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resummation vs. fixed-order, uncertainties, and theory vs. data



Small-pr spectrum -

(N)LLOPS
(LLLL most times for pr,
: but fully exclusive)
Resummations ‘
‘ [see talks by V. Vaidya [this talk]
[see talk by C.-P. Yuan] and F. Tackmann]
Logarithmic order * L NLL NNIL

s dX
InX(p;) =In (/ dp, — ™ ) = Z (a2 "t (M/py) + o In™(M/py) + a2 0" (M/p) +...)
0 ¢

n

»  Resummations require matching to fixed-order; e.g. NLO (DYRES, CuTe, REsBos) or
NNLO (RadISH+NNLO]Jet)

* In the case of pr, a power-suppressed
3 component is also present as pr -> ©



All-order predictions: (practical) difterences

Regardless of the deep theoretical differences between the formulations (not relevant for this
meeting), all above approaches can reach the same logarithmic accuracy.

However, other differences persist in the default choices of the various approaches

»

Resummation scheme : starting from NNLL onwards, one has some freedom in deciding how
much of the subleading corrections (i.e. beyond the nominal logarithmic accuracy) are either
kept in the Sudakov exponent or are expanded out (not at fixed order!). Analogous differences
arise from the scale setting procedure, e.g. at the differential/cumulative level (typically SCET),
or from approximating the measurement function in a factorisation theorem,...

» Each of the above codes uses its own scheme, hence inevitably leading to numerical (always
logarithmically subleading) differences. The higher the order, the smaller the difference

Scales/uncertainties : resummation uncertainties (due to missing higher-order corrections) are
estimated in different ways: e.g. resummation, renormalisation, factorisation scales (RadISH,
DYRES), additional resummation scales (typical in SCET, sometimes used in CSS too)

Turning off resummation effects at large pr : theoretically ambiguous, several choices are
adopted; profile scales (e.g. SCET), modified b-space logarithms (e.g. DYRES), constraint on phase
space of the radiation (e.g. RadISH). These effects are always regular (non-logarithmic) in pT,
differences reduce with higher orders.

Treatment of the Landau pole : cutoff, b* prescription, NP models (e.g. gaussian smearing);
differences are suppressed by powers of the c.0.m. energy
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RadlSH: a brief theory overview

» The formulation is based on the concept of rIRC safety, that allows one to parametrise the all-
order squared amplitudes in terms of lower-order building blocks, and to identify the precise
phase space regions that contribute at a given logarithmic order

Y(v) = /d<I>BV(<I>B)Z/H[dk,-”M(ﬁl,ﬁQ,kl,...,kn)|‘2@(-v-V({ﬁ},kl,...,kn))
' |>/ n=0" 1=1
All-order form factor VB K1y k) = ke + - - - + k|
P a

Many independent soft-collinear
gluons strongly ordered both in
angle and transverse momentum

V(®p) =

e.g. LL

O
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RadlSH: a brief theory overview

The formulation is based on the concept of rIRC safety, that allows one to parametrise the all-
order squared amplitudes in terms of lower-order building blocks, and to identify the precise

4
phase space regions that contribute at a given logarithmic order

S0)= [absV(@s) Y [TIARIMGr ol ko) 2O (0 = V({7 )
. n=0" 1=1

V({ﬁ}7k‘17 .- 7kn) — ‘Etl + -+ Etn’

e.g. NLL
/a8 I
soft gluons split into pairs
_ _ independent hard-collinear

Many independent soft-collinear eTNiSSiONs

gluons strongly ordered in angle but X
comparable transverse momenta 35
.. "0’ 2 a5<ktj)
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RadlSH: a brief theory overview

» The formulation is based on the concept of rIRC safety, that allows one to parametrise the all-
order squared amplitudes in terms of lower-order building blocks, and to identify the precise
phase space regions that contribute at a given logarithmic order

S0)= [dbpV (@)Y [ TT@RIM G ook, k) O 0= V() iy )
n=>0 1=1 A ——

i . . Higher logarithmic order

VDY ks kn) = ke 4o o K implies a more accurate

e.g. NNLL description of the radiation
I 0~ dynamics and its kinematics

In less singular limits

further, less singular,
soft splittings possible

_ _

Many independent soft-collinear hard-collinear emissions
gluons with comparable angles can split
and transverse momenta %% 3 5
"-:"‘.. - s (kj)
as(ktn)




