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Motivation and overview

Event generators Precise theory calculations
— Fully differential — Resummation of large logarithms
— No strict order counting — Matched to fixed-oder predictions
— No resummation — Uncertainty estimates
uncertainties — Typically limited to one observable
®

e Precise prediction for the eTe™ — 2 jets cross section differential in two
angularities e, and eg

“—> €, and €gare jointly resummed to NNLL

> Matched to NLO fixed order

~—> Numerical study: \
Profile scales, uncertainties, comparison to Monte Carlo
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Angularities

e Event Shape angu|arities Berger, Kucs, Sterman (2003)

1
o = — E;(sin€;)>~*(1 — |cos 0;)* ! =~ E;0;
5 2 B0~ faont )t~ T S

e Axis that is insensitive to recoil: winner-takes-all axis
e Special cases are o« = 2: Thrust, o« = 1: Broadening

e Parameter o determines NLO
the weight of the angle E{ > Ey > Fs

1
\\/ 4'2/
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SCET+4 framework

e Three different regions:

Regime 1: eg ~ e,

Regime 2 : eg > eq > eg/ﬁ

Regime 3 : e, ~ eg/ﬁ

e Regime 1 and 3: SCET |

Regime 1 governed by ez measurement

Regime 3 governed by e, measurement

; : Bauer, Tackmann, Walsh, Zuberi (2011); Log1o e
o Reglme 2: SCET + Procura, Waalewijn, LZ (2014); Larkoski, Moult, Neill (2015)
Mode Scaling (—,+, 1) Measurement
n-collinear Q(1,\21/8 \r/B) > €5
_ ar B (@-r—(=2)  (a=Dr—(B=1)\ =
n-collinear-soft Q()\ a=F A\ o-bB ;A a=p ) £5
\t r‘a
soft QAN €a \
Bla<r<i
1/r
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SCET+4 framework

2
| &
e Three different regions: 1t &
L (4\
Regime 1: eg ~ e, s |
) i
Regime 2 : eg > eq > eg/ﬁ > 2
@)
S |
Regime 3 : e, ~ eg/ﬁ |
n . n _3—_ (\/
o All regimes describe cross-section up : =
to power corrections Al

2 2 -4 I—I3IIA —2 _1“['0
T ST 14 o)) Logo &f

de, deg B de, deg

amin(2/a,l) B min(2/3,1)

e do 14+ 0|28 v €a) "7
dea d@ﬁ d@a d@B eg/a ’ €5
d* d” min t/\ t/\
. i [1 + 0(65 (2/6’1))} Get large when Get large when'
approaching Regime 3. approaching R@gime 14

de, deg B de, deg

e Regime 2 resums most logs, but involves also two expansions
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Factorization theorems Rsfie 1

— Single differential jet functions

— Double differential soft function

d201 A 2 n n n n
dea deﬁ — O'OH(Q )/d@ﬂ J(@B) /de,B J(@B)

Y /deg def S(e).c) 0lea — €5) 8(ep — e — ey — e3)
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Factorization theorems Rusfne &

— Double differential jet functions

d20-1 ~ 2 n n n n
dea deﬁ — JoH(Q )/d@ﬁ J(eﬁ) /de,B J(@B)
% /defx dej S(e,. e;) d(eq —€g) 0(eg — €5 — e — e3)
d? o T(eP o7
60 (@? [denaeg siei.ey) [ackaeh seieh)

i
|

X /defx Sle,)0(ea — e —eq —€g) d(eg — e — ef)
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Factorization theorems Resla 2

— Single differential jet functions

d20'1 5 / / B B D : : :
— 50 H de™ J(e™) | de® J(e™ — Double differential collinear-soft
de, deg oH(Q) & ( B) & ( ﬁ) function
X /defx dep S(e . c7)d(ea —€p)d(eg —ef — 62 )
d20'2 — a_OH(QQ) /den J(en) /dens dens y(ens enS)
de, deg & & “ B « 7P
X /deg J(eg) /degs deg’s S (el?, eZS)
: /dez Sler)0(ea —eq” —eq” —eg)d(eg — e — e — e — )
d*oy = 60 H(Q?) /de” dej J(e.,ey) /de” dep J(el,el)
de, deg o= o =h P ) P

i
|

X /defx Sle,)0(ea — e —eq —€g) d(eg — e — ef)
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0 : Fixed-order Non- C 4B
NNLL ingredients g ke o Cup oo

