- it i o 2 L e g

P e AR

e e S Ay g & bbb

BN L N S NN

H+J Production at the LHC

Roberto Bonciani

Dipartimento di Fisica, Sapienza - Universita di Roma
INFN - Sezione di Roma

SAPIENZA m/,?

UNIVERSITA DI ROMA titte Marionale
( ~ i Fislca Nuclheare

In Collaboration with: V. Del Duca, M. Becc]'letti, bl Fre”esvig, M. Hiclcling, V. Hirschi, B Morie”o,
G Salvatori, A. Schwei‘czer, G. Somoggi, and F Tramontano

QCD meets EW, CERN 5-9 I:ebruarg 2804

e - - ——— —




B o the

* General Introduction
o Theoretical Predictions in the literature

+ Some details about the calculation of H+j
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Higgs Production at the

LRI

° Higgs boson detected for the first time in 2012 bg ATLAS and CMS collaborations at CERN.
Since that date effort of the communitg for the s’cudg of the Properties of this Particle

Standard Model like?

o Higgs boson Proclucecl abk HGHnR many Production channels:

gluon gluon fusion (ggl)

vector boson fusion (VBP),

associated production with a vector boson

associated production with a t-tbar Pair

o Although 2 uon-fusion is a looP~inducecl process, because the Higgs does not couple directlg

ggF

Higgs-Strahlung .

WZ
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to gluons) the CS in this channel is one order of magnitude bigger than VBF

INE
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8. Since gluon~¥usion Proceecls via a |ooP of heavg quarks) it is sensible to Possible new heavg

states running into the looPS:

In the {:onowing, focus on gaf

Portal to NP effects

QCD meets EW, CERN 5-9 l:ebruarg 20724
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Higgs Production at the L HC

D Precliction end of the <70 }' 3

H. M. Georgj, S. L. Glashow, M. E. Machacek, D. V. Nanopoulos) Phgs. Rev. Lett. 40 (1978) 642

e NLO QCD corrections in the ’ 90: increase of the CS bg 50-70%:; scale dependence 50% :

: S. Dawson, Nucl. Phgs. B 359 (1991) 28% ]
- —) o A. Djouadi, M. Spira, P. M. Zerwas, Phys. Lett B 264 (1991) 440 i

£ Graudenz, M. SPira, F. M. Zerwas, Phgs. Rev. Lett. 70 (1993) 1372
= o M. SPira) A Djouacli, D. Graudenz, P. M. Zerwas, Nucl. Phgs. B 453 (1995) 17

e NNLO QCD corrections in 2002: further increase of the CS bg 15% w.r.t. NLO;
reduction of the scales depenclence to 15-20%

Rk Harlancler) W. B. Kilgore, Phgs. Rev. Lett. 88 (2002) 201801
% 2 C. Anastasiou, K. Melnikov, Nucl. Phgs. B 646 (2002) 220
% V. Ravindran, J. Smith, W. L. Van Neerven, Nucl. Phgs. B 665 (200%) 325

e The clgnamics of Higgs Procluction IS govemecl bg the soft regjon, where the Partonic
c.m. energy Is near mH (valiclit9 of infinite top mass limit). lmPortant SoFt-gluon resummation:
6% increase of the ¢ 5 residual theoretical uncer’taintg 10%

t
S.Catani, D. De Florian, M. Grazzini, P. Nason, JHEP 0307 (200%)028 |

QCD meets EW, CERN 5-9 I:ebruarg 20724
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Higgs Production at the L HC

&The state~o1c~the~—art) up to some years ago, was represented bg the total ggl CS known at the

NNNLO in QCD! Nice convergence of the Pt series: moderate increase of the central value but
sizeable reduction in the scale dependence w.r.t. NNLO. At 15 TeV and Higgs mass of 129-GeM

o = 48.58 pbjgii EE 24_26;7;)%) + 1.56 pb(3.2%) 4— It includes mass effects and EW

C. Anastasiou, C. Duhr, ] Dulat, I Herzog, B. Mistlberger, Phgs. Rev. Lett. 114-(2015) 212001
C. Anastasiou, C. Duhr, E Dulat, E. Furlan, T. Gehrmann, E Herzog, A. Lazol:)oulosj By Mistlberger) JHEP 1615 (2016) 058
B. Mistlberger, JHEP 05 (2018) 028

4 The calculation was done in the m; — oo limit 3}- - —) j;g) 2

4 Inclusive calculation (integration over the whole Phase space) with

reverse unitaritg C. Anastasiou, K. Melnikov, Nucl. Phgs. B646 (2002) 220

T. Gehrmann, E. W. N. Glover, T. Huber, N. Ikizlerli, C. Studerus, JHEP 06 (2010) 094

C. Duhr, T. Gehrmann, M. Jaquier, JHEP O2 o15) 077
F Dulat, B. Mistlberger, arXiv 1411.3586
ores) W. B. Kilgore, PRD89 (2014) 075008

