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Introduction

LHC results

Great success: Run 1 of the LHC - A scalar resonance visible in
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Introduction

LHC results

So far compatible with the SM Higgs boson:
Higgs doublet forming one physical CP-even Higgs boson H
with one free parameter m, and couplings (VEV v):
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Deviations in extended Higgs sectors:
Survey according to Haber’s decoupling theorem with M = 1 TeV:

Model Agavv Agus AgH,y,y %
Singlet Mixing ~ 6% ~ 6% ~6% 3
2HDM ~ 1% ~ 10% ~1% &
Decoupled MSSM &~ —0.0013% ~ 1.6% < 1.5% i
Composite ~ —3% ~-3-9% ~-9% o
Top Partner ~ —2% ~ —2% ~1% 9

(see e.g. plenary talks by Keisuke Fujii and Philipp Roloff)

= Need for high precision to discover differences from SM Higgs!
— High order contributions in theoretical calculations required at a LC,
although by far smaller than at LHC!

Some predictions are very sensitive to numerical input values:
Variation of my by £200MeV < BR(H — ZZ® /WW ™) ~ +£2.5%!
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Main production mechanisms of the SM Higgs at a LC:
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LC Higgs production and decay at NLO

Higgs production

Higher order corrections for Higgs production processes:

>ete”

>ete” — viH (1350)

[hep-ph/0212261 Belanger et al.; hep-ph/0302198 Denner et al.; hep-ph/0212004 Jegerlehner et al.]

— Z H (341) [Fleischer Jegerlehner 83; Kniehl 92; Denner et al. 92
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#NLO diagrams with GRACE - by Y. Yasui
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>ete” — ete™ H (4470) gg,: E cfe>eeh
[hep-ph/0407065 Boudjema et al.] b/
Take away message: e e i20cey
Typical size of EW corrections: (5 — 10)% = hoteoeey
++ ISR includes quite some bit! o gl wel T e o
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Be careful at thresholds and with increasing +/s!




‘Q/ LC Higgs production and decay at NLO
BE.S\; Higgs decays it

Higher order corrections for branching ratios:
— profit from the LHC Higgs XS Working Group! [Handbook 1307.1347]
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LC Higgs production and decay at NLO

Higgs couplings

Higher order corrections for processes involving Higgs couplings:

> Double Higgsstrahlung [Barger Han 90; hep-ph/9507396 Boudjema Chopin]

ete™ — ZHH (5417) [hep-ph/0309010 Belanger et al.; hep-ph/0308203 Chen et al.]
ete”™ — v HH (19638) [Boudjema et al. 05]
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#NLO diagrams with GRACE - by Y. Yasui



LC Higgs production and decay at NLO

Higgs couplings

Higher order corrections for processes involving the top Yukawa coupling:
>ete” — ttH (2327)

QCD: [hep-ph/9808443 Dawson Reina; hep-ph/9808433 Dittmaier et al.]

EW: [hep-ph/0307193 Denner et al.; hep-ph/0307029 Belanger et al., hep-ph/0309106 You et al.]
Of particular importance in the threshold region around /s = 500 GeV:
NRQCD@NLL: [hep-ph/0504220 hep-ph/0604166 Farrell Hoang]
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For myx = 120GeV, /s = 500 GeV, m; = 175 GeV:
ET* = (s +m% — 4m?)/(2v/5) ~ 141.9GeV

Recycled e™e™ — tt result by matching with NLO [hep-ph/0307193 Denner et al.]



LC Higgs production and decay at NLO

Higgs couplings

Higher order corrections for processes involving the top Yukawa coupling:
>ete” =t
Threshold region with non-relativistic t£: NRQCD with v ~ a5 < 1
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Sensitivity to the top Yukawa:
Agrz ~ (5 — 10)% [1310.0563 Horiguchi et al.]
— Further theory improvement/to be incl. in Whizard




Non-resonant Higgs processes

Validity of the ZWA

Discussion of off-shell contributions mzz > 2mz in H — Z2™)
Breit-Wigner improved ZWA
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Non-resonant Higgs processes

Off-shell contributions in H — Z 7 (*)

Quantification for H — ZZ*) as function of \/s:
|5|gnal|2 (black, red - average over ZZ pairs), |signal + background|2 (blue)
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Non-resonant Higgs processes

Off-shell contributions in H — W W (*)

