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N-jettiness Slicing .&‘(IT
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[ Stewart, Tackmann, Waalewijn * 10 ]

P; P;

2p;-pi 2Pj-Pr )
i J

B N-jettiness variable: T = Z min (
k

B 7 can be used to slice the phase space in the following way:

‘o do do

o = dt— + | dr— — 7, :Imposed cut on 7
o dr . dr
L singular—

% The SCET factorization theorem makes the above slicing a convenient choice:

‘Y do Al No such theorems or
L dTE = [Bf ®B.®5 QH ® H‘Ifﬂ’f generalizations even at NLO!
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Why Power Corrections are required? ..\\J(IT
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Problem: Slicing schemes show the absence of the cancelation of power suppressed terms. To minimize it,
one needs to choose the slicing parameter to be very small, which leads to large numerical cancellations.

" d d
a=[ i —  + [ &= = 6(1)+ 06(z)

o dr dt
o et
logz logz,7logr, 7

Solution: Include more power suppressed terms in the calculation of the singular terms.

‘o do do
0 = I df; + J dfz = 0(1) + O(z)) Requires us to go beyond the well-
0 T, ' i
, , \ , understood soft and collinear expansions.

logz,7logz, 7 logz,7rlogz, 7

g Power corrections to cross sections have been calculated for [ Moult Rothen et. al’ 16 ] [ Ebert, Moult, et. al’ 18 ]
relatively simple 2 — 1 processes in recent years, mostly at NLO. | Boughezal et. al 18] [ Boughezal et. al '19]

Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
ol 10J@) QO OO0O0O0O0O OO O

2/15 22.07.2025 Prem Agarwal :Power corrections in N-jettiness slicing scheme YSM 2025



Power Corrections to O-jettiness slicing ..\\_](IT
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B We wish to calculate the power corrections for an arbitrary of color singlet production: f,(p,) +/,(p,) = X(Py)

d N N 3 i
e NJ. [dPy],,[dk](27)? 8(p, + p, — Px — k) 8(t — Ty(p,» Py, k) O(Py) Z | M| Py por ks Py) .

dr col,pol

B The power corrections to the above equation can be written in terms of two distinct regions: Soft and Collinear

do
—1-2¢ —1—€
E ~ T f? -+ 7 f;.
The jettiness function constraints the gluon’s energy or it’s - (2p..k 2p,.k
transverse momentum k, to be 6(z). It defines the two regions which To(Pg> Pp> k) = min Q O
result from expanding in «.
s _ TR
B If the gluon energy ~ 0(r), k, ~ 6(1) : Soft Expansion |
|
B If the gluon energy ~ 6(1), k; ~ 6(z) : Collinear Expansion /,l
o )
Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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General Construct

dz

‘ col,pol

— Phase Space - ‘
Observable

Matrix Element

%  The building blocks to obtain power corrections by expanding in 7 are:

Phase Space Matrix Element Observable
Can be expressed in LBK theorem can be Function of final state
a process used to calculate next-to- momgnta. NLP
independent manner leading power soft corrections can be
using momenta contributions. No such calculated using
redefinitions. theorem for the expansions of the final
collinear contribution. state momenta.
Introduction The Soft Contribution The Collinear Contribution Applications and Checks
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d _ _ 3 3
b NJ[dPX]m[dk](Zfr)d 5(py+ Py — Px — k) 8 — To(Po Py K)) X OPY) X D' |MI* Dy Py ks Py) .
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The Soft Contribution

= We get rid of the gluon momenta using a combination of rescaling and Lorentz boost:

2 2
Rm Rm

2P, - k P,-k
Py, =27 [A]) P, — k) ,1=\/1_ — m -+ 0.

~ Pa . k _
Phase Space: d®, (p.,p,, Py, k) ~ d® (p.,p,, Py) [dk] | 1 -k, b Phase SpaF:e scales with
the rescaling parameter A

, Using the explicit form of the boost and
Matrix Element: |\ M|~ (pp, Pys ks AA;IPX). the LBK theorem, the subleading terms of
the matrix element can be calculated.

