Multi-differential resummation in SCET+
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Motivation

Resummation captures dominant effect of higher-orders in o,
enhanced in collinear/soft limit

Resummation has mostly been considered to single variables

[threshold+transverse momentum: Laenen, Sterman, Vogelsang; ...]

LHC analyses involve multiple cuts
— describe correlations beyond accuracy of parton shower

Ratio observables require double-differential resummation
E.g. N-subjettiness, energy correlation functions, planar flow, ...

Toy example: ratio of two angularities e, /ez
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[Berger, Kucs, Sterman; Aimeida et al.]



Ratios require double-differential resummation

Ratio r = e, /eg is not IR safe

[Soyez, Salam, Kim, Dutta, Cacciari]
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Ratios require double-differential resummation

Ratio r = e, /eg is not IR safe

[Soyez, Salam, Kim, Dutta, Cacciari]
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IR region is Sudakov suppressed [Larkoski, Thaler
Requires simultaneous resummation of Ine,,Ineg
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can’t get this from fixed-order 4
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1. Resummation in SCET



Large logarithms and resummation
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jet cut

LHC collisions involve multiple scales: Aqcp, m, pr , 07, R, . ..

Scale hierarchies can induce large logarithms in cross section

E.g. o(H +0 jets) = Z Cnom Oy In" Tr;]i {1 O(pCTUtﬂ

mp

. D o df dz
In collinear and soft limit, gluons emissions are o< o ;
which is responsible for double logarithms .



Soft-Collinear Effective Theory

Effective theory of QCD for collinear and radiation

[Bauer, Fleming, Luke, Pirjol, Rothstein, Stewart] 7 g
7

Lscer = Leon + T =+ Z C;0; .:/§ ......
1 ) T

Hard virtual corrections are integrated out



Soft-Collinear Effective Theory

Effective theory of QCD for collinear and radiation

[Bauer, Fleming, Luke, Pirjol, Rothstein, Stewart] 7 g
7

Lscer = Leon + T =+ Z C;0; .:/§ ......
1 ) T

Hard virtual corrections are integrated out
Factorize collinear and soft modes in Lagrangian
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Factorization for O-jettiness

do

d,7— (Q M)/dTCOH BQ(QTCOH,ZUW,U)

< 5(7- o Tcoll L o )

contains hard virtual corrections at the scale ()

Beam functions describe the contribution from collinear
radiation at scale /()77 and parton distribution functions

Bi(t = QT" z, ) Z/—Im (6.5 1) fla! )

[Stewart, Tackmann, W\W]|

captures the soft radiation effects at scale
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Resummation in SCET

Achieve resummation by evaluating each ingredient at its
natural scale and RG evolving to a common scale

q z
pog H Q) = (@0 H(Q. ol
d . ‘o7 1
b Bi(t, z, 1) = /dt’ vp(t =t u) B(t' z, p) ¢
u -1
E.g. hard function for Higgs production with Q) = mpg
sC ;
H(mpg,p) o<1 DsTA 2 mf ..
27 1
sC ;
H(mH,,u):exp[ - Aln2m§[ | }H(mH,mH)
2T 1
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Power counting

SCET; A

n-collinear | Q(\*,1,\)
n-collinear | Q(1, A%, \)
soft Q(\?, A%, \?)

NQ -

Light cone coordinates
p' = (pT,p7,p) = —p*,p°+p°, )
Measurement determines modes:

T =>(E; — pf]) = >, min{p;", p; }
described by SCET| with A* = 7/Q
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Power counting

SCET;] SCET
n-collinear | Q(N\*,1,\)  Q(\*,1,))
n-collinear | Q(1,2\*,\)  Q(1,A%,)\)
soft QA% 0%) QA AN

Light cone coordinates

p* =T, p,p) =" —p°,p’+p°,p")

Measurement determines modes:

T =>(E; — pf]) = >, min{p;", p; }
described by SCET| with A* = 7/Q

qgr = ) _; Di1is SCETiwith A = ¢7/Q

NQ -

AR




Rapidity divergences

For SCET) the soft radiation decouples
at the matching step

SCET involves rapidity divergences
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Rapidity divergences

For SCET) the soft radiation decouples P~
at the matching step 97

SCET) involves rapidity divergences

2€ .M
pv : —
SM(gr) o a BREEY /dy 2sinh y| ™7

L Chiu, Jain, Neill, Rothstein]

NQ -

Many other choices for rapidity regulator
[Collins; Chiu, Fuhrer, Hoang, Kelley, Manohar; Becher, Bell; ...] D

Q_
Must take n — 0 before ¢ — 0 A'
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Rapidity resummation

Rapidity resummation encoded in rapidity RG evolution

[Chiu, Jain, Neill, Rothstein] "
d ok
v aBi(CITy T, U, V)

:/dq_)Tfyg(CfT_q_)Tnu) Bi(q_)TﬁEnua V) T 1

1 and v evolution commute

Factorization and resummation of gr spectrum

dO' — CO ~ CO
dan H(Qaﬂ)/qu " Bo(Gr°" s was 1, v)
dT

< 5(6_7T o C719011 . . )
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2. Factorization for gr and O-jettiness

