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Transverse observables in colour-singlet production

» Focus on global transverse observables V' in colour-singlet production, e.g.
pH in gluon-fusion Higgs production, ¢, or pt (¢+£7) in Drell-Yan, p¢ (1), ET, -.-

> Independent of the rapidity of radiation. V' — 0 for soft/collinear QCD radiation.

» Among these, restrict to inclusive observables

Viki,onkn) = V(k1L + ... + kn).

> ki,...,kn = QCD radiation off incoming partons.
» Directly probe the kinematics of the colour singlet.

» Drell-Yan transverse observables measured at the % level at the LHC.

> Need for very accurate theoretical prediction over the entire phase space.
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Fixed-order vs resummation

v

Fixed-order prediction for cumulative cross section 3

v do

S(v) = AaV— ~ ol 1 2 4.

(v) /0 o [ 1+ as + af +..]
LO NLO NNLO

> In regions dominated by soft/collinear radiation, fixed order spoiled by large logarithms

d 1
Y9 ZarLk, k<2n—1, L = In(1)v).
dv v

v

Enhanced logarithmic contributions to be resummed at all orders.

» Logarithmic accuracy defined on the logarithm of X:

InX(w) ~ O@LL™Y) + O@LL™) + O@LL™Y) + O@ZL™2) + ...
———— N——

LL NLL NNLL N3LL
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Conjugate vs direct space

S(v) ~ Z/d@mdw |M (K1, ... kn)|? ©(w — V(k1, ... kn)) .

» Traditional approach to resummation of V: find a conjugate space where observable
dependence on multiple radiation factorises, and resum there.

» Not always possible. Observables may not factorise, or need several nested transforms.
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Conjugate vs direct space

S(v) ~ Z/d@mdw |M (K1, ... kn)|? ©(w — V(k1, ... kn)) .

» Traditional approach to resummation of V: find a conjugate space where observable
dependence on multiple radiation factorises, and resum there.

» Not always possible. Observables may not factorise, or need several nested transforms.

> Observable factorisation not necessary. V' resummable if recursive IRC (rIRC) safe tpansi,
Salam, Zanderighi, 0112156, 0304148, 04072861, allowing exponentiation of leading logarithms.

* Same soft/collinear scaling properties for any number of emissions.

* The more soft/collinear the emission, the less it contributes to the value of V.

> ‘CAESAR/ARES’ approach follows (santi et al., 1412.2126, 1607.03111, 1807.114871: resummation of
rIRC observables in direct space.

> Classes of interesting transverse observables e.g. pf are rIRC-safe, but eluded
resummation in direct space for some time. Why?
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Example: Higgs production at small p;

» Two dynamical mechanisms compete in the small-p; region:

S f‘%%&

> Left. Commensurate transverse momentum for all emissions:
maka- = ktl ~ pt ~ 0.

> Sudakov limit, sensible In(M/p¢) counting, exponential suppression of X(p;) at small p¢

= included by CAESAR/ARES approach.
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Example: Higgs production at small p;

» Two dynamical mechanisms compete in the small-p; region:

S f‘%%&

> Left. Commensurate transverse momentum for all emissions:
maxk“- = ktl ~ pt ~ 0.

> Sudakov limit, sensible In(M/p¢) counting, exponential suppression of X(p;) at small p¢

= included by CAESAR/ARES approach.
> Right. Large azimuthal cancellations: k1 > pr ~ 0.
> p¢ — 0 away from the Sudakov limit, ¥(p;) ~ p? at small p¢ (parisi, Petronzio, 1979].

» Power-like suppression from the region k¢; > p: dominates over Sudakov.

= not included by CAESAR/ARES approach.
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Example: Higgs production at small p;

> In(M/p:) hierarchy not sensible at small ps: neglected power effects dominate the limit.

» Impossible to recover power behaviour at a given order in In(M/p;). Standard
(logarithmically-correct) direct-space resummed formula diverges at finite p; since it
misses k¢1 > p¢ contributions.

» Beyond LL in In(M/p¢), resummation in p; space cannot be simultaneously free of
subleading terms and of spurious singularities rrrixione, Nason, Ridolfi, 98093671.

» Limitation bypassed mmonni, Re, PT, 1604.02191], [Bizon, Monni, Re, Rottoli, PT, 1705.09127] (see also (evert,

Tackmann, 1611.08610] ) .
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Direct-space resummation: all-order structure

» Consider v = p; /M, with M the invariant mass of the colour singlet.

