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Qutline

Event shape distributions and

as in SCET

Thrust fits revisited

Towards generalized angularity fits

Warning! This is not a formalism talk. This is barely a pheno talk....

This is really a talk on fitting.




Event shapes @ e+e- colliders

= The strong interaction provides the dominant contribution to collider processes involving
colored objects.

= As QCD exhibits asymptotic freedom, high-energy colliders probe the interaction at weaker
coupling, thereby permitting a perturbative description in QFT.

= However, as an event evolves, many scales are probed, including the non-perturbative. As a
result, QCD spans a rich array of physical phenomenal!

= QCD is 'simpler’ in electron-positron collisions, as one avoids the messy initial state physics of
bound protons (PDFs, ISR, multi-pardon scattering, etc.). This facilitates precision QCD studies,
e.g. extractions of the strong coupling constant.

» Today we will focus on event shapes, which are geometric observables characterizing the
‘shape’ of final-state momentum distributions of hadronic objects. The dominant channel is
e+e- -> JJ, as soft and collinear enhancements via gluon emission primarily lead to dijet events.

= So, a given event shape would assign a number to these geometric configurations, depending
on what is actually getting measured...



Event shape distributions: thrust

[Farhi, PRL 39 (1977)]
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The fixed-order distribution can readily be computed in QCD, while the current state of
the artis a N3LL" + O(as3) resummation performed with EFT (SCET) techniques:
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Introducing SCET: intuition

Event shapes can be predicted with SCET, an effective theory describing collinear and soft
degrees of freedom (light, energetic particles) occurring alongside main channel collider scale
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= jet of collinear particles m5 < E3
L emit soft gluons that
soft large-angle radiation Es < E, do not deflect the
energetic quark

SCET permits the precision resummation of large logs of these scales via renormalization

group evolution!



[0005275]
[0011336]

Introducing SCET: factorization o< e oios0us

[0206152]

Begin with fundamental QCD fields and split into soft and collinear components:
Af(z) = Ap(2) + A (z) () — Ve (z) + W5 (z)
Further project collinear fermion into two components, and determine scaling of correlators:
(@) =), ) = @ OHCEEO}0) ~ A2 = C(x) ~ A (n(x) ~ A2)

After multipole expansion, hard-collinear factorization, and soft decoupling (achieved with
Wilson lines), one can factorize the Sudakov form factor (schematically):

Obviously, dijet event shape factorization in e+e- closely related, with addition of explicit
measurements on soft and collinear momenta: \ = /7 (thrust)
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Dissecting dijets — constructing the curve

15-
' 1 do

_I_ oo dr
0+ -

do~H - JRJT RS

‘Far Tail’ Region: fixed-order, multi-jet region. QCD MATCHING

‘Inil” Region: resummation region. PERTURBATIVE SCET PREDICTIONS

‘Peak’ Region: non-perturbative, soft region. NON-PERTURBATIVE MODELING




See e.g. ‘Intro to SCET' Becher, Broggio, & Ferroglia

SCETching thrust: resummation

or EFT Lecture Notes, |. Stewart

H, Ji, and S contain logs of the form (respectively):

2 2 2
L

z z
do~H-TJ2J®S o Inlas s

We evaluated H, Ji, and S at a common scale. Yet there are ‘natural’ scales at which the logarithms are

no longer large:
i~ Q i~ QVT s ~ QT

We thus wish to RG run our functions up to their natural scales. Take H as a simple example:

H(Q27:u) — H(Q2>:uh) Uh(:uhnu)

Where the function U is a solution to the RG equation for the hard function:

dH (Q? 2
d(lcil;/i) — lzfcusp ln(%) ‘|‘4’YH(045)] H(Q2.1)

Which, at LL approximation, has the following form:

e [t (L) o2

Similar for jet and soft functions...



SCETching thrust: resummation and profiles

Evolving all scales to/from their ‘natural’ settings, one arrives at, for the SCET, cumulant:

1 (™  do [0801.4569]
Uc(Ta):O_O / dT“F [0901.3780]

() 2 a N 2wy () ws (ps1s)
_ eK(u,uH,uJ,us)( ) ( ) ( s )
Q2 T QTa

H(Q?, )T (0q +1 . S(0q +1 il
X (Q+H — MJ) (Q+I1 ,MS)
Q* QTq I'(1—Q)
Accuracy Fcusp YF 7Z7 YR | B | H, j7 ga Oa 1007 HH A
80 Y
LL Qg 1 Qg 1
60}
NLL ag Qg ozg 1 40k
NNLL o % % v 20
NSLL 044 a3 a4 a2 Y
S S s s 0.0 0.1 0.2 0.3 04
Ta

This cookbook changes at ‘primed’
accuracies, and of course when
considering matching to QCD!