Quantification for H — WW ) as function of /s:
|5|gnal|2 (black, red - with - channel Higgs), |signal + bacquound|2 (blue)
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Non-resonant Higgs processes

Relative contributions

Relative contribution: Pol(e*,e™) = (0.3, —0.8)
myy d
. agXx .
With ox(my,mb,) = / dmyy [ —— we define
md dmyv
vv
vvyv
vy _ oV (130GeV, /s — mz) and AZFVV — out V'V (130GeV, v/s)
0 - ogZVV o - Vv
og V(0,45 —mz) o VV(0,/3)
\/g O_DZ"ZZ Aoszzz O_DU“DZZ AgffuZZ
250 GeV 3.12(3.12)fb 0.03(0.03)% 0.490fb 0.12%
350 GeV 1.71(1.82) fo 1.82(7.77) % 1.91fb 0.88%
500 GeV 0.802(0A981)fb 720(24.1)% 4.78fb 2.96 %
1TeV 0.242(0.341)fo | 30.9(50.9) % 15.0fb 13.0%
\/g ZWW Ag{WW o_gfff/WW AIJVWW
250 GeV 76 3o 0.03% 3.98(3.99)fo | 0. 13(0 12) %
350 GeV 41.4fb 0.92% 15A5(15.5)fb 0. 49(0 43) %
500 GeV 18.6fb 2.61% 38.1(38.1)fb 1.21(0.96) %
1TeV 4.581b 11.0% 110.8(108.9)fb | 4.45(2.78)%
Comments:

> Ao independent of the polarisation.
> Important: On-shell XS strongly dependent on Higgs mass, off-shell not!
> Z recoil method at /s = 250 GeV not affected (at 350 GeV 0.3% effect)!



Non-resonant Higgs processes

Usage and higher order corrections

What are these off-shell contributions useful for?

> Test of unitarity (vector boson scattering)

> Probe higher dimensional operators and thus composite Higgs scenarios

> Probe anomalous HV'V couplings and extended Higgs sectors

> Under specific assumptions extraction of the Higgs width (as done by LHC)

Higher order corrections for off-shell Higgs production of importance:
Corrections to ete™ — v.u. W W~ in Equi. Vector-Boson-Approx. (EVBA)
< Corrections to WW — W W [hep-ph/0611289 Accomando Denner Pozzorini]

! SPRYs it I 1oV
Trowwy [pb/GeV] artvy Pb/GeV]

ot ——
[ p— 20
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Take away message: > EVBA improves with increasing energy, i.e. mww
> Corrections are growing with increasing energy (up to 50%!) (same@LHC)




<) Event generators at NLO
BE.S\; Challenges and Tasks m

Event generators yielding results at NLO are desirable and on the way:

Different methods for virtual contributions (Codes):

> Tensor reduction (Golem)

[Passarino Veltman 79; hep-ph/0509141 Denner Dittmaier; 0810.0092 Binoth et al.]

> Integrand reduction (OPP method) (CutTools, Samurai)

(Coefficients to known loop integrals) [hep-ph/0609007 Ossola Papadopolulos Pittau;
hep-ph/0404120 del Aguila Pittau; 1006.0710 Mastrolia et al.]

> Generalized unitarity (BlackHat, Rocket)

(Cutting diagrams to tree-level diagrams)

[hep-ph/9403226 Bern et al.; 0708.2398 Ellis Giele Kunszt; 0806.3467 +Melnikov]

Remarks/Challenges:

> Soft/Colliner singularities (e.g. by FKS [hep-ph/9512328 Frixione Kunszt Signer])

> Matching with parton showers (e.g. MC@NLO [hep-ph/0204244 Frixione Weber])
> Issue for NLO processes due to computing time: Find a good deal between
intermediate unstable particles and full processes



Event generators at NLO

Generators

> HAWK for LHC processes pp —+ HZ — HIl’ and pp — H + 2jets

with QCD/EW corrections [0707.0381 0710.4749 1112.5142 Denner Dittmaier Kallweit Mtick]
> Automatization: MadGraph5_aMC@NLO [1405.0302 Alwall et al.]