Z(pt) :/d‘1>B V(®B) Z/H[dki]\M(ﬁl,ﬁz,kh---,kn)|2 O(pe — V({B}, k1, .-, kn))
n=0 i=1
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Direct-space resummation: all-order structure

» Consider v = p; /M, with M the invariant mass of the colour singlet.

E(po:/d% V(®p) Z/H[dkmM@l,m,kl,...,kn)F O(pt — V{p}, k1, - kn))
n=0 =1

> V(®p) = all-order virtual form factor (see mixon, lagnea, Sternan, 0805.35151).
For example, quark form factor:

D
S

Q000

V(
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Direct-space resummation: all-order structure

S(on) = [ dvn v@n) S [ TIaIMGrfoks, k) O = V)t
n=0 =1

> |M(p1,P2,k1, ..., kn)|? = all-order real radiation.

> O(pt — V({p}, k1, ..., kn)) = O(pt — |Et1 4+ .+ Etn|) = measurement function.
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Direct-space resummation: all-order structure

S(on) = [ dvn v@n) S [ TIaIMGrfoks, k) O = V)t
n=0 =1

> |M(p1,P2,k1, ..., kn)|? = all-order real radiation.
> O(pt — V{p} k1, ... kn)) = O(pt — |Et1 + ..+ Etnl) = measurement function.
» Multi-emission amplitude organised into n-particle-correl. (nPC) blocks M(kl, o k)2

» For example n = 2 particles k, and kp emitted off incoming gluons:

oY /}V/\ FARVAAY /}V/ /L\//\.L{n,\//\\,“/n,\//\. AVAVAR /\,2\///\. FANVAVARVAY
= St + Ed ‘
oY ;\:\//\. FARVAAY ;\\.\// /\,\//\.P‘i/‘n,\t//\.‘/n,\//\. VAV /\,\//i FARVAVARVAY
| M (p1,2,kakp)|® _ 1 2 2 N (L 1) [2
MeGipaE~ = oI M (ko) [P | M (kp) > + |M (kq, k)|

> Log. hierarchy of the blocks (rIRC-safety): the more correlated, the more subleading.

O(a2L*) + O(a2L?)
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Direct-space resummation: all-order structure

S(on) = [ dvn v@n) S [ THAIMGrf2 ks, k) O = V7))
n=0 =1

> |M(p1,p2,k1, ..., kn)|? = all-order real radiation.

» Multi-emission amplitude organised into n-particle-correl. (nPC) blocks |M (K1, ..., kn)|%.

e.g. n soft partons case (analogous considerations for hard-collinear)

[Z(,, % (H\M&)\)‘M}.a k| +

Fa.b

;ZA o= 4.2.( H M (k;)|[ )

[Z(" e (Hwk)\)‘nu L,,L)) }+}

2-particle-correlated (i.e. 2 real emissions) squared amplitude defined in terms of cut webs

£ - AX S

» Higher-orders in ag at fixed n or larger n = logarithmically subleading

I (ke kb‘ [, L.;)‘ +]

20000000, | |90000000,| 12000000
. . B
o)
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Direct-space resummation: all-order structure

Sn) = [ 05 V(®@5) S [ Tk M v, 5o ko) P O = V{5 R o))
n=0 =1

> |M(p1,p2,k1, ..., kn)|? = all-order real radiation.
» Multi-emission amplitude organised into n-particle-correl. (nPC) blocks |M(k1, o k)2

> For inclusive observables V ({p}, k1, ..., kn) = V({B}, k1 + ... + kn), integrate nPC blocks
inclusively prior to evaluating the observable:

[M By, B2, ko1, - k) |? = | M (pr,52)?

1 | . oL
X {H <\M(ki)|2 + /[dka][dkb]\M(ka, k) 26@ (Kga + koo — Kei)0 (Yo — Yi)
© li=1

+ / [dka) [dks) [dhe) | M (Ko, Ko, o) 203 (Fra + Fip + Koo — Fti)8(Yape — Y3) + - ) }

S R
= ‘MB(P17P2)|2E H u\"[inc(ki)‘Q
Ti=1
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Direct-space resummation: cancellation of IRC singularities

2(o0) = [ dop V@) Mar o) S [ [Tk Minc(k)? O = V{7}kr, o)
n=0 """ i=1

» Virtual and real radiation separately IRC divergent: need cancellation of singularities.
» Introduce a slicing parameter ck;1, (kt1 hardest emission).