NLL tree 1-loop 2-loop
e Fixed order ingredients @ 1-loop: NNLL |  1-loop 2-loop 3-loop

‘](65) Hornig, Lee, Ovanesyan (2009)

Hornig, Lee, Ovanesyan (2009)

J(GOM 65) Larkoski, Moult, Neill (2014)

} Recalculated
Larkoski, Moult, Neill (2014)

y(eom 65) Kasemets, Waalewijn, LZ (2016)

e Non-cusp anomalous dimensions @ 2-loop:

/YH,l 3-loop: Moch, Vermaseren, Vogt (2005)
Bell, Rahn, Talbert (2016)

remaining ones by consistency

VH(Oés) T QVJ(OAS, Oé) T ’75(043, Oz) =0
1(02) + 217(00,8) + 217(a0,0,6) + 75(an,0) =0 ¢
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Consistency relations

e Integrating the double-differential jet and soft function yields single
differential ones

/deg J(es,eq) = J(€a) /dea S(ep,eq) = S(ep)

This does not hold when integrating over the other angularity

e Consistency between the factorization theorems

J(en,€e5) = /deg J(ejs) (eqa,es — €5) + power corrections

and a similar relation between , and .7 (e’ ej”)

o All relations checked at 1-loop
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Matching of cross sections

e Combine cross sections to get a expression which is valid everywhere in

phase space — See also talk tomorrow from Gillian Lusterman

o :O-Q(/LJMUS?:ULV)

_|_

_I_

_I_

o1(pr, pma) — o2 (pg, wa*, ps)

os(py°, ps) — o2 (B>, ps, wy)

UFO(,MFO) — 01 (,UFOa MFO) — US(MFOa MFO) + UZ(MFOa HFO, MFO)

e E.g. in fixed-order region pj = ps = .y = MF]{B - lugu = UFO
so 0 = oro (UFo)

e For a smooth transition:
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1 I 0.8f B=05
D results | B NNLL+NLO
T 0.6 EEENNLL
o Profiles used for thrust generalised to S, TN
"y Gangal, Stahlhofen, Tackmann (2014); g N
angU|arltles Mo, Tackmann, Waalewijn (2017); S
1/p
Ly :Q[frun(eﬁ,tl,tg)} . .. aws
-30 -25 -20 -15 -10 -05 O
ps = Q frun (6577517 tS) 0.8l B=1.25 j
. . . - B NNLL+NLO
interpolates between the canonical region (eg <t1) =gl = NNLL
and the fixed-order region (ez > t3) % EEINLL
T 0.4}
e Profile scale variations S |
0.2}
~—> Fixed-order scale variations 00l
~—> Variations of the transition parameters 0.8f B=2
B NNLL+NLO
~—> Resummation variations g 00 BEENNLL
S | EENL
o]
1/8—b 5 041
vary
My Q [frunfvary(eﬁa t3) ] é‘ [
0.2}
vary Q frunfvary(eﬁa t3) :
0.0}
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2D results: NLO \%\/:2/

e NLO, assume

1
€Ca — 5.’173 (1 — (3082 (923)
and use
d20 &SCHP
=0
dx, dzg 0 27

e Checked against
EVENT2
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2D results: NL 1 :
esults 0, T~/ N

e NLO, assume

1
Ca = 5T3 (1 — cos® Bg3) 7 /2(1 — | cos B3] )1

and use 0 | . |
d’c  a,Crp LUg —|—a:3— Full NLO rl =2 — 2z
dogdeg, 70 21 (1—2g)(1 - 2q) a=2, =0.5
-1/ W 1.5%x107°
1.0 Q
: 74
e Checked against S 0.5 -
EVENT2 2-20 0 &
| g -0.5
e Phase-space boundaries at NLO |_1_0
a—p @ ~3| -1.5
€g > €q =2 P €5
_4 | .
4 _3 _2 1 0

