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Outline

p Basics of Soft-Collinear Effective Theory (SCET): expansion by regions, leading power (LP) Lagrangian.

Original papers: [CW. Bauer, S. Fleming, M.E. Luke 0005275],[C.W.Bauer, S. Fleming, D. Pirjol, .W. Stewart 0011336],[C.W.

Bauer, I.W. Stewart 0107001],[C.W. Bauer, D. Pirjol, I.W. Stewart 0109045],[M.Beneke,A.P. Chapovsky, M. Diehl, T. Feldmann

0206156],[M. Beneke, T. Feldmann 0211358], [R.J. Hill, M. Neubert 0211018]

» Applications (only a personal selection): Resummation (threshold, small g7, N-jettiness), IR-poles of

scattering amplitudes, EW resummation for DM annihilation processes, Monte Carlo event generator,

NNLO calculations using N-jettiness subtraction/slicing.

p Summary & Outlook
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Effective Field Theories of QCD

» Sometimes what goes under the name of Soft-Collinear Effective Theory (SCET) is a larger class of Effective

Field Theories (EFT) of QCD: Heavy Quark Effective Theory (HQET), Non Relativistic QCD (NRQCD)...

» For certain problems (we will see examples later) there is an interplay among different EFTs of QCD. There

are also different versions of SCET (SCET-I, SCET-IIl..) depending on the mode structure of the EFT

» Collider processes are typical multi-scale problems —EFTs as tool to achieve scale separation in QFT. Reduce

multi-scale problems to a sequence of single-scale problems

» Scale separation is the basis of factorization formulas: crucial for separation of short-distance from long-

distance physics in QCD

» Factorization + RGEs allow for systematic resummation of large logarithms of scale ratios. Particularly

important in QCD, where o, In(Q,/Q,) can be large if O, > O,
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Introduction to Soft-Collinear Effective Theory (SCET)

A long-standing problem in QCD was how to systematically account for long-distance effects (including

power corrections) in processes involving for example energetic light particles with momentum p#

which has some large components, but p2 ~ 0. What is there to integrate out?

Consider ete™ — 2 jets, highly collimated jets of particles: large energy along jet axis, small invariant

Mass

P = (ELO0LJE —m}). pi = (Ex00.=\/E} —m}). E =+/s/2 m}<s

2
One can introduce a small expansion parameter A ~ mj/\/g < 1 and define two light-like reference

vectors along the jet directions n¥ = (1,0,0,1), nj‘_ = (1,0,0, — 1) with nZ = 0, ni =0,n_-n,.=2.

Decompose 4-vectors in a light-cone basis spanned by n”, nj‘_ and two perpendicular directions

ny n*
pr=(n_ 'P)7 + (ny 'P)7 +plf
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Soft-Collinear Effective Theory

» Two back to back light jets

2 2
mjy mj

n_-pJ1=E1—\/E12—mJ22 ~ 05 ngepy = E 4B -ml x2E ~1ys  pi=0
LO2E /s

) partons inside Jet 1: (n_ - p;, n, -pi,pl.l) ~ (A1%,1,0) \/E , collinear (or n-collinear)

particles

) partonsinside Jet 2: (n_ - p;, n, -pl-,pl.l) ~ (1,42, ) \/E, anti-collinear
(or 71-collinear) particles

» (anti-)collinear particles have virtualities much lower than the hard scale s,

» Butinvirtual diagrams hard particles can also be exchanged pl.” ~ (1,1,1) \/;

Thomas Becher
Alessandro Broggio
Andrea Ferroglia

» We can integrate out the hard quantum fluctuations (high-frequency modes in Introduction to
Fourier space) of QCD fields, but this is not the all story, soft modes are also Soft-Collinear
present. Construct an EFT where the hard modes are integrated out and soft and Effective

(anti-)collinear modes are present in the theory (arXiv:1410.1892).
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Expansion by regions and SCET

L A
k" ~ 0(1,1,1) Q
o~ Q(A%,1,2)
M~ Q(1LA2, ) A
o~ QA% A%, 47)
QN
Scalar integral 42 4d . 1
I =97~ 4 dk
S / (k2 +0) [(k + 1)2 + 0] [(k + p)2 + 40]
I~ (1,30 Q ~ (M 1,0)Q
2
Expansion parameter A~ % ~ %
Hard Region k* ~ O(1,1,1)
O(1) O(\?) O(1) O() O(A?)

>

ath > , Corresponds to the
(k+1)° =k +2(k+ Ak lotk L)+ P =k +2k -1+ 0\ integral with on-shell

(k4+p)*=k*+2k, -p_+ 0O\ ;);te:rnlc;l Izeg(s)

¢ Wniversitat
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Expansion by regions and SCET

Hard Region:  T(1+e) T'*(—¢) w2 \° * IR divergences
200 -p_ T'(1 —2¢) \ 204 -p_ * Result depend only on
2 q 2 2 the hard scale (and p)
:F(1+5)<1 Lin 2 In% £ 7T>+O(5)

F \ @ TR

Collinear region k* ~ Q(1%,1,1):
(k+02=2k_-1. +0MNY), (k+p)? =0
_ o —d/2, 4—d d 1
le = amu /d SR i0) 2k <L +00) [(k £ p)2 + 0]

:_I‘(l—l—s) I'%(—¢) (,u2)8
2, p_ T(1—2¢) \ P

['(1+¢) 1 1, w2 1, ,pu*
— QQ (—g——lnﬁ—iln PQ‘FF +O(5)

Anti-collinear region k* ~ Q(1,12, 1): P? > 2
Soft region k* ~ Q(1?%, 1%, 1°):

=00\ (k+1)?=2k_- 14 +1"+O(\?) (k+p)* =2k, -p_+p*+O(\)

