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I ZINTRODUCTION

e Higgs Boson Production
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I1 HZGGS BOSON DECAYS

Partial Width QCD Electroweak Total on-shell Higgs

H — bb/cc ~02% ~0.5% ~0.5% NNNNLO / NLO

H— 1t /utu ~ 0.5% ~0.5% NLO

H — gg ~ 3% ~ 1% ~ 3% NNNLO approx. / NLO
H — vy < 1% < 1% ~ 1% NLO / NLO

H — Z~ <1% ~ 5% ~ 5% (N)LO / LO +— NLO
H—->WW/ZZ —-4f <05% ~0.5% ~0.5% (N)NLO

e QCD: variation up = [1/2,2]ug

elw: missing HO estimated from known structure at NLO

e parametric uncertainties:

my = 172.5+1 GeV as(Mz) = 0.118 + 0.0015
mp(mp) = 4.18 = 0.03 GeV me(3GeV) = 0.986 £ 0.025 GeV
different uncertainties added quadratically for each channel

e total uncertainties: parametric & theor. uncertainties added linearly
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Denner, Heinemeyer, Puljak, Rebuzzi, S.
e refinements input parameters
e full NLO elw. corrections to H — ff

e NLO quark-mass effects in H — gg



III HZGGS BOSON PRODUCTION

(i) gg — H

g “0000)
t’b A > === = H
Geordgi,. ..
9 Q00 S., Djouadi, Graudenz, Zerwas

Dawson, Kauffman

e NLO QCD corrections: ~ 100%

e NNLO calculated for ms > 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
Czakon, Harlander, Klappert, Niggetied

e N3LO for my > 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
N3LL soft gluon resummation: < 1% Ravindran

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

Schmidt, S.

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

Bagnaschi, Degrassi, Slavich, Vicini

Aglietti,. ..
elw. corrections: ~ 5% Degrassi, Maltoni
Actis, Passarino, Sturm, Uccirati

o(gg — H) = (547212 2/5(TH) £ 3.2%(PDF, a5)) pb@ s =14 TeV

Anastasiou,. ..
uncertainties: PDF+ag, renormalization/factorization scale
top/bottom masses: ~ £0.8% <« scale/scheme dependence
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o(pp—H+X)[pb]
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Catani, de Florian, Nason, MG (2003)
Passarino et al (2008)

de Florian, MG (2008, 2012)
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o(pp—~H+X)[pb]

60

pp—H+X

13 TeV, PDF4LHCA5, pup=up=my/2

50 |-

40 |-

30 |

20 [

10 |

ATLAS*

NLO QCD

LO

NNLL+NNLO QCD+NLO EW N3LO QCD+NLO EW

?

Anastasiou et al. (2016)

* Nature 607, 52-59 (2022)

stolen from M. Grazzini@Higgsl0



3.5

25 |

15[

U=O/Ogy

CMS*

NNLL+NNLO QCD+NLO EW

NLO QCD

* Nature 607, 60-68 (2022)

stolen from M. Grazzini@Higgsl0
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m; scheme/scale uncertainties only:

o LO:

(g9 — H*)|Q:125 Gev — 1843???‘% pD,
(99 = H)|p—u00 gev = 4.9411 27 pb,
o(99 = H")|g—g00 gev = 0.13910°% pb,
e NLO QCD:

0(99 = H")|ge105 gev = 42.177027 pb,
o(gg — H*)|Q:400 Gey = 9.43—_F8_'91;{;’ pb,
o(gg9 — H*)‘ngoo Gev 0'230—1_3?(.);/‘(’)/0 pb,

o(g9g9 — H*)|Q:300 Gev — 4.88:2_3;014% pb
(g9 — H*)|Q=6OO Gev 1'131_3692%/0 pb
o(g9g9 — H*)|Q:12OO Gev — 0'0249i(1)i(.);/é% pb

o(99 = H*)|g=300 Gev = 9'85_1_(;.'3?‘?//5 pb
(99 — H*)|Q:6OO Gev 1'97iri)5(.)90/g/o pb
o(gg9 — H*)|Q:12OO Gev 0'04021_36900& pb



(i) W/Z fusion: pp - W*W*/Z*Z* — h/H

Wz Cahn, Dawson

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

Han, Valencia,

. i 0 Willenbrock

e QCD corrections < DIS: ~ 10% Figy, Oleari, Zeppenfeld
Berger, Campbell

_ . < 10 Bolzano, Maltoni, Moch, Zaro

[approx] 2 |OOD. ~ 1 /O Cacciari, Dreyer, Karlberg, Salam, Zanderighi

[approx] 3—loop: < 0.3% Dreyer, Karlberg

e clw. corrections: ~ 10% Ciccolini, Denner, Dittmaier

e fully exclusive @ NNLO QCD, NLO elw.



