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A WORD ON PDFs

Measure Compute Extract

» coefficient functions (NLONNLO, N3LO)
» parton evolution (NLONNLO)

* EWV corrections

» quark mass effects

* target-mass corrections



LARGE LOGS IN PERTURBATIVE QCD

* Real emissions diagrams are singular for soft/collinear emissions
* [hese singularities are cancelled by virtual counterparts
* Finite logarithmic pieces are left over, e.g.

do dz do dz do dz
/——@ (k — 20) — a 7 ——048/?7[@(,%—/1)]
real emission virtual correction 1
— ——agln" kK

* [hese corrections are important for observables V that insist on only
small deviations from lowest order kinematics (V~0)

e Real radiation Is constrained to a small corner of phase space and
the logarithms are large
* event (jet) shapes, e.g. thrust (Jet mass):V=1-T (V= miet/pT)
 production at threshold: V=1-M?/s

* transverse momentum: V= p1/M
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* higher-order corrections correspond to the emission of extra
quarks/gluons

We will most conveniently work in Mellin space

Soft-gluon resummation: z— | & logs of N

BFKL resummation: z—0 = poles in N (typically at N=0)

, 2z — 1



RESUMMATION AND PDFs

NNPDF3.0 NLO dataset

» Current data sets span several
order of magnitude in Q4 and x

* Do we trust FO everywhere!

* Is 1t ok to use standard PDFs with
resummed calculation?

Resum what!?

Observable: o=o00C(as(p)) @ f(p) [® f(,u)] g X\/e Vv.ork. N COlllﬂear
Evolution: 2 % £ = Plas(u) ® F() actorization

« We will distinguish between
observable evolution . :
coefficient functions C'(as(p))  splitting functions P(as (1)) COGfﬂClent fu ﬂCtIOI"\S and

large-z (N)NNLL —

small-z LLx NLLx splitting functions
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PRODUCTION AT THRESHOL

R -,

S

> 1

N perturbation theory

. 2 oA 2n—1
QT =3 C(Z,OKS)NUOZZ@?
: Q2: >3 n=1k=—1

D

Absolute threshold: the initial-state
energy Is Just enough to produce
the final state with invariant mass Q

Thus, emissions are forced to be soft, leading
to log-enhanced contributions order-by-order




WHY THRESHOLD AT THE LHC ¢

T RS TERA Lo ] Gluon PDF shows a steep increase at
” i xg (% DAS) QF = 10000 GV g
N ; ::huftu’:::::'l.‘ MALO (prd.) E |OW X
[ AS (< UUS) Y e ';L".if.'.fffiﬁ;o.. uncert.
Y T HERAPDT LS (prdi /\
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Region of partonic threshold is
e e enhanced in the convolution

NERAPDF Strocwure Funcdon Worlidng Croup

More precise argument in Mellin space: a saddle-point
approximation indicates the region that gives the bulk of the
contribution to the inverse Mellin integral.

* This region turns out to be fa|r|y narrow around the (real) saddle-

pO”’Tt ( NNLO, finite m;) m, = 125 GeV —
4N
\\
\\\
. & \\
Bonvini, Forte Ridolfi (2012) ey
2 T —
1.5
] 10 100
Vs [TeV]




THRESHOLD RESUMMATION

Momentum space: singular and distributional terms for z — |
Mellin space: terms that do not vanish at large N

CreS(N7 aS) = gdo (CMS, ”1%) expé_’(as, N)7

’ 1 N-1_7q i 2 di?

S(as, N) = / d / W Aas(12)) + Dl(as([1 — 22m2)) |
0 =% ,u% H

Jo(as, ,uf,) =1+ Z go,k(ui)ag, Anastasiou et al. (2014)
k=1
- - Catani et dl. (2002
Alas) =Y Agak,  D(ay) =Y Dya¥, e ((2 005)>

k=1 k=1 ’

Laenen, Magnea (2005) [...]

constants can go In the exponent of In front of It
state of the art N3LL (but the 4-loop cusp)
next-to-eikonal can be important (e.g. (1-2)%/z)

systematic studies underway Laenen et al. (2015, 2016),
[ Larkoski, Neill, Stewart (2015)