Is _ —d/2 4_d/ddk
wmeew (k2+¢0)(

_T+e (1 1, p2Q7
= QQ 82 c L2P2
g7 n iniversitat
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Soft scale
~ P2L2/Q2
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Expansion by regions and SCET

L? ~ P? < ?
¢ The IR divergences of the hard region cancel
against the divergences of the soft and

1 2 2 2
I=1y+1.+1:+1, = — (ln %2 In g2 + 3 + O (A)) collinear regions (Important observation for
Q predicting IR poles of scattering amplitudes)

For this cancellation to happen, non trivial interplay of the logarithms found in the various integrals

1 2 1 2 1 22 1 2
——ln'u———ln'u——k—ln'u ¢ — _“m

e P2 ¢ L2 ¢ L2P?2 ¢ (2

Collinear, anti-collinear and soft modes are kept in the effective theory while the hard modes are
integrated out

F(Q?, L?, P?)

Alessandro Broggio 02/10/2024




Resummation

L =

p» Resummation program in EFT schematically “hard” scale
]
N ( “soft” scale )

» separation of scales (factorization formula)

» evaluate each single scale factor in fixed order perturbation theory at
a scale for which it is free of large logs

» use Renormalization Group (RG) equations to evolve the factors to a
common scale

(- wiversitat
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SCET Lagrangian

| employ position-space SCET [M. Beneke, A. Chapovsky, M. Diehl, T. Feldmann, hep-ph/0206152], [M.Beneke, T. Feldmann,

hep-ph/0211358]. Lagrangian terms with only one collinear field are not possible (momentum not
conserved), collinear anti-collinear interactions are forbidden

N
w(a:) — Zﬁl(x) + -+ YN (55)/ +Q($) LsceT = Z L:Ci + ‘Csoft

N collinear fermion fields

each of the Lagrangians belonging to a collinear direction is expanded in powers of the small
parameter A

£, =0+ 4+ 4
’ \.\:./ \.\:./ \\:./

LP O()\l) O()\Q)

Separate collinear sectors interact only through soft gluon interactions. For the leading-power
(LP) term we have

= 1
/Jgo) = £, (in_Dc +gn_As(x_) —l_imJ_c.—ilDJ_C) %_4'
4 D

(0)
2 c _l_ EC,YM
,nM
where D, =in_o+ gn_A.(x), 2" = (n+a:)7_
The soft interaction with each collinear field at LP is given by the usual eikonal vertex
5 /
p ",

<k g td T O\°
pua 1gs 5 n—pu (A7)

S
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SCET Lagrangian

The decoupling transformation &, — Y+§C(O) and AY — Y+A£O)”Yi separates the soft and collinear interactions
at LP [C. Bauer, D. Pirjol, I. Stewart, hep/0109045]

fc (’L’I’L D.+ gsn_Ag ) a—— 6(0) _Déo) %gg())

0

where Vi (z) = Pexp {igs / dsnyAs (v + Sn:F)} soft Wilson line

— o0

At subleading powers the SCET Lagrangian is more involved [M.Beneke, T. Feldmann, hep-ph/0211358]

_ ) } 7"
cH = g(x‘in_ chFHVWCT) +§+£(1) —I-(qWUJPLﬁ‘FhC)
£(2) — 1 E ((n gc) nt*n" W.qgF” VVJr + bz  ,n" W [Dp F? ]WT) '%—i_ §
¢ = 5 — 4+ e cd 78 c L& Lplb_ c s 9 Hv c 2
s (z‘lD ! ot Y We gF° W1 + 2t~ W, gF,, W ZlD ) _¢+
le in+Dc 1L c pur Ve 1 L c zn+ lec 5

» There are no purely collinear interactions at subleading powers, in each vertex there is at least one soft field

p» Coordinate space arguments appear in the Lagrangian due to multipole expansion of the soft modes
interacting with collinear fields

Os(x) =ds(x_)+xL -0 dps(x_) + 24 - 0— Ps(x_) + %(ﬁbuLijauﬁ’igbs(w)) + ...

O O(A?) O(\2)
» Still need to add external operators constructed by multiplying collinear gauge invariant building blocks
4% wniversitat Xt y) = WE iy (i y) = W/ 1iD} Wil

o wilen Alessandro Broggio  02/10/2024 ¥



¢ universitat
Jwien

Applications to LHC physics
and beyond
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Classic problem: soft gluon resummatlon

> Threshold resummation and ﬁxed order expansions have been applled to many dlfferent
processes at LP: Drell-Yan [Becher, Neubert, Xu "07], Higgs production [Ahrens, Becher,Neubert,Yang "09],
ttbar [Ahrens,Ferroglia,Neubert,Pecjak,Yang "10,'11], ttbar+V [AB,Ferroglia,Pecjak,Ossola,Yang,Signer ‘15,'16,"17]

When real radiation is present § + M?
Z/ Z Funlr/2)6w(2) present _, 37

dM2 in the final state 7= M2/§ — 1

(1 — z) expansion

Power counting parameter: A =4/1 — 2

A
Modes, SCET-I: P/ = (n.p.n_p.p.,) ~ M(1,% 1) ¢
C
P = (14 pespe ) ~ MUZL 2 o
_ 2 12 92
pi = n.p,n_ lzs,psl) ~ M(A°, A%, A7) o
Pl ~ (M, AXIM, A) Q
Pe A pdf

292 _ agq2
M2 = M¥(1 - 2) > Al
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Factorization and Resummation

In SCET: [Becher, Neubert, Xu "07].