It turns out that

this is an interesting

obs bg itself, H+j

|

l

I

! C. Anastasiou, C. Duhr, F Dulat, B. Mistlberger, JHEP 07 201%)
s e C. Duhr, T. Gehrmann, Phgs. Lett. B 727 (201%)

Y. Li, A. Von Manteuffel, R. Schabinger, H. X. Zhu, PRD91 (2015) 032008

e QCD meets EW, CERN 5-9 February 2024
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Higgs Production at the L HC

4 The NNNLO is an inclusive calculation (integration over the whole Phase space). Itis important

to be able to give Predictions that implement the exPerimental cuts, and more differential obs

4 Expansion near threshold: Rapiclitg distribution
F Dulat, B. Mistlberger, A. Pelloni, JHEP 1801 (2018) 145; Phys.Rev.D 99 (2019) 3, 034004

5 5 7 > » HII.?LHI* IINLD‘JET ‘pp*‘H‘x‘ ‘ ‘/5:‘13 TeV
4 Extension at NNNLO of Qt subtraction: fiducial CS and "B = |
Frt [ > v ¥ T iﬂj -
rapxcllty distribution o
L. Cieri, X. Chen, T. Gehrmann, E. W. N. Glover, A. Huss, JHEP 02 (2019) 096 | e
g
I, o /ﬁiZlT
4 Differential CS NNNLO + resummation up to NNNLL e 1
(Qt and “PFOJCCUOH to Born”) *T AR B
s0r : Sosgl — R —
28;ATLAS Preliminary (139 fb~") é gm T — NS === £ Bi%f}ja—j =
E 26? t N*LO H } NLLANLO é 0 10 20 30 40 5;6{(;’:3]80 100 150 200 ;
e 24P N®LL+NNLO 1 ‘
S 22} NNLO NNLL+NLO E Ak % 7
&,k o | NRLLARL E G. 51”15, B Dehnadl, M. A. Eber’c, Fokaks Mlchel, B Tackmarm, PRL 127 (2021) 072001
18 f—A”l o - mgg%H%W(lchv)—; 7. Chen, gl Gehrmann, E. W.N. Glover) A. Huss, B. Mistlbergcr, A. Pe”oni,
10 — PRL 127 (2021) 072002
QCD meets EW, CERN 5-9 Februarg 20724
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Higgs Production at the L HC

* Due to the extreme accuracy of the NNNLO Precliction, it was/is important to look at Possible

“offects” at the Percent level!

o This “best Precliction” is based on: up to NNNLO QCD (rescalecl bg exact LO) + EW corrections

at LO inthe e.m. coupling + approx mass contributions. lmpor‘cant remaining effects are:

sty iy

¢ Mass effects: higher~order exact QCD corrections, with top and bottom contributions
These efects were estimated to be of the order of 1%

* i C DLW ool the LO EW contributions turned out to be sizeable 2% of CS); to the

NLO s assignecl an error of 1%

¢ QCD-EW corrections in other channels (qg and c]c]bar): these contributions that can

- PP TRECS G- PP S i -

n Principle be of the same order of magnitude (or slightlg smaller) of the Pre\/ious one

¢ Errors due to “incorrect use of the PDFs”: mismatch in Per’curbative order of the

evolution.

QCD meets EW, CERN 5-9 Fe]aruarg 20724
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Higgs Production at the L HC

¢ The complete NNLO in QCD with finite heavg—quark masses was completecl recentlg

: M. Niggetiedt, M. Czakon, JHEP 05 (2020) 149
:_ M. Czakon, R. V. Harlander, J. Klappert) M. Ni%etieclt) PRL 127 (2021) 162002
R M. Niggetiedt, J. Usovitch, 2312.05297

I M. Czakon, I Eschment, M. Nigetiecl‘g R. Poncelet, T Sche”enberger, 2312.09896

S. P. Jones, M. Kerner, G. Luisoni, Phgs. Rev. Lett. 120 (2018) 162001
R.B., V. Del Duca, H. Frellesvig, M. Hidding, V. Hirschi, F: Moriello, G. Salvatori,
G. Somoggi, . Tramontano, Phgs.Le‘c‘c.B 843 (2023) 137995

i V. Del Duca, W. Kilgore, C. Oleari, C. Schmidt, D. Zeppemceld, PRL 87 (2001) 122001
Nucl. Phys. B616 (2001) 367

Calc Analgtica”g complex: e”iptic integrals

Can be done in power expansion

» The IR subtraction was calculated with “Residue subtraction”, it can be calculated with Qt ...