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

W,z

AN
S by H

e QCD corrections «+ DY: ~ 30%
2—loop: S 5%

e clectroweak corrections: ~ —10%

e W/Z + H: fully exclusive @ NNLO QCD
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Glashow,. ..
Kunszt,. ..

Han, Willenbrock
Brein, Djouadi, Harlander
Ciccolini, Dittmaier, Kramer

Ferrera, Grazzini, Tramantano



(iv) Bremsstrahlung: pp — tt+ h/H/A

q t g TOOoO———1
g \\ |
IR ) @0 Kunszt
‘ Gunion
Marciano, Paige
q t g TOOOO t
dominant

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

. Ny o
¢ QCD corrections [SM] 204 Beenakker, Dittmaier, Kramer, Plumper, S., Zerwas

[threshold suppressed: o7 ~ 54] Dawson, Orr, Reina, Wackeroth
Broggio, Ferroglia, Pecjak, Signer, Yang

e link to parton showers: aMCONLO, PowHel Frederix et al.
Garzelli, Kardos, Papadopoulos, Trocsanyi

e important work on backgrounds ttbb, ttjj, etc.

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



pp — ttH: approx.

NNLO

pp — ttH PR = pF = My + my/2
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sensitive to top Yukawa coupling

Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini

e 2-loop virtual corrections: soft Higgs approximation
single 4+ double real corrections: exact



(v) g9 — HH
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e threshold region: sensitive to A\
large Mpp: sensitive to ¢y, [€.9. boosted Higgs pairs]
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Overview

[1] LO [2] NLO HTL [5.6] NNLO HTL (Slide design inspired by: G. Salam)
[8] Full reals (FT,ppr0x)
DO ——— -+ -- .
N - - o m
88 \‘\ - o
98
14
+0(1/my) [9] NNLO virt 1/m
[3] NLO HTL + NNLL +@(1/mT)
[4] NLO 1/m}
[29] small-p; + small-m; [7INLO 1/mz?
[30] EW: leading Yukawa 16 _
[31] small-t [26] N3LO HTL [13] NLO + NLL [10] NNLO HTL (Fully Diff)
[32] NNLO: n; contrib. [25,27) NNLO 1/m? [14,15] NLO + PS [11,12] NLO numerical
[33] EW: 1/m; : . [16] 1/my + thres. T - - -
[34] NLO comb expansions o g
[35] NLO EW corrections (17,281 NLO MS rmy 00000 —«— .

