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MOTIVATION

) Les Houches 2005: 4 jet production
. W+5 jet
NLO revolution
’Y”Y + 3 jet Butter et. al., 2005
>-2015

pp — H + 7 NNLOgTL

g VBF
NNLO revolution pp — H +3j NLOgTy
pPp — VV/ NNLOQCD + NLOEW

Huss et. al. 2021

) Huge effort towards NNNLO
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PROCESS OF INTEREST

hi(p1) +ha(p2) > Z2+2Z+ X Inclusive

hadronic state

)Collinear factorization:

do (S, 2 ool P 12
q2 ( ! ) :Z/dmlfa(xlmu%)/defb(x%:u%’)qQ b( : IuF)
a,b

dg? dg?>
¢ =qi+q
S = x1x925

Oaqp = (AfC(L%) -+ asa(l) + a§0(2> .
z=q°/s



HIGHER ORDER CORRECTIONS

) ZZ production: Study of electroweak theory

) ZZ production: Background for Higgs production

J Ohnemus, 1991

) Leading order:

Ohnemus et al,, 1991

) NLO QCD, EW corrections, Polarised ZZ e et al, 199

Accomando et al., 2005, 2006, Bierweiler et al.,2013, Denner et al., 202
Baglio et al., 201 3, Biedermann et al,, 2016, Biedermann et al., 2016,

> Combination of NLO EW and NLO QCD

Cascioli et al., 2014, Gehrmann et al., 2014

) N N Lo QCD a nd N Lo EW Henn et al., 2014, Caola et al, Papadapoulus et.
al, 2014, Heinrich et.al. 2017




HIGHER ORDER CORRECTIONS

Y Differential distributions: MATRIX

NNLO corrections increase NLO Scale uncertainties ~ 3%
inclusive xsection by 15%

Melia et.al, 201 | Frederix et. al, 201 |
PNLOQCD +PS

) NLO QCD+ NLO EW + PS Chiesa et. al, 2020

Ygg->ZZ @ NLO QCD +PS

Alioli et. al, 2020

Large impacton D7 of 4 leptons

) W+W_ NNLO + Ps (only qQ initiated) Lombardi et. al, 202 |

~ 1% scale uncertainties for inclusive xsection
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HIGHER ORDER CORRECTIONS

) ZZ NNLO+NNLL @ DT Kallweiti et. al, 2020

Y ZZ NNLO +PS

) NLO + NNLL threshold corrections for two SCET approach
on-shell Z bosons Wang et a1, 2014

) This work: NNLO + NNLL threshold corrections for two
on-shell Z bosons



FIXED ORDER DISTRIBUTIONS

102 : k,(io MSHT 2020
—— NNLO
%
£ 101 -
é
3 109
PRELIMINARY RESULTS
3
—— NLO/LO
S 2 - —— NNLO/NLO
02(')0 300 400 500 600 700 800 900 1000
Q Iin GeV
LO \'|Xeo; NNLO(no gg) NNLO(all)
195 119.2091 145.4280 153.2727 165.4677
595 21128 31440 3.5398 3.6310
995 0.2303 0.3578 0.4222 0.4272
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FIXED ORDER SCALE VARIATION

MSHT 2020
6 -
-
= 47
i N
NNLO scale
2 - variation ~ 2% - 3.5% in
high Q regions
1 A - O
- NLO
— NNLO
02(I)O 3(30 4(I)O S(;O 660 760 860 9(')0 1000
Q in GeV
in GeV.
195 6.4738 2.5490 0.6869 2.0595
595 1.3091 2.9393 21817 2.8118
995 4.0309 4.2820 3.4275 3.6989
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THRESHOLD RESUMMATION

)Scale variation at NNLO increases with Q

o 5'6(3)) + 0430(1) + o 0(2)

J/

—
What are the dominant higher order contributions?