ESLlL TS
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Higgs Production at the

* The total effect of TOP corrections
i5 -0.32% at 13 TeV (w.r.t. HEFT that
takes into account alreaclg O mt)

¢ gg—-channel ok, but dg and qqare
not described well bg HiER T

* The total etfect of T-B interference
at 13 TeVis to reduce the CS 139 Zpb
(which means -4.2%)

+ This reduction is bigger than the effect
of the sole toP

M. Czakon, B Eschmen’c, M. Niggctieclt) R. Poncelet, als 5che”enberger, 2312.09896

LRI

TABLE 1.  Effects of a finite top-quark mass on the total hadronic Higgs-boson production cross section for the LHC at 13 TeV and
8 TeV, separately for the partonic channels and including Monte Carlo integration error estimates. Results obtained with the PDF set
NNPDF31 nnlo_as_ 0118 [1], renormalization and factorization scales up = pr = My/2, Higgs-boson mass My = 125 GeV, and
top-quark mass M, = /23/12 x My ~ 173.055 GeV. The NNLO cross section within HEFT (cini?) has been obtained with SusHi
[2,3] and is split into contributions from the individual orders in ay.

oierr. [pb] (e — oherr) [pb]

Channel O(@2) + 0(a3) + O(a?) O(a?) O(a?) (oNNLO /GNNLO — 1) [%]
Vs =8 TeV

99 7.39 4 8.58 + 3.88 +0.0353 40.0879 = 0.0005 +0.62

q9 0.55 +0.26 -0.1397 —0.0153 £ 0.0002 -19

qq 0.01 + 0.04 +0.0171 —-0.0191 = 0.0002 —4

Total 7.3949.14 + 4.18 -0.0873 +0.0535 + 0.0006 -0.16
Vs =13 TeV

99 16.30 + 19.64 + 8.76 +0.0345 +0.2431 =+ 0.0020 +0.62

qg 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 +9.70 -0.3029 +0.1522 + 0.0021 -0.32

. Czakon, R. V. Harlander, J. Klapper’c) M. Niggetieclt, PRL 127 (2021) 162002

TABLE I. Effects of interference of bottom- and top-quark amplitudes on Higgs production in the gluon-fusion channel at LHC
@ 8 TeV and 13 TeV. The results are obtained with the NNPDF31_nnlo_as_0118 [43] PDF set with a Higgs mass of my = 125 GeV
and quark masses of m; = \/23/12mpy ~ 173.055 GeV and my, = /1/684 my ~ 4.779 GeV. The calculation was performed
at a central scale of up = pr = mp /2. The scale uncertainties were determined with seven-point variation. The same scale
setting was used in the numerator and denominator in the ratio presented in the last column. The HEFT values have been
obtained with SusHi [44, 45].

Order OHEFT [pb} (Ut — JHEFT) [Pb] O t-b-interference [Pb] Ut-b-interference/JHEFT [%]
Vs =8 TeV
0(a?) +7.39 - —0.895
LO 7.397195 - —0.8957037 —12
O(a?) 1+9.14 —0.0873 —0.269(2)
NLO 16531553 —0.087375:029 —1.16+0-10 —7.0t50
O(a3) +4.19 +0.0523(2) +0.167(3)
NNLO 20.727154 —0.350(2) 15 045 —0.998(4) 7542 —4.870-9
Vs =13 TeV
0O(a?) +16.30 - —1.975
LO 16.30753% - —1.9870-37 —12
O(a?) +21.14 —0.3029(2) —0.447(4)
NLO 37.4475:32 —0.3029(2) 7012 —2.427019 —6.5708
O(a?) +9.72 +0.147(1) +0.434(8)
NNLO 47161421 —0.158(1) 542 —1.99(1)+5:3¢ —4.2102

QCD meets EW, CERN 5-9 Februarg 20724
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Higgs Production at the L HC

o0 Precliction enhances the total CS bg almost 2%: %
the light~1cermion coml:)onent gives 98% of the correction
U. Aglietti, R.B., G. Degrassi, A. Vicini, Phys. Lett. B 595 (2004) 452

G. Degrassi, I~ Maltoni, Phgs. Lett. B 600 (2004) 255
S. Actis, G. Passarino, C. Sturm, S. Ucciraty, Phgs. Lett. B 670 (2008) 12

e NLO QCD-EW: due to the behaviour of the LO, the focus is on light—-quark contribution

Pl M. Bonetti, K. Melnikov, L. Tancredi, Nucl. Phgs. B 916 (2017) 709;
Phys. Rev. D 97 (2018) 056017

700 > {000 M. Bonetti, E. Panzer, V. A. Smirnov, L. Tancredi, JHEP 1l (2020) 045

M. Becchetti, R.B., V. Del Duca, V. Hirschi, FE Moriello, A. Schweitzer,
Phys. Rev. D 103 (2021) 054037

Q0 - - M. Becchetti, F Moriello, A. Schweitzer, JHEP 04 (2022) 139

(aa) s 193.4%4-2.0%
Oggmt+x = 0-68739 777 30,75 0 pb

4.8% of the gg @ NLO HEFT

D) S )
O.é(;‘iaHi(;(Sa ) S5 1.467(2)+18.7%—|—2.0%

14.6%—2.0% PP
QCD meets EW, CERN 5-9 I:ebruarg 2804
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H-!jet

° Phenomenological imPortance

. recoiling against the Higgs system, thejet can reveal a Possitale substructure of the

Higgs t)oson, therefore distributions are instrumental for the search of NP effect

exclusive observables enable to clecouple different anomalous couplings of the Higgs
to known Particles of the SM (Yukawa and effective coupling to gluons), where

inclusive quantities are sensible to their sum.