LP factorization A _ 2 . [G. Sterman, 1987] [S. Catani, L.
& Soft function LP G(Z) o H(M )MSDY (M(l Z)) Trentadue, 1989] [G.P. Korchemsky
G. Marchesini, 1993]

[S. Moch, A Vogt, hep-ph/0508265]

dCCO i 20 /2 1 = 0 0
Sov(@) = [ G e S O Y () T OV 0)10)

Nontrivial statement, at LP

collinear virtual diagrams cancel in |
the sum, consequence of |
decoupllng transformatlon

Hard H(M?) = | CV(MZ) |2 and Soft functions satisfy RG equations:

d =~ M? -
dln,uCV<_M2 — 0", 1) = {C’F%usp(ozs) <ln Tz m) + 'yv(ozs)} Cy(—M? —i0", )

Solution:

~ 2 .ot . as (1 ) %usp *  dd
Cy (=M= —1i0", pug) = exp [QCFS(,uh,,uf) — Ay, (ph, pog) + iTCF Ay (Mhaﬂfﬂ / (@) / Bl

M2 —CFA7cusp (:uh nuf) _ 5 a;(V(L) s (V)
X\ —5 Cv(—M s R ) - ’
( 1, > ! A, p) LS(V)
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NLP Factorization & Generalised soft functions

qgqg channel [Beneke,AB,Jaskiewicz,Vernazza, JHEP 07 (2020) 078], qg channel [AB,Jaskiewicz, Vernazza, JHEP 12 (2023) 028]
for Drell-Yan

dyn _ ‘
AN?JLP(Z) - — Q [( ) Y1, <_+) 7i] At NLP the pgwer suppre55|or-1 IS |
(1—¢) 4 4 B~ entirely coming from Lagrangian |

insertions in time ordered
x / d(nyp) C4% (nyp, xyn_pp) C*%% (x4nypa, myn_pp) \_____operator products

Xy / {dwﬂv,w(
1=1 3 R

Radiative collinear functions \ c bed soft func
. . . . . enerailized so unctions
(contain derivative contributions),

calculated up to @((XS) S(Q {wj}) _ / d_xoeiQxO/2/ {dz_ﬂ} e—iijj—S.(xO. {Zj })
i ; 47T 27-‘_ 1 ) -

n.p, Tanspa; {w; IS

p LL resummation at NLP [Beneke,AB,Garny,Jaskiewicz,Szafron,Vernazza,Wang, JHEP 03 (2019) 043].

p NNLO computation of generalised soft functions at NLP! [AB,Jaskiewicz, Vernazza JHEP 10 (2011) 061]

Difficult computation in d-dimensions to avoid endpoint singularities. DE method and canonical basis.

p Strong test of the validity of the factorisation formula at NNLO and beyond
[Beneke,AB,Jaskiewicz,Vernazza, JHEP 07 (2020) 078]

Lniversitat
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Soft gluon resummation at NNLL for 17H, titW=, tiZ

Soft-gluon resummation as a way to estimate leading higher order corrections

[AB,Ferroglia,Pecjak,Signer, Yang, JHEP 03 (2016) 124], [AB,Ferroglia,Pecjak,Ossola, JHEP 09 (2016) 089],
[AB,Ferroglia,Pecjak,Yang, JHEP 02 (2017) 126], [AB,Ferroglia,Pecjak,Ossola,Sameshima, JHEP 04 (2017) 105],
[AB,Ferroglia,Frederix, Pagani,Pecjak,Tsinikos, JHEP 08 (2019) 039]

ttH
pp—1ttH+X
T T
e e =m;+mpgl2
Preliminary po=mitmal2 3
Ho=H/2 I
600 - po=0/2 -
580 ORI FO000000000) HooD0000000 -SRI | | 0000000 Fooooooooos) b -
®
_ ! [ ] y
é ®
IE
5
560 RN 0000000000 Hoononooo00! PPN - 550010 E S0 0 000000000] o -
7-point scale uncertainty
540 my=1250GeV, m=1725GeV, y/S=13.6 TeV ]
PDFALHC21_40
NNLO: PRL 130(2023)111902
NNLL: JHEP 02(2017)126, PRD 97(2018)114007
1 1

O
K
S

=
s
o X
K
&

NNLL [AB,Ferroglia,Frederix, Pagani,Pecjak,Tsinikos "19]
matched to the NNLO approximation
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[arXiv:2210.07846]

Alessandro Broggio
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Data

ttl
i
| ATLAS Preliminary ]
_/s=13TeV, 139fb~" ”
[ ’ . ¢ Data .
3| + 4]l combination --=- MG5.aMc@NLO + Pythia8
i —-— MG5.aMc@NLO + Herwig7

| | —
100 200 300 400
Parton-level pf [GeV]

ttZ ATLAS comparison



IR poles of scattering amplitudes

Prediction of IR divergences of n-loops amplitudes [S. Catani 9802439] from N-jet operator renormalization in
SCET [T.Becher, M. Neubert 0903.1126] [T.Becher, M. Neubert 1908.11379]

p Correspondence between IR divergences in on-shell amplitudes and UV divergences in the Wilson
coefficients

Mo (2, {p})) = |Cule, {p})) x ("spinors and polarization vectors”)

R P R

1 1 ( 1 1 )
- — - _|_ - -
EIR EUV EIR €UV

v v (. ~ J/

on-shell amplitude Wilson coeff.  soft and coll. loop integrals

s 2 2 2 3
Jq(pz,u)=1+j—7r0p(—+—ln” + >+0()

g2 ¢ e

jg(p2,u)=1+%[a4(3+31 p) 50]+(9()