AN EXAMPLE: HIGGS IN GLUON FUSION

Higgs cross section: gluon fusion
70

I I
L my = 125 GeV
i Mo = my/2
go [ LHC13Tev . Ho=mWa . _
50F 0 e e ]
i + ¢ ¢ t ¥
— 40 F * rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr .
S I j
2 I
© 30F g
20 g ]
I + all constants at the exponent ]
100 default —e— _
i all constants in gg ]
I N-soft
0 | | | | | | |
@) @) @) o — — —
= 2 2 2 2 2 2
= =2 + = =
o + iy
| @) o
= 2| e
= pa

N3LO: Anastasiou et al. (2015)

Bonvini, SM (2014),
Bonvini, SM, Muselli, Rottoli (2016)

* resummed (and matched)
converges faster than pure FO
* resummation Is perturbative, I.e.

captures the effect of the first few
orders, so that N3LO+N3LL ~

N3LO

- they provide further handles to
estimate uncertainty from missing
hisher orders (e.g. subleading logs)

order o [pb]

N3LO 48.179%  scale variation

N3LO 48.1+2.0 CH at 95% DoB

N3LO-+N3LL 485+ 1.9 scaletresummation variations
all-order estimate | 48.7 from accelerated fixed-order series
all-order estimate | 48.9 from accelerated resummed series

see also Catani et al. (2014), Ahmed et al. (2014/2015), Schmidt and Spira (2015), ...

also Becher et al. in SCET
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X

o(,Q) = ouC (

L1L2

» coefficient functions contain large-x logs

,asm)) ® fi(z1, 1) ® falwa, 1)

PDFs AT LARGE X

Bonvini, SM +
subset of NNPDF (2015)

- " / Ala
- PDF evolution doesn't (in MSbar) P,y(z) ~ 9 ( s))
Process observable resummation available
DIS do/dx/dQ* (NC, CC, charm, ...) YES : ]
- DY/ do JdNE? Y YES * performing a resummed fit Is
D_Y W differential in the lepton kinematics NO < : .
f  ronlo YES relatively straightforward
jets inclusive do /dp./dY YES/NO €—F——

't should be easy to compute

* data set Is restricted: no jets

» (global vs non-global

two different calculations exist at
NLL® but no public implementation

www.ge.infn.it/~bonvini/troll

de Florian,Vogelsang (2007, 201 3)
Kidonakis, Owens (2000)

DIS, DY available from TROLL (TROLL Resums Only Large-x Logarithms)

tt available from top++ www.alexandermitov.com/software




CFFECTS ON THEORY PREDICTIONS

BCDMS F, Proton CHORUS Neutrino DIS
NLO+NLL o NLO+NLL o

1.15 INNLO+NNLL = 1.15 INNLO+NNLL =
= 1.1 E 1.1
=3
+
9 1.05 i 1.05 ]
= | 5
< -
~0 Treagse gy , 1 1+ '!'I”I n
5 JIN NN THT LR

0.95 0.95 =

0.9 0.9

01 02 03 04 05 06 0.7 08 01 02 03 04 05 06 0.7 08
X X
E866 Drell-Yan CDF Z Rapidity

1. T T T T T T T T 1.5 T T
- > NLO+NLL © NLO+NLL © -
S NNLO+NNLL = NNLO+NNLL =
Z:{ i i i i g |
= 13} -
- . . . . . _ _ 1.3 o
Z

bbb e i L
: : : : |
| : : : :
Z IR SN O == W = oo
e e % 1 SE
-c% - 5O O - [ |
va Lr R i i i i i i | EFssEEEsssF IR
0 02 04 06 0.8 1 1.2 14 0 0.5 1 1.5 2 2.5 3
DY rapidity DY rapidity

K-factors reduced when NNLO is included (resummation is perturbative)
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PDFs WITH THRESHOLD RESUMMATION

NNPDF3.0 DIS+DY+Top, Q*=10* GeV?