Harlander) Neumann 1%
Azatov et al. ’15, Grojean etal. 14

. Computational iml:)ortance

2 J

H+j s a NLO QCD Computation, i.e. the number of Feynman cliagrams IS cluite
reduced (10 7 however their computation IS quite comPlicatecJ due to the
presence of 4 scales (s,t,m t and P~H>

interesting Plaggrouncl for comPutational tectmiques, stuclg of the functional

structure of l:egnman diagrams etc ...

QCD meets EW, CERN 5-9 l:ebruarg 20724
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‘ H-!jet

4 The Pt distribution is known at LO in the full theorg and at higher orders in

tl’]@ hCan"tOP Ilmlt R. K. Ellis,I. Hinchliffe, M. Soldate, J. J. Van der Baj) Nucl. Phgs. B 297 (1988) 221
U. Baur, E. W. N. Glover, Nucl. Phys. B 339 (1990) 38

* hLEET (inﬁnite_tol:) mass) the NNLO QCD corrections are known

R. Boughczal, F Caola, K. Melnikov, E Petriello, M. Schulze, JHEPOG (2013) 072

Phys. Rev. Lett. 115 (2015) 082003
X. Chen, £l Gehrmann, E. W.N. Glover, M. Jaquier, Phgs. Lett. B 740 (2015) 147
R. Boughezal, C. Focke, W. Giele, X. Liu, F Petriello, Phgs. Lett. B/48 (2015) 5

sty iy o i I~ -

‘) 4 Powerin 1 /m? corrections at NLO in QCD were also calculated

{ R. Harlandcr,T Neumann, K. J. Ozeren, M. Wiesemann, JHEP 08 (2012) 139
T. Neumann, M. Wiesemann, JHEP 11 (2014) 150

<> Small bottom mass interference effects and asgml:)totic pe. g > 400 GeV were
alSO Calculatecl K. Melnikov, L. Tancredi, C. Wever, JHEP 11 (2016) 104 Phgs. Rev. D95 (2017) 054012

R. Mueller, D. G. Ozturk, JHEP 08 (2016) 055

J. M. Lindert, K. Melnikov, L. Tancredi, C. Wever, Phgs. Rev. Lett. 18 (2017) 252002

K. Kudashkin, K. Melnikov, C. Wever, JHEP 02 (2018) 135

J. M. Lindert, K. Kudashkin, K. Melnikov, C. Wever, Phgs. Lett. B782 (2018) 210

ANt i i s St - 5 i

B e i

QCD meets EW, CERN 5-9 l:ebruarg 20724
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to be composecl bg quasi~ﬁnite integrals (better numeric convergence)
Mls are calculated numerica”g with SecDec
» Total CS: Corrections from LO to NLO are large (KF—J 8) - —
NLOfull w.r.t. NLOheft = +9% 2% =
* Pt,H The bands of scales variation at NLO 3% o ‘z%%%%;::;
do not overlaP anymore for pe.a > 340 GeV 1(12():%?‘*::?:&;;;;
But agreement if EFT rescaled with the full LO . »’
* TOP mass renormalised in OS scheme B T r
!
OCD meets EW, CERN 529 February 202+ 8
e RS e SRR R R Rt s S el

H-!jet

4 H+J was computecl SaENlEL L OCD with the full TOP mass

dCPCﬂClCﬂCC

4 E\/ergthi ng excePt virtua

S. P Jones, M. Kerner, G. Luisoni, Phgs. Rev. Lett. 120 (2018) 162001

corrections are calculated analgtical

4 VIRTUAL : reduction to the Master lntegrals, the Mls basis is c

X.Chen, A.Huss, 5.PJones, M.Kerner, J.N.Lang, J.M.Linder’c, H.Zhang, JHEP 0% (2022) 096

Y

1OSCI
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H-!jet
4 H-lj was computecl at NLO in QCD with the full clepenclence

on TOP and BOTTOM masses

R.B., V. Del Duca, H. Frc”esvig, M. Hiclcﬂing, V. Hirschi, E Moriello, G. Salvatori, G. Somogyj, - Tramontano, PLB 845 (202%) 137995
4 Master lntegrals computec] using ditferential equations solved in exl:)ansion

Y Renormalization of the Amplitude done in two different schemes: |

»  External fields are renormalised on-shell. ag is renormalised in a mixed scheme

in which lighbﬂavor contribution in MS and heavgﬂqavor contrib at zero momentum
. TOP—quark mass and Yukawa OS. TOP—quark mass and Yukawa in MS
*  TOP and BOTTOM masses and Yukawas in MS

4 Two—-l_oop 2 ->2 and One-LooP 2 -> % are IR div. We combine them using
DiPole Subtraction

4 Several checks at the level of the masters (with AMFlow)and the amPIitucle
*»  Behaviour of the Two~LooP 2~>2 aml:)li’cude in the soft and collinear limits of
one unresolved Parton against factorsation formulas
* . Very |arge P‘c against Kudashkin-Melnikov-Wever