» Blocks with k;; < eky1 are unresolved, those with k;; > eki1 are resolved.
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Direct-space resummation: cancellation of IRC singularities

2(o0) = [ dop V@) Mar o) S [ [Tk Minc(k)? O = V{7}kr, o)
n=0 """ i=1

» Virtual and real radiation separately IRC divergent: need cancellation of singularities.
» Introduce a slicing parameter ck;1, (kt1 hardest emission).
» Blocks with k;; < eky1 are unresolved, those with k;; > eki1 are resolved.

> Unresolved contribute negligibly to V: drop them in ©(p; — V({p}, k1, ..., kn)).
Correct up to €Pksy terms by rIRC safety.

» Unresolved exponentiate and regularise the virtuals = Sudakov form factor:

o0 1 m
V(®g) > ﬁ/H[dki]|M‘1nc(ki)|2@(5kt1 — ki) oc He  Rleken)
m=0""" 23

M
R(ckur) = Z / Rl (k) = Z / % (Ae(as(b) 1 M2 /42 + Ba(as(i))

kt1 k1

» A and B known up to NS3LL tpavies, Stirling, 19841, [de Floriam, Grazzini, 0008152], [Becher, Neubert,

1007.4005], [Li, Zhu, 1604.01404], [Moch, et al., 1805.09638].
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Direct-space resummation: logarithmic counting

S() ~ [ v MaGr ) [dinle ™ FOR () S0 [ T M (k) €1 = V({5 bt o)
n=0"""¢

ki1 j—o

> All resolved ki¢; are ~ kg1 but not necessarily ~ pq: all configurations (k¢ ~ p¢ and
ki > pt) correctly accounted for, no assumptions on the hierarchy between k¢; and p;.

> ki > p¢ region included == spurious singularity at finite p; is gone.

> Standard CAESAR/ARES would choose e p; as slicing, missing k¢; > ps.
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Direct-space resummation: logarithmic counting

S() ~ [ v MaGr ) [dinle ™ FOR () S0 [ T M (k) €1 = V({5 bt o)
n=0"""¢

ki1 j—o

> All resolved ki¢; are ~ kg1 but not necessarily ~ pq: all configurations (k¢ ~ p¢ and
ki > pt) correctly accounted for, no assumptions on the hierarchy between k¢; and p;.

v

k¢; > p¢ region included = spurious singularity at finite p; is gone.

v

Standard CAESAR/ARES would choose € p; as slicing, missing k¢; > pt.

v

Logarithmic counting defined in terms of In(M/ky;).

* In the Sudakov limit, where the hierarchy in In(M/p;) makes sense, ky; ~ py ~ 0.
Logarithmic accuracy in In(M/k;) translates into the same accuracy in In(M/p¢) plus
subleading terms ...

* ... the subleading terms necessary to remove the spurious singularity.
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Direct-space resummation: master formula at NLL

dXnrL(pe) /M dki /2’r dor 7] —R(ck
ZENLLAPE) bl e = (= ekt1) o k
ddp 0 ke Jo 2 tl Okt ( ¢ NLL( tl)) %

> 1 n+1 /kn dky; /27r do; . N
X — : "R(k Opt — |ke1 + ... + k .
nz:‘?)”! (1:1_[2 o T Jo 2m (kti) | ©(pt — |kt t(nt1)])

> Expand around k;1 (as opposed to around p¢) in Sudakov and resolved radiation up to
the desired logarithmic accuracy:

1
R(ekt1) = R(ky) + R'(k)Inl/e + 5R”(kﬂ)ln2 1/e + ...

R'(ki1) + R'(ko)Inke/ke + ..
——— ——— — —

NLL NNLL small

R (ky) =

» Subleading terms in the expansions of R’(ky;) needed only for few resolved blocks:
0, 1,2, ... at NLL, NNLL, N3LL, ...

dSNiL(pe) /M dkty /2” dey g —R(ke1)
2O = — —k —e t L k X
d‘IDB o Fu1 o o t1 87@,1 ( € NLL( tl))

/ e R T el . -
,~R(kt1)In1/e - ti L R(k O(ps — |k .tk .
X e ,;)"! (g/{ktl o /0 o (k1) | ©(pe — ki1 + o+ Ky(ni1)))

JAZ[{R ki}]