Observable: O(AA;'Py) The observable can be expanded in gluon momenta.
Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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The Soft Contribution

B The final result for the Soft contribution is quite compact:

do'

dr

= N[[dd»m(pa, Pys Py)] {@(Px) [11 ~ Kb,

AT
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Derivatives of Born Observable contribution in

terms of its derivatives

i + O(e?)

e —2¢€
_ a1 £ : &) (L]
e 8) e () 4

Introduction The Soft Contribution The Collinear Contribution Applications and Checks
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The Collinear contribution

Momenta Redefinition:

k-P 3 " . 2k
k=p _;zpa+ka=(1—x)pa+kﬂ — i, = Spa(Pb—pa)“kf k| ~\/t

® The collinear contribution after incorporating the Lorentz boosts:

1

doc? C 1-e ep’*®
i AL Nldx Ay [da@-?) (1—x)-f(1+ f “’“) O(A;'Q0) Y, IM(py Pk, A;' Q)

dr 27€ 2
0 pol,col
_ ' LR LR . Uy Tu DH
Expandin p* ~ ki ~7 A, A(QF + k*, PH)
Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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The Collinear contribution

Momenta Redefinition:

k-P . : . 2k
= _;:pa+ka=(1-x)pﬂ+kﬂ — & = Sp”(Pb—pa)“kf k| ~\/7

® The collinear contribution after incorporating the Lorentz boosts:

do** Cpla]Q'¢ R _ €py _ _
e Nldx d®y [de@-?| (1 -x) f(1+ z’f) ON;'Qy) Y, 1 M(pypo ks ;'O

pol,col

0
— No subleading theorem for collinear expansion

— The /7 terms in the expansion makes things worse.

— Very tedious expansion for complicated processes.

Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
BIGIGH) OO @OOO0O0 OO O

7/15 22.07.2025 Prem Agarwal :Power corrections in N-jettiness slicing scheme YSM 2025



The Collinear contribution
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Momenta Redefinition:

k-P 3 " . 2k
k=p _;zpa+ka=(1—x)pa+kﬂ — i, = Spa(Pb—pa)“kf k| ~\/t

® The collinear contribution after incorporating the Lorentz boosts:

1
do“ N Cr [aS]Ql_EN

dz 27€

2

pol,col

0

¥ To target process independence, we use the Lorentz invariance of the matrix element:

Z |M‘2(pb!pa! kﬂ AEIQX) = Z IMIZ(Aapb! Aapa# Aak# QX)

pol pol
Introduction The Soft Contribution The Collinear Contribution Applications and Checks
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The Collinear contribution

(P, — k)" (py — k)
M = — g T%*¥, | N~ +RY (D Pk, Ox) + 7" N
8 v'b HGQ%WM mﬂ%P Qﬂ /£ %%J: b

5 ~ il ‘iii
IM|” = F, A+ + @

Subleading in 7

% F_,and F, contain logarithmic and power-like soft singularities.

m We need to expand each term systematically in kZ to isolate the poles and
obtain the subleading contribution.

Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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The Collinear contribution
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2Pq q(x)

Ir [ 5 ] Ty Nk 37, PaNsig.aP The master formula for the ‘sector a’
b . t L]
2pa a (_Zpa ' k) X collinear expansion :

a

Their expansions are rather complicated

(x)
CNLPa = — z[dmm | H(py. s Py)|* O(Py) + [dx dmm{ h [w ()

] 2
+E(l _I}gfﬂ (D.;u,b Iﬁﬁ(ﬂb’ XPos - - :] - 2Tr INﬂyﬂN:Pbl) b Wvr

dg TPy

s(1—2x) o
+|,ﬁf|2{pb,xpﬂ,...}If;"{x]LM,— 2 | AP (P XDy . . EFPIL LM]

i

| ' ' _{1—1;:} (x HPF; (Swﬂ”ﬁ)%ﬁ)I‘#'E(Pfﬂpm---;r
Requires us to calculate the derivatives of the Green’s . ( I ﬂ | )

I - b Tr |N,p R ﬁw“ +c.c. |+ Fy,
functions N,, N, and Rg,.

(1=x),
+§(1 g [ —2Tr [Nﬂmwg ﬁi,l

All such terms are systematically expanded and combined a +Tr 'Nﬂmrpﬁﬂ(ﬂj‘;’:+Ng{ﬁb;{_l;:}‘ﬁ“}yp)ﬁb] 670,
to get a finite result for both sectors.

2x Nb.ﬁ'u?ﬁ :
L o (o e o

Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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The Collinear contribution: Master Formula ._\\J(IT

Introduction
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P
6””” = —Z[ddﬁm | M(Py, P PY) I @(Px)+[dx ddr-i;f{ *f) [Waw \

A n .
+Z(1 o I)gfﬂ (Djﬂgb |M|2(pb= XPgs - - - ) — 2Tr [NaypN:pE}]) bﬂﬁpry

s(1—-x)
4 |M |2(P£;-= XPgs - Mg FI’WIL#ML""I‘“]

+ |'Mr |2 (pbﬂ XPgs - - ) 'Eéw(x)Lyh o

Can be fully calculated
using Green’s functions
(Tr [Naﬁaﬂguﬁb] +c.c.) + Fyp, and their derivatives.

