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Outline

* Introduction

* Corrections from quark masses through NNLO QCD
* top and bottom-top-interference
* MSvs. On-shell scheme
* 4vs5 flavour scheme

* Summary
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Higgs-production at hadron colliders
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* Higgs production is dominated through
gluon-fusion
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* Theory predictions need to keep up
- Higher-order predictions crucial!
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HTL and HEFT

Heavy Top Limit (HTL or EFT):

my — o
HTL m%{
OggsH = Oggyyg + O o3 for m; — oo
t
. o . n O_LO n n
Higgs Effective Field Theory (HEFT or rEFT): oN_ LQ — Uﬁagﬁo ~ 1.064 x oh©
HTL

captures some of the top-quark mass effects for inclusive observables.
At higher loop-order questionable » needs full computation.
How to deal with other quark mass effects?
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Precision predictions for Higgs production in gluon-fusion

[LHCH(XS)WG YR4' 16]

Immense community effort to achieve precise theory predictions

—3.27pb (—6.72%

o = 48.58 pb 220 (TL7000) (theory) & 1.56 pb (3.20%) (PDF+ay)

48.58 pb = 16.00pb  (+32.9%)
120.84pb  (+42.9%)
— 205pb  (—4.2%)
4 9.56pb  (+19.7%)
4 034pb  (+0.7%)
+ 2.40pb (+4.9%)
+ 1.49pb (+3.1%)
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(LO, rEFT)

(NLO, rEFT)

((t,b, c), exact NLO)
(NNLO, rEFT)
(NNLO, 1/m,)

(EW, QCD-EW)

(N°LO, rEFT)
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Remaining theory uncertainties

[LHCH(XS)WG YR4' 16]

Exact top-mass dependence Input parameters
S aN3LO PDFs
N4LO approximation , through NNLO QCD Vs 3 Tev
[Das, Moch, Vogt '20] > see Roy's talk [Czakon, Harlander, Klappert, Niggetiedt'21] e PDF4L}11(32155?1€1:1\1/10_100

ag(my) 0.118

my(my) 162.7 GeV (MS)

my(my,) 4.18 GeV (MS)
me(3GeV) 0.986 GeV (MS)

w=pur=pr 62.5GeV(=mg/2)
d(scale) d(trunc) 0(PDF-TH) )(EW) o(t, b, c) o(1/my)
by £0.18pb  £0.56pb  +049pb  +040pb  £0.49 pb

T2 40.37% +1.16% +1% +£0.83% +1%

T AN

Bottom-top-interference
N3LO HEFT |mproved QCD-EW prediCtionS [Czakon, Eschmepnt, Niggetiedt,

[Mistlberger'18] [Bonetti, Melnikov, Trancredi'18] [Anastasiou et al “19] Poncelet, Schellenberger "23,724]
[Bonetti et al. ‘20][Bechetti et al. ‘21] [Bonetti, Panzer, Trancredi ‘22]

NNLO PS matching - Christian
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NNLO QCD ingredients

Double real (one—loop) Amplitudes [Del Duca et al '01][Budge et al. 20]
taken from MCFM [campbell, Ellis '99]
+ QCDLOOP [Carrazza, Ellis, Zanderighi'16]

Numerical solution with DEQ for masters
- numerical interpolation grid

&
<

Y A > improved stability through IR subtraction
— - 2 g = e M)~ | O M)+ 5P (55 PO (L Efer)
Double virtual (three-lOOp) [Czakon, Harlander, Klappert, Niggetiedt'21]
m2
. . . q [Czakon, Niggetiedt'20]
- Asymptotlc expansion in m2 [Niggetiedt, Usovitsch'23]
H
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NNLO QCD ingredients

Double real (one-loop)

Double virtual (three-loop)

