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Motivation

Dark Matter searches at the LHC

experiment ) theory o
monojet + missing transverse energy pp —jet +V (= vi/xX)

ATLAS

EXPERIMENT
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Motivation

e precision measurement of the BSM signal pp — jet + V (— xX)
requires control over the SM background pp — jet + V (— vD)

o V + jet channels in decreasing contribution order (overall o drop ~ O(10')) :
vy, W—olv ,Z—-vv ,Z—=1

o statistical uncertainty : few % for pr < 2 TeV and 10 % above 2.5 TeV

perturbative corretions :

o =oY (1 + s 61O 4 ai §52:0) 1 450D 4 o, o §(QEP-EWK) O(ag, az))

§(QED=EWEK) — 500p X Spwi + OnF

o factorizable : a ~ 1% but Sudakov log enhancement 477”;2 1og2(ms2 ) ~ 10%
w z

(0,1) (0,1)
6Z+2jets - 5Z+1jet

e nonfactorizable : dyp 2

QCD-EWK dominates at high pp = expect §(QEP-EWK) , 0(§(2:0)) ~ few %
on the importance of QCD-EWK corrections see also [talk by Chawdhry, Devoto]

[Lindert et al. arXiv:1705.04664]



https://arxiv.org/abs/1705.04664

Computation
©000000000

Introduction

o for definiteness, consider the neutral Z current :
pp — Z(£> ) + jet T TN
o on-shell Z : enough to describe the decay at high pr o
e high pr range : (200, 2000) GeV at /sy = 13 TeV
o number of events : (107, 10!) at £ = 300 fb~! % o w0

timeline of lower orders

NLO QCD |[Giele et al. arXiw:9302225)
NLO EWK [Denner et al. arXiv:1103.0914)
NNLO QCD [Gehrmann-De Ridder arXiv:1507.02850)

challenge = amplitude + subtraction

4 partonic amplitude channels :
ua —gZ ug —>u”z dd —gZ dg—dZ

RN - or uihn
: -



https://arxiv.org/abs/hep-ph/9302225
https://arxiv.org/abs/1103.0914
https://arxiv.org/abs/1507.02850
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Amplitude structure

for definiteness, consider u(p1) + u(p2) = g(—p3) + Z(—pa)

. d%y diky W(p2)(Kyf¢spafaks + .. )ulpr)
A= 2.2 Tﬂa 373 <
9s € 9L/R 'y (2m)d (2m)d Dy..D;

integrals
tensors

color
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Complexity

. un— gz
H OL | 1L QCD 1L EWK | 2L
# diagrams 2 13 35 900
# families 0 1 4 18
# integrals 0 105 275 60968
# Master Integrals 0 7 26 1269

complexity summary
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Tensors in d=4—2¢ dimensions

for further steps, scalar integrals required

. dlky diky W(p2)(Kifspafike + . Julp1) &

_ 2 2 a 3437472 _ .

A=gse9r/m i | Gy @nyd Dy..Dy =2 _Fili
i=1

for example, consider vector current

fyl"l fyltz fy#3 fyltzlfyﬂs 0

U L~ €
A,Ys

w T T
ry]fy2/'y S,-y 4fyu

Y (diagrams) # Lorentz indices >  # all invariant structures

#T; = 17 (Lorentz invariant tensors) — 4 (by transversality e3 - p3 = 0)
— 6 (by gauge fixing ¢; - p;—1 = 0)

= 7 (independent in d dimensions)

= 7 (independent in 4 dimensions)
T; = e3,u(p3) €4,0 (pa) G(p2) (P17, PP,
ey, P,

PIP2pys 9" Py P70 up1)
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Tensors in 4 dimensions

recent loop-univeral claim in the tHV scheme [Peraro, Tancredi arXiv:2012.00820] :
# tensors indpt in 4-dim =  # indpt helicity states  (here = 3 x 22/2 = 6)

7 6
A=>"FT; =Y FT:
i=1 i=1

orthogonalization : projects out T'7 from the physical 4-dim subspace

ZTITj _ 6x6 (4-dim) 0
vol \ 0 [ Tx1 (—2e-dim)/

gain : 1-1 correspondence between form factors and helicity amplitudes

Fi = Az

= unphysical information removed



https://arxiv.org/abs/2012.00820
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Feynman integrals

A= Z Z / ddkl ddk2 Cf,ﬁ(d:mkysij)
f€fam n€int (27T)d (Qﬂ-)d D}Lxll D?%

example integral families

o multiple scales : {s23, 513, mz, mw, (m¢,mpg)}
e usual approach : Integration By Parts reduction (6 x 10* — 1 x 103)
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IBP ineffective

@ reduction with kira-2.2

e most involved topology : 2-loop non-planar
with the W W —Z vertex

o number of integrals to reduce : 1181 , (ISP)*

o number of master integrals : 95

amplitudenpr, wwz = integrand (5.4MB) /. IBPs (640MB) = simpler ?

physical pole motivation = partial fraction coefficients of Master Integrals

o algebraic geometry = Groebner basis
e number of denominator factors P(d, my,s;;) : 131

@ Singular ineffective

AR
either choose better Master basis [Bonetti et al. arXiv:2203.17202)
or evaluate integrals numerically without IBP
our strategy : numerical because 2 — 2 process easy to grid for phenomenology



https://arxiv.org/abs/2203.17202
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Auxiliary Mass Flow method

numerical evaluation
Im(n)
.- 1 1 . B
L1 _ 1 Lo
e auxiliary mass : DrrioF — oy { ; .