> f dZ O finite as € — 0: real vs virtual cancellation, no leftover e dependence.
Paolo Torrielli
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Finiteness in four dimensions, NLL case

dENLL(Pt) /M dkp /27’ den d —R(k1)
SENLLIPE) - _ & @y _ 1) Lo (k1)) X
Aoy o ku Jo om “alm( ¢ e “))
ki1 dk 27 d¢ - N
R (ke1) ti i ot _
x R'(ku) | © Bet + .o+ Ky, .
E n, (l I /lm "ot /O Py (ke1) | ©(pe — ko1 + .o + Ky(nan)l)

= JdZ[{R ki}]

L d|M
» Luminosity Lner (ki) = 2, , ldeI“b fa(x1, ki) fo (w2, ke1).

> [dZ[{R',k;}]O finite as € — 0:

, 27 1
) = 1~ R/ (kp)In(1/e) 4 .. = 1—/ / o dke R'(ku) +
0 key Kt
. 27 ], k1 dk do: ke gk .
/dZ[{R’,ki}]e - [17/ a9 [P AR ey } [e(m (| )+/ 402 [T A2 )0 (pe — [Rir + Fral) + ..
0 27 Jewy ki ekyy K2

dés [*0 dk L .
= e - \kuw/ =/ k—”R(W[@(kau+kt2\>—e<mf\kt.\>}+
t2
L

e—0 finite: real-virtual cancellation
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Singularity at finite p; in the CAESAR/ARES approach

dXNLL(pt) _ /M dkt1 /27’ doy 9
0 0

i & o ok (*eiR(k”)ﬁNLL(ktl)) X
B t1 t1

k1 d - -
x R (k1) Z (H / ktz / i R/(kL1)> O(pr — |k + --~+kt(n+1)|)-
ti 0

ki1

» Expand up to NLL all k;; around p; instead of expanding around k¢ (OK
logarithmically, but missing all non-logarithmic configurations k¢; > p¢)

R(k;) = R(pe) + R (pt) Inpt /kei + ..., R'(ky) = R (pt) + ...

v - R'(p¢)
dENiL(pd) LNLL(pt)e*I*‘(“)R’(Pt)/ @/2 @(@> "
0 0

ddp ki1 2w bt
vy 1 (M ke gy, do; - -
x ef(ee) Z:oﬁ (H/ ! /0 R'(pt) O(pt — [kt1 + .. + Ky (nanyl) -
oy

i—2 Jeki1 k’ti

N(A)Q for ki1 > pe

"(pt)—3

> k1 integrand goes as kﬁ , singularity for R’(p:) = 2. Conversely, expanding

around k1 one has e*R(ktl), which makes it converge.
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Direct-space resummation: master formula at N3LL

ds(v) _ [dkadér, O R(ker) . _
) = [ Py o (e Ly (k) [ AZUR KN (0= V() ) +

dky1 d , dCs dos [ ([, )
?T ;:: R(k“)/dZ[{R ki }]/ Co 40y {(R (ker) Lnne (ki) —’mak ﬁNNLL(ku))

1 1 1
X (R”(kal) In I + gRW(kt,l) In? Z) — R/ (k1) (ktl o LnneL (k) — 2*042(’%1)13(0) ® LnLL (k) In ?)
s s

s

2
+%P<°>@P“”®LNLL(1¢£1)}{@(U7v({p},/«l ,,,,, knt1.ks)) —© (v — V({p}, M‘,..,kwl))}+

L [ dkn dgy 7R(1m)/' ' /'1 dCs1 dgs1 /1 dCs2 dos2
+2/ ko 2m e R

1 1 9 1 1
x { Lain (k) (R (k1)) ? In — In — — kyy —— Lxps (ke )R (k (1 — 1 —)
{ NLL(ker) (R (ki) oo T NLL (Fe1) R (Kki1) Lt

(kfl) PO g PO g ENLL(ku)}
{() (0= VB k1, kngt, ksty ks2)) — © (0 — V(B Kty ks, k1)) —

1
O (v = VP} Kty st kez)) +© (0 = V({5h bt Fond >>} o (“? =6 5) '

> Luminosities (Ly31,: LNNLL; £N11) include hard H and coefficient C' functions.