[36] NLO + bbyy decays

[37] NNLO: reducible

[38] EW: Yukawa/self-coupling
[39] EW: self-coupling 24 2

[18] NNLO (FT 1)
[19] NNLO + NNLL
[20] NLO small-p;
[21,22] NLO small-my

[23] NLO small-p; + thres.
3 22 [24] NLO num. + small-m

[1] Glover, van der Bij 88; [2] Dawson, Dittmaier, Spira 98; [3] Shao, Li, Li, Wang 13; [4] Grigo, Hoff, Melnikov, Steinhauser 13; [5] de Florian, Mazzitelli 13; [6] Grigo, Melnikov,
Steinhauser 14; [7] Grigo, Hoff 14; [8] Maltoni, Vryonidou, Zaro 14; [9] Grigo, Hoff, Steinhauser 15; [10] de Florian, Grazzini, Hanga, Kallweit, Lindert, Maierh&fer, Mazzitelli, Rathlev
16; [11] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert, Zirke 16; [12] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Zirke 16; [13] Ferrera, Pires 16; [14] Heinrich,
SPJ, Kerner, Luisoni, Vryonidou 17; [15] SPJ, Kuttimalai 17; [16] Grober, Maier, Rauh 17; [17] Baglio, Campanario, Glaus, Mihlleitner, Spira, Streicher 18; [18] Grazzini, Heinrich, SPJ,
Kallweit, Kerner, Lindert, Mazzitelli 18; [19] de Florian, Mazzitelli 18; [20] Bonciani, Degrassi, Giardino, Gréber 18; [21] Davies, Mishima, Steinhauser, Wellmann 18, 18; [22] Mishima
18; [23] Gréber, Maier, Rauh 19; [24] Davies, Heinrich, SPJ, Kerner, Mishima, Steinhauser, David Wellmann 19; [25] Davies, Steinhauser 19; [26] Chen, Li, Shao, Wang 19, 19; [27]
Davies, Herren, Mishima, Steinhauser 19, 21; [28] Baglio, Campanario, Glaus, Mihlleitner, Ronca, Spira 21; [29] Bellafronte, Degrassi, Giardino, Gréber, Vitti 22; [30] Davies,
Mishima, Schénwald, Steinhauser, Zhang 22; [31] Davies, Mishima, Schénwald, Steinhauser 23; [32] Davies, Schonwald, Steinhauser 23; [33] Davies, Schénwald, Steinhauser, Zhang
23; [34] Bagnaschi, Degrassi, Grober 23; [35] Bi, Huang, Huang, Ma Yu 23 [36] Li, Si, Wang, Zhang, Zhao 24; [37] Davies, Schénwald, Steinhauser, Vitti 24; [38] Heinrich, SPJ,
Kerner, Stone, Vestner [39] Li, Si, Wang, Zhang, Zhao 24

S. Jones
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Full NLO calculation: top only, numerical integration

Borowka et al. Baglio et al.

tensor reduction no tensor reduction
sector decomposition | IR, end-point subtraction
contour deformation | IBP, Richardson extrapolation

m; = 173 GeV my = 172.5 GeV

Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke
Baglio, Campanario, Glaus, Miuhlleitner, Ronca, S., Streicher
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Borowka, Greiner, Heinrich, Jones, Kerner
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ONLO —

HTL __
ONLO —

m¢ —

= -15% mass effects on top of LO

32.91(10)F138%

+18%
38.751 o0 fb

173 GeV

£b

g9 — HH at NLO QCD | /s = 14 TeV | PDF4LHC15
1 — T T T T T

— HTL

HTL + full reals
—— HTL + full virtuals |
B Full NL.O E

do/dmy; 4 [fb/GeV

g = [ip = Myg/2
NLO scale uncertainty

i | 1
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Baglio, Campanario, Glaus,
Muhlleitner, Ronca, S., Streicher

(0]
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uncertainties due to my

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

dJ(ggdg I =300 Gev = 0.02978(7)¥3;5, fb/GeV.,
dcr(ggdzg> HE), o0 oy = 0.1609(4) 2%, fb/GeV,
da(ggdg HH )|Q:6OO Gev = 0.03204(9)T0% fb/GeV,
da(ggdg HH )|Q:1200 Gev = 0.000435(4)T0% fb/Gev

e bin-by-bin interpolation:

4%
o(gg — HH) = 32.8177% fb



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

< Davies, Mishima, Steinhauser, Wellmann

pole mass my:

G

T S S

\

( 2 2
m m R
AFl,mass — 2Fl,LOlog Tt + TtGl(Saf)} 3

G

( 2 2
(87 m m e~
AFQ,mass — 2F2,LO|09 Tt + TtGQ(Sa t)}

T S S

\

MS mass s (p):

_ 5 _
o) 4 t
AFl,mass — - {2F1,LO log MTt + = (,U ) ( A)} )
s ] S 3_
- 5 _
o) 4 t
AFQ,mass — ?S {QFQ,LO log M?t + g (,U ) ( A)}

= scale u; ~ @ preferred at large @



Ratio to HTL

gg — HH at NLO QCD | /s = 13 TeV | PDF4LHC15

14 [ T [ T [ T [ [ T [ [ I
—— MS scheme with m,(7m,)
1.3 MS scheme with m, (M 5 /4) ]
—— MS scheme with 72, (M)
L2 —— OS scheme, m, = 172.5 GeV |
1.1 .
Fm .
1
1.0 =
0.9 L — . —
L ———I—|_I_
0.8 - [
0.7 b Hp=pp = Mpyy/2
Full NLO results for different top-quark masses
06 L | L | L | L | L | L | L | L | L
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M, [GeV]