09.04.25 Durham - SM@LHC

Implemented in

[Czakon'10][Czakon Heymes'14]
[Czakon, van Hameren, Mitov, Poncelet'19]

extensions to deal with arbitrary loop-induced
processes through NNLO QCD
(just needs the loop amplitudes as inputs)
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Finite top-quark effects at two-loops

[Czakon, Harlander, Klappert, Niggetiedt'21]

NNLO NNLO NNLO
channel| (ag)f’iE(g(Ta%f)"j o %(";?Zf) OHBET )(,)“(’L)l) (oXNLO G NNLO 1) (%]
Vs =8TeV
gg 7.39 + 8.58 + 3.88 -+0.0353 +0.0879 £+ 0.0005 +0.62
Q9 0.55 4+ 0.26 —0.1397 —0.0153 £+ 0.0002 —19
qq 0.01 4+ 0.04 +0.0171 —0.0191 £ 0.0002 —4
total 7.394+9.14 4+ 4.18 —0.0873 +0.0535 4 0.0006 —0.16
Vs =13 TeV
g9 16.30 + 19.64 + 8.76 -+0.0345 +0.2431 + 0.0020 +0.62
Q9 1.49 4+ 0.84 —0.3696 —0.0408 £+ 0.0005 —18
qq 0.02 4+ 0.10 -+0.0322 —0.0501 £+ 0.0006 —15
total 16.30 +21.15 4+ 9.70 —0.3029 +0.1522 4+ 0.0021 —0.32

- top-quark mass small effect
> HEFT rescaling captures already the largest impact on the inclusive cross-section
- quark-channels have large Ecus dependence
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Bottom-quark mass effects

2
My 2

TP "y
2 ‘light’ quarks: —=-

ark mass effects are power s essed, tops:
Quar re power suppr  topst ;2 m2,

Largest contribution from bottom/charm quarks - interference terms

However there might be logarithmic enhancements log? ( mg )
- rendering the contributions quite sizeable

Re-use [Czakon, Harlander, Klappert, Niggetiedt'21],
t i b (needs re-evaluations with different mass)

conceptually new terms simple:

- factorise in one-loop amps
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Mass renormalisation scheme dependence |

(02" — oP®) [pb]

- top-quark mass is of the same scale as the process - on-shell good ~a Order

. . . : . /5 =13 TeV
(and also easier to compute, running masses require several numerical grids) D 004
) LO —0.041012
- bottom-quark mass is a very small scale compared to process 0d) T
- a short-distance mass probably better! NLO  —0.02%53
O(ad) +0.01
NNLO —0.0175:22
_ s Qg 2 :
ZVS — 70808 _y ;08 — <1 +e1— + e (—) + O(a§)>
s s
MMS = MO8 4 5 M
AMOS(0)
(5./\/1(1) = mcla—
dm m=m
s dMOs.1 2 dMOS,(0) 1 2 Q2 AOS:(0)
(5./\/1(2) =m Cl&— C2 (%> e = <m01%> ——
T dm |, _= ™ dm |, _= 2 ™ dm =TT
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Mass renormalisation scheme dependence |l

Order L Tixp [PD]
Vs =13 TeV
TS FFS S Pure top-quark mass effects
my = 173.06 GeV my = 173.06 GeV mt(mt) = 162.7 GeV
my(p) = 4.18 GV my = 4.78 GeV () = 4.18 GeV Order onert [pb] (0+ — onrrr) [pb]

) —1.11 —1. —1. :
ol L e o) 630 -
O(a?) —0.65 —0.44 —0.64 O(ad) 121.14 —0.303
NLO —1.76308 —2.495000 — G0l NLO 3744755 —0.3037537

7} ' : : O(as3) +9.72 +0.147(1)
O(ay) +0.02 +0.43 —0.02 NNLO 47.1614:2L —0.156(1)+9:13
NNLO ~1.74(2) 053 ~1.99(2) 022 —~1.78(1) 05 ‘ —

