Colour-singlet transverse momentum with a
jet veto: a double-difterential resummation
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The Higgs transverse momentum

* Relatively easy to measure
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The Higgs transverse momentum
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Relatively easy to measure

Sensitivity to New Physics (e.g. light
Yukawa couplings, trilinear Higgs

cou pl | ng) [Bishara et al. "16][Soreq et al. ’16]
[Bizon et al. ’16]

Experimental analyses categorize events
into jet bins according to the jet
multiplicity

Precise access to Higgs boson kinematics

Similar comments apply also to other
analyses (e.g. VH with boosted Higgs,
W+W:- production...)

Current description of double-differential
distributions based on predictions with
NNLO+PS accuracyHamilton et al. “13]



The Higgs transverse momentum

Can we reach higher accuracy for double-differential

observables?

World SCET 2020, 13 June 2020



The Higgs transverse momentum
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e Focus on the zero-jet bin p] < p}

* Jet veto enforced to enhance the Higgs
signal with respect to its backgrounds
(e.g. H >W+W- vs tt event selection) or

study of different production channels
(e.g. STXS)



The appearance of large logarithms
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2.5 - Large transverse momentum logarithms
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The appearance of large logarithms

3.0 ‘
’; 5554 NLO
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Jet veto = 30 GeV

3 World SCET 2020, 13 June 2020



The appearance of large logarithms

3.0 ‘
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Integrable double logarithms at the shoulder for pJJ_’V o pf
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The appearance of large logarithms

Fixed order predictions no longer reliable:

all order resummation of the perturbative series mandatory
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Resummation of the transverse momentum spectrum

Resummation of transverse momentum is particularly delicate because p, is a vectorial quantity

Two concurring mechanisms leading to a system with small p,

= S 2
SO S S C
Q" \“‘ \\‘ ‘\ :‘ S "JA
0088600 0990008%000088000000¢ 000 0QH0000Q0000000 Q0T
’ O
I" :
~ k< mp ¢ S
° n —_—
Cross section natural.ly 2 k.0
suppressed as there is _—
no phase space left for
glu()n emission Large kinematic cancellations
(Sudakov limit) p1 ~0 far from the Sudakov limit
Exponential :
suppression Power suppression
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Resummation of the transverse momentum spectrum

Resummation of transverse momentum is particularly delicate because p, is a vectorial quantity

Two concurring mechanisms leading to a system with small p,

Dominant at small p,

Q Q
Q QS Q

w« no uyxuu «yuo@;ouuu

)
~k <<mH

cross section naturally
suppressed as there is

no phase space left for
gluon emission Large kinematic cancellations

(Sudakov limit) p, ~0 far from the Sudakov limit

Exponential :
suppression Power suppression
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Resummation of the transverse momentum spectrum

Approach 1: impact parameter space

Approach 2: momentum space
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Resummation of the transverse momentum spectrum

Approach 2: momentum space

Approach 1: impact parameter space

Q[ 57 _ ) = 21, ib-p, —ib-k,;
O (pt Z kt,l> Jd b4ﬂ2€ e
=1 j

two-dimensional momentum conservation

[Parisi, Petronzio ’79; Collins, Soper, Sterman ’85]

Exponentiation in conjugate space

NLL formula with scale-independent PDFs

n

o= |7 | e 7Y — ] [ttt v (e Fo— 1)
n=0

A

&b - : :
= 00"612?&[ [ ™= e~ PleRaD) virtual corrections
T
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Resummation of the transverse momentum spectrum

Approach 1: impact parameter space

Approach 2: momentum space

[Banfi, Salam, Zanderighi '01, ‘03, '04] [Bizon, Monni, Re, LR, Torrielli ‘16, 17, ’18]
[Banfi, McAslan, Monni, Zanderighi, EI-Menoufi 14, ’18]
see also [Ebert, Tackmann, ’18] within SCET

Approach exploits factorization properties of the QCD
squared amplitudes

NLL formula with scale-independent PDFs

Simple observable

dv, (7 dp,| v = kpilmy, - 6= vilvy
o =0 T

[27r d¢z

R/V @( — ?i+”'?n )
N (1) p;— | t, t,+1|

Transfer function

Formula can be evaluated with Monte Carlo method;

dependence on € vanishes (as O(¢)) and result is finite
in four dimensions
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Direct space formulation: general considerations

