Jets, TMDs and resummation
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What is a jet?

Energetic quarks and gluons radiate and hadronize
— Produce sprays of collimated hadrons
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Jet definitions

Jet definition should be infrared safe (this was not always so

Sterman-Weinberg SISCone
ONne Midpoint
UAT XCone
o | 1980 1990 20 2010
ustering Jade T anti-kr
Cambridge/Aachen

_SISCone, R=1, f=0.75 p, [GeV] . anti-k,, R=1 |

6

[Cacciari, Salam, Soyez




Jet clustering algorithms

etermine distance between “particles”

Cambridge/Aachen: v/ (Ay)? + (A¢)?
ombine nearest “particles™: p;, p; — pi + p;

Repeat until all distances larger than jet “radius” R

Piswn __CamAschen, =1 _|
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Why do jets matter?

Jets enter in many LHC analyses
E.g. supersymmetry searches

hadronic top. . .~
candidats =

s eptc:-r"licto.p
| .} candidate

3 Jets 3 supjets [ATLAS-CONF-2013-052]



Outline

Jet shape at NLL
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Gutierrez-Reyes, Scimemi, WW, Zoppi
Phys. Rev. Lett. 121 (2018), 162001, arXiv:1904.04259

Multi-differential resummation
Procura, WW, Zeune - JHEP 1502 (2015) 117
Lustermans, Michel, Tackmann, WW - JHEP 1903 (2019) 124



1. Jet shape at NLL



Jet shape definition

Jet shape is average 2z, =p, ' /pr

! do do d
o) = [ e, / o) = 5

dprdndz,/ dprdn

Numerator & denominator integrated over jet kinematics pr,n



Jet shape measurements

Jet shape Is classic jet substructure observable, measured in
pp, Pb, ep, e e~ and heavy ion collisions

Constrain parton shower event generators fe.g. ATL-PHYS-PUB-2011-008

Study medium modification in heavy ion collisions

CMS, \s,,=2.76 TeV pp, [Ldt=5.3pb"  PbPb, |L dt = 150 ub

ok, jois AR08 11w Popb T
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Factorization for inclusive sample of jets with R < 1

J

pp — Jet + X for R << 1 [Kaufmann et al, Kang et al, Dai et al

do
— alTg) XD X ®Ha c\LasLb, 1], <
Ty = 2 1a22) © 1) @ Ml e/
®JC(Z7PTR)

Resum logarithms of wy/py ~ (prR)/pr ~ R with DGLAP

[see also Dasgupta et al]

d
T TP R ) ZPJZ (2, pr R, )
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Factorization for inclusive sample of jets with R < 1

pp — Jet + X for R << 1 [Kaufmann et &y Kang et al; Dai et al

do

d77 de dz B Z fa(xa) ) fb(xb) & Hab—m(il?a, Ly, napT/Z)

a,b,c

R\Ge(2, 2r, pT R, 7/ R)| Jet shape measurement

Resum logarithms of wy/py ~ (prR)/pr ~ R with DGLAP

[see also Dasgupta et al]

d
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Separating jet production from jet shape

At O(ay):

=0(1—2)0(1 — 2z) + JP(2)8(1 — 2,) +6(1 — 2)AGYV) ()

= (6(1 — 2) + JM(2) (6(1 — z) + AGW(2,)) +O(a?)
—_— ~——————
Jet production jet shape [Kaufmann et al; Cal, Ringer, WW/]

This is NOT a factorization of scales

Jet shape has large logarithms for » < R. E.g. for quark jet

OéSCF 9 or 37“2 >

— 1 A —om? L —3ln— — 24
Palr) o ( R SHR > TR 2R?
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Factorization for jet shape with r < R

hard
~ __:—:_:___:_—__-._:_'—_'—.‘—‘-:—:':‘:':':': ————————— ) k(j_oll (]C o k—I_, k’i)
. I hard(-collinear) | pr(1,R*, R)
LLALNNNN A J soft collinear pr(1,72,7)
m\/\/\mmm L (collinear-)soft | pr(r/R,7R,7)

EC R =0 [Kang, Ringer, WW]

Hard emissions must be out of the jet. Only collinear radiation
contributes to jet shape, but displaces jet axis

gc(zyzfmpTRy T/R, ,u) — ZHcd(zapTRa ,u) /koJ_ Od(Zr,pTT, kJ_a:ua V)
d

X Sq(—=k1,u,vR) {1 + (9(%)]
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Resummation for r < R