Am g2 ¢ 2e
T, - T; [2 2 — ;i
SUphw) =1+ ; 2 <g2 el (—p?)(—p?)) +OE)
i,

" .
[ T, - T; (2 2 p o 0
— + =1 24+0

n T, T, 2
stphw [[70* =12 —p T{phw =) —5vasp(as)n L 4D il
i=1 T iz —Sij ; (i,7) U=l
k7 J
/ 2 /
iz = % (T o D)y ()38, it T | o
dm \4de® 2 dm 16e 16e 4e Extension to external massive particles (tt
(%)3 11821 B 5800 + 881y — 1262 T N I, — 65,1 — 651 N Iy Ol production) [A.Ferrroglia, M. Neubert, B.D.
A7 72e4 723 362 6e " Pecjak, L.L Yang 0908.3676].
_ But also MUonE in QED
Reg. Scheme dependence was also studied [Bonciani,AB,DiVita,Ferroglia, Mandal, Mastrolia et
[AB,C.Gnendinger,A.Signer,D.Stockinger,A.Visconti JHEP 01 (2016) 078] al., PRL 128 (2022) 2]

g nwniversitat
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Small g resummatlon in SCET for CS productlon

[T. Becher, M. Neubert 1007. 4005] [T Becher, M. Neubert, D.Wilhelm [109.6027], [M. Echevarria, A. Idilbi, I. Scimemi, | | | | 4996]
[M. Echevarria, A. Idilbi, I. Scimemi, 121 1.1947], [T. Becher, M. Neubert, D.Wilhelm 1212.2621], [M. Echevarria, A. Idilbi, |. Scimemi,
1402.0869], [M. Ebert, ETackmann 1611.08610], [M. Ebert, J. Michel, |. Stewart, F Tackmann 2006.1 1382],

[T. Becher, T. Neumann 2009.11437], [G. Billis, B. Dehnadi,M.Ebert,).Michel,F Tackmann 2102.08039]

SCET-1l Modes

o QZAN)M Rapidity divergences, need for o
Pe ~ ( , ) analytic regulator in addition to /ddk S(K*)0(K") — /ddk (é) 5(k*)0 (k")
pr ~ (LA )M dimensional regularization

pl~UA AL DM

d3o le 1d22
dMZ dg. dy 3NM2 Z ZZ/ 2 Je, 20

)
i=q,9 j=g,g " ! £2

: [ng%ij(ZhZQ,q%,MZ;,u) fZ/Nl (51/21"“) f]/NQ(SQ/zQHu) i (qu v q_,])]

/

2 a2 9 2 1 2 : xg M? a(Pr )
qu—ﬂj<zl7227QT7M ) = |CV<_M 7“” E/d Ty e (46—2712)

X [q<—i(zla x%a :u) Itj(—] (227 x%a :u)

» From vindependence of the result, anomalous hard scale dependence can be completely factorized and can be
shown that anomaly log exponentiate

» Other approach Rapidity Renormalization Group (RRG), uses different regulator [J.Y. Chiu, A. Jain, D. Neill and I. Z.
Rothstein 1202.0814]

Rapidity anomalous dimension known up to 4-loops [C. Duhr, B. Mistlberger, G. Vita, 2205.02242]

Lniversitat
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Small g resummatlon in SCET for CS productlon

CuTe-MCFM

1072

o
w

10

IN

107 — CMS 1606.05864 — N3LL+NNLO (0.6)

1052 — NPLL+NNLO (0.4) — fixed-order NNLO

CuTe-MCFM, NLL+NNLO fiducial cross

1O_G‘F|||I||I 1 1 1 |||||| ! 1 1 1
7.5 10.0 20.0 30.0 100.0 200.0 600.0

ratio to data  ratio to N3LL+NNLO  normalized do/dg+ [1/GeV]

. sections [T. Becher, T. Neumann 2009.11437]
1.1- —— [
10 '_Eﬁ'_‘
09""."! ! ! ||||||I| .'I—'_'_._!'
7.5 10.0 20.0 30.0 100.0 200.0 600.0
1.2-
1.1-
1.0
0.9-
0.8~

I 1
1 1 1 1 1 1 1
7.5 10.0 20.0 30.0 100.0 200.0 600.0
w
a7 [GeV]

N3LO and N°LL’ resummation obtained in [G. Billis, B. Dehnadi,M.Ebert,|.Michel,F Tackmann 2102.08039] thanks to
N3LO calculation of transverse momentum dependent PDFs [M. Ebert, B. Mistlberger, G.Vita 2006.05329]

30 | a ';‘ LT TT | [ T | T | T | T | T | T | [ | [ 1T 1 | T 1T
- i 5 0.85 gg— H —~~ (13 TeV) 1
28 ATLAS Preliminary (139 fb™ ') - Q 0.73_ EFT, my = 125 GeV ]
B - 7] o) - 3771/ 3 ]
= 26 I I = & 0.61 — E*"EE +NNNI£C()) E
2 N3LO t 13 NSLL/4+N3LO 1 o = e + g
— 24 __ __ o 0.5 :_ """ NNLL+NLO _:
m; - N3LL4+NNLO ] Z 0.4 -+ ATLAS Preliminary -
- ? - o Vet -
22— ¢ — &= n ]
E - NNLO A | NNLL4NLO . L 0.35 wd E
20 :_A esum@AFO | _: ;; 0°2 [ "~, _;
oo | < F 7
18 NLO gg—>H—>'y'y(13TeV)__ ~ 0. .' e [ e -
: I-EFT mH — 125 GeV _ N 0.0 N | L1 | L1 | L1 | L1 | L1 | L1 | L1 |
16 0 10 20 30 40 50 60 70 80100 150 200

qr [GGV]
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Sudakov resummation for WIMP Dark Matter annihilation

[Beneke, AB, Hasner, Vollmann, Phys.Lett.B 786 (2018)] and [Beneke, AB, Hasner, Urban, Vollmann, JHEP 08 (2019) 103]