J
NLL result for pf NLL result for p;

(¥ -
9 (p H) — O J'dz p HJ' 12 e ! b-p ile —Ryy (L) g( pj[_) — ooeLg 1(agPol)+g(a,fyl)
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Direct space formulation: general considerations

General formula for a generic transverse observable at NLL [Bizon, Monni, Re, LR, Torrielli '17]

dk 27 d
o(v) = O-OJ 1 J ﬂe—RU%l)R’ (k1) dF O (v = Viky, ... k,p )

kt,l O 27[
o0 1 n+1 1 dé» 27 d¢
dZ =" ) — lJ 'R (k
) vaH o), 2n (k1)
n=0 =2 “ €
aSCMW(k) m
Ry (L) = — Lg(a,L) — g,(a,L) R (k) =4 ( - t C,ln kH as(kt)ﬂ0>
t
L = In(k, /M) CMW scheme

(inclusion of 2-loop cusp anomalous dimension)
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Direct space formulation: general considerations

NLL result for pf

_(d*D
o(pl!) = aojdszJ

o~ 10 P Ry (D)
412

General formula for a generic transverse observable at NLL [Bizon, Monni, Re, LR, Torrielli '17]

(pH) = O-OJ : [ P RUDR (k) dZ © <p§1_ %, + ...ka‘)

kt,l O 27[
o0 1 n+1 1 dé» 27 d§b
dZ =" ) — l J 'R (k
) vaH &), 2z (k1)
n=0 =2 “ €
aSCMW(k) m
Ry (L) = — Lg(a,L) — g,(a,L) R (k) =4 ( - t C,ln TH — as(kt)ﬂ0>
t
L = In(k, /M) CMW scheme

(inclusion of 2-loop cusp anomalous dimension)
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Direct space formulation: general considerations

NLL result for pi

o( pj[_) — UOeLg (. foLl)+gx (s fyL)

General formula for a generic transverse observable at NLL [Bizon, Monni, Re, LR, Torrielli '17]

dk 1 27 d§b
O-(pi)=go[ < J 71 =Rk, DR (kt,l)di’?f(@(p%—max{kt,l,...kt,nﬂ})

kf,l O 27[
o0 1 n+1 1 dé» 27 d§b
dZ =" ) — l J 'R (k
) vaH o), 2n (k1)
n=0 =2 “ €
aSCMW(k) m
Ry (L) = — Lg(a,L) — g,(a,L) R (k) =4 ( - t C,ln TH — as(kt)ﬂ0>
t
L = In(k, /M) CMW scheme

(inclusion of 2-loop cusp anomalous dimension)
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Direct space formulation: generality

understanding of the structure in momentum space provides

gsuidance to double-differential resummation
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Double-differential resummation at NLL in & space

At NLL, emissions are strongly ordered in angle. k-type algorithms will associate each emission to a different jet

kt,3 I{| kt,4
I \
!
ko
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Double-differential resummation at NLL in & space

At NLL, emissions are strongly ordered in angle. k-type algorithms will associate each emission to a different jet

kt,3 H| kt,4
| \
1
ki >
ki1
Additional constraint on real radiation pf resummation formula
- do i>b o
O(pY—max{k, ,....k }) = O(p’V—rk, ) —— =g J o~i0 P o =Ry (D)
) . 1} . 2pt ) an?

L = In(my,b/b,)
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Double-differential resummation at NLL in & space

At NLL, emissions are strongly ordered in angle. k-type algorithms will associate each emission to a different jet

kt,3 I{| kl‘,4
l \
1
ki >
ki1
Additional constraint on real radiation pf resummation formula
n do dzz) 7 —>H
— —ib - —Ry 1 (L
O(p]*— max{k, ...k, =[O0}k el GOJ e e N
i=1 P z
L = In(m,b/b,)
Joint pf, pi’vresummation formula o
| ) H _Jv 27 _
* dd(pl ,pl ) = JOJ d b e_i b ?ﬁ_le _SNLL(L)
d*pH 472
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Double-differential resummation at NNLL in b space