+ CSand Pt for TOP against ChemHu55~Jones~Kerner~Lang~Linclert~7_hang

+ In the case of MS masses: dgnamical evaluation in each point of Phase space
4 lmplementation in MADGRAPHS aMCeNLO l
QCD meets EW, CERN 5-9 I:ebruarg 20724 ’
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H+jet

Gr=1.16639-10°GeV™2 my =12525GeV my° = 172.5GeV

mMS (mMS) = 163.4GeV  mYS(m)®) = 4.18 GeV

S5 e |
P = pp = TH sy (\/m%q +p%,H 25 Z |pt,i’>
i

NNPDF40 nlo_as_ 01180

CS with pt>20 GCV!

renormalisation of
internal masses

oto [pb] onwo [pb]

top+bottom~(MS) 12.31875 71 19.89(8)*2%

top-(MS) 1253814822 19.90(8) %58
top-(0S) 1255175532 20.228)39%8

e Dig K-factor (* 2 at the diff level bin-—bg-—bin)
e Scale uncertaintg from 30% to 14%
e t-b interf. covers the gap from LO

0 T T T T

T T T | E—
= NLO-top+bottom(MS)
= NLO scale var.(7pt) =3
107 =g LO-top+bottom(MS) — T
—?E LO scale var.(7pt)
1072 .
5 =,
S 1078 5]
o0t b
~
2
107°
LHC13
1076 -
pt > 20
10—7 1 1 1

L 1 1 L L L
0 100 200 300 400 500 600 700 800 900 1000
pil [GeV]

1

Some more details about the calculation:

Scale variation not shown

do /dp} [fb/GeV]

100

50 |

150

LO-HJ at LHC13

—_—
—

T T
t-os =
t-ms

tb-ms +—

do /dp}! [fb/GeV]

0 L ! ! ! L
0 20 40 60 80 100

P GeV]

NLO-HJ at LHC13

350

300

250 -

200

150

100

T T
t-os —

t-ms +—
tb-ms +—
==
—
—xi
/ —_—
=
f——
o

: 0
1\0\1 40 0

e The t-binterf changes the shape at low Pt

20 40 60 80 100 120 140
Pl [GeV]

/

e t-b interf irrelevant at medium~high Pt (onlg TOP ok)

NLO

T T T T T T T T T T T T T ; T T
. 15 E --——ﬂ-——""““"”“"'“"_"rn]'r—
= T e 0 O
CE05SF top—l—bottomgMS Jtop(MS) T — top-‘rl)ottomgl\[S)/top(ﬁS)
—t—t—t——t+—+—+ 1+
= e mannnil
\5: 1 i ) e N N NN N N I
n 4 - - — - 0 T
E205F top(OS)/top+bottom(MS) — top(OS)/top+bottom(MS)
——t—+—t+—+—+—+ ————+—+—+—+
- 15 E - i
n g I
9: 1 INRNRRRNRNNNNNNRRRAnnnannn =1 LT T
=205 F . VTl + _ \ Vi s
, t(l)p((')S)/lt()pl(I\ISI) | | | t(l)p((l)h)/lt()pl(l\lbl) :
0 100 300 500 700 900 100 300 500 700 900

QCD meets EW, CERN 5-9 Februarg 20724
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p,H [GeV]

pil [GeV]

e Behavior of renormalization: MS falls off faster than OS
e Behavior less Pronounce& at NEG (asit should g
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" Theoretical framework: Perturbative QCD

At LHC hadronic collisions by ke il g B

we relg on Factorization Theorem i

sy sl s

Partonic 5, Process—-cJeP Part |

PDFs: Universal Part P
Calculation in PT Theorg

Evolution with Fact scale

Predictecl bg the theorg

| \

1 1
Ohy,hs :Z/o d$1/0 dzy fi,hl(fl?l,MF)fj,hz(xmﬂF)5¢j(§7m27045(MR)7MF,MR)
0,

PSR TIN RUNC VST N o

cpiiss

NNLO S. Moch, J. Vermaseren, A. Vogt, Nucl. Phgs. B688 (2004) 101
A.Vogt, S. Moch, J. Vermaseren, Nucl. Phgs. B691 2004) 129

S. Moch, B. Ruﬂl, T. Ueda, J. Vermaseren, A. Vogt, Phgs. Lett. B782 (2018) 627

NNNLO J. Davis, b. Ruﬁl, T. Ueda, J. Vermaseren, A. Vogt, Nucl. Phgs. BI15 (2017) 335
S. Moch, B. Rugl, T. Ueda, J. Vermaseren, A. Vogt, JHEP 10 (2017) 041

O e s

APProximate NNNLO Pchcs J. McGowan, et al. Eur. Phys. J. C. 85(3) (2023) 185 £
’ QCD meets EW, CERN 5-9 I:ebruarg ARk
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o Two-—LooP 2 -> 2 interfered with the One~|ool:> s

A g Y
Q) s

o One~LooP 2->% interfered with the One~|oop 25

700)
A e
Q)