RadlSH: a brief theory overview

Given that the observable is only sensitive to the total pt of the radiation, one can organise the
radiation into clusters of at least one emission (defined at the squared-amplitude level - no jets
involved) and integrate over the emissions within each cluster (including corresponding real-
virtual corrections) at fixed k: and rapidity (up to four partons at N3LL). Analytical cancellation

of corresponding IRC poles  __
S0) = [a8aV(@n) Y. [T[ARIMGrpasks, - k)P O (0= V(B By o)
n=0" 1=1

> M (pr.p2. k... kn)[? — [Mp(p1,p2)|?
n=0
by ]_ ( n ~ — — — _
x> =<]1 (I]\[(k'i)|2 + / (dka][dko]|M (kq. ko)|*6P) (kta + Ky — kei)0(Yap — Y3)

n=>0 (i=1

M (ka, kp, ke) 6P (Kea + keb + Kte = kei)5(Yape — Yi) + . .. ) }

+ / (dkq|[dkp][dE,]

e.g. NLL




RadlSH: a brief theory overview

» The events are then obtained by generating a ISR shower of such clusters of emissions

= e.g. gluon emissions off quark legs

|M (k) [? + / (k) [dko]| M (ka, k3)|*6® (e + Kb — Fei)3(Yap — Y3)

- /[dka][dkb][dkc”ﬂ}(kas kba kc)|26(2)(gta + l_‘:tb + Etc - Eti)é(yﬂbc - Yl) +..

The integrated emission probabilities up to N3LL can
be expressed in terms of known anomalous dimensions/
coefficient functions:

[Catani, Grazzini ’11][Catani et al. ‘12]
[Gehrmann, Luebbert, Yang €14]

[De Florian, Grazzini ’01][Davies, Stirling €84]
[Li, Zhu ’16][V1adimirov ’16]
»  When a cluster gets unresolved, one needs to cancel the IRC singularities against the ones in

the virtual corrections to the quark form factor V(®5). This is done by means of a phase space

SliCing: Transverse momentum
of hardest cluster

»  clusters with total transverse momentum smaller than (g = €k (unresolved) are handled analytically
and combined with the form factor : this defines a no-emission probability (Sudakov radiator)

»  resolved clusters are generated numerically with a Monte Carlo algorithm, similar in spirit to a (semi-
inclusive) parton shower. The limit ¢ — 0 is numerically stable (cutoff at € ~ ¢=2°)

» In the resolved radiation one has k;; ~ k;1, which ultimately sets the boundary with the NP regime
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Implementation: recoil of leptonic system

The generation starts with fully differential Born (i.e. p p -> Z) events, which are then showered
if they pass the phase-space cuts

dX = 0y dURadiation
No kinematic cross talk
(i.e. lepton momenta are left
untouched by the shower)

dX. = X dORadiation

Formally speaking, the resummation is valid in a Born-like kinematics. Therefore we decide to
preserve the Born event, while modifying the transverse momentum of the Z boson.

This violation of momentum conservation is regular in pr, and hence ambiguous in the
resummed event. For this reason it is avoided in the following (technically recovered in
matching to fixed-order at a later stage)

» If necessary it could be easily implemented (e.g. through a simple boost). We consider
including this feature in future work

As a consequence, the action of fiducial cuts as well as the definition of dynamical scales will
differ from the fixed-order counterpart unless pr -> O (more on this later)

RadISH generates N3LL events for the resummed cross section, and for its fixed-order
expansion (used in matching). The matching to fixed-order is performed at the histogram level
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Matching to fixed order

» Away from the pr -> 0 limit, regular terms due to momentum conservation as well as exact
matrix elements become relevant. These are restored at fixed-order in perturbation theory via a

two-step matching procedure. The NNLO fixed-order is provided by NNLOJet
[Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, A. Huss, T.A. Morgan ’16]

»  Firstly, we want to ensure that the resummation does not affect the high-pr tail of the spectrum

» modify the available rapidity range for each cluster so that the corresponding phase space
closes up at large pr. This is realised by means of the following replacement

Q 1 (Qp ) d¥ 1
i <1 1 — +1 — ~ for p; > @
mil S Inps kﬂ . k| dp; — pltr’ ¢

» pis afree parameter in the calculation

» combine the resulting histograms for the resummed cumulative distribution and its fixed-order
expansion with the fixed-order counterpart at (ideally) N3LO, i.e. Asymptotic value of Xgrgs(p:)

YrES(Pt) ‘/ Yro(pe)
Clur) [ (kr >2Exp<pt>]EmNDED

3
FN'LO _ ZNNLOJet(

Yro(py) = pr > Pt) YmaT(pe) =

| Ch0|ce of matching scheme is also amb|guous I
| Difference between multiplicative and additive
solution found to be small

» — Ypxp(pt)

- I ZMAT(pt) = ERES(pt)‘I'EFO(pt)




<p{'> [GeV]

Small-pr limit and LLandau pole

The strong coupling in the Sudakov radiator and in the emission probabilities features a
Landau singularity at

1
as(pur)BoIn kg =5 — k1 >~ 0.09 GeV (for ug = Q = My)
t1

We cut off the region below this scale by setting the emission probability to zero; parton
densities are also frozen. This is the only actual cutoff in the calculation.