Crucial observation: in b space the phase space constraints entirely factorize sl ¢'2 %1

The jet veto constraint can be included by implementing the jet veto resummation at the b-space integrand level
directly in impact-parameter space

Inclusive contribution: phase space constraint of the form

O(pyY —max{k i, ...k }) = H O(pY = k)
=1

Promote radiator at NNLL

H _Jv 27 H _Jv 27
do(py',pr’) _ GOJ d”b do(py.pr’) — GOJ b o~ 10 P =S @)

e—i?‘?ile —SneL (L) * .
d*pH 472 ‘ d*pH 472

My

Snner = — Lgi(al) — (e, L) — aggs(al) + J TtRf\INLL(kt)Jo(bk;)@(kz — Pi’v
0o
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Double-differential resummation at NNLL in b space

Additional corrections must be included at NNLLIBanfi et al. “12][Becher et al. “12 /13][Stewart et al. ’13]

da(pf, pi’v) 2ph =
> = GO J 2 € 7 ple SNNLL(L)(l + gclust T LQ};correl)
d“pi 4

clustering correction: jet algorithm can cluster two emissions into the same jet

1 === _
F = J |dk, ||dk,|M 2(ka)M z(kb)J HR)e’ b Kia @)(pi’v — kt,ab) - @(pi’v — maX{kr,aa kt,b})

clust — E

Jp(R) = © <R2 o A”ﬁb — A¢§b)

kt,b
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Double-differential resummation at NNLL in b space

Additional corrections must be included at NNLLIBanfi et al. “12][Becher et al. “12 /13][Stewart et al. ’13]

do(pfl.pt) _ sz?
— ~0

—ib- P —Saii (L) o
dzﬁf s e e (1 + F e + F

correl)

clustering correction: jet algorithm can cluster two emissions into the same jet

1 === _
F = J |dk, ||dk,|M 2(ka)M z(kb)J HR)e’ b Kia @)(pi’v — kt,ab) - @(pi’v — maX{kr,aa kt,b})

clust — E

Jp(R) = © <R2 o A”ﬁb — A¢§b)

kt,abz | kt, + kt,b‘

a

J World SCET 2020, 13 June 2020



Double-differential resummation at NNLL in b space

Additional corrections must be included at NNLLIBanfi et al. “12][Becher et al. “12 /13][Stewart et al. ’13]

do(pil, p1Y) J b
—n 20 P
d“pi 4

—._>._)H —
€ b Ple SNNLL(L)(l T ‘O]rclust T tO};correl)

correlated correction: amends the inclusive treatment of the correlated squared amplitude for two emission
accounting for configurations where the two correlated emissions are not clustered in the same jet

] N =
F oore] = on [ [dk \[dk, \M*(k,, ko )(1 = J ,(R))e'? K x

kt,2
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Double-differential resummation at NNLL in b space

Additional corrections must be included at NNLLIBanfi et al. “12][Becher et al. “12 /13][Stewart et al. ’13]

do(pt, pi) . J d?b
d?ph V) 4n?

—._>._)H —
€ b Ple SNNLL(L)(l T ‘O]rclust T tO};correl)

correlated correction: amends the inclusive treatment of the correlated squared amplitude for two emission
accounting for configurations where the two correlated emissions are not clustered in the same jet

F [dk][dkb]Mz( (1 =T (R))e'? Kear x

P

kt,3

correl —

kt,2
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Double-differential resummation at NNLL in b space

NNLL prediction finally requires the consistent treatment of non-soft collinear emissions off the initial state particles

Soft and non-soft emission cannot be clustered by a ki-type jet algorithm. Non-soft collinear radiation can be
handled by taking a Mellin transform of the resummed cross section, giving rise to scale evolution of PDFs and of

the O(a,) collinear coefficient functions

Final result at NNLL, including hard-virtual corrections at and O(«,) collinear coefficient functions

do(pl, p1) dvi [ dv, _, _, [d*b _Fon
i = M) | S| Shear | e e (14 St T
1 2
— ["H LD (o () o(bp) — ["H LT (o () y(bp)
X £, 0 (bo!D)f,, . (by!b) [@e pr ] [@e P e A ]
— " d—”r@féa@wo(bm — " d—”r@fga»fo(bm
X C, o (a(by/b)) C, ,p, (a(by/b)) [@e ppv B LY ] [@e PR ]
s—s“‘" vV Clbl C2b2

/v »
Mellin mM/

Flavour indices

T H : : H H
Asymptotic limits reproduce pi’v (p,) canonical resummation when p* > pi’v (pi’V > pi)
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Double-difterential resummation in direct space

Just need to combine measurement functions!