MadGraph (Tree-level generator) & MadLoop (CutTools)

& MadFKS & MC@NLO

Process Syntax Cross section (pb)
Top quarks +besons LO1 TeV NLO 1 TeV
J1 etem—iiH et e->ttvh 2018+0.003 -107 9% 1911+ 0.006 -10°% 4%
2 etem o ilHj e+ o= >t t~h j 25334000310~ D28 2658+ 0.000 .10~ N3 .
i3 etem s iHjj et e->tt~h §j  2663£0004-10° HIE 3ovsio017 10 QCD corrections
jd* etem iy et e->ttma 12704£0.002 1072 F20% 133540004 -1072 FO5% H
j5°  etem—ihyi e >ttea ] 235540002107 Todp  2617+0.000 107 :;ﬁ automatized
0 ete i ere>tieajj BISE005-10 HEE somzoen-0 FE forupto 2 — 5
T ete—tizZ et e-> btz 4.642 4 0.006 - 10~ jggg 49494 0.014 -10° jg-gg
18 etem—1lZj et e >tttz 6.059:£0.006 .10 95%  gogwx0028.10+ 20%  [1405.0302]
9 ete —tiZjj et e->ttez )  63514£0.028-10° HIEE 843040051107 FEEF
J10° etem 5 tiWEjj  er e~ > t v~ wpm j § 240040004 1077 HEFE 3723400121077 4%

J11T etem s iHZ et e->ttuhz 3,600  0.006 - 10-5 jggg 357940013 -107° F01%
12 etem o ilyZ eto->ttvaz 2212400031070 Y505 28640006107 e
§13* etem —tiyH ete->ttvah 9.756+0.016 - 105 *50% 04934 0.032 .10 03
JlT etem iy ete->ttvaa 3.650 £ 0.008 - 10~ jggg 3833 0.013 - 10~ iﬂjg
j16* ete~—ilZZ ete->ttuzz 3788 +0.004 - 1075 FHOE 400740013 1070 FL
j16* ete~ > HHH ete->tt~hh 135840001 -107° F0E 120640003 -10-° 9%
JATE etem S tIWHEWT et o= > bt wr w- 137240003 -1070 00 15404 0.006 - 104 HLOR

> Whizard [hep-ph/0102195 0708.4233 Moretti Kilian Ohl Reuter]
(see Jiurgen Reuter’s talk on Wednesday 14:40)
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This talk couldnot cover all the sophisticated

inclusive, but also exclusive(!) simulation studies sk

related to the extraction of the Higgs couplingsand .,

the Higgs mass and width. Accordingly | didnot ,

talk about Higgs couplings sensitivity, which is also "

a function of energy stagging (see e.g. plenary 2]

talks by Keisuke Fujii and Philipp Roloff) % =

Looking forward to an interesting ‘ g o

Higgs parallel session at LCWS 14: g %
Ky L m

> Higgs couplings and mass: ) 128

Tian Kurata Redford Simon Ishikawa Randle-Condle : % 5

> Higgs decays, specific decay channels: X g

Szalay Liebler Milutinovic-Dumbelovic Pandurovic Muller Kawada Roloff
> Recoil mass of the Higgs:

Watanuki Barklow Tomita

> Criticality, Unitarity, Scattering:

Reuter Oda Machida

> Extended Higgs sectors:

Kanemura Yokoya Nagai Moortgat-Pick Dubey Tsumura
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Conclusions:

> Higher order corrections for all SM Higgs production processes in good
shape (partially since quite a bit) and needed to reach full LC potential
— sufficiently accurate for LC performance predicitions

> Future theory steps:
— Event generators including higher orders (first QCD, then EW)
(MadGraph5_aMC@NLO, Whizard)
— Maybe further improvements w.r.t. et e~ — tf(H) (within generators)
— Exploit large off-shell Higgs contributions
including higher order corrections (not visible at circular e™e™ collider)
— Distributions at higher orders and Higgs flavour violating decays

Thank you for your attention!
(Slides partially copied from Marcus Weber and Max Stahlhofen - Thanks!)