Note that there also is freedom in scale-
setting choices -> 'profiles’
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SCETching thrust: matching to QCD

» SCET predicts the singular component of the cross section. One must then match to QCD:

Uc(Ta) B Uc,sing(Ta) _ Tc(Ta) _ @(Ta) {&S(Q) 7“(1‘;(7_@) n (&s(Q))Qrg(Ta)} L

00 o0 2T 2T

Remainder coefficients

QCD distribution SCET distribution

200 —

150

At O(as), for example, the matching

100

restricts the distribution to the domain
T€ {0, Tmax F

50

_ Remainder _ 0.00 0.05 0.10 , 015 0.20 025

! hep-ph/0901.3780

Results for O(as23)) matching, obtained from EVENT2 / EERAD3, included.
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SCETching thrust: non-perturbative corrections

= A treatment of non-perturbative effects is critical in ete- -> hadrons...

= When dominant power corrections come from the soft function, NP effects can be parameterized
into a shape function fmoq:

/ , P— 2 [0709.3519]
S(kaﬂ) — /dk SPT(k —k 7#) fmod(k — 2Aa) fmod [Z bn fn (—>] [0807.1926]
= The leading impact of this shape function correction is to shift the overall perturbative
distribution: [9408222]
[9504219]
d d Q 20 _ [9806537]
= 0 (Thrust) ——(7a) — —— (Ta - cTa—l) — =24, + / dk k fimod (k) 9902341
dr, NP dr, Q 1—a 0611061]

= However, both the gap parameter A and the soft function S_PT have a renormalon ambiguity!

n (9807443)

7 : il see e.g.
@Eﬁ> DTy = svooon +  w0sOTI +  weeOwntOnie + ... Beneke

= Solution: subtract a series with a compensating/cancelling ambiguity: [0003179]
[0709.3519]
[0803.4214]

Ba=Ba) +8ulw)  ——> S(wp) = [0 fuoa(w)| [0 Spr (v, )| 08063652

(0908.3189]
= The highest precision SCET extractions have done so with a very particular scheme... 12



SCET extractions @ N3LL + O(a3) accuracy
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Our collaboration’s goals

= We want to surgically review the extraction of {as Q} from e*e- event shapes, focusing on thrust.

= This includes (1) a dedicated, independent crosscheck of prior work, but also (2) looking at all of
the assumptions made in prior literature:

non-perturbative physics MC event generation

theory uncertainty estimation (perturbative) power corrections

missing three-loop ingredients o ,
binning techniques

+ B wadinalinuss observables & datasets

= Furthermore, we do so at the highest order achievable with current theory inputs:

Accuracy |TCeusp | YFs Yy Yr| B |H, J,S,6| |Accuracy|H,J,S,5| |Matching|r"(7)
LL Qs 1 Qs 1
NLL o s o 1 NLL/ s +0(as) | as
NNLL a o as| s NNLL' o +0(a3) | o
NELIE a’ o o o N°LL’ o +0(a3) | a3

= Time allowing, I'll comment on the missing three-loop ingredient, c,3




Renormalon corrections and a.

= We have estimates of the effects of the shape function and renormalon corrections from prior

analyses: e
a,(my) from global C—parameter tail fits

_ [ -
0.135 Below error bars & + — perturbative error -
as(my) - 0(c?) fixed—order All errors: ag(mz) =0.1123 + 0.0015 -
: ? 0.1317 +0.0052 i
0.130} 1 <
A 1 =
[ ] S
0.125 — =
" 4 O
. ] w
B + N°LL' summation + Power Correction 1 <
0.120/— 0.1219 + 0.0028 0.1117 £ 0.0016 1 &
i + R—scheme + hadron mass effects - 8_
- 0.1123 00014 (1119100013 ] -
0.115— —
0.110- | { * —
order as(mz) (with Q1) as(mz) (with Q1 (Ra, ua)) order Q1 [GeV] Q1 (Ra, pa) [GeV]
NLL/ 0.1071(60)( 5) 0.1059(62)(05) NLL' 0.533(154)(18) 0.582(134)(16)
N2LL’ 0.1102(32)(06) 0.1100(33)(06) N°LL"  0.443(119)(19) 0.457(83)(19)
N°LL’ (full) 0.1117(16)(06) 0.1123(14)(06) N°LL’ (full) 0.384(91)(20) 0.421(60)(20)

This matters! So let’s perhaps look here first to see what's happening...