h N T Experiment NNPDF3.0 DIS+DY +top
RN £ 120 o NLO | NNLO | NLO+NLL | NNLO+NNLL
2 14 % 14 NMC 139 | 134 1.36 1.30
g ;: SLAC 1.17 | 0.91 1.02 0.92
£ ¢ £t BCDMS 120 | 125 1.23 1.28
g oob g oob CHORUS 113 | 111 1.10 1.09
© o8 © o8 NuTeV 052 | 0.52 0.54 0.44

) o N G ; HERA-I 1.05 | 1.06 1.06 1.06
NNPDF3.0 DIS+DY+Top, Q?=10* GeV?2 NNPDF3.0 DIS+DY+Top, Q?=10* GeV2 ZEUS HERA-II 1.42 1.46 1.45 1.48
T A T T T H1 HERA-II 170 | 1.79 1.70 1.78
FREN 2 121 o .." HERA charm 1.26 | 1.28 1.30 1.28
7 s ' DY ES66 1.08 | 1.39 1.68 1.68
> & > DY E605 0.92 | 1.14 1.12 1.21
g H CDF Z rap 121 | 1.38 1.10 1.33
G oo 5 DO Z rap 0.57 | 0.62 0.67 0.66
> ol > ATLAS Z 2010 098 | 1.21 1.02 1.28
- TS . ATLAS high-mass DY | 1.85 | 1.27 1.59 1.21
CMS 2D DY 2011 122 | 1.39 1.22 1.41
LHCD Z rapidity 083 | 1.30 0.51 1.25
ATLAS CMS top prod | 1.23 0.55 0.61 0.40
LHC 13 TeV, NNPDF3.0 DIS+DY+Top, uS(MZ)=O.118 LHC 13 TeV, NNPDF3.0 DIS+DY+Top,‘(‘1$(MZ)=0.118 Tota,l 1233 1264 1246 1269

1.2

-

—_

Gluon - Gluon Luminosity
Gluon - Gluon Luminosity

| O\ » as expected: visible effects at
R et NLL+NLO are very much reduced
at NNLO+NNLL
+ x? slightly worse because of DY
fixed-target experiments

o o
o 9 ©
o © o

uark - Antiquark Luminosity




ratio to central NNLO (with baseline PDFs)

PH

Higgs cross section: gluon fusion

-NOM

1.8
; "NNLO, fixed order PDFs —+_ LHC 13 TeV
C NNLO+NNLL, fixed order PDFs —e—
1.6 -|  NNLO+NNLL, resummed PDFs —=— .
1.4 ]
1.2 | ]
: ¢ t 4
1 4 -
i [ ]
0.8 | .
0.6 [ ]
C 1 1 1
125 600 2000

mH [GeV]

ratio to central NLO (with fixed order PDFs)

1.2 : ‘ |
NLO, fixed order PDFs
1145 L NLO+NLL, fixed order PDFs - - .
NLO+NLL, resummed PDFs — .. -
1.1 L
1.05 \\\\\\\\\\\\\\\\ ’0‘0‘:i:f:“ggzgi%ggzgz
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= III[[////////////////// SRS
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Slepton pair invariant mass, pp @ 13 TeV, m; = 564 GeV.

SO ~qxw‘6m%'&'&’i’5: %0

X
SRR R R R R R R XIS X R B R X N R KRR KRR XXRKK
s S B R SRS SRS SRS
R R R 54 B X R

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

My (GeV)

-NOLOGY

Bonvini et al. (2015), Beenakker et al. (2015)

2.00 | | | . v
Knvo+niL(pp — g9 + X) Vi
-5 =13 TeV -

1.80

i/ o"
s
160 L Global fit R A
. / <
- - - - NLL/NLO DIS+DY +top s
140 L Prescription (1) ///

Prescription (2)
1.20

s
b B
1.00 Lol
- -
. = :,/-" -

= - -

0.80

0.60
1000

2000 2500 3000

mg = mg =m |GeV]

1500 3500

Take-home messages

» effects on SM Higgs negligible
* more pronounced for high-mass
states, still within PDF errors

resummed PDFs not (yet) competitive

because of missing jet data
|6
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LHC KINEMATICS