®. . ©
0:?3‘0

>

Sommerfeld effect Sudakov logarithms

O((myaz/mw)") O((az In* (my /mw))")

corresponds to ladder diagrams
with W, Z and photon exchange

Indirect searches detect the final
products of dark matter
annihilation in our galactic
neighbourhood, using different kind
of telescopes (CTA experiment)

» Framework for joint resummation of EW Sommerfeld and Sudakov effects up to NLL". Renormalization Group Equations
are much more involved than in QCD do to the presence of gauge boson masses and multiple couplings

y Details of resummation of EW Sudakov logs differ according to the scaling of E7__ w.r.t. my,

res
Narrow: E]r/es ~ mW/m)( Beneke,AB,Hasner,Vollmann. [arxiv:1805.07367]
Intermediate: E?‘/es ~ My Beneke,AB,Hasner,Urban,Vollmann. [arxiv:1903.08702]
Wide: E' >m Baumgart et al. [arxiv:1808.08956]
\_ ' res 14 y

Alessandro Broggio 02/10/2024 20



Intermediate resolution

. . . )/ . . . — J/
We assume that the energy resolution is parametrically of order EreS ~ my, which implies my = \/4meres

and the scale hierarchy Elgg ~ my < my < m,

hard (h) : k" ~m,(1,1,1) where 1 =m,/m,
hard-collinear (he) : k" ~ my (1, A, V)
collinear (c) : k" ~ m, (1, \* )
| | , SCET-II situation,
anti-collinear (¢) : k" ~ m, (A°, 1, \) rapidity regulator
soft (s) : k' ~my (A A N) needed

potential (p) :  k° ~ mi, /m,, k ~ my

ultrasoft (s) 1 k" ~ m, (A%, A%, \?)

1.0

0.
p» The scale uncertainty reduces from 17% (LL) to 8% (NLL) to 1% g

(NLL) for m, =2TeV 06
=
) Atm, =2TeV(10TeV) the ratio of the resummed at NLL to the &

0.4

Sommerfeld-only rate is O.667J_r8:88€ (0.4351”8:882)

Y _
FEyeg = my

g h universitat
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MC event generators and N-jettiness subtraction

Factorization and Resummation properties of suitable jet resolution variables such as
N-jettiness are used to construct event generators and to implement IR slicing/subtraction
methods for NNLO calculations

Resummation of O-jettiness has been used to match NNLO calculations to parton showers
for colour singlet production processes in MC event generators such as GENEVA and
MINNLOPS

Theory predictions for y*/Z + jet production are needed at higher precision to match the
experimental accuracy of the Z boson transverse momentum spectrum

One-jettiness [Stewart, Tackmann,Waalewijn "09,"10] is a suitable event shape for colour singlet

+ jet production, was used to carry out NNLO calculations using N-jettiness subtraction . .
method [Gaunt, Stahlhofen, Tackmann, Walsh 15], [Boughezal, Focke, Liu, Petriello 1504.02131], ' .. .0.'.'.@."
[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello 1512.01291], N, ?} : o Wt
[Boughezal, Focke, Giele, Liu, Petriello 1505.03893], [Campbell, Ellis, Seth 19] '..\-."-;.’ i

~=e.

S
Extend the GENEVA MC method to include processes with final state jets, e

L ®
first milestone is to evaluate N3LL9~]+NNLO for Z+jet sete-t @

Alessandro Broggio 02/10/2024
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N-Jettiness

N-jettiness resolution variables: given an M-particle phase space point with M > N

Tn(®a) =D min{da - pr, o - Prs @1 Dy - - 4N - D}
k

The limit 75, — 0 describes a N-jet event where the unresolved emissions
soft or collinear to the final state jets or initial state beams

Color singlet final state, relevant variable is O-jettiness aka “beam thrust”

To= 3" [r] -
k

When an extra jet is present the relevant jet resolution variable is 1-jettiness

. 240 -Pr 290 Pk 297 - Pk
= i {20 200
Zk: Qa Qb QJ
We use a geometric measure Q, = 2p, E; ( p; dimensionless parameter), removes the dependence on the energies

E; and it only depends on the directions g; (introduce frame dependence). We choose p; to work on Color Singlet (CS)
frame (Y;, = 0).

Factorization formula valid in the region 71 < Mj; ~ /s ~ M ;; [Stewart,Tackmann,Waalewijn 09, 10]

Qo @ Q" J) T~ Frame dependence

Alessandro Broggio 02/10/2024
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Monte Carlo implementation

p GENEVA [Alioli,Bauer,Berggren,Tackmann, Walsh "15], [Alioli,Bauer,Tackmann,Guns "16], [Alioli,Broggio,Lim,
Kallweit,Rottoli *19],[Alioli,Broggio,Gavardi,Lim,Nagar,Napoletano,Kallweit,Rottoli *20-'21] combines 3
theoretical tools that are important for QCD predictions into a single framework

» fully differential fixed-order calculations, up to NNLO via O-jettiness or g subtraction

) upto N>LL resummation for O-jettiness in SCET or N>LL for g7 Vvia RadISH for colour singlet
processes

» shower and hadronize events (PYTHIAS8)

MC
dao

| |
d events: P (T3, ®o | |
do}ie 3 .
®, events: dCIil (To > T T & : : N
| | o
d0-1\>/lg cut cut 76 < ’Z'OCUt i i TO > TOCUt
(I)Q events: d(I)_ (76 > 76 77-1 > 71 ) I 7'1 < Tlcut . Tl > Tlcut
2 Tcut Tcut

0 1

» When we take 75" — 0, large logarithms of 75", T appear and need to be resummed

» Including the higher-order resummation will improve the accuracy of the predictions across
the whole spectrum

g% universitat
_Jwien
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Higgs boson production via gluon fusion

