T T
I —— HTL

HTL + full reals ]
—— HTL + full virtuals -
—— Full NLO

107 ¢
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Hrp = Hp = My /2
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Baglio, Campanario, Glaus, Muhlleitner, Ronca, S.



e final combined uncertainties @ NNLO prgppror (Vs = 14 TeV):

ka=—10: o = 16801127 b

ky = —5: opr = 598.9T13% fp

~15%

ka=-1: o = 131.9711% b
kA=0: o = 70.3875% fb
ka=1: o = 31.0575% fb
KA=21 oy = 13.8173% fb

ky=24: op = 13.1075% fb
kA=31 o = 18.671,2° fb
Ky =51 Ot = 94.82__|_11§://: fb

kA=10: oy = 67227157 fb




IV CONCLUSTONS

e Higgs boson searches/studies at LHC belong to major endeavours
e most (SUSY—-)QCD and —elw. corrs known — A S 10—15% @ LHC
e several dedicated HO—tools available for SM, 2HDM, MSSM [NMSSM, . . . ]

e important to develop NLO event generators [« backgrounds]
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(vii) pp — tbH~ + X

L MHi <Mt — My, Og— = O X BR(E—> EH_)

o Mpy+ ~my —my. new NLO calculation

o MHi>mt—mb:

g ¢
- H-
g b
NLO

exact g — bb splitting & mass/off-shell effects

no resummation of log M7./m? terms

— Santander matching

Degrande, Frederix, Wiesemann, Zaro

-~ H-

NLO
massless/on-shell b's, no pry

i 2 2
resummation of log Mj7./m; terms

Dittmaier, Kramer, S., Walser

Plehn
Flechl, Klees, Kramer, Spira, Ubiali
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Degrande, Frederix, Wiesemann, Zaro



t A
b

ONLO = L0 ot X {1 +9Qcp + E%Q%D}

9p b
t9B o575y [70]
5  —7.9% It
10 —4.8%
30 —0.13%

Dittmaier, Kramer, S., Walser



uncertainties due to m; for single Higgs

e transform m; — m;(p) (MS)
— modification of mass CT

e use my, m(m) and scan Q/4 < u < Q — uncertainty = envelope:

0(99 — H)lpr,—125 geov = 42171027 pb
(99 — H)|piy=300 Gev = 9:857§ 307 pb
(99 = H)|pry=a00 Gev = 9-4370 g0 PD
o(99 — H)|pnr=600 Gev = 1-97f§)59;/3’/0 pb
o(99 — H)|pyr,,=000 Gev = 0-2301L§é(.)30/<(>)/o pD

_ +0.0%
0(99 — H)|pry=1200 Gev = 0.040275° 50, pb



SUSY-QCD Corrections to bb¢° A S 1%)]

- AN , .
Lopf = —NbR ¢9+é¢8* by, + h.c. valid to all orders in A,
_ GO _ A
= —myb |1+ i | b— mb/vbg(? 1—-— b )p
v 14+ A tga tgg
tga A Ab .
—I—gH<1—|—A —>H—g (1——>w5A] b
b "tgs3 b tg23
A, = AbQCD(l) 4 Azlw(l)
cp) _ 2 as(ug) . > o .0
Ab — § - Mg /L tgﬁ I(m'gl,m'EQ,Mg)
2
ew(1l) _ Af(pR) > 2 2
b
ablog < 4+ belog = 4 calog <
I(CL, b? C) — b S 4

(@ —=0)(b—c)(c—a)

Carena, Garcia, Nierste, Wagner

= resummed Yukawa couplings g;” Cuasch. Hafliger. S



e QCD corrections to squark loops: Muhlleitner, S.
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e Santander matching

me

minimum: tgg8 ~ ,/|— ~ 8
my
a T ™1 R o) [T ' l _
Q. r o
g H \s=14 TeV = \s=14 TeV |
A m, =200 GeV T m, =600 GeV