At NLL

dk 27 d
i J b1

U(Pf) = 0()[ r
t,1

0 27

12 World SCET 2020, 13 June 2020
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Double-difterential resummation in direct space

Just need to combine measurement functions!

At NLL

U(PJJ_’V) = UoJ

dk, | (" d
t,1 J ﬂe—R(kt,l)R' (kt,l) dF£0 (pi’v — max {k, ;, °°°kt,n+1}>

kt, 1 Jo 271'
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Double-difterential resummation in direct space

Just need to combine measurement functions!

At NLL

dk 1 27 d¢
o(p', pll) = GOJ kt J e IR (k) dZ O (pJJ_’V — max {k,,, ...kmﬂ}) 0 (p
l, 0
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Double-difterential resummation in direct space

Just need to combine measurement functions!

At NLL

1

kt, 1 0 271'

Same philosophy at NNLL

dk 1 2T d¢
o(p,V,pl) = UOJ - J —— e RhIR’ (k1) dZ© (pi’v — max {k; ;, "'kt,n+1}) © (Pf— | kg1 4k pp |

GNNLL(pJJ_’V) — Gill\llcl?llLL(pi,V) 4+ GNNLL(pJJ_’V) 4 UNNLL(pi’V)

clust

COrIT

where e.g.
 dk, | deb a; (k; ;)
NNLL,..J.v t,1 “¥] Rk, )@ 2 s\l J,v
9] V) o d¥ e "V 8 C G, Y —
clust (]7 1 ) JO kt,l Vo J A 2 (p 1
X S gAn T (R @( WK+ k
L k., 27 J_Oo M1s, 151( )l P, | ko t
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Double-difterential resummation in direct space

Just need to combine measurement functions!

At NLL

1

kt, 1 0 271'

Same philosophy at NNLL

dk 1 2T d¢
o(p,V,pl) = UOJ - J —— e RhIR’ (k1) dZ© (pi’v — max {k; ;, "'kt,n+1}) © (Pf— | kg1 4k pp |

GNNLL(pJJ_’V) — Gill\llcl?llLL(pi,V) 4+ GNNLL(pJJ_’V) 4 UNNLL(pi’V)

clust

COrIT

where e.g
o dk dag az(k )
NNLL, Jv .H t,1 “P] —Rk. )@ (2 SVl Iv
o M ~ dZ e "V 8 C O v —
clust (P 1 P .I.) JO kt,l o [ A - (pJ_
xrt’l W d(ﬁslro dAn. T, (R) @( WK+ k
ok 27 ). Nis,Y1s, P, 1 t

H — — —
X O(Pl = 1 H  + ooe b Ky + Ko 1)

And analogously for other contributions
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NNLL cross section differential in p’, camulative in p; < p}"
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NNLL cross section differential in p’, camulative in p; < p}"

Sudakov suppression at small pi doMNEL(p2V) { pb }

13 World SCET 2020, 13 June 2020

Peaked structure (Sudakov) +
bower-like suppression at

very small pf




NNLL cross section differential in p’, camulative in p; < p}"

At a given value of pi’v it

corresponds to the p;’ cross
section in the O-jet bin

do(pl) 1 - — 1
dpf! pp > H+X

J J,
pL<p
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NNLL cross section differential in p’, camulative in p; < p}"

Logarithms associated to the Shoulder are
: . .. H ],
resummed in the limit pi" ~ p1¥ < my

13 World SCET 2020, 13 June 2020

[Catani, Webber ’97]

Sudakov shoulder: integrable

singularity beyond LO at

H 1V
pJ_ —pJ_



Accuracy check at O(a?)