[S. Alioli, AB, A. Gavardi, S. Kallweit, M.A. Lim, G. Marinelli, R. Nagar and D. Napoletano arXiv:2301.11875]
Calculation done in the Heavy Top Limit (HTL). Rescaling of HTL result by a factor equal to the ratio

between the LO m-exact result and that obtained in pure EFT (rEFT)

NNLO validation Comparison to Data

GENEVA | ggHiggs | MATRIX
NNLO, tEFT +4.39 +4.55 +4.54
O yg—sH [pb] | 42.337 5, | 42.357 07 | 42.337, 715
25 1
: MATRIX ol III ¥
- — GENEVA 10 }: T pp— (H = vy) + X
20} I iz . VS =13TeV rEFT
I —11
: S S 1077 1 t=
— 2 .
2 | pp—> H + X o t=
151 VS =13TeV rEFT g1 T
g | HH — My —
= | T~1073 I
~ 10} .%‘ I
b | ~
) I b 10—4
ST i { ATLAS, 139 b1
- m— 10~ GENEVA+PYTHIAS (ggH) + XH
Z —— XH:VBF+VH+ttH+be+tH T
0 10—6 L A
- i :
| 0.1 T 0.5 .
g 00 —_— — o 0.0 IIIIIII IIIIIEI I I
)
© —0.1} ® —0.5f -
00 05 1.0 1.5 20 25 30 3.5 4.0 0 20 50 100 500 500
[yH]| ptl [GeV]
Alessandro Broggio 02/10/2024

25



1-jettiness resummed and matched results for Z+jet

Matching doN°LLANLO;  j,N°LL 4, Nons, doNons. doNLO: o NLL -
— _|_ — — 1
Formula d®,d7; d®,d7;  d®,dT; d®,dT; d®,d7;  dP.dTy Oa2)
2.25 . _ . . . . . .
— NLL' | — NLL’ + LO-

— NNLL ] | = — NNLL + LO»
2.00 B NNLL/ '_ — NNLL/ + NL02
: 100{ = =~ N3LL + NLO, 1
% 101
@)
~
£
&
l—E 102
~
b
] o]
0.50H pp > L +5+ X ] . _3' pp > LT +5+ X
| 50 < My+,-/GeV < 150 ! 0 50 < Myip- /GeV < 150
0.25F VS =13 TeV; Tg > 50 GeV ] f VS =13 TeV; Ty > 50 GeV
i CS frame ] ] CS frame
0.00F . . . . . , o—l . | | |
Oo2 T 1 T T T T T : 0.3;_ T 1 T T T T E
- ] 0.2F e S e s
0.1F B = :
T -LL : T 0.1 EM 3
] il
© 0.0 = —— — 9 O.OELLf|
2 e | B 0.1 [ S
= 3 [ C e ]
= —0.1f 3 —0.2F
E _0'3;_ | 1 1 1 1 1 ]
—0.27=% 5.0 7.5 10.0 12.5 15.0 17.5 20.0 1 5 10 20 30 50 100 200 300
Ti [GeV] Ti [GeV]

Uncertainties evaluated by adding in quadrature g variations with soft, jet, beam variations
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NNLO results via 1-jettiness slicing/subtraction

Important to test the NNLO accuracy of the calculation: implementation one-jettiness slicing/subtraction

compared pure O(c.) correction to NNLOJET. Very Preliminary!!

. . N3LL; o G max SNLO
Sllcmg doy " (T s) APy, doyyi
O (Dy) = O(Dy) + OD@y.v) + ...
ONNLO\*N AP N AP AP N+X
N 6(a?) Ty N N+1
: o - cut
Non-local Subtraction J s < J
3 G- max 3
d O'N LL( gcut) V Add d GéNLO d O'N LL
N N N+1 N+1
Osnnro(@y) = O(Dy) + (Pyx) — P(Opyy) O@NO(T Ny < THY)| + ...
ONNLO\*N N N+X G- N+1 N N N
dd, o dDy | dDy,, d®y dT
O(a?) 0 O(a?)
NNL 3 ff
NNLO; (a2 coeff) to. 0, (aZ coeff)
¥ NNLOJET ' T
. GENEVA, 7{R=10"% f(qr) GeV, 79 = f(qr) GeV !
¥ GENEVA, TR =74t =10"4 f(qr) GeV 55 1
1 B ; ........................ B - - 2 0
- m
o) g 15-
= =
Z 0 =z
2 2
-_8 _8 1.0 4 ..¥ ........................ @ rrrrrrnsnsanananannnnnsn i ........................ % ..
© & r
¥ a s
-1 | 0.5
iy 0.01 ¥ NNLOJET
GENEVA, 7R = 1074 f(qr) GeV, 7 = f(qr) GeV
¥ GENEVA, 7R =7 =104 f(qr) GeV
T T T T —05 T
o (7o >1 GeV) o (7o > 10 GeV) o (To > 50 GeV) o (7o > 100 GeV)

o(gr>1GeV) o (gr> 10 GeV) o (gr> 50 GeV) o (gr> 100 GeV)

S universitat XS with I, cuts XS with g cuts
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doa/ d log10(To/GeV) [fb]

ratio to NNLOJET - 1

-t
f-
|
H
|
i
F”II

NNLO results differential distributions

NNLO; (a2 coeff)

s

—— NNLOJET
GENEVA, 7R =10"%*f(qr) GeV, 77"t = f(q7) GeV

o | _-___ —— GENEVA, 7R =7 =10"%f(q7) GeV

T

0.0

T T T T T T

0.5 1.0 1.5 2.0 2.5 3.0

0.0

T

1.0 1.5
l0g10(70/GeV)

T T T

0.5 2.0

I distribution

Alessandro Broggio

Very Preliminary!!