Baglio, Campanario, Glaus, Miuhlleitner, Ronca, S.



e renormalization/factorization scale uncertainties @ NLO:
0
Vs=13TeV: oy = 27.73(7)T135% b

Vs=14TeV: oy = 3281711355 b

Vs=127 TeV: oy = 127.0(2)FT]177% b

(0]
Vs =100 TeV: oy = 1140(2)T 0% b

e m; scale/scheme uncertainties @ NLO:

V=13 TeV: o = 27.73(7)1T4% b

18%
Vs=14TeV: oy = 328L(7N)T1E b
Vs=27 TeV: oy = 127.8(2)11% b

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



e renormalization/factorization scale uncertainties @ NNLO prgpproq:

Vs=13TeV: oy = 31051227 fb

—5.0
Vs=14TeV: o4y = 36.691227° b
Vs=127 TeV: oyq = 139.9113% fb

0
Vs =100 TeV: oy = 12247095 b

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

= ~ rescaling of rel. m; scale/scheme uncertainties
combination — envelope ~ linear sum (rel. err.)



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

6%
Vs=13TeV: oy = 31.05797% b

0
Vs=14TeV: o4y = 36.6975% b

5%
VE=27TeV: oy = 139.9725 b

+4Y
V=100 TeV: oy = 12247370 fb




A\ dependence

g9 — HH at NLO QCD | /s = 14 TeV | PDF4LHC15
103 i 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 ¢

o(gg — HH) [fb]
Hrp = Hp = Mpr/2

115
11 F d
1.05 | 1
1.0 F '
0.95 |
0.9 |
0.85 |
og Lt v s

Ratio to HTL

Aps [ NF'

Baglio, Campanario, Glaus, Muhlleitner, Ronca, S.



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

ky=—10: oy = 1680713 fb

Ky = —5: opr = 598.9T13% fp

~15%

ka=-1: oy = 131.9711% b
kA=0: oy = 7038125 b
ka=1: o = 31.0575% fb
KA=2: oy = 13.8173% fb

ky=24: op = 13.1070% fb
kA=3:1 o = 18.67T72° fb
Ky =51 0Ot = 94.821_113?://: fb

(0]
ka=10: o = 6722715% fb




Is this everything?




Is this everything?
No. ..



Is this everything?
No. ..
electroweak corrections...

(i) y¢: HTL for ggH(H) coupling 4 full corrections to HHH vertex
Muhlleitner, Schlenk, S.

(ii) y¢: analytical results for ggH H coupling in the HEL

Davies, Mishima, Schonwald, Steinhauser, Zhang

and close to the production threshold
Davies, Schonwald, Steinhauser, Zhang

(iii) A: elw. corrections due to the Higgs self-interactions
Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao

(iv) gt A: elw. corrections due to the top Yukawa and Higgs self-

interactions [only Higgs exchange diagrams]
Heinrich, Jones, Kerner, Stone, Vestner

(v) full elw. corrections (< to be checked)
Bi, Huang, Huang, Ma, Yu



Full electroweak corrections

Q Q
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(¢) (d)

g Z --HYg - H

B
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(e) (f)

e —4.2% for total cross section
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Bi, Huang, Huang, Ma, Yu



Top-Yukawa-induced elw. corrections

Muhlleitner, Schlenk, S.

g //H g //H
1 N «— HTL
\\\ H \\\

g NH g i



(i) effective ggH(H) couplings:

g H
Lopp=C1-22 GG o (1 C —)
ff = "o pr 109 {1+ C2
. t
H,: H H
‘X7¢i: Yy --=-—- - ---
ST B
(C1) (Cs)
e C; = 1 — 3x;: genuine vertex corrections [z = Gpm?/(8v212)]

Djoaudi, Gambino
Chetyrkin, Kniehl, Steinhauser

e Co=147x:/2 [=140ZF/2 — dv/v]: universal corrections

Kniehl, Spira
Kwiatkowski, Steinhauser
o H H?
£eff — 12;GGMVGZV {(1 + 51); + (1 + 771)@ + O(H3)}

€T
51 = 5’5 + O(22) n = 4x; + O(x?)