Appendix

Off-shell contributions and the Z recoil method

Off-shell contributions in the Z recoil method:

— 10 — 10° — 10°
2 2 2
Ul()“’l 3 Um‘*l E T 10*E | 3
= T T T = T T T = T T T
=k cte" »ZH - Z+X ] Sk cte »ZH—Z+X | gk cte »ZH - Z+X
g /5 = 250 GeV & /5 = 350 GeV & /5 = 500 GeV/
= Pol(e*,e”) = (0.3, -0.8) = Pol(e*,e”) = (0.3, -0.8) s Pol(e*,e”) = (0.3, -0.8)
s) ) )
= = =
102 E E 102 E
107 E E 107 E
104 b . . s . = 107 s
100 200 300 400 500 400 500 100 200 300 400 500
my [GeV] my [GeV] my [GeV]

Recoil mass:

m2 =s+m% —2E;\/s

Vs 250GeV | 300GeV | 350GeV | 500GeV 1TeV
Aot 0.02% 0.12% 0.30% 0.91% 1.84%




Appendix

Off-shell contributions and the Z recoil method

Comment on the background:

— 100 T . .
Z 'Z‘ o Inclusive cross sections for myyv > 130GeV
O E = SPRTa 3 —
< /5 = 500 GeV + = — :
2 ol Y o)) for Pol(e™,e™) = (0.3,—-0.8):
5 10°F 1
-‘\\: 10 F ] \/g O_?ﬁZZ ASZBZZ U;FZZ AggZZ
T 1 250 GeV - — = - — = 1.51fb 0.04%
350GeV 1.19fb 2.62(11.9) % 1.66fb 1.01%
107 1| 500GeV 2.06fb 2.83(11.6) % 2.85fb 4.96%
102k ] 1TeV 1.71fb 4.40(10.2) % 16.7fb 11.6%
10 F E v vo
107 } : : ~ 253@ Y i gt US”ovsz:,V 9?73(%2;//
e —_—— = _— = . . . °o
0 G| 350Gev || 29.2fb 1.30% 6.44fb | 1.18(1.03)%
= 1 T T T 500 GeV 91.8fb 0.53% 22.41fb 2.05(1.63) %
3 b ele —vWw ] 1TeV 136.7fb 0.37% 67.3fb 7.31(4.49) %
= /5 = 500 GeV
= 0k Pol(et, e 0.3,-0.8) 4 . . .
2 et i Asg ++ Signal/Background in off-shell region.
1 Naturally: Very large interference term
1  guarantees unitarity in WW — WW!

500
My [GeV]




Appendix

Bounding the Higgs width

Bounding the Higgs width using e.g. eTe™ — v + 4jets:
MadGraph with AR,J‘ > 0.4, |yj| < b, pr,; > 20 GeV, PT,45 > 75 GeV
JLdt = 500fb—*

= e SUr T ajets = [ e = b+ Ajets = I eFem 5 v+ djets
z 10 50 GeV z 10 V5 = 500 GeV n 10 Vs = 1TeV
c g Pol(e*,e”) = (0.3, -0.8) g Pol(et,e7) = (0.3,-0.8)
] e 5]
10 E 102 El 10°
10 4 10'F E| 10'E
100 E 10°F 3 10°
107 £ 4 10-! - 10°! 4
50 100 150 200 250 300 350 100 200 300 400 500 200 400 600 800 1000
my; [GeV] my; [GeV] my; [GeV]

Rescaling couplings and the width (assuming pure SM!!!):
N(r) = No(1 + Riv/r + Rar) + Ng with =Ty /T3

Vs 350GeV | 500GeV 1TeV | Main limitation:
No (fLdt = 5006~ 1) 263 1775 sa20 |Negative interference!
gl 506%7 Boé%o 3063988 In contrast to LHC:
2 . . .
Limiton r (fLdt = 500fb— 1) 4.1 2.5 2.3 Pure tree-level processes!
Limiton r (fLdt = 1ab™1) 3.2 2.1 2.0




‘ Appendix
B Z recoil method

Higgs width ' through the Z recoil at /s = 250 GeV (free from off-shell H)

B — Higgsstrahlung
T T[a) . T e
o I ZH—u uX .
L Signal+Background
100}F ——— Fitted signal+background +
—— Signal €
--------- Fitted background Observe: Z — IU,JF/,L7
] Z — qq [1311.2248 Miyamoto]
Reconstruct:

50
L op = olete”™ = HZ) < g4yz

(needs defined initial state)

? 1 1 i Obtain absolute BR:
15 120 125 130 135 140 BRu_x = (cpBRuy_x)/op

[ILC TDR] Meecon /GEV

250 b~ @250 GeV Reconstruct (example):
Acp/op =2.5% e o EH—»ZZ/BRH—>ZZ
Ampg = 30 MeV X grzz/BRu 22

Details: [1311.7155 Han Liu Sayre]
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