. ~e- 4FS e 107 > 4FS E
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Dittmaier, Kramer, S., Walser
Plehn
Flechl, Klees, Kramer, Spira, Ubiali



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



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



(i) W/Z fusion: pp — W*W*/Z*Z* — h/H

Wz Cahn, Dawson

Hikasa
----- h,H Atarelli, Mele, Pitolli
W, Z

Han, Valencia,

. Willenbrock
® QCD corrections «— DIS: ~ 10% Figy, Oleari, Zeppenfeld
Berger, Campbell
. < o Bolzano, Maltoni, Moch, Zaro
[approx] 2 IOOD' ~ 1 A’ Cacciari, Dreyer, Karlberg, Salam, Zanderighi
[approx] 3_|Oop S 03% Dreyer, Karlberg
e clw. corrections: ~ 10% Ciccolini, Denner, Dittmaier
e genuine SUSY-QCD corrections small Djouadi, S.
. . Hollik, Rzehak, Plehn, Rauch

e genuine SUSY-elw. corrections: < 5% e e

Figy, Palmer, Weiglein
[implemented in VBFNLO]



(iii) Higgs—strahlung: pp — W*/Z* — W/Z 4+ h/H

W,z

Glashow,. ..
Kunszt,. ..
q \\h,H
e QCD corrections «— DY: ~ 30% Han, Willenbrock
. o)
2—|OOD. S 5%) Brein, Djouadi, Harlander
e SUSY-QCD corrections small Djouadi, S.
e clectroweak corrections: ~ —10% Ciccolini, Dittmaier, Kramer
° W/Z + H: fuIIy exclusive @ NNLO QCD Ferrera, Grazzini, Tramantano
0‘57\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\
[ pp~>WH+X-lvbb +X Vs=14 TeV ]|
0‘4}: L mu=120 GeV —:
EO‘S} ni é
S E 0,0=2.617 £ 0.003 b
:0‘2:— L}‘, ‘_'37_7 Tao=1.487 + 0.003 fb —:
(l):g;%%%%%%%%%%%%%%%%%%%%%%%‘%%%é
018; NNLO/NLO é
065 Ll b L L

pr’ (GeV)



(iv) Bremsstrahlung: pp — tt+ h/H/A

q t g 00000 )y—>——1
g S
S0 oo &0 Kunszt
Gunion
Marciano, Paige
q t g TOOOO i
dominant

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

e QCD corrections [SM] ~ 20% Beenakker, Dittmaier, Kramer, Plimper, S., Zerwas

) 4 Dawson, Orr, Reina, Wackeroth

[threShOId suppressed: OLO ™ B ] Broggio, Ferroglia, Pecjak, Signer, Yang

e SUSY-QCD corrections: moderate Dittmaier, Hifliger, Kramer, S., Walser
e link to parton showers: aMCQNLO, PowHel Frederix et al.

Garzelli, Kardos, Papadopoulos, Trocsanyi

e important work on backgrounds tfbb, ttjj, etc.

Bredenstein, Denner, Dittmaier, Pozzorini
Bevilacqua, Czakon, Papadopoulos, Pittau, Worek
Cascioli, Maierhofer, Pozzorini



L L L L I R L L L R B
K(pp — tth/H + X) E
tgB =5
W= (@m + M, )2

|
1.25 \ Vs=14TeV SPS5 E

1.75

1.5

0.75 Vs=7TeV full =

0.5

0.25

0 F ~1-- SUSY-QCD =

=~ -~
_— -
—
-—o
= e
L

0% FH [k

L PR T TR N T T S T A T TN T T T T T S T A TN T T NN T T N A N T T [N T S W
50 100 150 200 250 300 350 400 450 500
M, [GeV]

Dittmaier, Hafliger, Kramer, S., Walser



(v) bb+Higgs production

g b b
o — H [— Ay
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 M%/m? terms

o(pp — bbh+ X) [fb] ]