> bottom quark in OS alternating, MS convergent
> MS/OS irrelevant for top-quark (unsurprising)
- agreement between MS and OS at NNLO QCD

> size of correction of top-bottom-quark interference larger then top-quark mass effect!
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Flavour number scheme |

5 flavour scheme (5FS)
> keeping external bottoms massless

-> keep bottom in loops coupled to Higgs massive (gauge-invariant but slightly inconsistent)

4 flavour scheme (4FS)

- requires to include massive b-quarks in the final state
> 4 FS PDFs

- bottom mass regulates IR singularities, cancellation of logm, ininclusive observables
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Flavour number scheme ll

Order OHEFT [pb]
Vs =13 TeV
5FS 4FS 4F'S 4F'S 4FS
mp = 0.01 GeV  my = 0.1 GeV  my =4.78 GeV () = 4.18 GeV

O(a?)  +16.30 +16.27 +16.27 +16.27 16.27

LO  16.301330 16.271355 16.27755 16.277353 16.277355
O(ad)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO 37447572 36.35(3)7557  36.35(3)7537  36.35(3) 1537 36.35(3) 500
O(ady  +9.72 +10.8(4) +11.1(4) +9.5(2) +9.6(2)
NNLO 47167421 47.2(4)* 3] 47.5(4)23 45.9(2) 4 46.0(2)"55

- computation in HEFT for more stability
- vanishing b-mass limit consistent with 5FS scheme
- finite b-mass effect ~3% consistent with prior estimates [pietrulewicz, Stahlhofen’23]
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Flavour number scheme lll

Impact on the exact top-bottom interferences:

Order Tixb [PD]

v/s =13 TeV
5FS 5FS 5FS 4FS
my = 173.06 GeV  my = 173.06 GeV () = 162.7 GeV  m; = 173.06 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) =4.18 GeV mb(mb) = 4.18 GeV

O(a?) ~1.11 —1.98 ~1.12 ~1.15
LO —1.11+328 —1.9815:3% —1.197 82 ~1.1570-29
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.76702% —2.4215:19 ~1.761703% ~1.8110-28
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO  —L.74(2)*3¢3 -1.99(2)*3% —1.78(1)* 55 —1.83(2)*353

\ /

Small effect on small contribution > use 5FS for the interferences
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Differential distributions

10* T - ,‘ T
—— NLO (¢t +b) 10 —— NLO (t+0b) |
) —— NNLO (¢ +b) —— NNLO (¢ +b)
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e}
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Differential distributions » top-bottom interference

0.0

0.00 4 = NNLO (MS)
= —0.1 4 = NNLO (08
2 —0.02 0.1 (08)
o LHC@13 TeV =
= —0.04 PDF: NNPDF31 = _02-
B Scale: Hp/2 =
5 —0.06 A 3
B X —0.3 -
< —0.08 4 S
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~0.101 LIS T 0.4 - PDF: NNPDF31
' = NNLO (0S) Scale: Hr)/2
' i i i i ~0.03 i s : :
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L < oo
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Summary

Complete analysis of top-bottom-interference effects through NNLO QCD

Addresses one of the leading uncertainties
> higher-order corrections stabilize the theory uncertainties (scheme&scale dependence)

Study of renormalisation scheme dependence

Differential distributions!

Ogerr = 48.81(1) 005 (N*LO HEFT) — 0.1670 53 (NNLO ¢) — 1.74(2)*503(NNLO ¢ x b) pb.
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18



Backup
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Real-virtual numerics

NI

A0
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Grid mass Value [GeV] Approximate ratio mit /m%  Relative error [%o]

my 4.78 & 0.2

iy (mr) 2.789 S 0.9

(M /2) 2.961 e 0.2

iy (mp /4) 3.170 e 1.0
myn 1.67 s 0.1
my 172.4 e 4

iy (mp) 166.1 L 0.0

i (mpr/2) 176.2 L 0.0

i (myr/4) 188.2 5 0.0
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