i

I 0
_(1 — X)4 (Km+2pjj ap B (g“'”+m§;) Lfm) |M|2(Pb=wa---)

~ 2p
(1I-2x),

+§(1 —0g¥| —2Tr [Nﬂ}'ﬂN; ﬁb]

Ny (P, — (1 = x)p )y’
+Tr |N 5 | RPH 4+ 220 = b, | +c.c.
ayﬁyppa ( fin (1 . ,I),S‘ Ph
Zx ~ + N;ﬁﬂ},ﬁ ~ ] u
+ 1 _xTr N.p, Rﬁn,ﬁ_ ; pPy| +c.c. bﬂa JLme O(Py),
The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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The Final result

Soft Contribution: CN'Fs = Iddb (Pas Po» Px)| Ko +Zp:

p

N\

d O.NLP

dr

\)

_ [-{IS]CF QN 9 (

Oz

\)

) L 1 CNLP,S + CNLP,H o CNLP,b

~

.

Collinear Contribution:

Cyip . already presented in the previous slide. Cy;p,, is the

collinear contribution from the other quark line and can be
calculated in a similar way.

‘M(pb:pm PX) |2 @(PX):

KT

Karlsruhe Institute of Technology

The methodology for calculating the required Green’s functions for a generic process is already present!

Introduction
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Applications and Checks
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Berends-Giele recursions for N photons ..\\J(IT
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2 m + 1 m — 1

/ _ . § W \/H—rr
-« — Z < << }(

< J(t‘}‘,._-“ IQ"I*'_.-‘\.,-') J \Ga, t.-":"f'wr/":u.) o
N(.Ipa, PX) m=1 U T
; N

@ qa _ QN m=1
N( P ) Nab — Z (ieqem) J (Qa,bﬂ* Wme)

pﬂ’ X m=1

\ J
Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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Berends-Giele recursions for N photons
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e N
9 2 m + 1 m — 1
S e
\ $ . N $ 1 0
/ \< I,y \\:n \ ; b § i \‘“‘f”qﬁﬂ
—<—{ Clakyn) = — Jaww o Y et | G(q, ks Unym) F—2—
H\ P o \ /) 9 5 Ry B
— an’ \m- — / \-_E _/
Elk é /
U
fin (q! k? PX) -
. _ GF(Qa k; WN) = ~ ~ [;y”](q, WN) + Z (IE € ) G* (q’ k WN;"m)

Recursively using q—k—Qy m=1 ]

a combination of

J and G currents. N

L/ L/
Rﬁn(CL k WN) — Z (IE € ) G (q’ k waﬂI)
m=1
\ v,
Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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Berends-Giele recursions for N photons
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& 4 N
9 m + 1 m — 1 2 2 m + 1 m — 1
g s g 1
_ S 2 ; N . $ | N $ I e |
e N o TN B o Sl i T
e o .*F N*‘-.I If -‘~.I . § \
7/ \\J N § e ’/ "JJJ -« E;'{f;. k) II' - r— =—d f - ', j[q. ) .'l - . Z - -  Glg. k: ¥n ) | ;
- | j { (s 'rs':'i.""'."} :Il < = Z < < "T [[;‘IH VN m} Kx ’_H;'f 4 ﬁ s l_/j : rypony x 9

L \ﬁ/ iz : IR
2 s :f !

7 - ) - i | _

Gy = ———= 3, (ieén) K0 vium) G akim) = ——— |irdam)+ 3 (ien) 6 (4. vim)
4a N m=1 q— k — QN _ m=1 d
N A N
Nop = Z (""Eqém) I (Gaps Wiim) Rn(9, K wiy) = Z (IE ¢ ) G* (4. K: Yym) -
m= m=1
\. \ o
Derivatives of N, N, and R;;, can also be calculated in a recursive manner.
Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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Applications and Checks

Drell Yan: ¢gg — y* > [7]™

B Analytical check versus the naive expansion of
the DY matrix element.

AT — doana/dT

d0ana/dAT

ID—E -

1[]4.,

1076 4

SKIT
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® Numerical checks using a X fit . 2 ens .
S : .
a 2 ] . . ® - . ] . * Y
O(p,py) =0 ((Pl + Py — 50) % '
1I[}1‘5'El ?L1'.'_}T‘M 1DT‘” 1{}11'5 1¢JT‘” 1[‘:‘3 ld“‘ 1[']”
m  Comparison against the DY results presented in s
[ Ebert, Moult et. al.* 1 O.] using the relev.a.nt PP o e
observable and adapting to their definition of . P e
: : - LP,LL —4. —4.
the jettiness function. CrpNLL  13.741118266 13.741 118217
CNLP,LL 0.000 17 0.00000
CnLpNLL  —1.0710 —~1.0725
Introduction The Soft Contribution The Collinear Contribution Applications and Checks Conclusion
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Applications and Checks

2-photon production:

B Application and check against the naive
expansion of its matrix element.