elw. gaugeless Iimit + QCD = top-Yukawa model 4+ QCD

Gt
¢=(U-I—H—I—iGO>

V2
L= 2GS, + TPt + |90 — V(9) — 9i@Lt
V(6) = —uloP + 5ol
= ]\48%’ 2 4 Mff H? + ]\f [If + Z(GC’)Q + HGTG~
—|—— Iidr HQ(GO)Q—I—HQG"'G —I—(G"'G )2+(GO)2G+G _|_(GO)4

= Mo = Mg+ =0




INTERMEZZO
Full top-mass dependence (wave-function ren. adjusted appropriately)
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Light-quark loops

| (uGHT; QUK T‘R{Ameusq

[ =gy ooy o
i " AEN (| M
] Nk g \\#

Aglietti, Bonciani, Degrassi, Vicini
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01 = 52loop +0Zy/2 —dv/v

001 F 7 ]
0, real part ]
0.0075 P — imaginary part
0005 F* .
" ]
0.0025 [ light quarks
0
-0.0025
-0.005
-0.0075 [
¥ top induced
-0.01 [ -
PRI SN T T SN T N TN SN ST T N T SN T TN NN TN SN ST T N TONNT TN T TN NN TN SN ST S AN TN SN SO SO AN TN SN ST S A O S S
300 400 500 600 700 800 900 1000 1100 1200

M, [GeV]
Bhattacharya, Campanario, Carlotti, Chang, Mazzitelli, Muhlleitner, Ronca, S.

box diagrams in the making. ..
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(ii) effective HHH(H) couplings:

e cffective Higgs

e after renormalization

zeff
AHHH

ANHHH

potential:
Vory Vo + W4
A0
Vo = uplel® + T lel*
3m _2
= 5rQ —|—e)(47r2)€< +log = = +
1 0 -
o= Zsloin) mt—mt(H;)
M2 2
= 3=+ Ay, 4
U ’U
3fm§L 12mt
= =L, A = —
7_(_2@3 HHHH 7_(_2104
2 4 2
eff _ Mg 3my M

Coleman, Weinberg

)

AHHHH = 3— + AANgHHH
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: 1+0

elw gg — HH 7]
doy; o/dMyy, = do; /dMp, (1 + Belw)
Vs =14 TeV ]
H=Q/2 _
------------------------------------------------------------------------------ :_
eff ]
AHHH ;
] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
400 600 800 1000 1200 1400
M, [GeV]
= 1.002 X o710 (AHHH)

0938 x a0 (AL

disfavoured

Muhlleitner, Schlenk, S.



IV CONCLUSTONS

e Higgs boson searches/studies at LHC belong to major endeavours
e important to develop NLO event generators [« backgrounds]

e scale and scheme uncertainties due to m; relevant for large momenta
e significant uncertainties for off-shell Higgs production and decays

e Higgs pair production: m; effects on top of LO ~ —15% for oyt
[larger for distributions]

e factorization/renormalization scale uncertainties @NNLO prgpproqx S 5%

e uncertainties due to m; scale/scheme choice sizeable < 20%
— linear combination of rel. uncertainties

e analogous issues in gg — H + 2jet, ZH, ZZ etc.

e small top-induced electroweak corrections



BACKUP SLIDES




" 3GpMy 5
'H — bb| = mi (M JAN
[ ] aon , (Mp) AQcp

/I\

log resummation — ~ factor 1/2
(larger than BSM effects!)




2.8

o
"(H - bb) [MeV] |
2.6 MH =125 GeV O(S(MZ) =0.118 7]
m, (m,) =4.18 GeV ]
2.4 — N4LO S
i N3L
22 T NNLO
2 | ]
1.8 F -
16 | —
1.4 x : .
10 1 10
_ Braaten, Leveille
K= WMy Drees, Hikasa
Kataev,. ..
Chetyrkin,. ..
etc.
— HDECAY

Djouadi, Kalinowski, Muhlleitner, S.



o« ATLAS: py/pzz = T(H = 0b)/T(H — ZZ)| g0 —popm = 087

= my(My) = 260703 Gev 3
(BLU E) Nisius —
S
2.
RG-evolution: REvolver £
Hoang, Lepenik, Mateu