14

A(p

J,v

1

Comparison of the expansion of the

861 — | | | | resummed result with the fixed order at
| pV =2 p Y O(a;) in the limit pi’ ~ p1V < my
_36.1 5 . RadISH VS. NNLOJET, 13 TeV ...... ............. S —
—= Hr=Hp=125GeV,Q=m, =125.18 GeV A _ : i :
g 362 \\rorsi (NNLO) ; Difference at the double Curnula.tlve level
— | | | goes to a constant (all logarithmic terms
I“ '36.25 .............................. AR AR AR — .
& | correctly predicted)
; - '363 .............................. ....................................
% 8635 F . SO SO S _ Very strong check: NNLL resummation of
IR i o b it Rl the larger logarithms when p\ ~ p;* < my,
-36.45 — ! ‘ ! ! Analogous checks performed in the limits
-5 -4.5 -4 -3.5 -3 -2.5 H J,v J,v H
L py <mgandpy KL pl<m
In(ptH’V/mH) P1 P, H Py P H
) =0 O(p Y, pitY) — o H(p Y. p i) "Nt < ptY, pi < pY) = "0 — L O(p > pY) v O(p| > pIM)doyy
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LHC results: Higgs transverse momentum with a jet veto

15

do(py)/dpf [pb/GeV]

E—

30
%
2.0 - g//
2%
1.5 - ?%
/
/
1.0 - ?
5
/
05—/
?
0.0 - g‘

B5554 NLO

MCFM
13 TeV, pp — H + X, with pj <30 GeV

NNPDF3.1 (NNLO)
uncertainties with ur, wr, Q variations
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LHC results: Higgs transverse momentum with a jet veto
Multiplicative matching to fixed order (NLO H+j from MCFM, NNLO H from ggHiggs). Result integrates to the

[Bonvini et al ’13]

15

NNLL+NNLO jet-vetoed cross section

[Campbell, Ellis, Giele,’15]

3.0
. . ] 2.5 =
residual uncertainties at
NNLL+NLO at the 10% level g 20-
;% 1.5 =
NNLO constant = 10 -
included through § ;
multiplicative 05 14

S
\S

MMM \MNY..

matching (NNLL
accuracy)

©
O

N

1

ANANN NNy, o
~N \V

Q“‘

#o54 NLO

RadISH4+MCFM
NNPDF3.1 (NNLO)

S N2,
SN

NN 27

o554 NLL+LO

555 NNLL-+NLO

13 TeV, pp — H + X, with p} < 30 GeV

uncertainties with ugr, ur, Q variatie

good perturbative convergence to the left of the shoulder
above, multi-particle configurations play a substantial role
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50

large K-factor becomes relevant
at larger p/*

much reduced sensitivity
to the Sudakov shoulder
with respect to NLO

spectrum



LHC applications to more complex processes: W+W- production

Jet vetoed analyses commonly enforced in LHC searches

For instance, W*W- channel, which is relevant for BSM searches into leptons, missing energy and/or jets and
Higgs measurements, suffers from a signal contamination due to large top-quark background

Fiducial region defined by a rather stringent jet veto

pre > 27GeV, || < 2.5, my-g+ >55GeV,  pry-pr > 30GeV
pRIss > 20 GeV
anti-kr jets with R = 0.4;

Niet = 0 for p7, > 35GeV

16 World SCET 2020, 13 June 2020



LHC applications: W+W- production

NNLL+NLO spectrum obtained by interfacing RadISH with MATRIX [Grazzini, Kallweit, Rathlev, Wiesemann '15, 17]