(Complete check of the master formula.)

4-photon production:

B To show that the master formula can be

implemented and used to calculate any
generic O-jettiness process.

y T 2
P11P21 " PNl
A

s Checked against a y* fit analysis and find
good agreement.

Introduction The Soft Contribution
QOO0

OO0
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donip

Numerical fit comparison for NLP contribution of 4 photon production

0.020 Fit Uncertainty
' | == Chi-Squared Fit
- ® Our numerical results

0.015}

d log(T)

0.010}

0.005 |

0.000}

OOOOO

The Collinear Contribution

Applications and Checks

O®
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Conclusions and Outlook

B We calculated the power corrections to zero-jettiness cross sections for arbitrary
number of massless and colorless final states at NLO.

% We show that momenta redefinitions, a familiar concept in fixed order calculations,
can be used to express the phase space in a generic manner.

%  We investigate the major challenge regarding the collinear expansion of a generic
matrix element at subleading powers, as factorization breaks down at this level.
While this still remains a challenge, a master formula has been derived to make the
calculation simpler.

Future Works:

B The first complete calculation of power corrections to 1-jettiness processes at NLO.

Already In Progress ! Stay Tuned !

Introduction The Soft Contribution The Collinear Contribution Applications and Checks
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Thank You for your attention!
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Backup: Collinear Expansion

KT

Karlsruhe Institute of Technology

-

-

2P (%)
99 i " °
o W NPNGP|,
Pa - ) _EL (Djﬂf’"’”“[J | M |2(pb, xp,, Oy) — 2Tr [Na

Tr [N, (P> Pa =k Q) %D, N (P Pa = k- Q) Pp)] . = | M > (P 3P, O)

7.V, +ﬁb] ) |

a

~

2kp,
S

W, (x) .

/

-

W, %) = = pp W () + (1 = )W),

WF (x) = Tr [Né””” xp, N:ﬁb] +c.c.,

1
W, (x) = = pb?ﬁW;‘l + "

(4+ @ = 3Pz ) 1M (pys xp,» Q)

S :
“T68L (DD | M2 (py 3,y O) — 4D T [Nt N By] ).

.

~

/

Backup

The derivatives of the
Green’s function start
appearing here, and some
contributions can be written
as the derivatives of the
Born matrix element.

@000
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Backup: Collinear Expansion

The intermediate expression
we get after expanding each
contribution of the matrix
element. The next step is to
apply the boost and expand
each term in the correct

power of k, .

Backup
CeOO

KT
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-

N

|M|* =

2P, (x) 2 (1 4+x+x*—x°)

Tr (N.p N7p,| +
2pa'k [ aPa apb] ¢
4py
s(1 — x)

1| oY Py |
+—Tr |Nopyr PNy =

a
sx | )

d

) ps
=Tt [NpoN; Py +—-Tr [NubyN; Biy] + Fry

+ - Tr [N R N p,| + Tr
2pﬂ . k ad d
2K

a,v

T =x(2p, K

Tr [NﬂﬁaRgn pﬁb] +c.c.

(1 —x)?
2X

s(1 —

B A, ~ +,1-'r ~ ]
N, aKalvP EIN ﬁn,ap b

Tr [Nﬂxﬁa (RE; - N/

(_ Zpa ) k)
Py’
S

Tr [NaﬁaN:ﬁb]

)

3 Tr [N, p NS p,| +c.c.

1
+c.c.——Tr [NﬂﬁbyyﬁaRgfﬁb] +c.c.
| SX

+cC.cC.

+cC.C..

~
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Backup: Collinear Expansion

B The derivative of the currents are given by:

KT
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-

1 i N/ N\ -
T gyy) = = ——1"T g yy) + ———— ) (IEqu) TG W),
da — QN da — QN m=1
7(2),uv I u (v v (1),u
For N , currents: | J9"@g,ww) = - PTG yi) + 7T DM wiy)|
: a XN
i < .
t——— ) (feqém) T NG s Wigm) -
QH _ QN m=1

“\

A |
GO (p., (1 = x)p,, yy) = >

For Rg, current: :

xﬁa o QN

1 x
————*GOp,, (1 = X)p,, yy)
APq — QN

1 ~ Al A -
) [ 2Xx y”](l),,u(pm V/N) T Z (€q€m)G(1)*L’“(pm (1 - x)paﬂ wam)
m=1

Backup
COeO
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