10 Vs=7TeV Santander matching:
102 L i
g w=(2m, +M,)/4 : AFS 5Fg
MSTW2008 ] _C + wo
1+ w

0 - vz Bb — h (NNLO) 5 — 1o MH 2
: ~gg-bohnoy ] W T 9 my,
1 Harlander, Kramer, Schumacher
1 -

Dittmaier, Kramer, S.
1 I | Dawson, Jackson, Reina, Wackeroth

Harlander, Kilgore

10

PR T NN SR TN TR SR AT SR T ST SR [ TN TN ST S NS ST ST S N S SR S 1 1 Lo
100 150 200 250 300 350 400 450 500
M, [GeV]



. L B B B e LA B B B B
matching Sop > bEH + ) [pb] ]
\s = 13 TeV 1
10 E
1 3 s Santander E
F v, FONLL-B 3
1 [ S NLO+NNLLpan+ybyt:
10 ¢
20
10 ¢
||||||||||
A L I LS L UL L LS L I B
295 _ ratio to Santander _
2 3
1.75 —
15 ]
1.25 !
1
0.75 /
7
05 % Yz Santander
0.25 // www FONLL-B
’ o NLO+NNLL arl+ybyt
0 A I BN B R AP B AT B I Al A
50 100 150 200 250 300 350 400 450 500
MH[GeV]

Bonvini, Papanastasiou, Tackmann

Forte, Napoletano, Ubiali

LHC HIGGS XS WG 2016



My My [GeV] 5301} 05usy  O5usyrem 5301) 0Sysy  OSusyrem
100 113.9 0.23 —-0.30 04x10%]0.27 —-0.38 0.3x10*
200 200 0.38 —-0.30 29x10%|0.39 —-0.30 5.8x10*
7 TeV 300 300 0.46 —0.30 6.7x107% | 0.47 —-0.30 9.3x104
400 400 0.53 —-0.30 1.3x103%| 053 —-030 15x10°3
500 500 0.57 —-0.30 2.0x103%| 059 —-0.30 22x103
100 113.9 0.14 —-0.30 04x10%] 0.17 —-0.38 0.5x10°%
200 200 0.28 —-0.30 2.7x10%| 029 —-0.30 5.7x10*
14 TeV | 300 300 0.37 —-0.30 6.5x10%|0.39 —-0.30 9.3x10*
400 400 0.45 —-0.30 12x103| 045 —-030 15x10°3
500 500 0.50 —-0.30 2.1x103%| 049 -0.30 23x10°3
tgB | Ma Mg [GeV] | 65,4y 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 1074
7 200 202.1 —0.08 25x107%| —-0.09 3.9x10*°
7 TeV 10 || 200 200.9 —0.12 25x107% | —0.12 3.8x 1074
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 TeVv | 10 || 200 200.9 —0.12 25x107% | —0.12 4.1 x 1074
20 || 200 200.1 —0.21 2.7x107% | —0.21 4.4x104
30 || 200 200.0 —0.30 2.7x10% | —-0.30 5.7x10°%
SPS1b

Dittmaier, Hafliger, Kramer, S., Walser




g “0000)

SM

tb 4

e third generation dominant — ¢,b

g QQQ0O/

9

e 2-loop QCD corrections: ~ 90 — 100%

2 2 -
[MH<<4mt7 M—MHH]
R R o
6.2
\\¢2 g \\\<Z52 g
g o g q

— H
¥ + .-
77777 H
3 T —r 1 1 T T 1
K(pp — HH+X) =M=’
25 Vs=14 TeV m, = 175 GeV ]
2 - -
Ktot
15 F .
1 - -
_____________________ R
05 Lo _—-
Kvirt K
0 .__Z::::::::::::::::::::::::::::ZIZIZIZIch!ZIZIZIZIZIZIZIZIZZZIZI::::::::::::::::::::::Z:::::::._
Kgq
-05 [ RS S RS S SR SRS R
80 100 120 140 160 180 200
M, [GeV]