> Finite in four dimensions ([ dZ and difference of ©’s)
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Features of the master formula at N3LL

» Reproduces analytically resummation in impact-parameter b space ((parisi, petronzio, 19791,

[Collins, Soper, Sterman, 19851, [Bozzi et al., 05080681, [Becher, Neubert, Wilhelm, 1212,25211).
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Features of the master formula at N3LL

» Reproduces analytically resummation in impact-parameter b space ((parisi, petronzio, 19791,

[Collins, Soper, Sterman, 19851, [Bozzi et al., 05080681, [Becher, Neubert, Wilhelm, 1212,2521]).

» Reproduces the correct X(ps) ~ pf scaling at small p;. No singularities at finite p;.

* NLL (DY and nj = 4) gives exactly the original (parisi, Petronzio, 1979] result:

P P
) d®p M2

2 2 16, 41
d”%(pe) - 4 dop » /M dk1 LG 2d03 AQep \ 10
dped®p ddp " Ja ’ ! '

* Control of logarithms In(M/k¢;) up to N°LL = improve the perturbative prediction
for the coefficient in front of p; (non-perturbative effects not included).

* Each subleading order in In(M/k¢;) induces a relative O(ag) correction w.r.t. the
previous in the coefficient of p;: region k;; > p; under control.

Paolo Torrielli Transverse-momentum resummation at NSLL 17 / 24



Features of the master formula at N3LL

» Reproduces analytically resummation in impact-parameter b space ((parisi, petronzio, 19791,

[Collins, Soper, Sterman, 19851, [Bozzi et al., 05080681, [Becher, Neubert, Wilhelm, 1212,25211).

» Reproduces the correct X(ps) ~ pf scaling at small p;. No singularities at finite p;.

* NLL (DY and nj = 4) gives exactly the original (parisi, Petronzio, 1979] result:

=3 ass "\ T2

2 2 16, 41
d”%(pe) - 4 dop » /M dk1 LG 2d03 AQep \ 10
dped®p ddp " Ja ’ ! '

QCD

* Control of logarithms In(M/k¢;) up to N°LL = improve the perturbative prediction
for the coefficient in front of p; (non-perturbative effects not included).

* Each subleading order in In(M/k¢;) induces a relative O(ag) correction w.r.t. the
previous in the coefficient of p;: region k;; > p; under control.

* Formula implemented in Monte-Carlo framework.

* Resolved radiation dZ[{R’, k;}] generated as a simplified shower over secondary

emissions.
ek¢1 is a correct resolution scale for all observables with the same LL as py.

A single generator can compute them all (p{{7 ¢; in Drell Yan, p.(j1), ET, ...).

* Formulae implemented in MC code RadISH (Radiation off Initial-State Hadrons): fully
differential in the Born phase space.
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Multiplicative matching to fixed order

N3LL N3LO
sty = ZU0) [ 0w
mult - ZNBLL asym. EEXP(U) s
asym. EXPANDED TO N3LO
where
NNLO (,/
$N3LO _ N%LO i do’ doyp %5 (V)
() = gppax = v
v v
3 . . 3
Zysylrﬂ_j = / dq)B ( lim ‘CN3LL) = lim EN LL(U).
with cuts \In(Q/kt)—0 large v

. 3 .
» YEXP(y) = expansion of SN LI (y) up to the relevant order in as.
Determined as an analytic linear combination of master integrals evaluated numerically.

3
> ngyl;r{ﬁ avoids (N*LL) K factors at large v = fixed order cumulative recovered.

» At NNLO, the multiplicative scheme includes constant terms of O(a2) from the fixed
order, absent in an additive scheme SMAT(v) = EN3LL('U) + ZNSLO(’U) — NEXP(y).
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Validation

s T 12 NNLO - WL ——
’ NNLO - NLL —— g
7 } NNLO-NNLL —— H 0; T ]
. NLO-NNLL
2 ° H HI} £ 0s | I i
z B 3 o (RS
g® P R 2 02 IR RARRL AR N R
< LARE L L 50 NSRS IR
4 A T 24 G R Rl L
2 R 4l 02 13 oV, m = 95 GaV.
F 1 oo g o 1 b oe =y e
= s < 08
SN AN e o ] |
g +t g ;
L O ks isrikiatatimi |
T T R~ B P ]
Lo iioen § s 1 5 2z 25 s s
L=nip)/Gev)
12
N3LL+NLO (additive scheme)
1 NPLL+NLO (multiplicative scheme) ]
3 08 —
] RadISH+NNLOJET, 13 TeV, my; = 125 GeV.
3
= Hp = e = My2, Q= myy2
z_ 06 PDFALHC15 (NNLO) 1
_g uncertainties with g, ug, Q variations
g o4
0.2
T o
z
8 12
@
2
g 1
°
L 0.8 o !
£ 10 20 30 40 50 60 70 80 90 100 110 120
= H
P [GeV]

Paolo Torrielli

Transverse-momentum resummation at NSLL

Inclusive Higgs production.
Expansion of resummation against
fixed NNLO from NNLOJET' (cenrmann

et al., 1607.08817].

