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@ Conclusion

The main point of the talk is that simple shape function for groomed event shapes is
wrong.

There are 3 universal nonperturbative parameters for the leading hadronization corrections.
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Power corrections dictate the accuracy of precision measurements

as measurement from Thrust at LEP: . ) .
Power corrections can be modeled via a nonperturbative

%% N3LL results shape function

20p /"\ ' T full without fitting e ] do doPert k .
AN e e 97 _ /dk T — = )F(k—2B)

w1 —— n0Qy (=113 1 dr dr Q

no Q1, BS profile
(e =1172)

Only the first moment Q; is relevant.
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| Hoang Stewart 0709.3519
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One needs to fit for both as and Q4:

ik , , , , , _
000 002 0.04  0.06 0.08 4 0.10 as(mz) = 0.11352(0.0002)exp +(0.0005) hadr(0.0009) pert

Abbate et al. 1006.3080 Field theory understanding of hadronization is important

SCET allows us to understand these aspects of the interface between NP function and the perturbative cross
section. Consider the example of pp — H/Z + 1 jet:

do -~
dm2dd,

3 Hn(cbz)/dksdks (ZraoTrys @ fofo)(ks) X Jus(m] — 207 ks) Su(ks, p™ — ke, ys, R)

K,a,b

OPE region : m; = (mi)pCrt + 2pJTQ,€(R)

Stewart, Tackmann, Waalewijn. 1405.6722
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Reduce hadronization corrections using Soft Drop

Studies of boosted objects at the LHC and the need to reduce contamination from the underlying event
and pile-up led to development of jet grooming.
Soft Drop Grooming

_/—CE} Kept (B)
et —Jp—

} Rejected ()

CA Clustering

subjets

particles

Soft drop grooming involves reclustering a jet with purely angular measure (CA clustering) and selectively

throwing away the softer branches.

Soft Drop criteria: Groomed jet Groomed Clustering tree
min[pr;, p7j) ( Rjj ) B E \1,19*
- . N > Zcut e

(p1i + p17) Ro :
Larkoski, Marzani, Soyez, Thaler 2014 More Grooming Less Grooming
B B<o B=0 B>o0 B

The criteria is IR safe for 3 > 0 and Sudakov safe for 3 = 0 (calculable after performing resummation)

Larkoski, Thaler 2013
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How well do we understand the groomed spectrum in theory?

Partonic resummation of groomed jet mass is well understood:

Zd(ete - g7+ X)

025 050 NLO+LL®NP, pyje>1300 GeV
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Frye, Larkoski, Schwartz, Yan 2016 Baron et al. 1803.04719 Marzani et al., JHEP07(2017)132

The fixed order corrections have also been evaluated at NNLO. [Kardos et al. 1807.11472].
See also groomed D5 [Larkoski, Moult, Neill 2017], groomed jet mass for b quark jets [Lee, Shrivastava,
Vaidya 2019]. [See talks by Yannis Makris, Kyle Lee]

What about the power corrections in the groomed spectrum?

Although the hadronization effects are suppressed for groomed jet mass, in order
to achieve the required accuracy of as we need to account for the left over soft
particles.
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Introduction

Power corrections to groomed jet mass are intricate

In what way is the groomed jet mass different?

o C/A clustering: NP corrections could depend on perturbative branching history. Not even
obvious if a nonperturbative factorization is possible!

o NP catchment area: no longer determined by the jet radius, no fixed geometric region.

@ Universality: dependence on z.ut? 87 R? Q7 ...

Perturbative Interface using Nonperturbative
cross section perturbation theory Contribution

Goal of this work is to deepen our understanding of the interface for
groomed jet mass via field theory calculations
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Power corrections for the groomed case need a closer look

Strategies for including nonperturbative corrections:

@ Treat the nonperturbative corrections via a normalized analytic shape function:

_1_
d had doPert <Eé2) - (Z é',Q) A 6) m?
P cu 2) 2
2 = | de Fihape(e), &2 ==L
degz) / deéz) e : EF

[Frye, Larkoski, Schwartz, Yan 2016], used by [Larkoski, Moult, Neill 2017], [Lee, Shrivastava, Vaidya 2019], [Hoang,

Mantry, AP, Stewart 2017 (v1)]

@ Describe the power corrections via Monte Carlos: Use the difference between partonic and hadronic

event shape to correct for nonperturbative effects.
[Marzani et al., JHEP07(2017)132]

In(z"™") | Soft Dropped @ Above formula came out of a scaling analysis and adding
shape function. No field theoretic treatment so far.