.
>
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Exact Calculation: Partonic Cross Section

g9 — Hg
qq — Hg
q9 — Hgq

Computecl with

MCFM 9.1

E

V. Del Duca, W. Kilgore, C. Olear, C. SCHmidt, D. Zeppen?elcl, PRL 87 (2001) 122001

5 Budge, J.M. Campbe”, G. De Laurentis, R.K. E”is, 5 Se’ch, JHEP 05 (2020) 07954

R.K. Ellis, 5. Seth, JHEP 11 (2018) 006
J.M. Campbell, T. Neumann, JHEP 12 (2019) 0%4

The two UV-ren sets are still separatel?

in a subtraction scheme: we used DiPo

MCFM 9.1

c

We renormalize UV clivergences both in OS ancl/ orin MS

IR cli\/ergent: we need IR counterterms

Subtraction as implementecl n

S. Catani and M. H. Seymour, Nucl. Phys. B 485 (1997) 291

R "“"‘W“-" s St S i

P T T T I e T TR T s S P T TTNSO K e

.]7

QCD meets EW, CERN 5-9 I:ebruarg 2804
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Structure of the Ampli’tucle

e Letus focus on the Two~LooP 2= 2 ampli’tucle

e Kinematics: H(ps) — g(p1) + 9(p2) + 9(ps3) H(ps) — q(p1) + q(p2) + g9(p3)
s=(p1+p2)’t=(p1+p3)’u=(p2+p3)’; pi=p5=p;=0; S+t+u2=pi
: : S t
lntegrals function O1C5 dimless var: T et e e B p—42
_ mt mt mt

e The H -> g amplitucle can be exPressecl in terms of 4 form factors while
the H -> gc]qbar amplitude in terms of 2 form factors

T. Gehrmann, M. Jaquier, E. W. N. Glover, A. Koukoutsakis, JHEP 02 (2012) 056 |

1

H->3%g MHPP = Ag1oTy1y + AzzeTizy + AsnnTyy + Az12T3)s

H > gquar MH = AT + A TY

3

e We Project the contributions of the chnman cliagrams to the ditferent FF
P, - M= A,
where the A; are exl:)ressecl in terms of dim reg scalar integrals and then

at every orderin as we have A4; = Ai(x1,x2,x3,€)
QCD meets EW, CERN 5-9 I:ebruarg 2804
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Structure of the Amplitucle

e Color structure (Hgge)

1
AN (@1, @2, 3) o< No A" (w1, 32, m3) + A" (91, T2, 73) + N AR"C (1, T2, T3)
(&

The Planar cliagrams contribute to the S while the crossed onlg to the
leading color

QCD meets EW, CERN 5-9 F‘ebruarg 2024
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Computation of the Amplitucle

o goes tlﬂrough the “usual” stePs:

«» Generation of the Fegnmarx cliagrams: QGRA and I:egn/\rts

P. Nogueira, J. Comput. Phgs. 105 (199%) 279
T. Hahn, ComPut.Phgs.Commun. 140 (2001) 418-431

* We comPuted the Form Factors Prcy’ecting the single f:egn cliags: FORM

B. Rugl, T. Ueda and J. A. M. Vermaseren, 1707.06453

& We can renormalize in ditferent schemes. We alwags renormalize ext fields

on-shell. ag 1S renormalized in a mixed scheme with Iightﬂqavor contrib

in MS and heavgﬂavor at zero momentum. Masses are renormalized in
QOS orin MS

o The Dim-Regularizecl scalar integrals were reduced to the Mls using
IBP identities as imPIementecl in KIRA and FIRE

P. Maierhoefer, J. Usovitsch and P. Uwer, Comp. Phgs. Commun. 250 (2018) 99

o K!aPPer’c} I Lange, P. Maierhoefer and J. Usovitsch, ComPut.Phgs.Commun. 266 (2021) 108024
A. A.V. Smirnov, JHEP 10 (2008) 107

B. A.V. Smirnov, I S. Chuharev, Comput. Phgs. Commun. 247 (2020) 106877
QCD meets EW, CERN 5-9 l:ebruarg 20724
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Topologies and Master lntegrals

* The Mls belongto SIX 7~clenominatortopologies

/ M B
73 /

5 ToPologles contain E”lPtIC sectors 28 ellxp’cxc

The rest Polglog

QCD meets EW, CERN 5-9 I:ebruarg 2804
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Master | ntegrals

® We cllvxcled ’che comPutatxon N three sets, correspon&:ng to the various

topologxes 070 P D O 0 o o oo
m&%&ﬂ%%%&q
+ Mis for the Planar topologies A, B, C,D. Analgtic aPProaCh Q@ > e b o

e All of them except 2 sectors with 4 Mls can be expressed inMPLs (Do T DY A A

e MPLls sectors “e{:mcectxvelg written instead as a one-fold G 4 q

mtegratlon over welghté?_ kernels -: _f} £l o | ; 14
SO0 @il Pl NN
AAUN b O LI
Oomo U [EREAEVE M