Page 14 Log10 eﬁ



2D results: nonsingular contribution

0 .
NLO singular
a=2, 5=0.5
-1 1.5
1.0 5
x10™
S 0.5
-2 0
S
O -0.5
-1.0
-3 -1.5
_4 . .
-4 -3 -2
Logo ef

The plots are normalized to the

full NLO cross section

NLO nonsingular
a=2, f=0.5

1.5

1.0

0.5
0

-0.5
-1.0
-1.5

x 1073
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2D profile scales

o Canonical scales in each region

log(p5™/Q) log(n3"/Q) log(15™/Q)
1/Blogegs /> loges
21 1/Bloges (1—p)/(aa—p)loges+ (a—1)/(ax— B)logeg log e,
1/aloge, / log e,

e Construct scales in terms of logarithms of angularities

o Polynomial that interpolates between the canonical scales
between regions (one free parameter from transition point)

o Transition to the nonperturbative regime: Freeze a; below 2 GeV

° Transition to fixed order
> Choose a square shape for FO region: ¢t = min(log e,, log ep)

> Polynomial in ¢ that interpolates between canonical scale across regions and uro

(parameters t; and ¢s as in 1D case)
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Differential vs cumulative scale setting

d?o :
o with p;(eq, e
de, deg pal )
o Y(eg,,e3) with p; (el %)
e Differentiating the latter gives e, e 2
5 5 Yi(€eq €5) —/ dea/ ﬁdeg ded ge
2 2 2 0 0 A
d*> df 'Z d<> dIn w; N

de, deg  de, deg dlnp;deg deg,

+Z dIn p; Z dlnp; dln p;
dlneadln,u deg dln,uzdln,uj de, deg

e At NNLL d|fferent|a| scale setting does not capture all logarithms
See e.g. Almeida, Ellis, Lee, Sterman, Sung (2014)

e Our scales undergo rapid changes in transition regions, leading to artifacts
when using cumulant scale setting —

e Work in progress: Include additional terms
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2D results o g0
NLL , NNLL
: =2, B=0.5 =2, B=0.5
e NLL switches of 1 a=2. ; 1 a=2,
B 5.x1073 - 5.x1073
at NLO ;
3 2.3 3 2.5
boundary due e g FIP
to profiles 5 Y S Py
3 -5 3 W5
. 'I ,I
_4 'l _4 ,l
_ 24 -3 -2 ~1 0 24 -3 -2 ~1
Peak region 0 ; 0 ;
_ NNLL+NLO , Pythia /
OUtSlde the a=2’ B=05 ":' a=2, ﬁ=05
NLO - 5.x107° " - 5.x1073
_ 2.5 25
phase-space S ; S
577 ° s O .
@) ' @) !
— -2.5 — -2.5
Normalized such 5 / 5 /
_3 ] f -3 . K
that the cross
section in each plot
_4 'l _4 ’l
24 -3 -2 ~1 0 4 -3 -2 ~1
Logo ef Logqo ef

Integrates to 1
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2D results

Peak region
inside the NLO
phase-space

Pythia more
similar to NNLL

than NLL

Normalized such
that the cross
section in each plot
Integrates to 1
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-2.5
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a=2, B=1.2

5.

2.5
0

NNLL
a=2, f=1.2

5.x1073




2D results

e Comparison to
Pythia:

Peak region
inside the NLO
phase-space

Pythia more

similar to NNLL
than NLL

Normalized such
that the cross
section in each plot
Integrates to 1
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NNLL+NLO
a=3, =2

5.x1073
2.5

0

-2.5

0
NNLL
a=3, =2
. 5.x1073 '
25
_2 0 'I',
25
5 B-5
4 K
4 -3 2 1
0
Pythia
a=3, =2
-1 5.x1073
2.5
_2 0 ,I"
25
—_— 3 _5' /"'
-4 7
14 _3 _2 _1
Logqo eB