Left = full distribution.
Right = NNLO coefficient alone.

Analogously for Drell Yan, channel
by channel.

Matching-scheme dependence.

Multiplicative vs additive scheme at

N3LL+NLO (i.e. using oy N9 and
oNLO )
pp—Hj/*

Robustness against scheme choice
(central value and band) across the
entire ptH range.
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Inclusive Higgs production at 13 TeV (HEFT)

12 i — —————
NNLL+NNLO o ol NNLL+NLO BOE53 |
1 NSLL+NNLO ’ R NNLO
12} NLL+NNLO i
= =
0.8 o L
8 [9) 1 RadISH+NNLOJET, 13 TeV, m,, = 125 GeV
4 8 Wg = HE = M2, Q= my2
L 06 T 0.8 - R PDFALHC15 (NNLO) 7]
o o uncertainties with g, g, Q variations
° o 06
a 0.4 RadISH+NNLOJET, 13 TeV, m = 125 GeV/ Al
° BR=lF = My2,Q = my2 © 04
PDF4LHC15 (NNLO) "
02 F uncertainties with g, jie, Q variations 02
9 g o°
E E L S O O S S S S
4 £ i RXXKHKLLIR
3 3 RIS
% =z ¥ RN
) o K
° O A S S s s A T W s |
° " K 10 20 30 40 50 60 70 80 90 100 110 120
Py [GeV] pit [Gev]
N3LO

ivlicati ; ; : NNLO
» Multiplicative matching up to NNLO (i.e. using OppH and Upp_>Hj).

» N3LO pp — H cross section from (amastasion et a1., 1503.060561. NNLO pp — Hj cross section
from NNLOJET (cehrnann et al., 1607.088171.

» Perturbative N3LL uncertainty reduced with respect to NNLL below 10-15 GeV.
» Resummation effects important below 40 GeV.
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Fiducial distributions for pp — H — v at 13 TeV (HEFT)

> ATLAS selection cuts rso2.041461 (no photon isolation to avoid non-global logarithms):

min(p]!,p}?) > 31.25 GeV,

0 < 2| < 1.37 or 1.52 < |n712| < 2.37,

max(p]', p)?) > 43.75 GeV,

[Y~,] < 2.37.

N3LO NNLO N3LO NNLO 4
Tfiducial T fiducial inclusive / Zinclusive’ correct up to N*LL effects
3 3
NLO 5 NNLO

25 NSLL+NLO 25 NLL+NNLO
3 2 3 2
Q RadISH+NNLOJET, 13 TeV, my, = 125 GeV Q RadISH+NNLOJET, 13 TeV, my, = 125 GeV
2 WA = E = M2, Q = my2 2 HR = HE = M2, Q = my2
= 15 PDF4LHC15 (NNLO) = 15 PDF4LHC15 (NNLO)
g uncertainties with g, g, Q variations = uncertainties with g, g, Q variations
P 1 P
El El

0.5
g ° 3
= z
< z
= &
e | 1
z z
s
o BRI TR 2 08 b e ]
g 10 20 30 40 50 60 70 80 90 100 110 120 & 10 20 30 40 50 60 70 80 90 100 110 120

p" [GeV]

" [GeV]

» Uncertainty reduction w.r.t. fixed order below 80 GeV, effects on shape below 40 GeV.

» Pattern comparable to inclusive case.
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Fiducial distributions for pp — Z — €74~ at 8 TeV

» ATLAS selection cuts [i512.021923:

+ +
pl > 20 GeV, In*"| < 2.4, [Yee| < 2.4, 46 GeV < My, < 150 GeV.

» Fixed order from NNLOJET collaboration (cehrnamn, et a1.,1610.018431, central

pRr = pr = /M2 + (p?)?, central resummation scale Q = My /2.