In practice, this cutoff is (almost) never an issue :

»  the small-pT limit is dominated by events with k;; ~ k1 > p; (power-like spectrum)

16
1 | = e.g. in RadISH, at LL
Y Zptzd(gi ~ 4p, 00 (P ) /A %e‘mk“) ~ 2p,;00 (D) ( ]\Q;;D>
Kinematic freezing qQop T
6 j P— - — e m——
.l ; NB: this fact does not imply that there are
| no NP corrections at scales of order ~ GeV, |
2t wpi>=p? —— 1 i.e. from intrinsic ki, not estimated here
: RadiSH-NLL —— — —

| 1 | | | 10
p [GeV] 15



Computational setup

The results below are obtained with the following fiducial cuts, according to the 8 TeV ATLAS
measurement

e:{:

Pt > 20 eV, 7t | < 2.4, Yee| < 2.4, 46 GeV < My < 150 GeV

The PDF set is NNPDF3.0 and the central scales are

My

uRzuFZMTZ\/Mfﬁp?,Q:T

We always work with 5 active (massless) flavours, i.e. neither HO effects nor thresholds in PDFs
Uncertainties are estimated as the envelope of the following variations :

» 7-point variation of renormalisation/factorisation scales of a factor of two about their central
value

» For central renormalisation and factorisation scales, the resummation scale is varied by a factor of
two around its central value

» By default we set p=4 , and checked that a variation by one unit does not produce significant
differences
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‘= \Many more plots in the paper

= Small residual perturbative uncertainty
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[data from ATLAS 1512.02192]
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= Convergence could be shifted towards larger pr values with an
|mplementatlon of recoH in the Iepton Kinematics
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Conclusions

State of the art predictions for (Higgs and) DY distributions at N3LL+NNLO
obtained with RadISH matched to NNLOJet

Residual perturbative uncertainties at the few-% level in different fiducial
distributions, and perturbative results in good agreement with the data

» We do not include effects of quark masses nor of non-perturbative
corrections - both relevant at this level of precision

The calculation is fully differential in the Born kinematics. However, for the
time being the distribution of Born variables is by construction identical to
the fixed-order prediction

» The recoil due to the all-order radiation can be propagated to the final-
state leptons, although the prescription is by definition ambiguous (needs
inclusion of full power corrections). This will be done in future work

Interesting to repeat the study for W production and prtZ/PtVW ratio
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Squared amplitude decomposition

Write all-order cross section as (V({p}, k1,...,kn) = !Eﬂ + -+ Eml )

S(v) = / sV (®5) S / TT1dk:]IM By, o, b - k)2 © (v = V{, by, )
n=0" 1=1

\ Real emissions

Recast all-order squared ME for n real emissions as iteration of correlated blocks

Scaling of the observable in the presence of radiation must preserve the above hierarchy

e.g. soft radiation (analogous considerations for hard-collinear)

LZM (n—2)! (ﬁ |”(k=)|2) )M(ka,kb)ler

i#a,b

> ¥ n_.g.(ﬁ (k) )

a>b e>d i=
e, d#a,b i#a.b.cd

] 21

+1Y (n—13)‘(]~_«[ |UA)|)|\1(L k)|

i#a,b,c
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Squared amplitude decomposition

Write all-order cross section as (V({p}, k1,...,kn) = |ke1 + - + kin| )

»(v) = /dchV(@B)Z /H[dk,-]lﬁaf(ﬁl,ﬁQ,kl,...,kn)|2€-)(v—V({;5},k1,...,kn))

\ Real emissions

Recast all-order squared ME for n real emissions as iteration of correlated blocks

Scaling of the observable in the presence of radiation must preserve the above hierarchy

e.g. soft radiation (analogous considerations for hard-collinear)

1 n
[M(B1, 2 ks, k)* = [ M (B1, 52) { (n—, [T (k»)lz) +
=1 [

- 2| -
M (ka k)| [N (ke )|

M (kg ky, k.)

