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Single-inclusive jet production

<71 pb"' (13 TeV)
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Double differential cross section for pp — jet + X at /s = 13 TeV
transverse momentum pr and rapidity y of signal-jet
ATLAS arXiv:1711.02692 (left), CMS arXiv:1605.04436 (right)

Comparison with NLO perturbative QCD predictions (NLOJET++ Nagy)
impressive agreement over several orders of magnitude
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Uncertainties
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¢ Relative QCD uncertainties in single-inclusive jet cross-sections at NLO
¢ first and last |y| bins for inclusive jet measurement

® uncertainties due to renormalization and factorization scales, ur, ur,
the strong coupling as with Aa; = 0.0015 and PDFs CcT14

¢ Sizable uncertainties
® O(10%) for central rapidities |y| < 0.5
® O30 —40%) forward 2.5 < |y| < 3.0 at large pr
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Uses of inclusive jet data

Dermination of as(Mz) and PDFs (gluon at medium to large x)
partonic cross sections . jet oc a2 (1)

jet cross section dopp—jec = az(p) 3o filp) ® fi(p) @ [...]
ij
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0 HERAPDF2.0 & MMHT2014 as(Mz) at NLO in QCD
H1 (HERA-II) e from inclusive jet cross section
ZEUS (HERA) 54— data
STAR  — Britzger, Rabbertz, Savoiu, Sieber ‘17
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QCD factorization

Double differential cross section for pp — jet + X
transverse momentum pr and rapidity n of signal-jet

2 12 V(1—-W) 1— 1=V 2~

pTd o 1== 2 2 d Oiq1

dpgdn — & /0 dz/yw Ao fir (1) 72 fia(2) <5 g~ (0 2.0, R)
1112 —z

PDFs f; and variables V =1 — pre "/ S, VW = pre" /S

Partonic cross sections 4;,:, dependent on partonic kinematic variables
on s = zix2S5, v =u/(u + t) and partonic threshold z = s4 /s — 0

Mandelstam variables s = (p1 + p2)?, t = (p1 — p3)? and u = (p2 — p3)?
with kinematics constraint s + ¢t 4+ u = s4

/D
P3

P1 P2
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Threshold logarithms

Soft and collinear regions of phase space
double logarithms from singular regions in Feynman diagrams
propagator vanishes for: £, = 0, soft 8,, = 0 collinear

1 1

1
p—i—k 2p-k  2E,E,(1 — cosfy,)
1
d*k s | dE;dsinf
/ p—l—k “ / g o Vag 2EqE4(1 — cosfqg)
P —  as In®(..))

Large double-logarithmic corrections In(...) > 1 near threshold

Single-inclusive jet production with threshold logarithms
a?(In*" "1 (2)/2)y for z = s4/s — 0
positive corrections enhance partonic cross sections &, 4,

v

long history of resummation Sterman ‘87; Catani, Trentadue ‘88; ...

Same for weak radiative corrections: positive corrections for large
pT > My Dittmaier, Huss, Speckner ‘12
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Electroweak corrections at NLO
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¢ Electroweak correction factors for inclusive jet cross-section as function
of jet pr for all |y| bins Dittmaier, Huss, Speckner 12

® negative corrections O(1 — 3%) for pr in range O(few 100) GeV
¢ sizeable (positive) effect O(10%) at large pr > Mw
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Jet radius logarithms (1)

Collinear singularity when the jet becomes very narrow
partons radiated outside of jet (not recombined with jet by chosen jet
algorithm) become more and more collinear to emitter
Example
loss of transverse momentum for leading jet
quasi-collinear branching of quark with transverse momentum pr

(1= 2)pt
opr = (1—2z)pr—pr = —zprfor(1—2)>=z

P>F gpr = (L—z2)pr—pr = —zpr for 2> (1—2)

Perturbative radiation loss for average (dpr)q

(6pT)q =pro /d92 /dz max(z, 1 — 2] — 1) Pyq(2)

Sven-Olaf Moch Threshold and jet radius joint resummation for single-inclusive jet production — p.9



Jet radius logarithms (1)

Leading order result for quark and gluon jets Dasgupta, Magnea, Salam ‘07
Qs 3
(6pr)g = Cr— pr In(R) (2 In2 — §> = 0.43 as In(R)
7
Qs 43 7

Large single-logarithmic corrections In(1/R) > 1 for small R
negative corrections decrease partonic cross sections ;.

resummation ...
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Joint resummation

SCET factorization

Factorization in small-R and z — 0 threshold limit
assume anti-k; jet algorithm, z ~ R, and small finite mass of jet
d*6iyi,
Tods - S/dSX dscdsg d(zs — sx — sa — Sc¢)

xXTr [Hil’iQ (U7pT y Hh 7:“) SG(SG y UsG 7“)] ']X(SX y WX 7/'L)
X Z Tr [Jm<pTR s UJ 7,U> ®Q Sc,m(ScR s Usc 4 ,u)]

Specific functions for individual kinemtic regions
hard functions for 2 — 2 scattering H;,;, (known to 2-loops Broggio,
Ferroglia, Pecjak, Zhang ‘14)
inclusive jet function Jx (sx ) dependent on invariant mass sx of the

recoiling collimated radiation (known to order o Becher, Neubert 06,
Becher, Bell ‘10)

global soft function S accounts for wide-angle soft radiation which
cannot resolve the small radius R (known to NLO Liu, S.M., Ringer ‘17)
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Joint resummation