RadISH+NNLOJET RadISH+NNLOJET
8 TeV, pp - Z(— £747) + X 8 TeV, pp—+ Z(— £47) + X
0.0 < |Yy| < 2.4, 46 < My < 66 GeV | 0.08 &7 0.0 < |Yy| < 2.4, 66 < My < 116 GeV |
7ZZNNPDF3.0 (NNLO) NNPDF3.0 (NNLO)
s 0.06 FAincertainties with ug, ur, Q variations 5 uncertainties with ug, e, Q variations
R 2
W W
= =
£ 004 4 2 4
B3 NNLO
002 F g NeLLtNNLO h 002 b naLLinNLO 7
B33 NNLL+NLO B33 NNLL+NLO

0.00 0.00

1.20 120
5 115 o 115
& 110 £ 110
T 105 T 105
2 1.00 2 1.00
2 0.95 2 095
5 090 £ 0.90
& 0.85 & 0.85

0.80 0.80

» Significant impact of NSLL+NNLO w.r.t. NNLL+NLO in shape and normalisation.
Prediction at the £3 — 5% level across the entire range.
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Fiducial distributions for pp — Z — €74~ at 8 TeV
¢, = tan (ﬂ-;ﬂ) sin 6*

> A¢ = azimuth between leptons, 6* = angle between leptons and beam in the Z frame.
@5, = (kt/M)sin ¢ + power corrections for a single emission.

T T T T
14 = RadISH+NNLOJET A 14 - RadISH+NNLOJET A

8TeV, pp— Z(— L)+ X 8TeV, pp— Z(— L)+ X
12 0.8 < |Yae| <12, 66 < My < 116 GeV | 12 - 1.2.< Y| < 1.6, 66 < My < 116 GeV

NNPDF3.0 (NNLO)
uncertainties with pg, pr, Q variations

NNPDF3.0 (NNLO)
uncertainties with pg, g, Q variations

(1/0)dx/d¢;
@
!
(1/0)dZ/d¢;
3

B3 NNLO B3 NNLO
B3 N*LL+NNLO B3 N'LL+NNLO
B33 NNLL+NLO 2 B2 NNLLNLO

T opata I Dpata

Ratio to data

coocorrrrr
B8H8E8Fcn80

DoboooE
Ratio to data
coocorEEER

DoooooREN
~358G3GonSo

5]
b

5]
L

2

» Significant impact of N3LL+NNLO w.r.t. NNLL4+NLO in shape and normalisation.
Prediction at the £3 — 5% level across the entire range, resummation important for
@5 S 0.2
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Outlook

> A framework to resum inclusive transverse observables V' in momentum space.

> Clean interpretation of the dominant dynamics (Sudakov or not) at V. — 0.
» Efficient numerical implementation through Monte-Carlo techniques: RadISH.

» Connections with parton-shower formalisms.

> A solution in momentum space is much less observable-dependent w.r.t. one in
conjugate space: one resolution scale for a class of observables.

» Extensions conceptually known: exclusive is a subleading effect
—> only few correlated blocks to be treated exclusively.

» Access to multi-differential information.

» Towards a single MC generator to resum classes of observables at high accuracy.

Thank you for your attention
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Small-p; behaviour at NLL

a2y
: (pt) O(/dktl d¢>1e,R
d?prd®p

. - 26 g
L @) [ _ —ib-Fy by
» Fourier transform of the delta: §(2) <pt - \Zkti> = / ol o L=l_[1 e
> Integrate over azimuthal direction of all l;ti and of pi:
2
PEO) 0@ /bdeo(ptb) / e R0 R (1) Jo (bhen)
dptd®p

Xexp{ k’t])/ %(1*%(1’]%))}

> In the limit where M > k1 > p: this gives

2
/bdeo(ptb)Jo(bkﬂ)exp{ R (kﬂ)/ %(lfJo(bkt))} R,k(tllm)

A>3 (v) M dky
— 450 (3 / e~ R(kt1)
dprd®p o\ (®p)pt 3

Aqep Fr1
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Equivalence with b space

> Take direct-space formula for d%/dp;, Fourier-transform the 6§ (p; — | 32, Esil), and get

d
dpy

dkyy

s, 0 = O3 . (N HANCE, (0 W0) e foananto) [

x Z (Rf1 k1) QS(k‘l)rW](as(kn )+ T8 (ag(km)) Jo(bke1)
=1

« Cxp{ Z/k e (R, (ke + 2a(F ‘)rm s (k) + T (s (k1)) ) Ja(bm}

2 Vi
X exp {* S [ (a0 + 2 ny i + T ) (1 - Jo(bkt))} :

=1 ke
> Take limit € — 0. Integrand in k¢1 is a total derivative and integrates to 1, leaving

B, () = O3 (0a (M) H(MCE, (s (30) o [odblo(pit)

« exp {7;/0” ii (R; k0 + 2 p (o k) + r<°><a,<k«>>) (- Jo(bkt))} .