[0803.4214]

[0806.3852]
R scheme 0801 4743]
[0908.3189]
= Recall that we reorganize the soft sector via a redefinition of the gap parameter:
Bo=Ba(p) +0a) = ) = |30 froa ()] |70 Spr (v, )|
aplace space
= Then, choosing the R scheme to cancel the leading renormalon,
ReE [lng (v )} =0 — dalp, R) = lRfﬂE : {ln Spr(v, M)} 7
dlnv PTAM A v=1/(ReE) ’ 2 dlnv v=1/(ReVE)
~ ~ All of these objects can be defined
= _2’/6@(“) J
Serlv,p) = e Ser(v, 1) perturbatively!
» and accounting for R and y evolution,
L AR = —L (R R) = —los(R) 1 Da(p, R) =~ b, R) = A laa()]
dR ’ dR ’ du du
" one obtains the final soft function -> cross section:
Final cross section is expanded order- 1 0(Tq) = /dk opT (Ta _ E) [6—25a(u5,R)d4‘§€med(k — 27, (s, R))]
by-order in bracketed term g0 Q

17



R Scheme phenomenology

= R scheme removes unphysical effects in cross-section predictions and gives good qualitative

agreement with data:

[1808.07867]
0.6r : : —
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0.5} |- Z:g:gs - -
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0. N
: W | | | | | 0.0 D ey ]
0.000 0.005 0.010 0.015 0.020 0.025 0000 0005 0010 0015 0020 0.02
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1do 1 do [1006.3080]
o dr gdr
L Q=my, Sum Logs, with S™ ¢ Q=my Sum Logs, with S™ + gap 1
1.2 e N3 1.2% e N3 LL
E E— N3LL : E——— N3LL
1O} NNLL' 10| r—1 N0
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7  HIMN’LL
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—_—
(BS '08)
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= How non-perturbative effects are implemented (clearly) affects the extraction of the strong

coupling!

see A. Hoang, 2015 workshop on precision as
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Effective non-perturbative shifts

= Before considering gapped renormalons, the leading-order NP effect is a constant shift:

do do 4 1 ot —
ar (7a) & g \e "y = 5= Tr (01 Y 7Y, €7 (0) Y, Y7 [0)

» But what is the ‘effective shift’ of the distribution in the R scheme?

/dk ke_%a(ﬂs,R)d%med (k o 2Aa (MSa R)) - /dk g [Z fr(ri))d (k o 2Aa (:LLSa R))

= Shape function expanded order-by-order depending on logarithmic accuracy:

fmod( o QAQ(MS7 R)) — fmod(k — QAUJ(:USa R)) ,

FO0 sk — 280 (5. B)) = — 2P 2515, R)RE® fa( — 20a(ss. ).

fmod( - 2ACL(:“57 R))

2DV 2825, RYRE® Fla(k — 20a(ps. B))

+2(33 (s, RYRE®) floq(k — 204 (s, R)))

19



Effective non-perturbative shifts

= Distributional shifts at NNLL" accuracy (central profile scales):

100} | g y ]
80} v
N T _
[ 1 - R-Gap
40t ] 11 N ’, ———————
L Shift -~
20¢ ] 1.0F ””,—
Ot ] ’ /””
00 0.0 02 03 04 05 0.9 Rl
i 0.8 f—=%
1 : [/
12} : 0.7F
10} Hs : :
st R 06 5
6f ] obe v v v o :
4 : 0.0 0.1 0.2 0.3 0.4 0.5
of -j
0.00 002 004 006 008 T
T

Why does the effect grow as one moves toward the fixed-order regime?
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A naive way to limit the shitt...