» PDFs are largely unconstrained at low-x i
- LHC does probe this region il (R} -
* Is DGLAP enough to describe this i
region? .
* Do we need BFKL! .
T
53‘ 10°
. . |
DGLAP: Q? evolution for N moments of the parton density o
- GN,Q%) = (N, a,)G(N, Q?)
n(Q?/122)
BFKL: small-x evolution for M moments of the parton density 10°
o Ao
d x
G(xe, M) = x(M, as)G(x, M
It
Mellin moments: In" F — s
observable evolution
coefficient functions C'(as(p))  splitting functi:ms P(as(p)) IOgS — pOIeS 1 1
large-x (N)NNLL _ lnk -
small-z LLx NLLx T Nk_|_1




BASICS OF HIGH-ENERGY RESUMMATION

e bvolution:
® one constructs a resummed anomalous dimension from the BFKL kernel
at next-to-leading log
e however naive procedure leads to results not supported by HERA data
(too strong and too soon)

Altarelli, Ball, Forte; Ciafaloni, Colferal, Salam, Stasto:
White, Thorne.

e Coefficient functions:
e the resummation here Is known at leading log level
e first developed for heavy quarks and DIS
Catani, Ciafaloni, Hautmann (199 1); Catani, Hautmann (1994)

e (sublead | i |
(subleading) running coupling terms are important Ball (2008

e Recent work in SCET and work In progress for DIS applications

Rothstein and Stewart (2016) Pathak at al. in progress
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* Problem studied by different groups In late ‘90s /early ‘00s

 [he main interest was DIS at low x
for a comparative review see HERA-LHC Proc. arXiv.0903.386 |

e Key Ingredients:

- stable solution of the running coupling BFKL equation
- match to standard DGLAP at large N (x)

- Important subleading effects

- resummed coefficient functions (DIS, DY, HOQ...)

Little phenomenology because a comprehensive code was missing

Small-z resummation from HELL

Marco Bonvini,'?, Simone Marzani

2 3c

b and Tiziano Peraro

Bonvini, SM, Peraro (2016)
20


http://arxiv.org/abs/arXiv:0903.3861

HIGH ENERGY LARGE LOGARITHMS

https://www.ge.infn.it/~bonvini/hell/

Splitting function resummation

Ingredients (ABF): . .
o duality with BFKL evolution - essermally follows ABF with

@ symmetry of the BFKL kernel S.tablll.ty |mprovemen_ts

@ momentum conservation

@ resummation of (subleading, but fundamental) running coupling effects

Coefficient function resummation

High-energy (k) factorization:

* resummation In

dz Fg(z, k) : unintegrated PDF
o X d’k s(Q%) Fg(z, k) {A 2 :
/ / ( > Og (z, %,as) : off-shell xs momentum SpaCe
Defining .
Fv) = 0(3. ) v rather than using
we get [MB,Marzani,Peraro 1607.02153] moments
2, - Q? K .

Cg(N, ) :/d kg (N’?’O‘S> U<N’ﬁ) (as Duff put it:

At LLx accuracy, U has a simple form, in terms of small-z resummed anom dim ~ “The WOF'd iS Upside down”)
N o2 d K 2 N (v?
U(Nm ) m R ga e [, e * processes are easy to

add

2|


https://www.ge.infn.it/~bonvini/hell/

RESUMMED SPLITTING FUNCTIONS

as =02, ng=4, Q;MS as=02, ng=4, QMS
04 T T T T T 02 T T T T T T T T
- - - LO - - - LO
035+ _ NLO ——— NLO
— ..— NNLO —..— NNLO
03H - - . LO+LL 015+ - - - LO+LL
—— NLO+NLL — NLO+NLL
0.25
X 3
‘ 8 02 Z 01}
ol a
X X
0.15
0.1 0.05
0.05