Ratio plots

e Ratio observable » = e, /es is not IRC safe

e Differential cross section can be calculated by marginalizing the resummed
double differential cross section (“Sudakov safety”) Larkoski, Thaler (2013)

do do e
€7 _ [ de,d 5( _ —O‘)
dr / ‘ 6Bdeade@ ' €3

0.7 v O.Fpr + vt
0.6; ¥=2F=12 : 0.6f @=3 B=2
- —— NNLL+NLO 5 - —— NNLL+NLO
5 NNLL om0 NNLL
o i o i
= 0.3 £ 03 :
g 3 :
o 0.2} o 0.2} \\
0.1] 0.1/\
0.0} 0.0} |
14 -12 -10 -0.8 -06 -04 -0.2 0.0 -12 -10 -08 -06 -04 -02 00
log r log r
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Conclusions

e We calculated the eTe™ — 2 jets cross section differential in two

angularities e, and eg in SCET+

e \WWe matched the cross section predictions from the different phase-space
regions and constructed 2D profile scales for a smooth transition

e Work in progress:

~—> Plan: NNLL+NLO
At the moment only NLL'+NLO due to differential scale setting

~—>» 2D scale variations to estimate uncertainties

> Validation at O(a?) by comparison to EVENT?2
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Back up



Technical detail

e Double-differential soft and jet functions implemented as cumulant to
avoid complicated plus distributions

50(Qeas@epun) = Or{ | - op S (L) 8w D Lpy(L2)

. Q2 71_2
N (2(5 Din® &+ o 1))5@ em]a@ea)
-8 d d B . Qeq i Qﬁe/g
o~ B A(Qen) A(QPey) \e)0Er —ea) [1 p

+;(5—1)1ni)2]2}

e Convolutions with cumulative distributions

/dy/ dz F' ()G (y — =) /da:/y Y F(2)G' () = /d:z:F’(a:)G(yc—az)

— F(ye)Glye) + / de F'(2)[G(ye — @) — G(y.)

O,
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Larkoski, Moult, Neill: NLL conjecture

e Boundary theories for the measurement of two angularities on a single jet
were identified and factorization theorems derived

e Interpolating function across the bulk region

0 ; o—————————— .
NLL / " NLL conjecture /
a=2, =0.5 : - JHEP 1409 (2014) 046
_1 I ' _1 - a=2, B=05 l'
5. _ ;
d 25 B "l'
() () ‘,'
52 0 > 2] ;
o) ; O 3
- 2.5 - :
-3| I > -3
_4 " —4 """"""" ' (
T4 _3 _2 _1 0 ~4 -3 -2 -1 0
Log+, €8 Log1o €
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EVENT2 results

o
. Event2 NLO
- a=2, f=0.5
—1 i 0.2
~ | Po
o I
S
o
9 _
‘ -0.1 :
_3- ':'
_ -0 ;
_ o | ARSI 4
~4 -3 2 1
Logo eB

e Preliminary results!
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2D profile scales

e Canonical scales in each region

log(p5™/Q) log(n3"/Q) log(15™/Q)
1/Blogegs /> loges
21 1/Blogeg (1—p)/(aa—p)loges + (a—1)/(ax— B)logeg log e,
1/aloge, </ log e,

e Construct scales in terms of logarithms of angularities

o Polynomial that interpolates between the canonical scales
between regions (one free parameter from transition point)

region
H 1 1 Iy —)/ «
1Oglo JQ — g 108;10 €A Ba a 1Ogm €as log10 Ca + tr(loglO (Q(ﬁ )/ eg/ ) E 1Ogm €a)7

log (Qw—a)/aeg/a)]

g(x,a,b,x1,x2) interpolates between ax for x < x1 and b for = > x-
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2D profile scales

o Canonical scales in each region

log(u5™"/@Q) log(nZ2"/Q) log(pg™/ Q)
1/Blogegs /> loges
21 1/Bloges (1—p)/(aa—p)loges+ (a—1)/(ax— B)logeg log e,
1/aloge, </ log e,
o Transition to the nonperturbative regime: Freeze as below 2 GeV
o Transition to fixed order

~> Choose a square shape for FO region: ¢t = min(loge,,logey)
~> Polynomial h(t,t1,t3) that interpolates between 1 for ¢t < t; and 0 for t > t3

— Eg (4" (o)™
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