. ~SV ~hard
z =1 = Soft limit Oab = Oqp + Uaz?r

3% (2, ¢ %) =M P\ Fua(d?, 1%, €)26(1 — 2)
& CeXp (2(1)&6 (Z7 C]2, M%ﬂa 6) —2C 10g Faﬁ(za :UJ%H :u?%a 6))

v (5(1 —z)

Universal soft-collinear operator %

Ravindran 2006 Ahmed et. al, 2020



THRESHOLD RESUMMATION

oo (2,4, 1y) = C(q°, wy) ® Cexp (205 (2,¢%, ik €))

f
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THRESHOLD RESUMMATION

res 1 (1_Z)2CIQ d)\2 2 2 2 Ravindran 2006
Doz = . 2 2Aad(as()‘ )) _I_Daa(as((l — Z) q ))
_|_

2
F

) Resummation coefficients in Mellin space

SV N — Goa ~aa B
Oaa ( ) g eXp(GN (Cd)) W = 0435() log(N)
GN (W) = G (w)log(N) + G5 (w) + s G5 (w) + ...

\

Vv

Leading log(LL)

R/_/

Next-to-Leading log(NLL)

H/_/

Next-to-Next-to-Leading log(NNLL)
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RESUMMED DISTRIBUTIONS

=
—— NNLO only aQ
> ---- LO+LL
O 1o! 4 ----= NLO+NLL
Ne] 3
= : NNLO+NNLL
c
o}
=
T L L R R S S
PRELIMINARY RESULTS
2.0
—— NLO/LO ===+ (NLO4NLL)/(LO+LL) NNLO+NNLL

5 —— NNLO/NLO  ---- (NNLO+NNLL)/(NLO+NLL) . .
Sis4 Xsection increases
R TMINEEEL s by 1% - 2% in high Q

10 = regions

NLO NLO+NLL NNLO NNLO+NNLL
195 119.2091 134.2247 | 145.4280 | 150.6777 153.2727 | 154.2949
595 21128 2.3909 3.1440 3.2722 3.5398 3.5831
995 0.2303 0.2634 0.3578 0.3771 0.4222 0.4311
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Min %

RESUM SCALE VARIATION

s - - gt e s}

-
-—
-—
-___—
-
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Improved

scale variation
at NNLO+NNLL

compared to
NNLO

- LO

- NLO

= NNLO

--- LO+4LL

=== NLO+NLL

=== NNLO+NNLL

02(')0 3(50 460 5(')0 660 7(50 860 960 1000
Q in GeV
NLO NLO+NLL NNLO  NNLO+NNLL

195 6.4738 6.8730 2.5490 5.5395 0.6869 1.7587
595 1.3091 2.0257 2.9393 3.2867 21817 1.9287
995 4.0309 4.9242 4.2820 3.2408 3.4275 2.5882
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UF In %

RESUM SCALE VARIATION

8
— O
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INCLUSIVE CROSS SECTION

Q integrated from 190 GeV to 13/13.6 TeV

COM
energy
(pb) (e])) (pb) (e]e)) (pb) (pb)
0 . 0 . 0 0 101% c 0
13Tev  |10.9577399%12.3573-30% | 14.37F151% | 14.8914-48% | 15420728 |15.66 12 727
+4.23% +4.61% +1.90% +4.56% +1.06% +2.85%
136 Tey |11:66T4550 |13.1475815 | 15.287 00k | 15.8275 20ck 16.437 560 [ 16.69755200

COM energy
Q integrated from 1500
GeV t013/13.6 TeV +6.33% +3.22%
13 TeV 14.06" ;550 15.307555¢,
20% 3.37%
13.6 TeV 16.15% 5505 175315575
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CONCLUSION

) Resummation for invariant mass of two on-shell Z bosons, in qQ
channel.

) Universal soft-collinear operator constructed using
factorization and renormalization group evolution of amplitudes
in QCD, and the universality of soft gluon contributions.

) Resummed Xsection increases fixed order counterpart by 1% -
2%, in high Q regions

) Improved scale variation observed in high Q regions.
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FIXED ORDER SCALE VARIATION
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