JHEP 1502 (2015) 117 - Procura, WW, Zeune



Beam thrust and transverse momentum resummation

E—i-

Make T or qr factorization formulas d
more differential:

do B
dgrdT

H(Q)B(QT, C_TT) & B(QT, CTT) =Y S(T) [Jain, Procura, WW]

Structure dictated by power counting
SCETy: ¢r=q¢p” +q> +O0(\)  — QT ~qr

18



Beam thrust and transverse momentum resummation

Make T or qr factorization formulas d
more differential

_,dg — H(Q)B(QT, C_TT) & B(QT, CTT) =Y S(T) [Jain, Procura, WW] &
qu d]

fZU = H(Q)B(¢r) ® B(qr) ® S(T,qr) [Larkoski, Moult, Neill
qu d]

Structure dictated by power counting
SCETy: ¢r=q¢p” +q> +O0(\)  — QT ~qr
SCETy : T = T + O(\?) = T? ~ g7
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Beam thrust and transverse momentum resummation

Make T or qr factorization formulas d
more differential

do B
dgrdT

d — — — —
= = H(Q)B(qr) ® B(Gr) ® S+ (T, dr) ® S+ (T.dr) ® S(T)
dgr d'T [Procura, WW, Zeune]

fia = H(Q)B(¢r) ® B(qr) ® S(T,qr) [Larkoski, Moult, Neill
qu dT

H(Q)B(QT, C_TT) & B(QT, CTT) =Y S(T) [Jain, Procura, WW]

Structure dictated by power counting
SCETy: ¢r=q¢p” +q> +O0(\)  — QT ~qr
SCETy : T = T + O(\?) = T? ~ g7

Intermediate regime requires extra collinear-soft functions 5.

20
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Collinear-soft function

Matrix-element of elkonal collinear-soft Wilson lines

—CSO 1 SO A —CSO -
S+(TCSOftaQT ft) — ﬁtr <O‘T[XT ] o(T " +)5(QT ft—PT)T[VJXn]‘m

Differs from double differential soft function becausg the
collinear-soft radiation goes into one hemisphere, 7 — p™

At one-loop
. COr (1 1 1
SR by, v) = aﬂzF{ 3 (kFw)y (/1)
1 ln(k%//ﬂ) 1 1 1% T2 )
+5(k+)[_u2{ k2. 112 L+u2 (K3/12)+ mﬁ_ﬁ(s(kT)”

21



Consistency relations

Between SCET, and SCET+
B(QT,qr) = B(qr) ® S+(T, qr)

2

< |14 O(S—TT)]
Between SCET and SCET+

S(T,qr) = S+(T,qr) @ S+(T,qr) @ S(T) {1 T O(ZI,—;)}

Verified for anomalous dimensions and NLO ingredients




3. Numerical results

EP 1903 (2019) 124 - Lustermans, Michel, Tackmann, \WW



Scales choices

Natural scales connect regimes: A
Scale | SCET; | SCET, | SCET

HH @, Q O

KB m qT qr

VB Q Q

HS qT

Vsy a5/ T

ps T T a7

vS dT

ar ~TQ qr ~ T



Scales choices

Natural scales connect regimes: T o
Scale | SCET] SCET. SCET

HH Q Q Q

“B m b()/bT bO/bT

VB Q Q

M5y bo/bT

VS (bo/b1)?)T

S T T bo/bT

v bo/bT

Turn resummation off using profiles in g7, T (Ligeti, Stewart, Tackmann]



Matching

Combining different regimes: T o A

o =oy(p)+ o — oy (pr) + [on — oy (1)

; <
_|_[0'FO_0'I_0'II‘|‘0'—I—_(/LFO) N
0.01 e
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Result with only 7 or gr resummation

pp — Z (13 TeV)

. |
dQ dlog,gr dlogloT[ e s S N T eut = g5 = 100 GeV
| Q — mZ

pp — Z (13 TeV)
T ewt = g5 = 100 GeV

Q=mgz

- Single differential distributions (on back wall) clearly show that
only one variable is resummed while the other is not

- Sharp edge in left plot due to 7 < gr for one emission
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Result with joint 7 and g7 resummation

do [ pb ] | pp — Z (13 TeV)
d@Qdl dl GeV
Q dlog,ogr dlog, 7 L Ge ‘y‘d"(unt)’J T eut = g7 = 100 GeV 100g Ty
\ B %\ L dehOgqu - Q=mgz 50; pp — Z (13 TeV)
R S g R e N e N I - Q=my
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- Resummation yields a two-dimensional Sudakov peak

- Uncertainties in heat map (vary scales and transition points)
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Two-dimensional slices
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SCET+ interpolates between SCET, and SCET)

Cut on beam thrust 7 changes shape of gr spectrum
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Summary and outlook

SCET is powerful tool for factorization and resummation
Multi-differential resum. involves collinear-soft modes = SCET.
SCET+ enables the simultaneous resummation of

Jet resolution parameters. E.g. gr and O-jettiness

Jet kinematic logarithms. E.g. hierarchies in jet energies

Jet radius logarithms

Non-global logarithms Larkoski, Moult, Neill; Becher, Neubert, Rothen, Shao]
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