20.0 i %  — — 1 T T T T T T T T T ] T & 0 1
3 : :
17.5 % ‘ MATRIX+RadISH (£iducialaf) :
5.0 AR NNPDF3.0 (NNLO) N RadISH+MATRIX interface
S 13 TeV, pp = WTW™ 4+ X, : .
5 1 g N NIl for generic 2—1 and 2—2
= 100 G NN colour singlet processes at
S %% ' \
S 754 NN E NNLL and N3LL accuracy
[Wiesemann, Re, Zanderighi "18] g é? | % T
. : 50 %g regs NN [Kallweit, Wiesemann, Re, LR ‘2004.07720]
Comparison with NNLOPS 1] == Lo : j
result (much lower log 2.5 7% NNLOPS ANNNAN
accuracy) shows differences 00 A D
at the O(10%) level Y RN
— ’ o’«/l//‘
= & ,4’
N T Multi-parton configurations
Accidental cancellation of % ll e ONEE become relevant above the
perturbative uncertainties; more o 0.8 §\ shoulder
. . . 4(—’5 5 7N -
conservative prescriptions can be | & / / NN N
: A l | | U LN
considered 0 10 20 30 40 50
pr "
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Summary and outlook

18

Precision of the data demands an increasing theoretical accuracy to fully exploit LHC potential. Higgs sector must

be stress-tested,

important information encoded in (multi)-differential distributions

We derived a NNLL double-ditferential resummation for pi’v and p’. Ongoing studies being performed by

experimental collaborations.

Direct space formulation (RadISH) provides guidance to obtain compact formulation in b-space at NNLL

accuracy and o

fers access to underlying dynamics

Formalism has been applied to more complex final states; 2—1 and 2—2 colour singlet processes available via
MATRIX+RadISH interface (https:/matrix.hepforge.org/matrix+radish.html)

Interesting to study higher-order structure and factorization properties of this observable (e.g. factorization
theorem in SCET)
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Matching with fixed order

Multiplicative matching performed at the double-cumulant level

fixed-order double-cumulative result at NNLO
double-cumulative result at NNLL

oxnLo(Pl <P, pl <p1Y) = oo — | O > pi™Y) v O(p] > p1V)doy, jnio

o _ _
H_  Hv ,J _ ], H_  Hv J _ ],
H o Hv 0 _ Jw _ ONNLLPL <PI,PL <Dy v Hy onnLo(PL < PLsPL <P’
Gmatch(pj_ <pJ_, ’pJ_<pJ_,)= Jv _Hv GNNLL({pJ_, ’pJ_, } _>OO) H Hv _.J IRY
onnLLUPY P = ) | v ONNLL,exp(PL <P »PL <Pl') 6(a?)
< < S

asymptotic limit of the NNLL result

expansion of the double-cumulative
result at NNLL

e NNLL+NNLO result for pi’v recovered for piLV — 0

* NNLO constant included through multiplicative matching (NNLL" accuracy)
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Matching to fixed order: multiplicative matching

Cumulative cross section should reduce to the fixed order at large v

Zmult (V) - Zres(v) Zf.O.(V)

matched > (V) * allows one to include constant terms
expanded from NNLO (if N3LO total xs available)
. * physical suppression at small v cures
do potential instabilities
2 V)=0,, — | —dv
f.o f.O. dV

v

To ensure that resummation does not affect the hard region of the spectrum when the matching is performed we
introduce modified logarithms

In Qlk, In Qlk, , €
This corresponds to restrict the rapidity phase space at large k; J o dn — J . dn — J dn — 0
—1n i —1n 1 —€

O : perturbative resummation scale

g used to probe the size of subleading
1 0 . .
In(Q/k;1) — ;ln L+ (= logarithmic corrections
t1
p : arbitrary matching parameter
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Equivalence with 4-space formulation

d\Mgl;,
i, £y (po) = N, i,z(v)sz(ﬂo)

dX dN dN.
(V) — [ _IJ 2x—N1x—N2 Z
dDy 7, 27l Jg, 2mi L

Cl,Cz

' M 2r
200 = [ O @) H G )] | dk“J s
unresolved Ny NSHOIRAR S, s o ki )y 27
emission + virtual :
corrections | g B [”0 dk, a(k,) [” " dk )
EXe exp{ ;( Tk a Iy (ay(k,)) + T Iy, (a (k)
ReSUIt Valid f()r E." ----- 5 ---------------------------------- ; ..Z.;:..; -----------------------------------------------------------------------------------------------------------------
all inclusive > <R21 (ki) + Sﬂ” FNfl(as(kﬂ))+F§V2(as(kﬂ))>
observables (e.g. ed | fi=1 | 2 :
* resolve o | nt a (k) :
Pt @) emission 5 Z " HJ ; [ Z <R;i (k) + ﬂt FNfi(aS(kﬁ))+F§V?(as(kﬁ))>E
- = =2 “€ z/”l-:l :