@ The most important mode is not A’ but A.

@ The goal of the talk is to rectify this

-1
In(z5,)95 Collinear
.

In(R;") 1n(9v-\')
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- Kincratics |
Leading Nonperturbative Mode for Groomed Jet Mass

We identify the relevant region for our
analysis by considering the EFT modes
for groomed jet mass measurement

@ Turning on soft drop removes
emissions in the shaded region.

@ CS denotes the emission at widest
angle that satisfies the soft drop
condition.

o Leading non-perturbative
corrections have the largest plus
component - hence the same
angle as the CS modes.

pes < pat

1
py ~ Aqcp (Q 1% 1)

A. Pathak (University of Vienna)

2
po My
P Qg

z > Zcuteﬁ

1 . m3
(Q Ev 1) p/C ~ (6‘17 Q, mJ)

> _1
m 243
(= (Q Q’iut> Qeut = 28 Qzcut
065/2 ~ C
ln(z_l) Soft Dropped
A
P~ A2
T Softer Qcp
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In(ze, )95 Collinear
C
l
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A. Pathak (University of Vienna)

Soft Drop Nonperturbative and Resummation Region

Distinguish two regions of the groomed jet mass spectrum:

A m3 N335
a) soft drop operator expansion (SDOE) region, p:; > pi: LQ;JD (7J) 3B 1,
my QQcut
A 1
b) soft drop nonperturbative (SDNP) region, p/. ~ p; : m; < QAqep (%) B
cut
-1 ln(zil)
In(z™") | Soft Dropped Softer
A
P~ A2 A-CS
TSofter Qe Soft Dropped

CS

10p°

_ -1
ln(zcu‘l)"s Collinear In(Zeu's Collinear

T

(@) < In(R;")
b) SDNP region

f
‘-1
~In(R,")

a) SDOE region

@ In the SDNP region the A and CS mode come parametrically close merging into a single mode, A-CS.

@ The nonperturbative corrections to the jet mass spectrum are O(1) in SDNP region.
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A. Pathak (University of Vienna)

Soft Drop Nonperturbative and Resummation

Distinguish two regions of the groomed jet mass spectrum:

+

a) soft drop operator expansion (SDOE) region, p. > p\ :

b) soft drop nonperturbative (SDNP) region, p:“s ~ Py

Region

QAqep ( m?
Qcht

A cD _1_
m? < QAgep (37) =5
cut
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We identify two types of power corrections to the groomed spectrum

Start with the measurement operator for the plain jet mass:

dé" R
—— ZHU 0]0% §1X)(X|05 |0y, §=5(mj—Qp")
J
Define for soft drop:
bea =8(m] — QBL(X)),  BY(Xi zeut, B) = Oua (pl, {p)"s j € X}: zeur, B) pl'|i)

p“(ll first projects to the final kept particles and then measures the momentum

OO i i) = (32 @ (ot (015 € XD) ol ) G i)

'A. Pathak (i
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We identify two types of power corrections to the groomed spectrum

Start with the measurement operator for the plain jet mass:

ds" 2 A~
i ZHU 0]0% §1X)(X|05 |0y, §=5(mj—Qp")
Define for soft drop:
§sa = 8(mT — QBIy(X)), Pl (X; Zeus, B) = ©aa (pl', {p}"s j € X} Zeus, B) i)

p“(ll first projects to the final kept particles and then measures the momentum
P () i, v i} = (D8 (P € X3) Pl )i, iz in})
Psa 1, 12,-..1n sd P,Q PJ i P,a 1, 12, n
a=1
Include NP emissions | X)) in the jet of perturbative emissions | X):
@ “shift” correction: Contribution of NP particles to the jet mass:

Q Bla (X, Xp) [ Xn) = Q prealXn)

@ “boundary” correction: modification of the soft drop test for a perturbative subjet in presence of NP
radiation: X — X U X)\

Pla(X, Xn) = [p" ©sa (", {p}"; j € X UXa})]

Both the corrections modify the shape of the spectrum.