Resum logarithms of puc/pug ~ ps/pwg ~ vs/ve ~ r/R with
renormalization group evolution in scales 1 and v

d b dy 2
M@ Hcd(zapTRa :u) — Z YR /Vce( / 7pTR7 M) Hed(zlapTR7 /L)

e z

d
:u@ Od(z'rapT’ra ]CJ_,,U, V) — ,Vg(:ua V/pT) Cd(zrapT’ra kJ_7ILL7 V)
d
M@ Sd(kJ-7 My VR) — 75(:“7 VR) Sd(kJ_v M VR)
d d?k',
v Ca(zr,prr, ki, p,v) = — (27)?2 = vy (kL — K\, ) Ca(zr, prr, Ky, i, v)

d dzk'
v— Sa(kL, p, vR) = om)? = v (kL — K\, ) Sa(K', 1, vR)

dv
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Resummation orders

Fixed-order 3 Yo Yy NGLs
InR LL tree 1-loop 1-loop - -
CNLL 1-loop 2-loop 2-loop - -
NNLL 2-loop 3-loop 3-loop - -
In(r/R) LL tree 1-loop 1-loop - -
NLL tree 2-loop 2-loop 1-loop LL
CNLL’ 1-loop 2-loop 2-loop 1-loop LL )
NNLL 1-loop 3-loop 3-loop 2-loop NLL

Single logarithms o™ In™ R, double logarithms o™ In*"(r/R)



Collinear function

X
]

X
Jet axis

At tree level, parton is in/out depending on recoil 0 = k| /pr

C? =5(1—2)0(0 <)

16



Collinear function

X
]

X
Jet axis

X
Jet axis

At tree level, parton is in/out depending on recoil 0 = k| /pr
C =6(1—2)0(0 <)

At O(ay), determining which partons are in/out involves
nontrivial ¢ dependence, due to recoll
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Collinear function at O(ay)

Quark jet with 6 < r

Cr 27 1 U 3\ /1 ,u2
c(f<r) = 2= / dpq0(1 —z)| (= +Ino—+ )= +1
q om2 ¢ 5l 2r) (77+ n2pT+4>(e+ np%( {nax)2>

11— )+ 2B - F) - SmB4 oL —F) - BT
In“(1 —8)+2InBIn(1 — ) 2ImB—I—Qng(l 3) > 3—|—2

coe s ) [_(1 L (11151_—;’0 >+ . ln<zr<1g— 5)) (1 + 2) J

+0(2 > 1- ) [1 E (12,: = ln<(1 —~ zj;i —E)H}

Jet axis...

max

L 2
o 6{ﬂax_|_65nax

~

B

Residual ¢ integral, but1/e,1/n can be calculated analytically

Simplifies when averaging over z,
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Soft function

Only soft radiation inside jet recoils jet axis. Up to O(ay),

Syl vR) = (k1) +

OzSCF[_ 1 (ln(ki//ﬂ)) 1 1 VPR w o,

] ——0(k
| T2 TR ) (K2 /u2), 2 12 (k1)

Nonglobal logarithms [pasgupta, salam]

B a?CrC; 1 (ln(ki/(pTR)2)>
k1 /(prR)? /+

2471 (pTR)2
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Soft function and nonglobal logarithms

Only soft radiation inside jet recoils jet axis. Up to O(ay),

Syl vR) = (k1) +

aSCF[_ 1 (ln(ki/,uz)) 1 1 VPR?  m o

1 —— (k7
o | T2 TR e ) (K2 /u2), 4p2 12 (k1)

Nonglobal logarithms [pasgupta, salam]

a?CrC; 1 (ln(ki/(pTR)Z)) B _oz?C’FC’Z- 12 R
_l_

Ak, ©(k —
/ 19(kL < prr) X 247 (prR)? ki/(pTR)z 19 n .