I % @ (v = VUL ks oo ki)

Formulation equivalent to b-space result (up to a scheme change in the anomalous dimensions)

2 d| M- .
aLV) _ - Jb db pJo(pb) 17 (by/b)C (@ (by/ b)Y H(M)C5: (ax,(by/ b)f(by /)
d@det = d@B Nl N2
1,C2 ‘
X exp { 22: J —R’ Jo(bkt))} (1 — Jy(bk)) ~ Ok, — b_) 3 : Ok, — )
p o 12 0In(Mb/b,)3 b

N3LL effect: absorbed in the definition
of H2, B3, A4 coefficients wrt to CSS

World SCET 2020, 13 June 2020



Joint resummation in direct space

J,v

P dk, 1 d d ) ) o )

ohel (P, Py )=/ kt’l ;bl /dZ{ eh [—e Bawie(Len) £ (pee L“)} @(p?’ —!kt,1+---+kt,n+1l)
0 t,1 &7 t,1

— RN (Lt.1) D! .1 dkt,sl d¢81 S/ Y/ kt,l —L: 1 d —L; 4
+ e VR (k1) OR'(kt1) + R" (k1) In L (pee”701) — Lnir (pee )
0 kt,sl 2T kt,sl st71
X [@ (p?’v — ki1 4o A Ko Et,m\) — @(pi{’v — |keq 4+ Et,n—Fl‘)] } : (38)
° dky 1 ddb o L
NNLL J,v _ ta]- 1 _RNLL(Lt 1) —Lt 1 2 S t71 J,v
p— dZ ’ L F ’ 80 @ - k 1,
O clust (pt 7pt ) /O kt,l 2T / € NLL (,LL € ) A 7.‘.2 (1 _ 250053 Lt,1)2 (pt m>alx{ t })
k
' 1dk yS1 d S1 v " " v H.,v
" {/ kt ;bﬂ /dAnlsl Jis, (R) [@(p%]’ — |k 1 _|_k't781‘> — (pg — ki 1)]@(}%’ — kg1 + -+ Ry + ke 310
0 t,Sl — 00
1 ot dky,s, dkys, dos, dos, . .
T A R (kt 1) /O kt,sl kt,SQ o O /_gloAnslsz J8182 (R t ‘kt S1 T kt S2 ’) © (pt o maX{kt S19 kt 82})

© (p , ,
} 7 (42)
* dk 1 doy

2
NNLL : —Rnin(Le1) . 2 X : I |
= dZ NLLA~t,1) [ 1) 8C © — max< k¢ ;

Ocorrel (D502 /0 k1 27 / € NLL (Ur€ ) 8C% 72 (1 — 2Bocus Ly 1) (pt fo({ t, }>

k
bdky s, dos j j \ ki1 R
- - d S S19 S19 1_Js
: {/0 kt,S1 2m /— G 1C( e ¢1 1 kt81> ( : 1( ))

)
X @(p?’v - |Et,1 + - F Et,n+1 + Et,sl T Et@’) O (p;" — ki)

o

X [@ (p%]’v — kt,l) — @(Pi’v — k1 + Ee s, \)] @(p?’v — kg + -+ Kepgr + ks, |)

1 "1 dky o, dky o, dds, dos
R k 1 2 1 2
o 2! ( ' 1) /O kt,sl kt,SQ 2w 21 /

X [@ (p;iLV o maX{kt,Sl ) kt752 }) —© (pg,V o |Et,81 T Et,82 |)] @(p?’v o ‘]Zt,l + e T Et,n—l—l + ]Zt,sl + Et,Sz ’) } g (43)
World SCET 2020, 13 June 2020
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All-order resummation: branching formalism approach

[Banfi, Salam, Zanderighi '01, ‘03, ’04][Banfi, McAslan, Monni, Zanderighi, EI-Menoufi "14, ’18] [Bizon, Monni, Re, LR, Torrielli 16, 17, "18]