'A. Pathak (i
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Simplifications in the SDOE region
To capture an NP gluon one needs a perturbative emission:
@ In the SDOE region at LL there is always a perturbative CS emission that stops soft drop.

@ At LL emissions already exist but not accessible via tree level SI™°°(¢%, u) = §(£")

@ NP corrections require at least LL resummation to be even defined.

ln(Z_l) Soft Dropped

CS
-1

In(zg,)95 Collinear
—_—

~ In(R;") )

NP Corre
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T —— e
Simplifications in the SDOE region

Changes in momenta of perturbative CS emissions due to NP modes in SDOE region are small:

Collinear Soft
SDOE kept
ool region
Jollinear )
Soft
Nonperturbative } rejected

leading to a simple description of the shift and

jet

At NLL perturbative emissions can be angularly ordered
boundary corrections:

shift correction: CS emission sets the boundary correction: change in the soft
catchment area for the NP modes that are drop test for CS or S mode on including
kept by soft drop an NP emission

2, /p°
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Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet
At NLL A At 4
std(X7X/\)|X/\> ~ me(‘9553¢cs)|x/\> = QP/\sd |X/\>

Bl (Ocs, bes) = [ B Oxp(BY s Ocs, des) ]

élffp = 1: NP particle kept in the final soft droppped subjet

820 (0n, Ocs, Ad) = e<|A¢| - §>e<1 - gi) +e(g - \A¢>|)@<2cos(A¢) - ZA)
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Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet

QB (X, Xn) 1Xn) NRY Q B (Besy des) [Xn) = Q Prua |1 Xn)

Plo(0cs, bes) = [ B OKp(BY s bcs, dbes) ]
élffp = 1: NP particle kept in the final soft droppped subjet

820 (0n, Ocs, Ad) = e<|A¢| - §>e<1 - gi) +@(, - \A¢>|) (2cos(A¢) - ZA)

Boundary Correction: affects only softer subjet

épi+Qi_e<pi7+qi7 —z t(iﬂﬁ,i.*"_fi,ll)[;)
5 = cu — —
d Q Ro P; +q.

08+ 5(an -z () ) G (@) -5 costan)

Relevant operator:
@ partilcle captured by the softer
. 330 4
2 = N A bjet: Ho0;, di
Po (01, 61, B) = [p(ef, 61, 8) (B0 (8", 01, 61)—O%0 (5", 9,-,¢,v))} subjet: Oxp (. 0, #1)
@ partilcle lost by the softer subjet:

. ORp (A", 0:, i
B0 0 8) = 57+ 6 (5 - 25 cos(ag) NP 000
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Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet

NLL

Q B (X, Xa) |1 Xn) QBE (Ocs, des) | Xn) = @ Pza 1Xn)

Plo(0cs, bes) = [ B OKp(BY s bcs, dbes) ]
élffp = 1: NP particle kept in the final soft droppped subjet

820 (0n, Ocs, Ad) = e<|A¢\ - §>e<1 - gi) +@(, - \A¢>|> (2cos(A¢) - ZA)

Boundary Correction: affects only softer subjet

épi+Qi_e<pi7+qi7 —z t(iﬂﬁhi.*"_?’i,ll)[;)
5 = cu — —
d Q Ro P; +q.

08+ 5(an -z () ) G (@) -5 costan)

Relevant Projection:

_ 6 1 6
OD?P(GAv 0i, ¢') = @<g—|A¢i|>@(f—w)@(2cos(A¢ )—6—/\)

We have simplified the CA clustering issue but still need to disentangle
the dependence on perturbative angles 0; and 0.
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Angular ordering simplifies the CA Clustering business

Shift Correction: Keep only the NP emissions clustered by CS or C subjet

QB (X, Xn) 1Xn) NRY Q B (Besy des) [Xn) = Q Prua |1 Xn)

Bl (Ocs, bes) = [ B Oxp(BY s Ocs, des) ]

élffp = 1: NP particle kept in the final soft droppped subjet

820 (0n, Ocs, Ad) = e<|A¢| - §>e<1 - gi) +e(g - \A¢>|)@<2cos(A¢) - ZA)

Boundary Correction: Relevant Projection:

_ [’ 1 6
035 (0n, 0;, ¢1) = @(g—|A¢i|>@<(£—W>e(zcos(Adﬁ)—é\

Rescale NP momenta: Make the following change of variables:

Ox Py _ 2 Py _
Pr= 2 ki =Xkt pn=—kg =4 Xk,  paL=ko
2 Px Ox Px

equivalent to a boost along the jet direction:

AP, p7 pL)) = INS(1) P¥) = ’(wﬁ %p*, p¢)>
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Rescaling helps factor out the perturbative dependence of power corrections

ky/k™

B (0, 60) = = [7\(%) @Xéﬁ’p(kf 2.800) A7 (2 )},
A
(l?,\’ + B (ky — ka1 COS(Aﬁbl')))

& (L2 M,)mgp(kg: 2.80) ) A (5)]

2
o050 2 [i()
€]

65 (22 09 =0(1n0 - 5)o(s ) ro(5 - ss)o(amian )

% (152 a0r) =0 (5 — 180 o — sazy )@ (2eestao) - )

Rescale NP momenta: Make the following change of variables:

Ox Py _ 2 Px . _
px=?k;—« p%(kia P =g kx = p%k)w PAL = ko ‘m
X X el

perturbative angular dependence now factors out

The circles now have radius = 1.

NP Corrections to the Groomed Jet Mass SCET, March. 2010 18/34




Dynamics of the NP radiation: An illustrative calculation

The partonic SCET factorization formula for groomed jet mass is given by

dé ) 2= ) .
— = ST D@y, zeut, B, 1) QA /df* Je(m5 — Qet, ) S- [Z*QC‘;” ﬂ,u] . r={q.g}
J

K=q,g
[Frye, Larkoski, Schwartz, Yan 2016]

Unlike the ungroomed case we cannot simply modify the argument of the collinear-soft function S to
include NP corrections given the complex nature of shift and boundary corrections. Think about it like an
OPE with two modes (following the approach of [Mateu, Stewart, Thaler 2013]):

@ Consider the one-loop fixed order collinear soft function.
@ Include an Eikonal NP emission g sourced externally by I:'”(q“).

@ Source is agnostic about soft drop parameters and C/A Clustering: included explicitly via the
catchment area selection operators pk (0cs, ¢cs) and ,35(0,-, bi)-

F*(q")

111(2_1) Soft Dropped

In(2gy;

Dashed line represents measurement

1li
Collinear C with the soft drop cut: 5(£* — pt,)

~ Intll\’”lb ln(@v_])

NP Corre to the Groomed Jet Mass SCET, March. 2010
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Start with Abelian diagrams

P H XS

Expand the measurement operator in the SDOE region and keep O(Aqcp) terms:
MPTEROE s(e7) 1 Bk [a(et — pT) — 5(67)]
~ 4" B (00, O, BN 8¢ ')
+a(5) (ORe (0n, 05, B9) = ORp (00, 05, A%)) 324 [5(67 — p7) = 5(¢1)]
M SDOE 5(eh) (¢" alone cannot pass soft drop in SDOE region)

On adding all the Abelian graphs the NP source factorizes:

a d'q [4g" C.1°C or d  zo z
s ) = [ o [ D st S ASE (g )+ 882 ¢ O}

qtq~ det

4g2 C,.1°C(q)

Fab(gt) =
qtq-

NP Corre
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Dynamics

Rescaling factorizes the power corrections

Apply the rescaling to decouple the g* dependence in the power corrections:

L 0 [pt 4 _ 2 P, —
= = kT = — kT, = —k = —k =k
q > P q 9, ot q.L L

Note that the measure and the NP source are invariant under boosts

2 - 4g2 C1°C -
T O e R R
q k qtq
d T (f
sty = spertet ) — o a4 BB aseer )
de+ Q
where
. d%k
ab. _ + Fab.
2" = [ Gk eNp(k 2, i) F™ (k")
d
Ty = [ LK (k™ + Bk~ — ko cos(61)) ) (B — @8 ) F*™ (k).
(2m)d

asCp, (u2e¥E)S [ dpTdp™ 0, p- 2 pt\#
AS® (et = _=r / P st o
e () m [(1—¢€) Jo (ptp—)tte 2 ( ) QR p- ’

Cu (u2e7E)® oo dptdp~ 2 P 2 [pt\*
ASO(rt, ) = L= St —pN (P — e (= /= .
e (L7 1) Ao Jo G p )0, ( p) Q -

The perturbative dependence of the power corrections factorizes!