note the 10! 102 10°% 10* 10° 10°® 107 10% 10° 1 10! 102 10% 10* 10° 10°® 107 10% 10°
X X
‘“well-known” . _
as=0.2, ng=4, QyMS o =0.2, ng=4, QyMS
()
dlp 025 I I I I I I I I 014 I I I I I I I I
- - - LO - - - LO
— NLO 012+ —— NLO il
02F —  — NNLO - —..— NNLO
——— NLO+NLL 01 Ll —— NLO+NLL |
= 015 1 = 008t 4
o0 o
Q‘T Q‘CJ"
X 01 o < 0.06 | ]
0.04 |- i
0.05 .
0.02 |- ' i
O ) T i | 1 1 1 1 1 1 0 \I indir ™S 1 1 1 | 1 1 1
1 10! 102 10° 10* 10° 10° 107 10% 10° 1 10! 102 10°% 10* 10° 10° 107 10% 10°
X X

quark splrtting functions have larger uncertainty: they start at NLL
L

splitting
functions have
poor FO
onvergence



COMPARISON TO PREVIOUS APPROACH

2.5

ng(x) (ratio to NLO)

qu(x) (ratio to NLO)

as=0.2, ng=4, QuMS

LO ' ' NLO+NLL (this work) '
NLO — . —. NLO+NLL (ABF)
i NNLO NLO+NLL (CCSS) I

1 1 1 1 1 1
1 101 1072 1073 10 107 10°° 107
X
ag=0.2, ng=4, QuMS
T T T T T
LO
- NLO /' m
NNLO g
- ——— NLO+NLL (this work) ’° m
—.—. NLO+NLL (ABF) b
- NLO+NLL (CCSS) R4 -

1 1071 1072 1073 104 107 10°° 107

quark splrtting functions have larger uncertainty: they start at NLL

23

ag=0.2, ng=4, QyMS

25 T T T T - T
LO — NLO+NLL (this work)
NLO —.—. NLO+NLL (ABF)
s L NNLO NLO+NLL (CCSS) |
15|

qu(x) (ratio to NLO)

0 1 1 1 1 1 1
1 101 1072 103 104 107 10°® 107
X
g =02, ng=4, QyMS
4 T T T T T
LO
35 NLO d
. NNLO
@) 3 + —— NLO+NLL (this work) -
i —.—- NLO+NLL (ABF)
o 25 NLO+NLL (CCSS) -
9
A ]
15} d
=
mé’r 1 e s
05 L i
0 1 1 1 1 1 1
1 101 1072 103 104 107 10°° 107




RESUMM

D DIS COEFFICIENT FUNCTIONS

0 =02, ng=4, QyMS as=0.2, ng=4, QMS
014 - T T T T T T 007 T T T T T T
: - NLO [ - - NLO
0.12 —— NLO+LL i 0.06 | — NLO+LL i
—..= NNLO —..= NNLO
01 L — NNLO+LL i 0.05 H — NNLO+LL i
....... N3LO
~ 008 ~ 004} 4
5 S
% 0.06 Z 03| e
— —
@) O .
% 0.04 % 002
0.02 0.01 | -
0 0
-0.02 o N ] ] ] ] ] -0.01 | ! ! ! ! !
1 10! 102 103 104 107 10 107 1 101 102 10 104 10 10°® 107
X X
‘ (XS=0.2, nf=4, QOM_S as=0-2/ nf=4/ QOM_S
| 0.12 — 0.06 . . . . . —
i - - . NLO
: —— NLO+LL - — NLO+LL <
0.1 | . 0.05 ¢ . il
: — .. = NNLO : — .. = NNLO -
: ——— NNLO+LL ——— NNLO+LL
008 {1 0.04
< 006 H A g 0.03
X 14 X
50 e <
O 0.04 F O 0.02
x ] x
0.02 | 0.01
0 0
: i
-0.02 -0.01 I I 1 L L I
1 10! 1072 1073 10 107 107 107 1 10! 1072 1073 10 107 107 107
X X

we are now Implementing massive DIS and DY

14 Thorne, White (2006); Ball, 5SM (2008)



fres(X:Q) / ff_o_(X:Q)