Approach 2: factorization properties of the QCD squared amplitudes

Simple observable easy to calculate
Transfer function relates the resummation of the full

dv
~/ 1 G/ °
O ~ J - > s(V1 (v] v observable to the one of the simple observable.
1

i.e. conditional probability

Method entirely formulated in direct space

Ongoing attempts to formulate it within SCET language [Bauer, Monni "18, /19 + ongoing work]
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All-order resummation: branching formalism approach

[Banfi, Salam, Zanderighi '01, ‘03, ’04][Banfi, McAslan, Monni, Zanderighi, EI-Menoufi "14, ’18] [Bizon, Monni, Re, LR, Torrielli 16, 17, "18]

Approach 2: factorization properties of the QCD squared amplitudes

Separation obtained by introducing a resolution scale g, = ¢k, |

N > Unresolved emission can be treated as unconstrained
) 0 i

—> exponentiation
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All-order resummation: branching formalism approach

[Banfi, Salam, Zanderighi '01, ‘03, ’04][Banfi, McAslan, Monni, Zanderighi, EI-Menoufi "14, ’18] [Bizon, Monni, Re, LR, Torrielli 16, 17, "18]

Approach 2: factorization properties of the QCD squared amplitudes

Separation obtained by introducing a resolution scale g, = ¢k, |

Resolved emission treated exclusively
o N T 2 ( Kps v o) with Monte Carlo methods. Integral is
clttt) P( Y- | [Tk 120 POVE) = 490 (3= Vi k) ) |2 | ds.
1 Z m! H ’ 1 - finite, can be integrated in d=4

=2
numerically
kt,l

m=0

k-ordering
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LHC results: Higgs transverse momentum with a jet veto

I I I I
Data

Syst. uncertainties
MG5 FxFx K =1.47, +XH
NNLOJET K =1, +XH
RadIlSH K =1, +XH

. NNLOPS K = 1.1, +XH
wwwwwww XH = VBF+VH+ttH+bbH+tH—
Total stat. @ syst. uncertainty_

B I
- ATLAS
30 H - 77" = 4]

- Vs=13TeV, 139 b

Lll-

N
o
T[T

2 41 4 lead. jet
d°c/dp_dp 1%t [fb]

—#— Fitted ZZ* Normalisation N

2 1 e p-value MG5 FxFx = 3.1%

{ p-value NNLOJET = 1.0%

15 p-value RadISH = 0.1%  _~

| p-value NNLOPS =2.0% ]

11— =

. _— l o b -

- T S w. bz

P U v ok IS PP, FPEt oot £y SIS

£ 25— —

=S O - 0 -

> 15— - —

R e = [
— 05 [ .- "

Q 1.51 —

g f— s ST S i

0.5 — ] ] I ] I ] ] I ] ] —

BIn0 Bin1l Bin2 Bin3 Bin4d Bin5 Bin6
4] lead. jet
pT VS. pT

[ATLAS 2004.03969]
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Asymptotic limits of the joint resummation formula

J, H
py ~ my > py _
Snar = — Lgi(agl) — gy(a,L) — aggs(a L) J TIRl,\INLL(kt)JO(bkt)@(kt — Pi’v i RNNLL

J, H
0 t py~my>>py

~ 0 F

correl O
J, H J, H
pri~my>py pri~my>py

do(py) T dv dv, _, dZb =y
* gﬁH?/(a(mH)) IJ 2x 1x2 J e ib P1le RnnLL

dyyd®pH B z 27 Jg 27 472

X[, 0 (bo/D)f,, 1 (bg/D)C, oo (a(Bo/D)) C, o (at(B! D))

H J,
pJ_ i mH >>pJ_V

d*b 7
: _ S ~ R In(my,/p’ —ib-p'l _ $2(5H
1191—I>I(1) Jo(bx) = 1 NNLL T anLL(In(mg /pi)) J s e =0 (p7)
dU(P¢V> 2 —Rynir (In(my/p1Y)) F F
» dy _Mgg—>H %(GS(WLH))G Ak e (1 ‘/fclust ‘/rcorrel)
| H
X f(pj ") ® Clay(p! )) (xl) f(pj ) ® Clay(p)| (xp)
-8
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