SCET ftactorization

Factorization in small-R and z — 0 threshold limit

assume anti-k; jet algorithm, z ~ R, and small finite mass of jet
d*6iyis
Tods - S/dsxdscdsG(S(zs—sX—Sg—sc)

xXTr [H’il’iQ (vva y Mk 7:“) SG(SG y UsG 7“)] ']X(SX y WX 7/'L)
X Z Tr [Jm(pr R, pg, 1) ®a Se,m(sc R, s, 14)]

Specific functions for individual kinemtic regions

signal-jet function J(pr R) accounts for energetic radiation inside jet
Becher, Neubert, Rothen, Shao ‘15

soft-collinear (“coft”) function S.(s.R) captures soft radiation near jet
boundary Becher, Neubert, Rothen, Shao ‘15, Chien, Hornig, Lee ‘15

Sum runs over all collinear splittings and traces taken in color space
‘®qn denotes associated angular integrals Becher, Neubert, Rothen, Shao ‘15
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Phenomenology

Evaluation of cross section in SCET (resummation) with renormalization
group equations
evolution of all functions from their natural scales u; to common hard
scale p = pp®*
Matching of NLL resummed results with full NLO calculation (need to

avoid double counting)
do = donLL — doNvLog;, + donLo

resummed cross section donrr
fixed order NLO result in singular limit dont.o,,,

complete fixed order NLO result dont.0
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Validation
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® Comparison of fixed order NLO result in singular limit donxvo

pr[GeV]

with

sin

complete fixed order NLO result dont.o

¢ Ratio Kgr =

doNLog,

doNLoO

as function of jet pr for 1.5 < |n| < 2 at

V'S = 13 TeV (error bars for numerical uncertainty)
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Jet radius dependence (1)

Resummation for various R
Ratio Kr of NLO + NLL and NLO cross sections for different jet radii

oNLL+NLO (R)
Kgr =
onLo (R)
LHC at /'S = 7 TeV (left) and 13 TeV (right) with NLO PDF set of MMHT
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Significant effect for small jet radii; reduction of O(20%) for R = 0.2 in
entire range of pr
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0.9)

Dr = o(R)/o(R

Jet radius dependence (II)

Impact of joint resummation

Cross section ratio D =

NLO+NLL, 0.0 < |y] <0.5 @ 7TeV

o(R)

o (Rfixed)
Dpr for NLO + NLL (left) and NLO (right) cross sections for Raxeqa = 0.5
at /S = 7 TeV with NLO PDF set of MMHT14

Single-inclusive jet data from collected at /S = 7 TeV with R = 0.7 by
CMSlarxiv:1406.0324 (with NP correction factors)
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NLO result overshoots; joint resummation agrees with data for Dr—¢.7
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Data vs. theory (1)

LHC data at /S = 7 TeV

Ratio opata/0Theory With R = 0.5 (left) and R = 0.7 (right) to theoretical
results at NLO (black dots) and at NLO + NLL (red dots) accuracy
NLO PDF set of MMHT14

data at /S = 7 TeV by CMS arxiv:1406.0324

00<n <05 R=050@7TeV 0.0<|yl]<05, R=07@7TeV
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Joint resummation agrees well with data; ratio with NLO predictions
undershoots
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O Data/ O Theory

Data vs. theory (1)

LHC data at /S = 13 TeV

Ratio opata/0Theory With R = 0.4 (left) and R = 0.7 (right) to theoretical
results at NLO (black dots) and at NLO + NLL (red dots) accuracy

NLO PDF set of MMHT14
data at /S = 13 TeV by CMS arxiv:1605.04436
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Same trend as for data at /S = 7 TeV, but still large experimental
uncertainties
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O /ONLL+NLO

Data vs. theory (I111)

Experimental and theoretical uncertainties

Ratio o0pata/0Theory With R = 0.5 to theoretical results at NLO + NLL

(left) and at NLO (right) accuracy at v/S = 7 TeV using the NLO PDF set
by cT10 for data collected by cMS arxiv:1406.0324 (with NP correction
factors)

error bars represent experimental statistical errors

solid (brown) lines represent experimental systematic ones

band (yellow) indicates theoretical scale uncertainties
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PDF dependence

® Cross sections onro+n~rL at NLL + NLO accuracy with R = 0.5 at
V'S = 7 TeV normalized to the one with the NLO PDF set by cT10

¢ central NLO PDF sets HERAPDF2.0, MMHT14 and NNPDF3.1 (left)
¢ central NLO PDF sets ABMP16, CT14 and NNPDF3.1 (right)

¢ data collected by cms arxiv:1406.0324 (with NP correction factors) is
superimposed
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Summary

Theory framework

Joint resummation of threshold logarithms o (In*"~*(z)/z) and small
jet-radius logarithms o In" (R) to all orders at NLL accuracy

Resummation at NLO + NLL accuracy in good agreement with cvs data
Residual theoretical uncertainties from scale variation still of similar size
as experimental systematics

Uses of jet measurements

Determinations of strong coupling constant as(Mz) and gluon PDF at
medium to large-z based on results fixed order perturbation theory likely
to incur bias

Precision of < 1% makes resummed theoretical predictions at NNLO +
NNLL accuracy in QCD mandatory
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