1 . )
+1 > =) ( 1:[l IM(E;)| )

i#a,b,c

2
+... +...},
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Squared amplitude decomposition

Write all-order cross section as (V({p}, k1,...,kn) = |ke1 + - + kin| )

»(v) = /d(I)BV(d)B)Z/H[dk,-]|M(p’1,j52,k1,...,kn)|2@(v—V({j§},k1,...,kn))

\ Real emissions

Recast all-order squared ME for n real emissions as iteration of correlated blocks

Scaling of the observable in the presence of radiation must preserve the above hierarchy

e.g. soft radiation (analogous considerations for hard-collinear)

R | . |
M) { | = L1 1M (k)P
=L

M (kq, ky)

—om | 1l |M(k,~)|2)

2 -
jM(kc, kd)‘

11 |M(k,)|2)

i#a,b,c




Monte Carlo formulation

One great simplification: choice of the resolution variable such that correlated
blocks entering at N“LL in the unresolved radiation only contribute at N*"'LL in

the resolved case

i.e. we can expand out the cutoff dependence and retain in the Radiator only
the terms necessary to cancel the singularities in the resolved radiation

1 1 1
R(eky1) = R(ku) + R (ki) In = + —R”(kﬂ) In” -+

kﬂ

R/(ktz) R/(I‘Ctl) + R”(k’tl) In I
t1

e.g. at NLL

. (—e—RUfﬂ)c(kﬂ)) /dZ[{R’(ktl), kMO — VI{BY K1y kngt))

/ R (k1) - Tk dki
dZ[{R (k) ki}] = € Z — H » R (k1)

ekt
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Monte Carlo formulation

One great simplification: choice of the resolution variable such that correlated
blocks entering at N“LL in the unresolved radiation only contribute at N*"'LL in
the resolved case

i.e. we can expand out the cutoff dependence and retain in the Radiator only
the terms necessary to cancel the singularities in the resolved radiation

1 1 1
R(eky1) = R(ks) + R (k) In -+ §R”(l~ct1) In” -+

k
o

R/(kt@') — R/(ktl) + R”(k’tl) In I c.
t1

Corrections beyond NLL are obtained as follows
Add subleading effects in the Sudakov radiator and constants
Correct of the NLL resolved emissions:

only one at NNLL
two at N5LL
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Numerical implementation: RadISH

Since the transverse momenta of the resolved reals are of the same order, we can expand the
whole integrand about k;; ~ k1 up to the desired logarithmic accuracy

This expansion allows us to compute higher-order corrections to the NLL resolved reals by
simply including one correction at a time

e.g. expansion up to NLL

dX(v) [ dky dé, —R(k) _
o _/ —_— aL( e E\s“(ku) /dZ[{R kY10 (v =V ({B}, k1s- .. k1))

» Coefficient functions and
R\\\ hard-virtual corrections
- _ _ absorbed into effective
d|Mp|? d d rton luminosities
Lo (ki) = |d£1 y/ zl/';9ﬁ<hh :>L(hb22) parton luminositi

‘ 2
“ {5ci50zj5(1 — 21)5(1 — ZQ) (1 —+ #H(U(MR) + %H(Q)(MR))
s (UR) 1 S1In(1 —2a5(ur)BoL)

+ 1 — sy —
21— 2a5(pr)BoL ( (MR>50 1 —2a,(pr)BoL )
X ((7£g)(z1)5(1 — 22)00r; + {21 > 295¢,1 <> c’,j})

2

9 M
MACH) : ( (cé?(zn — 2mBoCly (21) In —o-

) 5(1 — 22)d

(n? (1~ 205 (i) BoL %
2
+{z1 0 micio c',j}) - a(;%];) T @R) 5o (O (000 () + 6L (21)GL) (2)
2
|+ RO ) e (O ()30 = )6 + {1 i c',j})}
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Numerical implementation: RadISH

Since the transverse momenta of the resolved reals are of the same order, we can expand the
whole integrand about k;; ~ k1 up to the desired logarithmic accuracy

This expansion allows us to compute higher-order corrections to the NLL resolved reals by
simply including one correction at a time

e.g. expansion up to NLL

dZ(l.’) . / dkll %8 .
dbp ) kn 2m T = s tmtl

» Coefficient functions and
hard-virtual corrections
absorbed into effective

kii/kon = G = O(1) parton luminosities

’ - "(k - 1n+l ld*i o d.'i ! -
/dZ[{R,k,-}]G({p},{k,-})=eR““)Z—' /ifo 2“;R(ku)G({p},kl,...,an)
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Numerical implementation: RadISH

Since the transverse momenta of the resolved reals are of the same order, we can expand the
whole integrand about k;; ~ k1 up to the desired logarithmic accuracy