Upon integrating with the collinear function, this is the same
as the hemisphere CAaSe [Banfi, Dasgupta, Khelifa-Kerfa, Marzani]

Extends to leading nonglobal logs:

R 4 R N. R
NG (T T2, 87 T TAL L = ste
0 (L) i Tt T el T T -
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Nonperturbative effects

L EBny = 7TeV, antiky B = 0.6, 7] < 2.8, s ssrassisssemms
Pythia 8.2 .
----- Partonic -
-.-- ISR )
—-—- [ISR+MPI —_
- —— ISR+MPI+had -
O. Y | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
0. 0.1 0.2 0.3 0.4 0.5 0.6

r

Significant effects from soft radiation: initial-state radiation,
multi-parton interactions and hadronization effects



e

Nonperturbative model

Model 1 Model 2

A A ANew axis
G o
o

\ 2
< ' ~/
S % 2
: >
2
<>

VNV
VAV, <

1: uniform contamination, ¥ (r) — ! Y (r) A /

14 f 1+ f
2. localized contamination, also displaces jet axis

(

R

!
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Nonperturbative model

Model 1 Model 2 L P T e o e T
A A aNew axis  [pr=00-80GeV--"" ___—===7""
: T 0.8 -
/<i( = ~ 0.6
% v > | Pythia 8.2
X & 7 0.4 - e Partonic ]
X\ Z —— MPI+ISR-+had-
SS 2 % 0.2 —-~- Model 1 -
S % 4 % — — - Model 2
) ! c e by e b e Ly
% \'/ % O'o 0.1 0.2 0.3 04 05 0.6
S <SS r
1: uniform contamination, ¢ (r) — ! W (r) / (T )2
' ’ 1+ f 1+ f\R

2. localized contamination, also displaces jet axis

Model 2 agrees better, used when comparing to LHC data



ATLAS integrated jet shape

pr =60 — 80 CeV

¢ ATLAS ¢ ATLAS B
Y e NLL T e NLL' ]
' == NLL'+nonp T == NLL' + nonp 1
| l | | | l | | | I l | |1 _l l‘l | l |1 | I 1 ] l | I | I | l |
LE J R e e N SR S B
- T  ————— I
oot [ :
= ¥ P — 110 — 160 GeV I PT — 500 — 600 GeV ]
s T ATLAS T ATLAS -
S NLL o e NLL' ]
' === NLL'+nonp T === NLL' + nonp :
O‘ | I | l 11 1 1 l | I I l | I | l | I | l | I l_ L1 1 1 l | I I | l | I I | l L1 1 1 l L1 1 1 l | I I |
0. 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6

r

r

Good agreement. Perturbative uncertainty largest for small »
Nonperturbative effects o< 1/pr



ATLAS differential jet shape

T l L l L l L

pr = 30 — 40 GeV

l L

l L L l L l L l T

— T

10" L
e s |
_ E K
=
Q

l L

60 — 80 GeV

l L

Femmene NLL'
‘B NLL' + nonp

10—2 | I | I | I | I | I | I | I |

Tommmee NLL'

"""" T NLL' 4+ nonp
1 l 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1

0. 0.1 0.2 0.3

r

Nonperturbative effects particularly important in tail

0.4

0.5 0.6 0.1 0.2 0.3

r

0.4

(not the region where /R resummation is important)



CMS differential jet shape

IIIIIIIIIIIIIIIIIIIII
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T

T LI l LI T
e pr =30 —40GeV * pr = 500 — 600 GeV -
© 5 ]
QL
s CMS e ——
- NLL E
&= NLL'+nonp B NLL' + nonp
| I - |1 | | I | |1 1 1 | |1 1 1 | |1 1 1 | |1 1 1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 1 I | | I--l ------
10" & ' | | | | 01 02 03 04 05 06

= NLL’ + nonp

pesm=ss pr = 600 — 1000 GeV

10_2111111111111111111111111

0. 0.1 0.2 0.3 0.4 0.5 0.6

r

Similar level of agreement

Slightly larger R and nonperturbative effects



Conclusions

First jet shape calculation beyond LL: recoil of soft radiation
Collinear function with recoil is more complicated

Nonglobal logarithms are fortunately same as for the
hemisphere case

Good agreement with data when using nonperturbative model
— Can grooming help to reduce this sensitivity”?
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2. TMDs from Jets



TMDs from SIDIS

Transverse momentum k e

Longitudinal momentum = v B
> p e
q
>

dOep—enx DIS > / db 4
= H a b) D b
dQ? dx dz dg ; q (z, Q%) (277)2 € q(:zz, ) q—>h(zv )

F; describes transverse momentum k of parton / in terms of
Fourier conjugate variable b

D;_., encodes transverse momentum k' = p, /z of hadron h
fragmenting from parton /. Total trans. momentum q = k + k'

29




TMDs from SIDIS with jets

Transverse momentum e

Longitudinal momentum
—
-

doepsesx ZHC?IS(:E7Q2)/(db “bap (2.b) J,(2,b, QR)

dQ? dx dz dg 27)?