[Xiao Liu et al. arXiv:1711.09572] i

differential equations : %Z(n) = A(n)Z(n) JIPRS SN}
easy to solve

boundary conditions at n = oo : ;
expansion by regions
N ; 2 2 ¢

1 1 Z1"(1/+2)( 2lp+p —m)

(+p?—m> )~ P —n)¥ & iITw) 2

o iterative strategy : reduction to vacuum bubbles

e analytic continuation : path {ico,no,n1,...,7n,0}

)

full control on precision with N and n



https://arxiv.org/abs/1711.09572
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v example

e implemented in AMFlow.m

o analytic IBP reduction at fixed mass values vastly reduces evaluation time

2
o example evaluation with at least 27 digits precision (at :ﬂn‘g’ = %)
z

0.011955742709286810865609312312731412704773730415683

y
_ 0.511008073317(511470052531;308630169017&672710607984 0.07512062155069217213862554549556338060978694623307i
3
_ 11.1869669024 6 05236145691 £ 22060957117455121650469 30347 6 58691
2
_ 163.88156956771 0868752429557 — 71.278291; 397027808244347742401990587i
+ (—1813.17035687960445941933942624 415154967[;5!+1(]72.198370048[)2‘)94274591377888309475}2351(]1954(]24551):

advantage : evaluate numerically the whole amplitude
= no large cancellations in a family

A= > #y

fEfam
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UV and IR structure

C4,IR
4

C3,IR
3

C2,IR + C2,UV n C1,IR + C1,Uv

(2) _
A= €2 el

+ + +fin

€ €

extract physical finite part and check universal pole structure

L uv
QCD : MS scheme
A(L,QCD) _ (1+9350)A1()1,QCD)

EWK : on-shell G, scheme [Denner arXiv:0709.1075)
ALEWK) _ (1+ 625(21))A£1,EWK)

mixed :

A= (1+g280 + e +¢2g25)) A,
IR

A(2) :12 A(O) +Il ocD A(l,EWK,ﬁn) +Il EWK A(l,QCD,ﬁn) +A(2,ﬁn)

[Buccioni et al. arXiv:2203.11237)



https://arxiv.org/abs/0709.1075
https://arxiv.org/abs/2203.11237
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Preliminary results

@ in our framework, EWK treated in the same way as QED
= the simplest consistency check is the mixed QCD-QED correction
e input parameters : E = 500,cosf = 0.123, % = s
myg = 91.1876 ,my = 80.377,m¢ = 172.69, mpy = 125.25 [Workman et al. PDG]

@ numerical value :

ARAD) 220 QupT 9 ai(p2)p1 - eafzu(p1)

(—5.24754 -10~17
64
—8.96438 - 10716 — 4.260140 - 10~
+ 3
€
—8.80956 - 1015 — 7.52783 - 10~ 15
2

€

N —4.76398 - 10~ 14 — 7.3129 - 1014
1

€
-0.00578014 -0.001177271i)

stay tuned for the full QCD-EWK



https://pdglive.lbl.gov/Particle.action?node=Q007&init=0
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Outlook

o discussed methods generalizable for the top loop

o careful treatment of anomalies

o hadronic cross section

HANK YOU

00,
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The top loop

o closed chiral fermion loops
e new tensors T; with v,7s
e Larin’s prescription

[Larin arXiv:9302240)

7
— K1~ H2 13
VY5 = 31 EpprpopgY TYTEY

@ massive top quark

~ 0
= “anomaly” noncancellation : f(me) O(e?)



https://arxiv.org/abs/hep-ph/9302240
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Details of the G, scheme

e input parameters : {Gy, mz, my }

o a(0) (1 + Ar) = Y2Cumiy (1_ T”EV)

mz

o amplitude renormalization

A(95,0,91/R,0(€05 Cw,0, Sw,00)/ ZuZaZgZz = A(gs, 91 /r(€; Cw, Sw)) Z

1 Q
Z=1+08z =1+ 30z, + 0z, + 0z, +02,, ~ L 57,,)+ 891 + g,
JL/R

all SM particles contribute = much more involved then MS




Appendix
ooe

Catani operator

€ 2\ €
2F¢§’1E6 ) 1,Qcp(e) = (_%) (Ca —2CF) (e% + %)
1\ 12\ 1 3\ B
() ) ) (e Era)+ )
F(l — 6) I3 € 1 3
e mew = (£7) s (4 50)

eVYE€ 2\ 2¢ 1 2
I2(e) —T1,gcp(€) Ti,ewk (€) = =———— (—i) ;SGCFQip (? —6(3 — *)
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