NNLO; (a2 coeff)

I
19
é‘ 14_
> 1] —
0] 1%83 i —— NNLOJET
S 0- GENEVA, 7R =107%f(g7) GeV, 7t = f(qr) GeV
§, Zl?ggi —— GENEVA, 7iR = 78t = 10~*f(qr) GeV
- :1 2
e -
o _182-
_%87_
_1 8 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
1.00
0.75 - _
—
1 050-
o T
. — E— == = 1 . —= I 1 =
S | T T[F= T |
_ 4 = ! :
E 0.25 — -1
© —0.50 - 1 l
~0.75 - T
_1.00 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
log10(qr/GeV)
g distribution
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Summary & Outlook

» | haven’t mentioned: B-physics applications, inclusion of Glauber modes in SCET, energy

correlators, resummation of event shapes, o, extraction, multi-differential resummation,

subleading power factorization and resummation, NGL resummation...

» In the last few years resummation has been achieved to very high accuracy (N3LL and

beyond) for important observables

» In some cases power corrections are large (compared to NSLL at LP) and require
resummation. At fixed-order, power corrections could improve on current LP slicing/

subtraction methods.

» Extend NNLO event generators to include jet processes (with one jet at least) using N-

jettiness as jet resolution variable.

Thank you!

g s wniversitat
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SCET Feynman Rules

Feynman rules up to two emissions [M. Beneke, M. Garny, R. Szafron J. Wang, 1808.04742]

3 1y
P o O(\%)
: : ) — k )
Soft-Collinear interaction A igat® S P xo (o g ) o
p N

1
Sk, ) = 5 |- Xwn + (RXXER” + X0 (Tt 0 2]
_|_
Xt = o+ [(2@45(4) (Z Pin— Y _ pout)} XtXY = 019 [(%)45(4) (Z Pin — Zpout)}

After the derivative in Xf is taken, p| can be settop, (n,p" = n_p can be set from the start).

No surprise on the appearance of these derivatives!

] (0 O(\")
5 k Aga Vi n q (
/ v ria /
v B X0 (k= R 2218 0 o) v
929 Ly A g, A b ape gt { Tulp) .
q X" (T, t°t* + I, (p)t*t ) n
[2 L< ( )n+(p’—q) ni(p+q) ) p [n— + Y1u AT }—*
b o N v e 4b VL-F 2 £ ) ' "+P n+k +P 2
£ Avb +5°? (kapvp) [t 1 ]] _(kpgau - kagpu) O()‘ )
c \ n.a 2
I'(p) = A" — —pL nh
(p) =71 nop
Z 5 universitat
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Subleading power N-jet operators

generic N-jet [M. Beneke, M. Garny, R.

N 7Ny N
operator J = / TT1] 4, c{ti 1) 11 Titip, tigs o tip,) Szafron J. Wang 1712.04416,
i1 k=1 =1 1808.04742, 1907.05463]

The J’s are constructed by multiplying collinear gauge invariant building blocks in the same direction (up to G(1?))
xtn ) = W, o'\ (tn;,) = W [iD} W]
by acting on these with derivatives iaﬁii ~ /A and insertions of subleading SCET Lagrangian in a time-ordered

product with lower power currents. We use the notation: JZA”, JiB”, Jl.C”, ]l.T”

» A, B, C....refers to the number of fields in a given collinear direction

» nisthe power suppression (relative to AO) in a given sector

For example, up to @(22) we can construct JlAl, JlBl, Jicz, JiT2

0" X 2@ ) (@) xS @) (@) l [d4Z Tly(1)Z ()]

A0 B1 ;A1 A0 A0 A0 A0 T2 A0
JA0 TP TR, JA0 U Re, 3 FE B

7 J 7

At O(1%) N-jet
operators

Alessandro Broggio 02/10/2024 32



Operators

Jfo’Al(t, t) = xe(tn_)ni, i@ x.(tny),

Jfo’m(h, ta, 1) = Xe(tn_) ni, Ay o(tang ) xe(ting)

A suppressed operators together with 1 insertion on the same collinear leg for example.
The interference with the LP complex conjugate amplitude will be zero ~ )/f.

Alessandro Broggio 23/04/2021
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Two-loop Amplitudes and NNLO for MUonE

» Muon electron scattering amplitude in QED at two loops fundamental for MUonE experiment!

[Bonciani,AB,DiVita,Ferroglia,Mandal,Mastrolia et al., PRL 128 (2022) 2] NNLO computation in
[AB,Engel,Ferroglia,Mandal,Mastrolia et al., JHEP 01 (2023) 112]

» MUoNE will provide an independent determination of HVP important for clarifying e
discrepancies between theoretical predictions and experiment for muon g — 2 N

o

—— S ./\/l(l) — EZ{R M(O)
A §>¢\/\< >V\Q\N< poles 2 poles
—— =< 1
— N > A% ’ N M(2) poles - g [(Z;R B (Z{R>2) M(O)
MANE: % A 'iMA \:l\]\' :: 49 Z{R M(l) }
—— A= ¢ ¢ N N—— poles

w X

G(wp_1,...,wy;t)

t— wy

_
G(wWp, ..., w1;T) E/
0

» Regularisation scheme transformation rules derived for QCD amplitudes up to two-loops using SCET
[AB,C.Gnendinger,A.Signer,D.Stockinger,A.Visconti JHEP 01 (2016) 078]