F; describes transverse momentum k of parton /, in terms of
Fourier conjugate variable b

J,  encodes transverse momentum k' = p;/z of jet
fragmenting from parton /, reducing nonperturbative sensitivity



Soft recoill

coll
----- P Jet axis

soft
kJ_

11, 7.soft . :
K4k =0 transverse to jet axis

Jet axis along total jet momentum, recolled by
iInside jet = nonglobal logarithms limit accuracy to NLL
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Soft recoil and the Winner-Take-All axis

NP .. -» Winner-Take-All axis
—»”' fff I L ioll
i .
v aelrau bt ===f=l==- P Jet axis

soft
kT

11, 7.soft . :
K4k =0 transverse to jet axis

Jet axis along total jet momentum, recolled by
iInside jet = nonglobal logarithms limit accuracy to NLL

Remove by Winner-Take-All clustering in jet algorithm — N3LL

E,

A

Ty

Ei+ Eo

(

\

ny 1t By > E5

719 lf E2 > El [Salam; Bertolini, Chan, Thaler]
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Angular decorrelation in eTe™

d0'6—|—€—_>JJX + o / db —ib-
= E H: ° g b R) J b R
le dZQ dq - q (S) (27_‘_)2 € q(Zl, 7\/g ) q(Z27 7\/g )

Angular decorrelation related to transverse momentum 6 ~ 247

NE

0 > R: no Jet axis dependence
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Angular decorrelation in eTe™

d0'6—|—€—_>JJX + o / db —ib-
= E H: ° g b R) J b R
le dZQ dq - q (S) (27_‘_)2 € q(Zl, 7\/g ) q(Z27 7\/§ )

Angular decorrelation related to transverse momentum 6 ~ 247

NE

0 > R: no Jet axis dependence

0 ~ R: finite terms In jet function depend on axis choice
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Angular decorrelation in eTe™

v

. ] b
Octe——JJX _ Z H§+€ (S) /( 6_1b°qu(Zl, b, \/ER) Jq(227 b) \/ER)
q

le dZQ dq 27’(’)2

Angular decorrelation related to transverse momentum 6 ~ 247

NE

0 > R: no Jet axis dependence

0 ~ R: finite terms In jet function depend on axis choice

0 < R: factorization only holds for Winner-Take-All

35



Jet function

We have calculated the jet function at one loop for the
standard jet axis and Winner-Take-All

k> ~ b ? > ER: axis dependence drops out, matches onto
semi-inclusive jet functions J, same coefficients C as TMD FFs

J*8 (2 b, ER) Z/dz V2Cisi (2, b)}jj('z 2ZER)

Z
[Echevarria, Scimemi, Vladimirov] [Kang et al, Dai et al

DGLAP evolution resums In R

36



Jet function

We have calculated the jet function at one loop for the
standard jet axis and Winner-Take-All

k> ~ b ? > ER: axis dependence drops out, matches onto
semi-inclusive jet functions J, same coefficients C as TMD FFs

J*8 (2 b, ER) Z/dz V2Cisi (2, b)}jj('z 2ZER)

Z
[Echevarria, Scimemi, Vladimirov] [Kang et al, Dai et al

DGLAP evolution resums In R

k* ~ b * < ER for WTA: jet radius dependence drops out
JVIA (2,6, ER) = 6(1 — 2) V14 (b)

Determined by known anomalous dimensions up to two-loop
constant, which we extract for quarks from EVENTZ2 (catani, Seymour]
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Jet radius dependence

ete” — dijet, LEP, z > 0.25

57 \ \ ‘ \ \ \ \ ‘ \ \ \ \ B

- L R=01 _

N . e R=03

- J—f Lo T R=05

= .- k- R=07 |

> - _

O S | ulﬂ“ Large R
= - -, .
= . L i
2 T =y —

~ 4 1. - -
%‘% | - -
1 -

B Vs =91.2 GeV, N°LL (NLO jets) N

oL | | | | | | | | | | ]