= Obvious solution is to simply limit the growth of the renormalon scale:
YR = Q(Rmax _ R)yR R = R(7)
d
need: d—Réa(R, R) = ypla(R)]OR,,., — R)

a(R)

A

a(R)

A

2
recall:  &,(R,R) = Re’: 5\(R, R) + ( ) 52(R,R) + --

= Simple solution is to simply set a max value for the R scale:

[
o {R R<R,. 4(u, R) =¥ &
= 1
Rmax R > Rmax 52(;5, R) = Fgﬁo In> % + I‘}g In Zf + /732((1) + C%.((l),@()

| |

Turns off the R-scale at a given (fixed) Rmax (good) Potentially large logs of p/R ! (bad)
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R*: a new scheme

» Generalized renormalon cancellation schemes can be defined: [2012.12304]

R d" ~ 1 d
) — In S _ _
a(:u) 2 d(ln U)n n (Ua ,LL) }vzf/R —_— 5;*;(]{) = ER*eyEdlny [ln SPT(V,//{ = R*)] V= 1/(R*erE)
v
R* Scheme: we are not forced to set 4 = g in the
subtraction series, we can pick 4 = R
(n, §, p) = (1, exp(-ye), R*) PR

= Anomalous dimensions, subtractions, turn on at one higher order:

o R [ay(R) (RN, . N
o s’ o (R)\ 2 '
TR=e" | -0+< o ) (s + 2¢g60) + O(a%)

= This scheme is just a choice!

» But then again, so is our choice of theory profiles, which also drive the effective shift...



Profiling a fit window oo/ 160807667

= How can we identify a region sensitive to €, and as, and for which our best theory curves are
reliable? Look to the profiles!

7 5 f ‘ ‘ ‘ ‘ ‘
! + 100: 2018 Profiles (64 Variations)
1 g0 *
? 0o dt, ] 80 v
i HMH
; 3
[ i i IuS R
5
000 005 010 015 020 025  0.30
£ T
= Profiles trace scale hierarchies through different 100- 2010 Profiles (64 Variations) A
regimes of a given distribution: 20! Y
“ n HH
Peak  wm > py> ps ~ Agep il
O
40
Tail pH > g > ps > Agep
20 Hs R
Far Tail o = g = ps > Aqep O-ﬁ-

0.0 0.1 0.2 0.3 0.4 0.5
» A default fit window will be between [6/Q, 0.33]. T

[080€79001]

[£98/0°8081]



R* Scheme: profiles and shifts

00—
— ‘ 120
" Solid: 2018 Central »
B0 Dashed: 2010 Central He HH 100}
60 80
> : 2 60E Solid 1
N T olid: n,=
O 40! © — T Dashed: n, =0
40} Dotted: n, =-1
___________________________________________________________ R 20? 2010 Nonsingular
7 O:-'--““‘ 2018 Nonsingular |
02 03 04 05 0.0 0.1 0.2 0.3 04 0.5
T T
0.95/ .
 N3LL+ O()
0.90!
Effective non- 2 085!
5
perturbative shift B 0801 o
) E : Constant Shift (Eq.(1))
flattened, as desired/ 37| Roo10
A ,
8 [
expected... : \
p 0'7(): R2018
r *k
0.65/ Roo10
00 ol 02 03 04 05
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What else can we vary?

= Generalized cancellation schemes also depend on derivative rank and normalization params:

dn
d(Inv)

In {g(v,,uSUB)e_%(s(“SUB)] —0
v=¢/UR

| T—

= Let's also try to define a scheme with n=0. We've calculated the required subtraction terms and

anomalous dimensions to three-loop order.
RO Scheme: {n7§7/~LSUBnuR} — {0727T7MS7R}

S

2 2 s
5% () E grgﬁg L* Y 3 <2P;50 + T8 + 4035 In %) L3

¥ (F? 29160 + el g2 + 21 2 <2F2/3§ n £ 1 108, 4 2F§ﬁo)) I
Cancellation H M

(and evolution (2.4 5l + 4ci — 2e})Bo + 480 22 (31 + 2¢lfu) ) L
terms) sensitive f

S S 1
£ logs @ one +2mn ™ (2@53 In 22 4 el + 2626, — @)250) —cgc + 5 (c)(F el
higher power, H H 3

with respect to

n=1 schemes... Cancellation (and evolution terms)

explicitly sensitive to missing three-loop

finite soft constant... 25



Preliminary!

Convergence & data comparison

N3LL + O(a?)
N3LL+ O(a?)