Aparisi, Fuster, Irles, Rodrigo, Vos, Yamamoto, Hoang, Lepenik, S., Tarafune, Yonamine

g B~ O

2.5

1.5

0.5

+0.28
—0.21

| 0.37
CMS: py/pizz = T(H = bb)/T(H = ZZ) | g0/ —norm = 0-841 557

IFIC-UV/CSIC, PSI, U. Tohoku, U. Vienna (2021)

mb(mb): » PDG world avg. l RG evolution |:|+50(s

my(m,): o DELPHI O SLD A ALEPH o OPAL

my(m): o ATLAS'20 0 CMS'19 X average (this work)
| | | 111 | | | | | | 111 |
10 10°
Q [GeV]



e Higgs + jet production: gg — H + j

g
g
. — _ 2 2 .
LO: e = Hyp/2 = (/M3 + p2 + prj)/2
pp— H+j
103
— 77’??8
; 101 | — T??F
O
~
= _
= 1071 .
5 LHC 13 TeV LO
S~
< 10-34 PDF4LHC15 NLO — NLO?7 Jones, Kerner, Luisoni
pr. > 30 GeV
pr = pip =ty = Hp /2

107"
E§ 1.00 ﬁ.=-h‘H‘Hhnqn'Hﬁ1H\—-—H—h—1F‘F‘J\U—WMJH—H‘UEJ\JH-h—
T~
C£
— 0757 Jones, S.

1 1 1 1
200 400 600 800 1000
pro [GeV]



(v) bb+Higgs production

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

"""" L I L L L L
o(pp ~ bbh +X) [fb] | .
o Js =7 TeV | Santander matching:
H=Cmy e M) 4F'S 5FS
MSTW2008 p— g + wo
1+ w
10 ¢ v, bb — h (NNLO) 3 MH
- \ i1 w=log—— —2
N\ gg - bbh (NLO) my
| Harlander, Kramer, Schumacher
1 |
Dittmaier, Kramer, S.
r I 1 Dawson, Jackson, Reina, Wackeroth
10 o s L L L L U — Harlander, Kilgore

]
100 150 200 250 300 350 400 450 500
M, [GeV]



. L L Ly L L L L L L B B L B 5
matching cop > WBHA X 6]
Vs =13 TeV 1%
10 EE
1=
40
13
1 E ww Santander <
E oz FONLL'B E
4 [ S\ NLO+NNLLpart+ybyt ]
10 ¢
2
10 F
-..|....|....|....|....|....|....|....|....|....|..
A L B L L L B L B UL B
295 _ ratio to Santander _
2 P ]
/ i
7 ]
1.75 ////// -
125 ]
1
0.75
05 ¢ ~. Santander
O 2 5 AN\ FONLL'B
’ vz NLO+NNLL art+ybyt
0 A N T B T AT T ST BT AL At A
50 100 150 200 250 300 350 400 450 500
M, [GeV]

Bonvini, Papanastasiou, Tackmann

Forte, Napoletano, Ubiali



NNLO 4FS

Flavour-scheme comparison

NNLO corrections solve

Hy= ) 1/m*i)+p}i)

i=b,b,H

5FS MiNNLOps (mz)

0.509(4) 29% pb

5FS NLOps(ma) | 0.676(4)T275% pb
4FS NLOps(ms) | 0.355(3)120% pb
4FS NLOps(ZL) | 0.385(4)715% pb

4FS MiNNLOps (mH)

0.465(4)T15% pb

4FS MiNNLOps () | 0.492(3)115% pb

—14%

the FS issue. a00 S0/dyH [fb] bBH@LHC 13 TeV 300 90/dyH [fb] bBH@LHC 13 TeV
Frorrfrrr et Crrrrprrr T
TR NLOps (5FS) 7 T MINNLOps (5FS) 3
At N_NL_O QCD, the _tW_O 0 : --== NLOps (4FS) 1 =0 : — MiINNLOpg (4FS) 3
predictions agree within 200 £ o = 200 £ ;

the scale variation when s o | — 150 |
using the most natural 100} e : '
choice (my) as the 50 |
central scale, without 0 Ex
the need for artificial 1.5f