» Transform 1 — Jy in a © up to subleading logarithms, and plug this into the hadronic
cross section, to get the traditional b-space formulation.

9 bo

(1= Jo(bkt)) =~ O(kt — 7) lZWG ot — 7)+

> (3 term starts at N3LL, is resummation-scheme change w.r.t. b space.
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Generating secondary radiation as a simplified parton shower

> Secondary radiation:

dZ[{R’, ki}]

2‘"’ d¢ / t1 dk‘m ) eR,(k“)
0 k1 ktz

i
TL
oo n+ 27.- _
_ Z <H d¢ 1(1 1) dkth (ktl)) eR/(k“),

Il
Mg

0 2m eki1 ki
n+2 ,
eRl(ktl) _ 7R'(kt1)1" 1/e _ H e*R (ktl)lnkt(ifl)/kti,
=2

with kt(n+2) =cki.

» Each secondary emissions has differential probability

dus — de; dky; R (ky Yo (o) koo fhei ddi , <e,Rr<kt1)1n kt(i,l)/kﬁ) '
2w kg 2

’ .
> ky(i—1) = kti. Scale kt; extracted by solving e W ke) Inkyi1y/kei r, with 7 uniform

random number in [0, 1].

» Extract ¢; randomly in [0, 27].
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Modified logarithms

v

Ensure resummation does not affect the hard region of the spectrum.

Supplement logarithms with power-suppressed terms, irrelevant at small k¢1, that
enforce resummation to vanish at ki1 > Q.

ln(g> - L= 1ln((g)p—i-1>.
ki1 p ke

@ = resummation scale of O(M), varied to assess systematics due to higher logarithms.

Modified logarithms

p = chosen so that resummation vanishes faster than fixed order in the hard region.
Checked that variation of p does not induce visible effects.

Modified logarithms map k¢1 = Q into k¢1 — oo.
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Checks

> b-space resummation reproduced analytically.
» Correct small-p; scaling reproduced analytically.

> Numerical checks down to very low p; against b-space codes at the resummed level (HQT
[Bozzi et al., 0302104, 0508068], [de Florian et al., 1109.2109 , CuTe [Becher et al., 1109.6027, 1212.2621]).

Fixed-order expansion checked against NNLOJET partonic channel by partonic channel.

v

992 -1 992y 51T

@
8

B N0~ NNLO 50
——— NNLL NLL 0 yEgy

3
8

d/d L [pb]

S e —— NLO  —— NNLO -
e -300 —— NNLL NLL

T (NLO-NNLL)  —— (NNLO-NLL)

ot
1 il

10 T (NLO-NNLL)  —— (NNLO-NLL) pl
20

Alpb]

i
|32 08 ARARLE H

10 1
pZ[GeV] p [GeV]
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Luminosity to N3LL

dIMB‘z ’ dZ1 dZQ 1 xr2
Lyspp (k) = 3 == D / / L N
N3LL( tl) g o s fil nre P f] HFE P,

c,c/

x {zsm-ac/jé(l = a1 =) (1+ 2 B0 ) + S 1) ) )

as(pr) 1 ( Biln(1— QQS(HR)BOL)>
T or 1 2as(un)Bol —aslur) g —— 2as(ur)BoL

x (CP (21,10, 2Q)8(1 = 22)800; + {21 0 220,03}

2
ag(kr) 1 ) s
ol §(1 = 22)8,1; e, ,

(2m)? (1*2as(ﬂR)ﬂoL)2< i (21,17, 2Q)0(1 — 22)0crj + {21 & 22,8 < &, j}

2

aZ(pr) 1 ) (1) ) )

et (0 Gt ) e ) + G )6 o)

2

as(HR) (1) (1) _ ) L ’os
+7(27r)2 H ('uR’xQ)il—Qas(ﬂR)ﬂoL (Cm- (21, uF,2Q)0(1 22)50/]+{21<—>22167H—>0J}) ,

with L = In(Q/k41), and zg = Q/M.
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