NNLL + O(ay)
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Fit technique

= We perform a)((%of analysis at the level of binned theory predictions:

X2 — Z AZV:U_lAJ

1,7 75(7’14—7'2)/2
1 do ex 1 do 1 do th 1 oc(72, ta(T)) — (71, pa(T
Ay = (= ==(1)["P — == (7|t Ldo A" = (72, (7)) = 0c(T1, 1a(T))
o dr o dr o dr MP Ot To — T4

= Experimental errors (stat. and syst.) accounted for with ‘minimal overlap model:

Vij‘MQM = (&;"*")?0;; + min(e;¥”, €3¥°)?

= Theory errors are conveniently parameterized in terms of an error ellipse K:

o

2
_ T 7—1 T . « Pa) 0a0Q
=X KtheoryX X' = {Oés, Ql} o {:uow MQ} Ktheory _ (paQ 0000 0'522 )
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N3LLO + O(as3) accuracy fits to asand 2  preliminary!

» Global fits include 488 bins of data with c.o.m energies between 35-207 GeV.
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: i 2018
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L ] i S an Q
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N3LLO + O(as3) accuracy fits to asand €2,  Preliminary!
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Fit windows
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RO sneak peeks

Preliminary!
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Missing fixed-order ingredients Preliminary!

= Qur extractions are sensitive, to more or less degrees, on calculations / simulations related to
missing fixed-order ingredients.

= We have extracted the three-loop remainder function, and have attempted to extract the three-
loop finite singular constant (as have others).

[1804.09722]
c§ = 253 + 691 = —19988 & 1440 (stat.) == 4000 (syst.) Vs. Co| po s = 691 £ 1000
: : . 0.5
This object (and especially |
its central value) clearly 0al R2010
matters at the accuracies | Rgg‘lig
we consider. S o0al
T noerror
' N3LL+ O(e?) 2010
This would be especially 02 Q=my
| 6
true for n=0 schemes... Te[—,0.225]
0.1 ©
0.110 0.11 0.12 0.13 0.14 0.115 0.116 0.117

@

= \We believe there is more to say here.... 2



Binning technique Preliminary!

= Even the technique with which we bin our theory distributions matters for the extractions!

‘Midpoint’ (Default) Scheme Endpoint Scheme
ld_O'(T) th _ 1 O-C(T?a:ua(?)) — O-C(Tla,ua(?)) ld_o-(,r th _ 1 O-C(TZ;Ma(TQ)) - O-C(Tla:ua('rl))
odr" lup Otot To — Tq odr EP Otot T2 — T1

T = (’7'1 +Tg)/2

" The endpoint scheme is argued to feature spurious contributions associated to the r-dependence
of the profile scales. Regardless, it is also a reasonable approximation to a differential
distribution.

1°0f
Note: NNLL accuracy 038 Te [8,0-33]
plots for today... v Q=mz
S | EP
There’s probably " Raons
more to say here as 02 N2LL+ O(a,)
well... S |

0.09 0.10 0.11 0.12 0.13 0.14 0.15 33



Towards Generalized
Angularity Fits
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Global two-parameter fits

= Multiple data sets can disentangle the strong coupling constant from non-perturbative
parameter(s):

€21

Varying slopes =
smaller overlap.

€21

Agreement area
is still large,
uncertain.

as aS

---------- i----------- ZafT(mz)—&s(mZ)

= The slope of the ellipse is Q-dependent for all event shapes, and also depends on the strength
of non-perturbative effects. Global fits over many different data sets necessary for extraction.
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[0303051]
[0801.4569]

Angularities: from tto b 0901 3750

[1808.07867]

= Consider Angularities, which can be defined in terms of the of the rapidity and pr of a final state
particle ‘i’, with respect to the thrust axis:

1 il (1— a =0 <-> Thrust’
IR safe forac {0, 2} @ Ta = J Z pile il(1=e) . ,
@ p a =1 <->"Jet Broadening’

» Leading NP effect is also an (a-dependent (!)) shift of the perturbative distribution:

do ) do o S 2
—(1q) — — 17 — ¢ — Ta —
dTa NP d7, " Q l—a
(da/dTa)central - da/dTa ASlOp@(.)
a=-1.0 a=05
0.004 | | | 1 o1l 7 do
~AQ AL Q Q=91.2GeV
0.010} ~_ 00 drg
0.002 ~—_
0.005} ~—— _
/’_M
0.000 0.000
-0.005} ———
~0.002 P
-0.010} P
Ve
Ve
0,004 0015~ | | | |
010 015 020 025 030 035 010 015 020 025 030 035 s
110 105

» Varying Q between 35 and 207 GeV generates same difference as varying a € {-2.0, 0.5} (~6)!! 36



[0901.3780]

[1805.12414]

. 7 / [1808.07867]

rogress: to 1812 08650

[2004.08396]

Lo ———— 1.0[ | | | | | §
08| ;\( §9 0sl
50.6! NNLL+ O(e3) _ _
] NNLL + O(a,) k CQVC 0.6
b 0.4} NLL + O(a,) ' %0 04!