Dawson, Dittmaier, S.



e 2-loop QCD corrections:

Lo o 2.75)
o=o00T &5 . :
m2 m8 25|
Grigo, Hoff, Melnikov, Steinhauser Y 2.25¢
| 2| : .
e NLO mass effects @ NLO in : i~ +10%
real corrections: ~ —10% 1.75
Frederix, Frixione, Hirschi, Maltoni, Mattelaer, 150 T R 1 ‘
Torrielli, Vryonidou, Zaro 300 400 _ 500 600 700
— Sizeable virtual mass effects \/Scut (GeV)
e NNLO QCD corrections: ~ 20% 0.20f
[MI%I < 4mg] de Florian, Mazzitelli > 015t :‘\\\\ o
Grigo, Melnikov, Steinhauser% ' //’"\:\\\\ """ Lo
S 0.0} fr T NN
2 /,/" ______ \\:‘\C\\
0.00 £ . . TR
300 400 500 600 700
e soft gluon resummation: ~ 10% Q(GeV)

[M?2 < 4m?]

Shao, Li, Li, Wang
de Florian, Mazzitelli



uncertainties due to my

e transform m; — m;(p) (MS)
— modification of mass CT

e use my, m(m) and scan Q/4 < u < Q — uncertainty = envelope:

da(ggdg B\ oo cov = 0.0298(7) 5%, fb/GeV,
da(ggdzz> HH>|Q:4OO Gev = 0.1609(4) 1% fb/Gev,
da(ggdg M| o0 cew = 0.03204(9) 0%, fb/GeV,
da(ggdg HH) [Q=1200 Gev = 0-000435(4)1L§;/‘(’)/c> fb/GeV

e preliminary interpolation:

o(gg — HH) = 32.78"_%;/8% fb (preliminary)



NNLO Monte Carlo:

Afs =14Tev Vs =100 Tev

0.20F

|
b

[

0.15

B

—— NNLOg_pm

NNLOwLo-i
— NNLOfrapprox
- NLO

— NNLOg-py
NNLOwLo-i

— NNLOfrappms

NLO

doidMy, (fo/GeV)
=}
=
dotdMy, (folGeV)
)

0.05} -
0.00F 0 \ " " . 2 L
14 14
13} 13
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s — : LW
= =
e 11 g 11
2 N
F 10 B O e e s ]
0.9 0.9
0.8 08
300 400 500 600 700 800 300 400 500 600 700 800
M (GeV) M (GeV)

Grazzini, Heinrich, Jones, Kallweit, Kerner, Lindert, Mazzitelli

e 20% effects beyond NLO



e m; scale/scheme uncertainties @ NLO:

ka=-10: oy = 143811107 fb

kA= -5: o = 512.8(3)119% b
ka=—1: o = 113.66(7)T57 b
kA=0: o = 61.22(6)TC% fb
kA =1: o = 27.73(M)25
kA=2:1 o = 13.2(1)T)%8 fb
ka=24: o = 127(1)13% b
kA=3:1 o = 17.6(1)T2%, fb
kA=5: o = 83.2(3)1 5% fb

fy =10  opr = 579(1)+1% fb



e renormalization/factorization scale uncertainties @ NNLO prgpproq:

ky=—10: o = 1680130% fp

—7.7%

(0]
ky=-5: ot = 598977/ fb
ka=—-1: opr = 131972278 fb

kA=0: oy = 70.38727% fb

(0]

ka=1: o = 31.05722% fb

(0]

kA=2: o = 13.81720% b
ky=2.4: op = 13.107237 fb
kA=3:1 o = 18.67T21% fb

(0]

Ky =5 Otot — 94'82—1—;"89(?: fb

(0]
kAa=10: oy = 67221325 fb