° E”lPtlc sectors: rel:)eated mtegratlons of MPLs over e”ipt. kernels

R.B.,V. Del Duca, H. I:re”esvig, J. M. Henn, E Moriello, V. A. Smirnov, JHEP 12 (2016) 096

o0 = B O v o OOMm mammm i
~ b”* )> e O 5> 4 Mls for the crossed tol:)o|059 =
5> 3> 2 V 1> < e Solved by series expansions OO MR 0 g
@ JZ V > D D R.B.,V. Del Duca, H. Fre”esvxg,J M. Henn, M. chlclmg, WO @O <2 <2 <2
4> l> L% TD LD .XJ_“ L. Maestri, E Moriello, G. Salvatori, V. A. Smirnov, <§ <§ <> <2 <2 Q
o JHEP 01 (2020) 132
1;X X [X\m
sssss por 45 4> L e
4+ Mls for the crossed topologlj % R e wawm e
E”il:)tic sectors: Sic l Cl b ’ . 4> ./ . O <> <X
T oive 9 SCriecs CXPaﬂSlonS sos2 s6.62 6366
A - Homog. Eq. EHIP’CIC; Non-Homog,
Polglogari‘chmic Bt Frc”esvig, M. Hidding, L. Maestri, F Moriello, Q ﬂ D> D> %
B - Homog. Eq. Polglog: Non-Homog, G. Salvatori) JHEP 06 (2020) 093
Elliptic QCD meets EW, CERN 5-9 Februarg 2024
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DiHerential ?iquations

o The MIs were comPutecl using the Ditferential Equations Method

o V. Kotikov, Phys. Lett. B 254 (1991) 158
f(gjj 6) — A (w) 6) f(w7 6) Z. Bern, L. J. Dixon and D. A. Kosower, Nucl. Phys. B 412 (1994) 751
0x; E. Remiddi, Nuovo Cim. A 110 (1997) 1435

T. Gehrmann and E. Remiclcli, Nucl. Phgs. B 580 (2000) 485

o The sgstem of ditferential equations was Put (where Possible) in canonical

7C0rm J. M. Henn, Phys. Rev. Lett. 110(2013) 25160
M. Argeri, S. Di Vita, P. Mastrolia, E. Mirabella, J, Schlenk,
df (z,€) = edA(z) f(, ¢€) -

U. Schubert and L. Tancredi, JHEP 0% 2014) 082
Y Althoug]ﬁ in “Polglogarithmic Form, square roots Frevent a simple solution
in iterated integrations. We found weight—-?. in Po glog form and exl:)ressecl

Weight~4 as a one-fold integration C. Duhr, H. Gang], J. R. Rhodes, JHEP 10 (2012) 075
S. Caron-Huot and J. M. Henn, JHEP 06 (2014) 114

o The e”iptic sectors where evaluated solving Second-order linear ditf egs
that revealed a good behaviour if combined in Parametric form
1
Solution: / Fla) {K'(), E'(a)} da
0

Diticult analgtic continuation .... Series exp
QCD meets EW, CERN 5-9 I:ebruarg 20724
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DiHerential Equations: Semi~analgtic evaluation

In some cases it is ditficult to find closed-form solutions for the differential equations

What can be done is a solution of the relative differential equation N series exl:)ansion

S.Pozzorini and E. Remidd;, Comp. Phgs. Comm. 175 (2006) 38l |
Im X "

sy sl s

S dx2+
2 s
e . ooy
-8 -101 3 8

Re X

: : |
matching points a-F 3 1 1 dF i 3 h 4 D F=0 :
x+x+1+x—8 d:l;Jr x2+8$ 3(3:+1)+24(x—8) () z

4 The differential equation and the solution are expancled in series around the singular Points

Everg series depends on two arbitrarg constants. lmposing the matching we express all of
them in terms of the two constants

4 lmposin% initial conditions we fix the two constants. One can construct a numerical routine
that evaluates F(x) for every value of x with arbitrarg Precision 1l

4 The convergence can be imProvec‘ aclding series expansions in intermediate regular Points

e Aglie’cti, R.B., L. Grassi and E. Remiddi, Nucl. Phgs. B 789 (2008) 45 ,
R.N. Lee, A. V. Smirnov and V. A. Smirnov, JHEP 0% (2018) 008 r
Reby CaaloerassiyR-1 Giardino and R. Groeber, Comp. Phgs. Comm. 241 2019) 122 ¢

QCD meets EW, CERN 5-9 I:ebruarg 20724
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Example: e”il:)tic vertex for ttbar Prociuction

djl\ig = —%M9 4%]\410 T = —%
di\l.{;m 5 _161712 G Tz —1 16) i (é - x—116> g 4 5lo)
I_> djigg . (% : x—116> dc]z\ig s (4?:2 7 GZaz = 64(x7— 16)) Vo= i
Solutionin z =0 e ianx” it
+ Homogeneous solutions MY ) i ang™ + log”““ Z b ao__ 6i4a 1+ 3—26 5 b= 6i4b_1

n=—1

g b ==l
two inclepenclent solutions with { : :
Qe = O, b_1 ==

+ Particular solutions o) = > knz"+logz Y raa®  Mo(z) = i paa” + log i "

n=—2 n=-2 n=—1__ n=—1

& Matchingwith initial condition in z = 0 (onlg Iog} My(x ana: +logx Z G

+ The samein z = 16 + matchingwith the seriesinz =0 ... ancl SO ON

L. Tancredi, A. Von Manteuffel, JHEP 06 2017) 127 |
R.B., G. Degrassi, F. P. Giardino and R. Groeber, Comp. Phgs. Comm. 241 2019) 122 |