2 a=-1.0 | 02| a=05
0.0 | | | | | | | softserve.hepforge.or 0.0l |
000 005 0.10 0.15 020 025 030 03 Bell. Rahn & Talbert o 0T 0T s od s od

= Two-loop soft anc:ﬁnalous dimensions and singular constants provided by SoftSERVE "

= Two-loop jet anomalous dimension obtained from consistency relations

= Two-loop singular jet constants extracted from EVENT2 (though now calculable)  gell, Hornig, Lee & Talbert
= Matching to QCD at O(as?) extracted from EVENT2 *

= Includes set of H,J,S, & non-sing. profile scales, tuned for a-dependence, and varied with a random scan
over parameters

= Non-perturbative effects accounted for by convolution with RGap—subtracted shape function

a=—0.5 a=0.5 a=-0.5
0.25k ‘ ‘ ‘ 1 035F | | | 30t | |

.0.20 = >

& S 20

= 0.15} !
N

5 3 15
3 0.10} E

g 510

& 0.05¢ 5
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http://softserve.hepforge.org
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The (only) dataset

JHEP 10 (2011) 143

RECEIVED: May 12, 2009
REVISED: May 3, 2011
ACCEPTED: August 24, 2011
PUBLISHED: October 31, 2011

Generalized event shape and energy flow studies in
ete™ annihilation at /s = 91.2-208.0 GeV

Also see thesis by Pratima Jindal, Panjab
L3 Collaboration University, Chandigarh

Data for a = {-1.0, -0.75. -0.5, -0.25, 0.0, 0.25, 0.5, 0.75} at 91.2 and 197 GeV
Total number of bins = (bins per a) x (number of a) = 25x7 = 175 bins @ Q = 91.2 GeV

= Compare to 404 bins included in 2015 C-Parameter fit (across all Q considered)...
" Early theory predictions look good against the data, but what does this translate to for $2 and

as? . _ . .
—+ ' ' ' == T ]
- 1 do PT a=-10 12 = a=-0.25 6_"*“ a=05 |
: T tot dTa NP 10: —
|| o 5__—5—

=+ - 4 =

= — =
== 4 == 2} —
gy 2 L T 1 ==_
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.10 0.15 020 025 030 035 040
Ta Ta Ta

BLUE: NNLL + O(as?) RED: NNLL + O(as2) + NP 38



Summary and outlook

We have presented results demonstrating the impact of (non-)perturbative physics on a global
SCET extraction of the strong coupling from the Thrust e+e- event shape.

Our results are valid at N3LLO) + O(as3). Represents improvement over our prior results.

We have also shown how Thrust fit values are sensitive to the fit window chosen, as well as to
profile parameters associated to scale setting.

When the effective shift of the distribution, due to non-perturbative physics, grows less in the
multi-jet window, the value of the strong coupling from Thrust approaches the PDG average.
Regardless, an additional systematic uncertainty is clearly present in EFT extractions...

Analytic control over multi-jet power corrections would clearly be valuable (also see Luisoni et
al., Nason, Zanderighi e.g.), as would control of next-to-leading power corrections in the EFT.

In addition, we have argued that by studying the Angularities class of event shapes, one may
have the opportunity to further disentangle two-parameter fits.

However, only one L3 dataset exists. More data, at more values of Q and a, could permit an
unambiguous disentangling of leading non-perturbative effects.

THANK YOU!
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Data sets

=For thrust: sFor angularities:

JHEP 10 (2011) 143

/;::EE:—38841 123- gex (7) tg—;ggji i;;: gex Ei? Generalized event shape and energy flow studies in

-2004: 161. GeV (7) - : .8 Ge ) .