SCET, March. 2010
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Non Abelian graphs are tricky

Now consider the nonabelian graphs:

SHO®

ghad na _ @sCr (u2e7)° [ dp" dp~ d’q 2g%CarC(q)
‘ m (l—¢) Jo (prp7)+e ) (2m)d qtq-
X [MPH— A q'p  +p'q” '
pra= +qtp= —2y/p p|GL]|cos(¢q)

The matrix element for emission of g" off the CS gluon p/ is NOT invariant under boost of g/ alone
along the jet direction. Nonetheless go ahead and make the rescaling:

0 + 2
=gt [P g Sk
2 P~ 6p

as a result of which the nonperturbative and the perturbative factors completely decouple:

gL = ki

9P +p'q” _ k" 4+ k™
prq= +q p~ —2y/p p|GL|cos(bg) Kkt + k= —2|ky|cos(pi)

'A. Pathak (i
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Leading Power corrections to the groomed cross section

Thus we see how the shift and the boundary power corrections factorize:

Siad = S, p) — Q) —— ASP (€5, p) + ASP (LY, p)

d T2 (8)
e+ Q

Leading power corrections for the full cross section can be parameterized as

dam) TP (8)

do*  ds,
e _Qq®
Q

dm? ~ dm? tdm?

Cz(m§7

<C1(mJ,Q Zeut, )

Linear in 3, hence two parameters: ® ® °
Ty (B) = T1,o + BT1,1

The Wilson coefficients Cl(mf, Q, Zout, B) and Cz(mﬁ, Q, Zcut, B) are not constants along the spectrum

depend on both the grooming parameters, but the hadronic power corrections themselves are universal:

Three parameters total, only depending on Aqcp:

d e =
T oge F(K")

o  _ e
T?oE/‘(zﬂ)dk (eNP @1(??) F(k*)

d
® d¥k

Tri= W (k™ — ki cos(¢x)) (égp — @gp) F(k™)

We see that power corrections have nontrivial modifications of the entire spectrum.

to the Groomed Jet Mass SCET, March. 2010

'A. Pathak (i
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Use Coherent Branching Formalism to resum NP matching coefficients.

The calculation of Cy(m3, Q%) and Cz2(m?, @?) is easily carried out in the Coherent Branching formalism at
NLL where the resummation is implemented via sum over real emissions.
[Catani et al. Nucl.Phys. B407 (1993) 3-42]

Partonic resummation formula in coherent branching
@ Consider a series of angularly ordered emissions 2

off an energetic quark, with the first emission Angular Ordered Clustered Tree
being at the widest angle. .

@ At every stage of unclustering we will recover n
the emissions in the order they were emitted. |

@ The stopping pair is found after n unclusterings |

Partonic cross section (ésd = 1: pass soft drop), [Dasgupta et al. JHEP09(2013)020]

1 d& > > 1 R d6? os(z,0,Q/2)Cr
- =6 dz, - n
s = 0D+ 2 [Can [ U2 pea(zn)
—n 1 or
x {8y a(ms — 207Q%) + 6., 8(m3) = 3(m3) } ©(6-1 — 6,)

R 2 Qs Z, i
X H/ / 2 07?/2)& Pea(21){Odq — 1}0(0i-1 — 0)),

to the Groomed Jet Mass SCET, March. 2010 24/3a4
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Dynamics

Including power correction in the partonic cross section is now easy

The analysis can be easily generalized to calculate the shift and the boundary power corrections:

1
Angular Ordered Clustered Tree 2
3

.