QCD meets EW, CERN 5-9 I:ebruar9 2804
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DiHerential ‘iquations: 5emi~analgtic evaluation

<> The examples above are one~dimensional, but the approach can be generalisecl to more

dimesions and used for a general sgstem of differential equations for the Mis

4 The differential ec]uations in s and t are combined and a one-dim diff eq is recovered and

solved alonga contour connecting two fixed Points in the s-t Plane

(51,t1) (§,€) = A(&, €) f(&, €)

o6} & Lell) i) f
e ep= Y filine
(s,1) FO (¢ Z B3l (g = &) i=0

<507t0>

£alie T 33 clédnh (e — gyt logh (€ — )

J1€S1 72=0 j3=0

4 Analgtical continuation is done expancjing in the singular Point and matching the series
using Feynman Prescription for the invariants

4 The method is c:]uxte efficient and enables to compute fast a Pomt in the Phase space with

arbltrarg Precxs:on F Moriello, JHEP 01 (2020) 150

4 Recerxt|9 this method was implemented in a Mathematica code: DhC]CExP

M. Hiclding, ComPut.Phgs.Commun. 269 (2021) 108125
QCD meets EW, CERN 5-9 I:ebruarg 20724
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Ditterential ‘.iquations: 5emi~analgtic evaluation
5 685 3Cl€ (Series Expansion APProacn for Systems of Differential Equations}

D J

However Di‘x:ﬁf:xp IS clesigne& for real masses. EW radiative corrections

involve unstable Particles Ze Wl Complex Masses

We clevelopecl an independent Package, Seachle to deal with series

exPansions solutions in the complex Plane T |

S t
L A A A —_— S TS vt 05 2 et 2 2 1 il .
< e Ui 2 my, = My, —iMyly I
mv mv _1 o W—

Now we haVC cuts In thé COmPlCX Plane: W¢Ee Cl’lOOSC -

them to be Para”el to the real axis, from the

brancning Point to —o0

The Patn to avoid the cut Procee&s via segments | S

Para”el to the real and to the imaginarg axis in every O o

complex variable. z and
E ) 9

We solve the equation in z, at fixec q (cuts in the

complex z~P|ane) then the eq. in g at fixed z co L c *

T. Armadillo, R.B., S. Devoto, N. Rana, A. Vicini, 2205.0%%45

QCD meets EW, CERN 5-9 I:ebruarg 20724
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DiHerential ‘.iquations: Semi~analgtic evaluation

+ The Strategg Is to use semi—-analgtic evaluations to build a gricl of Points

# Ihe simplest approach is “the snake”, Gile e e
that can be used on a single core/single P ; f
kernel computer: every Point becomes the - o ---0-----9 i
Initial condition for the following one o e

+ Difficult Para“elization: Mathematica kernels (and sub-kernels)

Use of the sub-kernels: calculation of a line of Points (high accuracg)

And then each sub-kernel evolves a straight line in the other dimension

+ Consider order of minutes for the evaluation of a singlc—‘: Point:

from 1 min to several, depending on the system and on the Point

Need O]C many licences !:)reak away From Mathematica o5

QCD meets EW, CERN 5-9 l:ebruarg 20724
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Problems to face ...

e Size of the recluction/size of the coefficients: many Mls, complicatecl

coetficients (mang masses and invariants) of MB’s

e Possible simpliﬁcations: Par‘cial fractions “MultivariateAPart”, finite fields

n “]:iﬂitCFIOW” M. Heller, A. Von Manteuffel, Comput. Phgs‘ Commun. 271 (2022) 108174
T. Peraro, HEP O7 (2019) O3l

e Direct numerical evaluation of the reduction?
o Analytic Solution of the DiHferential Equations N presence of many

invariants/masses

o Although in the Polglogarithmic case ... square roots -> ditficult evaluation of a

closed form
o Although in closed Form, Problematic numerical evaluation: big formulas

o Although in closed form, Problematic numerical evaluation: ]:Dig formulas

e Semi-Analytic Evaluation in principle no problem ... in practice
Y i 2 =

e Biosystems -> large evaluation time
Big syst large evaluation t

e Numeric evaluation (SecDec)?
QCD meets EW, CERN 5-9 l:ebruarg 20724
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Conclusions

o | clo not ha\/e conclusions ~oat t]’]é moment we can
applg what we learned so far to the EW cha”eng&:
knowing that it will be even harder ...

Thank you for your attention!

QCD meets EW, CERN 5-9 l:ebruarg 20724
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