ALEPH-2004: 172. GeV (7) L3-2004: 188.6 GeV (12) e’e” annihilation at /s = 91.2-208.0 GeV

ALEPH-2004: 183. GeV (7) L3-2004: 194.4 GeV (12)

ALEPH-2004: 189. GeV (7) L3-2004: 200. GeV (11) A esic by Pratima Jindal
ALEPH-2004: 200. GeV (6)  L3-2004: 206.2 GeV (12) so see thesis by Fratima Jindal,
ALEPH-2004: 206. GeV (8) L3-2004: 41.4 GeV (5) L3 Collaboration Panjab University, Chandigarh
ALEPH-2004: 91.2 GeV (26) L3-2004: 55.3 GeV (6)

AMY-1990: 55.2 GeV (5) L3-2004: 65.4 GeV (7)

DELPHI-1999: 133. GeV (7) L3-2004: 75.7 GeV (7) = Data for a = {-1.0, -0.75. -0.5, -0.25, 0.0, 0.25, 0.5, 0.75} at 91.2 and 197 GeV
DELPHI-1999: 161. GeV (7) L3-2004: 82.3 GeV (8)

DELPHI-1999: 172. GeV (7) L3-2004: 85.1 GeV (8

DELPHI-1999: 89.5 GeV El)l) L3-2004: 91.2 GeV El()D) = Total number of bins = (bins per a) x (humber of a) = 25x7 = 175 bins @ Q = 91.2 GeV
gEtE:;;ggg; gi:ng\e/V(ﬁ)Z) 8E2t_;ggg; i% ggg E;; m e.g.a=-1and 0.5 Q= 91.2 GeV, compared to our NNLL' prediction:

DELPHI-2003: 183. GeV (14) OPAL-2000: 183. GeV (8) A : : : T ., . . .
DELPHI-2003: 189. GeV (15) OPAL-2000: 189. GeV (8) \ g 1
DELPHI-2003: 192. GeV (15) OPAL-2005: 133. GeV (6) + [1808.07867] 1 [1808.07867]
DELPHI-2003: 196. GeV (14) OPAL-2005: 177. GeV (8) 4 1o ]
DELPHI-2003: 200. GeV (15) OPAL-2005: 197. GeV (8) Ay b

DELPHI-2003: 202. GeV (15) OPAL-2005: 91. GeV (5) 3l \

DELPHI-2003: 205. GeV (15) SLD-1995: 91.2 GeV (6) A of

DELPHI-2003: 207. GeV (15) TASSO-1998: 35. GeV (4) |

DELPHI-2003: 45. GeV (5) TASS0-1998: 44. GeV (5) i al <

DELPHI-2003: 66. GeV (8) oy N

DELPHI-2003: 76. GeV (9) 1t T ol s S ]
JADE-1998: 35. GeV (5) ———-—- Summary ------ s SV %M
JADE-1998: 44. GeV (7) gotlgh 516 ol e U i 1
L3-2004: 130.1 GeV (11) > 95 t 345 ; : : : : ; : : :
L3-2004: 136.1 GeV (10) Q < 88 89 0.05 0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25
L3-2004: 161.3 GeV (12) Q ~ MZ : 82 1.0 T0.5 24
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Introducing SCET: dijet factorization

Begin with fundamental QCD fields and split into soft and collinear components:

Af(z) = A (z) + A (z)  WH(x) = Wi (z) + ()

Further project collinear fermion into two components, and determine scaling of correlators:

(@)= @), n@ =) OHC@)EO0) ~ X2 = C(2) ~ A (0() ~ A?)

M

N

Now, integrate out momentum suppressed modes. Note, this is not a traditional EFT! Let's consider
the factorization at the level of the current. Two critical steps. “Hard-Collinear factorization” (1) &

“Soft-decoupling” (2):
(1) F(0) 7 (0) = [ dsdt Cu(s.t) (GWa)(sm) 7 (WiG,)(t7)

: : . . 0
Wilson lines necessary for gauge invariance:  w, = Pesp (ig/ dsfi - Au( + Sn))
—0o0

(2) T(0) +* T(0) - / dsdt Cy(s,t) C WOTS! 4 WOs,, (0

Cn(@) = Snla-)¢n () 42



Introducing SCET: dijet factorization

We can thus factorize our matrix element for the dijet, two-fermion operator quite simply:

Cv[* B{0]0na| X))

— v (of [cowT] [cowe] 10y cof [Wecd] [w2e] 1) of [hSa] [S5.] 10)

~ S

1 d
0 _ H(Q; ) /den deg degs Jn(en; 1) Jn(en; ) S(es; ) d(e — e, — en — €5)

Otot de

J(p) H(Q?) J(PR)
&QQDy § Qoqo¥

é‘ g % “soft-decoupling”
S(us)