TOWARDS A RESUMMED FIT

re-fitted PDFs

PDFs with resummed evolution . .
with resummed evolution

Q =100 GeV - NLO+NLLx evolution / NLO evolution Q=100 GeV - NLO+NLLxfit /NLO fit
1.2 T T T T T T T T L T
1.2 TN L e L L
initial PDFs from NNPDF30 nlo_as 0118 at Qg = 2 GeV 11
1.1 '
1 o 1 pR """"""""""""""""""""""""""""
=
o
0.9 - 0.9 \
— \
(@4 . \
08 ><~ 0 8 "I
| ~ \
g 0.7
0.7 . Including resummed coefficient functions will
, likely compensate some of the effect
0.6 Il 0.6 / gluon |
: gluon . n
. quark singlet - - -|- |
quark5|ng|et———— 05 | I Ll I Ll I Ll I Lol L Ll L Ll I 1 Wy
0.5 - I 10° 108 107 106 105 104 103 102 101 0
10 10 10 10 10 10 10 10 10 10
10° 10® 107 10® 10° 104 103 102 10! 10°

X
X

work in progress
with NNPDF AEJ:EL A PDF Evolution Library
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TRANSVERSE MOMENTUM
RESUMMATION

* One of the most studied distribution both in Higgs and DY
* High-accuracy NNLO+NLO calculations exist both in dQCD and SCET
« Codes available such DYQT, DYRES, Resbos, CuTe, etc.

e.g. Collins, Soper, Sterman; Catani et
al; Becher, Neubert; Nelll, Rothstein

* resummation often performed In b-space Vaidya,

n 1 | .
(2) E , . 2p,t0-Q | | 1b-kr,
) ( ET?L +QT> it (27.‘.)2 /d be = e

1=1 1=1

resummed exponent

d O
2 i / dbbJ()(bQT)e_R(b)Z(xl,ZEQ,COS (9*,bM)
dQT  Jo

non-log terms and PDFs

- alternative momentum-space method now exists at NNLL  Monni, Re, Toriell
2/



RELATED VARIABLES

» Variables introduced by the DO collaboration for studying the transverse
momentum of the Z boson

 Experimental viewpoint: one wants to measure angles rather than momenta

(2)
Py

¢ = tan (Gacop/2) sin 6”

: = o QT > (22(1) k. 12(2))
ar —

Recoil |1£(1) o 12(2”

Vesterinen and Wyatt et al.
resummation closely related to Qr (2008/10)

do Ta? [°°
= d(bM bM ¢*)e E®)
Gor = | M) cos(bM6)e

x> (x1,Ta,cos 0", DM
Banfi, Dasgupta, SM, Tomlinson (2010) ( 1y &2 ’ )

Guzzi, Nadolsky, Wang (20 14)
28
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1/6 do/dp" ResBos / Data

—_—

o
©

COMPARISON TO

N

'_l T T TT || T T T TT II T T T T
'L ATLAS \s=8TeV, 20.3fb"

- Statistical uncertainty —— ResBos

- [ Total uncertainty

- 66 GeV <m, <116 GeV, |y | < 2.4

% ...................................

i Ll Lo L1

— D 4oL —
8 ' e e’ +u*u Data 2011
AN — RESBOS

N E 14= A. Banfi et al. _
=~
= . X
9 """"""" !—l-.—ll-l-l.'._ 'w-." : :
e E iy
-_5 - e d %
C% " \s=7TeV i
=7 mi<24

ATLAS
© B pﬁ > 20 GeV
N 66 GeV <m,, <116 GeV det=46fb1 E
L 111 I| | | L 11 |

102

DATA:

-D FOR BET TER PRECISION

-3

pl [GeV]

* experimental uncertainty below 7 !
* NLO+NNLL not adeguate (uncertainty [0%)

discussed here: (N)NLO+ NS3LL

(Huaxin

g's talk)

Include these data in PDF fits?

i

“wrong” scalel?

Boughezal et al. (2015), Gehrmann-De
Ridder et al. (2016), Li, Zhu (2016)

(Maria’s talk)



CONCLUSIONS

» Better determinations of PDFs require both data and theory

* Resummation offers a complementary direction

* Large-x resummed fit already performed with restrict data set
* Small-x resummed DIS fit Is work in progress

» Jowards global resummed fits:

» some work to be done for threshold (e.g. jets)
* more work to be done for small-x

* Inclusion of low Qr data requires resummation

THANKYOU !
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