100 E

50 |
Cooo oo by vy by oy by gy by gy by g
do/dOpMiNNLOps (5FS)

e

1.2+ -1
factors to improve the 121 ) S —— e e
comparison. 09r —— e
06F i 0.8 [ e ]
08 e T Y| AR I S S B S
-3 2 1 0 1 2 3 -3 2 1 0 1 2 3
YH YH
CB, Mazzitelli, Sankar, Wiesemann, Zanderighi [to appear]
C. Biello, bbH: subgroup report and NNLO+PS generators in the massless and massive schemes 711 The 21st Workshop of the LHC Higgs Working Group



e m; scale/scheme uncertainties @ NLO:
ka=—-10: oy = 1438(1)1T10% b
ka=-5: o = 512.8(3)119% b
ka=—1: o = 113.66(7)T57 b

kA=0: oy = 61.22(6)T2% fb
kA =1: o = 27.73(M)T25
kA=21 o = 13.2(1)T2% fb
ka=24: o = 1271138 b
kA=31 o = 17.6(1)T0%, fb

kA=5: o = 83.2(3)1, 0% fb
ky =10 ot = 579(1)“% fb



e renormalization/factorization scale uncertainties @ NNLO prgpproq:

ky=—10: o = 16801307 fp

—7.7%
ky=-5: ot = 598.9T7[%° fb
ky=—1: op¢ = 131972275 b

kA=0: oy = 70.38727% fb
ka=1: oy = 31.05T22% fb
kA=21 o = 13.817207% b
kA=24: oy = 13.107237% b
kA=31 o = 18.67T21% fb
Ky =51 Ot = 94.82__|_§.'§(;/: fb

0
kA=10: oyq = 67221325 fb



(i) virtual corrections

47 gen. box diags, 8 triangle diags (<« single Higgs), 1PR («~ H — Z~)

e full diagram w/o tensor reduction — 6-dim. Feynman integral (2 FF)

e UV-singularities: end-point subtractions

1 1 1 1
f(z) _ f(1) flx)—f(1) _ f(1) f(z) — f(1)
/0 e (1 — 56)1_6 N /O d (1 — x)l_e + /O e (1 — 56)1_6 - € +/O da 1—=x T 0(6)

e IR-sing.: IR-subtraction (based on struc. of integr. and rel. to HTL)

e thresholds: Q2 > 0,4m? — IBP — reduction of power of denominator
[m? — mtz(l — 1h)]

1 1
f(z) _ f(0) f(1) ()
/o o (a+0bx)3 2420 2b(a+b)2 +/o d$2b(a + bx)2




e renormalization: as: MS, 5 flavours
my¢. on-shell

e PS-integration — 7-dim. integrals for do/dQ?

e subtraction of HTL — IR-finite mass effects [adding back HTL results
+— HPAIR]

e extrapolation to NWA (h — 0): Richardson extrapolation

M2 — 2f(h) _ f(2h) — f(O) + O(hQ) f(x) A f(x) polynomial for small h
Ms = {8f(h) — 6f(2h) + f(4h)}/3 = f(0) + O(K3)
Mg = {64f(h) — 56f(2h) + 14f(4h) — f(8h)}/21 = f(0) + O(h*)

etc. /

[h > 0.05]




(ii) real corrections

e full matrix elements generated with FeynArts and FormcCalc

e Mmatrix elements in HTL involving full LO sub-matrix elements sub-
tracted — IR-, COLL-finite [adding back HTL results + HPAIR]

224 o 34—i—t4—i—u4—|— 8
Z|Mgg‘2 - Z|MLO| . S{ stu § _41ie }

7

5 - 2 327r2a5 s2 4+ u? (s + u)?
> Mggl® = > | Mro 3Q47r{ —te—

Z|ch7)2 = Z|MLO|2 2525; (1 —e)

{t2+u 6(t—l—u)z}

S

500 b




F;, = F; 0+ AF;
AF;, = AFi,HTL+AFi,maSS
e pole mass:
my
Fl,LO > 4 =
2
m P R ~ ~
P20 = ~ggpp G HD La, + PLE+ 721G+ D7+ 1)
e MS mass
Fiio — 4 (Ht)
mt (Mt)

(G+D?L3, + L2, + [+ D% + 2]}

I CET))



e different scales for y; in triangle (Q) and box (M) diagrams?
— has to hold at all orders

g “TOO0) o H g — - q

7
t,b ----e + t,b 4 1 +e
N\

9 0900/ NH g SR bt




e different scales for y; in triangle (Q) and box (M) diagrams?
— has to hold at all orders

g “T000) H o H g - fﬂlﬂH
. I
t,b ----- + tb 4 ' H
A |
\\ |
9 \0Q0Q0)J ~H g - q

elw. corrections
— Same scales in all diagrams