This expansion allows us to compute higher-order corrections to the NLL resolved reals by
simply including one correction at a time

e.g. expansion up to NNLL

dZ(v) / dky, do,

o = | T o aL( e~ RBlke) Loyt (ko) /dZ[{R’ kYO (v =V ({p} krs- .. k1))

» Coefficient functions and
hard-virtual corrections

dky doy —Ru“)/dz[{}?/ " }]/ d¢; dos (R’(k“)LNNLL(ku)—BLC.\:\-LL(ku)) absorbed into effective
kn 2m ‘ parton luminosities

" 1 "e ”1 ’ = 1
(R (k) In = + 5 R" (ko) In® —) —R(ktl)(al,[r\\LL(l\tl)— 22002 (key) PO thLL(ku)ln—)

CS 8 CS
+ %) poy g plo cNLL(ku)}{e(-v— V({B} k1, knsr, k) — © (v — V({B), kl...-fkw))}

m



Numerical implementation: RadISH

Since the transverse momenta of the resolved reals are of the same order, we can expand the
whole integrand about k;; ~ k1 up to the desired logarithmic accuracy

This expansion allows us to compute higher-order corrections to the NLL resolved reals by
simply including one correction at a time

e.g. expansion up to N3LL

dS(v) [ dky doy
d‘I’B - k“ 2

81,( e ) Lopp (k) /dZ[{R' k1O (v =V ({p} k1, .. knta))
» Coefficient functions and
hard-virtual corrections

dkyy do, —R(kzx)/dz[{Rl k }]/ d¢s dos (R’(k“)cNNLL(ku)—az,ﬁx.\-LL(ku)) absorbed into effective
ka 21 parton luminosities

" " 2 1 ’ ’ r; 1
(R (}xu)ln -— + RI (’\tl) In” —) —R (ku) (aL,ﬁ:\‘:\'LL(ktl) — Q%Qg(k“)P(o) X £NLL(k¢1) In —)

CS 8 CS
2( I . N
+ —a‘“’(l;“)P(O) ® PO g ENLL(ktI)}{e(v —V{p}. kr,e o knga,ks)) — O (v = V({p} B,y .o o) }

m

1 dk“ d<p1 R(L / g ! dCsl d,ésl : d<s2 d¢s2 ’
o @) [ dZ[{R,E, R'(k,
2/ ku 2/ [{ ' }] 0 Csl 2w 0 Csz 2w ( “)

" 2 1 1 " 1 1
X {CNLL(k“) (R"(k1)) In —In— — 9 LniL(ka )R (ku)(ln— +In —)

=21 52 Csl Cs"

a?(k
+ 3( tl)

3 PO g PO & £NLL(ktl)}

X {9 (v —V({p}, k..., kni1,ks1,ks2)) — O (v —V({p}, k1,..., kniyi1.ks1)) —

O (v —V({B} k1, knsr, ki) +© (0 = V ({5} Ko, Am))}w(" lnm—cl) 27



Equivalence to CSS formula

Hard-collinear emissions off initial-state legs require some care in the treatment of
kinematics. Final result reads

= Lo t'2 —12f 1,N2 £
dp;d®p e, 2T Je, o Z N, (Ho) o, N, (o)

M 2%

- c . “dk dff’

\} ir ( ) [ 1T(08(#0)) ( R)(:f\.’g(as(#'o))] / kltll/ 1
C H JL Q :

- 2L/ M dky ok o dk
x e~ R(eke) exp {—Z (/ A_tt E. t)r,\'z(as(kt)) +/ I\t_t I‘(\? (a (Ai)))}

E_l thl i Ekti

2

-

Z (R.{l (ker) + ( “) I'n 1(03(1\7“)) + Ff\i: (as(k“))>

£1=1

xzj ff/dQ/J““ (:;mn+%f” T, (e (k) + T (@ () )

xO(v-V({p} k..., n+1))

Formulation equivalent to b-space result, up to a scheme change. Using the delta
representation for the distribution one finds

; - dgb _ibg T iBE
5 (Bt — (k1 + ... + ktn)) = PI] ti
(v dN1/°dA& N, §:«ﬂwhﬂi@fT(uwdE%f§<wa(ﬂw =
dptdCI)B c, 2mi Jo, 2mi S d®p M dpy :
| - 1= v Mzl bpeJo(pib) £7 (b /)CET (aus (bo /b)) H (M)CS2 (cus(bo /b)) (b /b
| . . _ZdT bdbpsJo(peb) £7 (bo/b)C,” (eus(bo /b)) H (M)CTR, (v (bo /b)) (bo /b)
0 3 ‘

| (1= Jo(bke) ~ O (ke — 2) + 12 91n(Mb/by)?

. gxwp{ E:/ R (k) 1—%@@»}.