(i) o = (ziee) " e + ot

iversitat
Ien
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Monte Carlo implementation for CS

p GENEVA [Alioli,Bauer,Berggren,Tackmann, Walsh "15], [Alioli,Bauer,Tackmann,Guns “16], [Alioli,Broggio,Lim, Kallweit,Rottoli
*19],[Alioli,Broggio,Gavardi,Lim,Nagar,Napoletano,Kallweit,Rottoli *20-21] employs IR-finite definition of events
based on resolution parameters 77""and 7" (for colour singlet production)

doM¢
D, events: ; (I()) (%cut) 5,
i =
(I)l events: d (Ii (76 > ’76CUt; 7'1Cut)
1
dal\>/[(2] ']6 < fz'ocut
®5 events: > (76 < %Cm,ﬂ § let)

dds

» When we take 73" — 0, large logarithms of 75", T appear and need to be resummed

p Including the higher-order resummation will improve the accuracy of the predictions across
the whole spectrum

47 iniversitat
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N3LL Resummation: hard anomalous dimension

For every channel (qgg, ggq,2£8,...), hard anomalous dimension has the form [T. Becher and M. Neubert 1908.11379]

f(a,) and gR(aS) start at @(af) and @(af) computed in [Henn, Korchemsky, Mistlberger 1911.10174], [Von Manteuffel,
Panzer, Schabinger 2002.04617]. Evaluated these contributions as functions of N, using the colour space formalism

DE,, = doeTe T T Tijw = fO% fooe(TeTOTLTY
daRl...an _ TI'R <Ta1 o Tan _ Z T 7r(1) W(n))

Using color conservation and symmetry properties of dgbc‘l, we found the following relations

R R R R _ : :
S(Dzm +D9Jw) +4(Dmy —I_DJJJZ) — (DkR — Dir — DJR) 1 v F#F g Fk
Quartic Casimirs
Similarity to the quadratic case T, T,=[T>-T-T57]/2 Jabed Jabed
Ciu(Ri,R) = -2 =Dy
Alessandro Broggio 02/10/2024 NRZ 36




N3LL Resummation: hard anomalous dimension

Hard anomalous dimension can be rewritten as

K —K _k, R
[e(p) = | —=C"Teusp(as) + Z Ca gR(O‘S) In =
R=F.A H

+ D 6(as) + flas) ¢f — e Teusp(es)

1=a,b,c \
2
4 Z gR(ozS) (_3:’[1? C?:_[%5m+z</\4‘ﬂm‘/\4>]

2 (MIM)

c=cl+c+ci=—(Co+Cp+C.)/2

=K K KR KR
C; =cgLg+c, Ly +c;Ly |

C?:Ta'Tbj CZ:Tb°TC7 C?:TG-TC CZJS
Kk, R
: : Cyq ¢ = Dur + Der — Dyr
Kinematic dependent logs R
. ¢t w = Dor +Dcr — Dyr
—Sab — 10 Sab . ’
L,=1n oL zln@—m
Sbe Sac
L,=1n— L; =1n
L Q? Q?
@ universitat
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Beam, Jet and Soft RGEs

Beam and Jet functions in Laplace space:

d ~ a a
u@ In By (s, 2, ) = —2|Cy Tousp (avs) + 2 Z Dar 9% (as)] ln(Q EB) + 75 (as)

R=F,A H
d . s _ R QJsSy .
p—InJo(ss, 1) = =2[CeTeusp(as) +2 Y Der g™(as)] ln< : ) + 75 (as)
dp v
R=F, A
_ R 2q;- q;
The soft functions depend on S = which are frame dependent
Q, 0
Moderately sized § SaJ may require
~LLAB Mg - Mg ~CS to evaluate the LAB-frame soft function

S — = PaPJ S
aJ a aJ
2 at very small values of SLAB depending on

Soft functions in Laplace space: the boost factor p,p,

d ~ iy i, S
:u@ InS (gsalu) =2 |- Cusp Oés —I_Z & R In (/j;)
R=F A

+ [7§’N:1 (Oés) + 2Fcusp(as) (C?Lab + C?Lac + CZLbc)

— 92 Z gR(QS) (CZ:ELab —F CZ:bec 4 CZ’beC)]
R=F A
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N-LL formula

Combine the solutions to the RG equations for the hard, soft, beam and jet functions to obtain

dO.N LL
= exp {4(Ca + Cy)Kr.., (kB i) + 4C K, (1, prr) — 2(Co + Cp + Cc) Kt (1055 1)

/
— 2Co Ly Nr ey (107> 1) = 2(Calp + CoLig)irn,, (18 i) + Kooy Up to NNLL
Qzu Q2 Q2
+ | C, In " + Cy In ” + C’K In » + (Cy +Cy+ C.)Lg N s (s, porr)

+ Z [8 (DaR + DbR)KgR(:uBa pe) +8DerKgr(py, pim)
R=F,A

— 4 (Dyr + Dor + Der) Ky (ps, pr) — 4DerLyngr (g, i) — 4 (DorLp + DyrL'g)ngr (s, po)
Qau Qpt Qs
+2 |Dyrln ) T Dyr In ol s D.grIn ; + (Dar + Dor + Der) Ls | nyr (s, for)

u

X Hy(®1, 111)S™ (Ons + L, p1s) Buo (Onn + L, Tar B) Bre, (O, + L, a, 15) Ji, (8, + L, 1)
Q TMNtot nt ¢ e —YETtot
Tl Mot T'(1 + Mot )

where we defined "ot = 1B + N5 + 17 + 215 _ W day g “ daj
Kyr(pm, p) = 9" () ,
9 as () 5(043) as () 5[043]
. Q . QCLQ /- QbQ
LH—ln 5 , LB—IH 5 , LB—ln 5 Oés(:u) dOéS R
Hi K Hp Ngr (L, 1) = / g (as)
QJQ Q2 as(pm) 6(043>
L;=1In Iu2 , Lg = In ,u ) as () dov
! y K¢(pm, E/ — f(as
gt o) o (up) Blas) (@)
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