. NP subjet

ky/k™

| n

Do the rescaling and perform the measurement on the NP subjet in the boosted frame (mﬁ > 0):

lda_shift dd
- LGP KL USET
: |

=n 1 O =0 (kK
X {esd 5(’"? - Zzn(’:Qz Y Onp kl 2, A¢’> Qk+) +0/,5(m7) - 5(”’J)}

n—1
X H /dzw,- {@S,d — 1} @(é,'_1 — é,)
i=1

1 1462 0 RE))C,
[ = [ on [ G T bt
(]

02 s
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Dynamics

Boundary term comes from both passing and failing subjets

! Angular Ordered Clustered Tree !
2 2
3 B

NP subjet

NP subjet
" I— n

| et

Rescale relative to each of the subjets
dgbrdry - 2 > 1 5 5
7—14,_/2‘“_)11 (k#)Z/d wn6<mJ—£zn9nQ)9(0n71—9)

xpm+iﬂﬁg411/dwmal—m[ 8.

SHIN

0

b il

n—1 .
xS [ 0@ - )| -8l -2
j=1 J

I#J

1 0 ANen
§ = 320 Q%) 00, — 6,)8],

— ki cos(¢x) )(@NP—@SP s

kB) = (k= +5 (k-

NP Corrections to the Groomed Jet Mass

&/, _E@ id] H/dzw, i —0))[—

@

6Id = 6( i — Zcut(%)ﬁ)

SCET, March. 2019
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NLL Resummed Formulae for the Matching Coefficients

Taylor expand in the OPE region:

doP®d  ds o d 2 dé T1(8)
- Bl [SGESR) dmi} + 2 ol 20,5, Q) ey
my, E)) mjf
Cl(m37zcut)ﬂ; = / Cs( ) 5( ) Pgq(2)
CD(mJ7ZCut5/B Q) ™
2
mJ my my
X @(zfmax{z ( Q ) R2E2 }) exp |:7 Rq(REJﬁ)] s
. B
1ds 1 (. 2o, 6, Q) Ocs(my, E;) _— my Z*(ﬁ) _ Qeut m3 PR
& dm? m3 OV euts 7 W05 2 Qvz’ Q Q QQcutR2
(A more complicated expression for C2 not shown) ]
In(z™") [ Soft Dropped
To a rough approximation: A PP~ A2
2 TSofter Qcp
2 —t
2+p 1 BFT guess
G (m3, zeut, B, Q :0.6< 4 ) ~0.6x = gEFTe
2 (m), Zens ) QQcut 2 cS 2
1 Collinear N
WL L — o
n(R In(@e™")

'A. Pathak (i
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Monte Carlo Studies

Visualizing the angular distribution of NP subjets

Tag an NP subjet with E < 1 GeV in the CA clustering tree of the groomed jet and apply the rescaling.

In the OPE region we find the expected geometry with R ~ 1
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Monte Carlo Studies

Comparing the NLL nonperturbative Wilson coefficients with Monte Carlos

NLL calculation of Cy(m3) and Cz(m?) agrees well with Monte Carlo.
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Monte Carlo Studies

Fitting for the power corrections in Monte Carlo

Monte Carlos have very different implementations of partonic resummation and hadronization model.
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Monte Carlo Studies

Fitting for the power corrections in Monte Carlo

Fit for the three hadronic parameters for the following grid in the SDOE region:
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Fitting for the power corrections in Monte Carlo
Fit for the three hadronic parameters for the following grid in the SDOE region:

Q = 500, 1000 GeV, zey; = {0.05,0.1,0.15,0.2}, 8 = {0,0.5,1.0,1.5,2.0}

3 universal parameters fit the whole grid well
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Monte Carlo Studies

Linear behavior of boundary correction

Fit for individual 3's using the QF from the global fit. Fits agree with prediction.

0.

T LI L B R B B B B

R
e'e” > qq

predict _ «pglobal fit global fit
T @ =", +BT,

-e- Vincia 2.2
-= Pythia 8.2
- Herwig 7.1

L

Lo v b v b

0. 0.5 1. 1.5 2. 2.5

B

ons to the Groomed Jet Mass

NP Corre SCET, March. 2010 33/34




Conclusion

@ QFT based treatment of power corrections to groomed observables. 3 Universal parameters

@ Calculate the shape dependence of power corrections via Wilson Coefficients determined with
Coherent Branching at NLL

@ A unique way of characterizing the hadronization models of Monte Carlos
@ A nontrivial cross check on Hadronization tunes that are based on simpler ungroomed observables.

Enables precision measurements involving direct comparison of data with theory. [See Sonny Mantry's
talk later today on top mass measurement]

Thank you.
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