0 5 10 15

dr [GGV]

Even for medium values of R, we can use large R jet function

Large R jet function determined at two loop — NSLL



€

_I_

e~ results

1.5

ete” — dijet, Belle II

———————————

Vs =1052 GeV, R=05, z>0.25
\ \ \ \ ‘ \ \ \ \ ‘ \ \ \ \ ‘ \ \ \ \

0.5 1. 1.5
qr [GeV]

_[\3\\\\\\\\"\\'

do

mb/GeV]

dgr

() w —~ ot
‘\\\\‘\\\\

o

S
O\\\||.|\:\\\\\__\\\

ete” — dijet, LEP

Vs=912GeV, R=05, z>0.25

|mp|emeﬂted N arleMiDe [Scimemi, Vladimirov]

H 10
qr |GeV]

Good perturbative convergence: uncertainty bands overlap
and reduce at higher orders

—_

5
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SIDIS results

ep — ejet X, Hera ep — ejet X, EIC
T T ‘ N ‘ I ‘ T T ‘ T 0 87 T ‘ T T ‘ T T T T ‘ T T ]
1.57- 050<y<095 V5 =318 GeV, 10 < Q < 25 GeV 050 <y < 0.95 ngloo(}ev, 10<Q<25GeV
------ 020<y <050  R—_05 »>025 N°LL - ee--i 020<y <050  R=05, 2>0.25, N°LL i
TS 0.01 <y < 0.20 i 0.6 22z 0.01 < y < 0.20 ]
= - B Total - = B Total s
g 1.— ] g B |
i i | i 04 -
b | & : : b| & B — :
S5 05 ] ST R e *
s - 0.2 e -
0. I I ‘ I I ‘ L ‘ L ‘ L 1] \7 OE _m_‘\_\'_\ | ‘ I I ‘ I T ‘ I I ‘ Ll \7
0. 0.5 1. 1.5 2. 2.5 3 0 0.5 1. 1.5 2. 2.5 3.

qr |GeV] qr [GeV]

Transverse momentum distribution for Hera and EIC for
different elasticity intervals
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Sensitivity to nonperturbative parameters

ep — ejet X, Hera ep — ejet X, EIC
1.57 T B B O B B B T 0 6—‘ T L R A A B B B R R A T
= 1 -- N .
3 r ] 3 04
~ L | B I _]
GRS ] . *
ol &05 . — 51 S g9 . |
o3 T B Variable Byp, 0.018 < ¢g < 0.030 | ol Y === Variable Byp, 0.018 < ¢y < 0.030
B === Fixed Byp,0.030 <cy<0.044 | - =29 Fixed Byp, 0.030 <o <0.044
O' = [ ‘ I ‘ I I ‘ I I ‘ I I ‘ I I | 0 u [ ‘ I N ‘ I N ‘ I N ‘ [ ‘ [ i
0. 0.5 1. 1.5 2. 2.5 3. 0. 0.5 1. 1.5 2. 2.5 3.
+3% T T ] T T ] T T ] T T ] T T 1 T T 1 T T T T T 7 T T T T T T ]
| | | | |
. | | | | | 1 o +5%
9 Vs =318 GeV, 10 <@ <25 GeV, N°LL | S Vs =100 GeV, 10 < Q < 25 GeV, N°LL
@) b}
5 5
= =
&S 0 < 0
= =
g R=0.5, z>0.25, 0.01 <y<0.95 E R=0.5, z>0.25, 0.01 <y <095
_3% I I ‘ I I ‘ I I ‘ I I ‘ I I ‘ I I _5% I N ‘ [ ‘ [ ‘ I N ‘ [ ‘ I
0. 0.5 1. 1.5 2. 2.5 3. 0. 0.5 1. 1.5 2. 2.5 3.
qr [GeV] qr [GeV]

* Vary nonperturbative parameters of TMD PDFs within current
uncertainty from Drell-Yan extraction sertone, Scimemi, Viadimirov]
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Conclusions

The transverse momentum distribution of partons in a proton
can be extracted from SIDIS using jets

Calculable z dependence — reduced nonpert. uncertainty
Perturbative ingredients available for NSLL

Potential experimental issue: angular resolution. Could be
remedied with charged particle jets
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3. Multi-differential resummation



Why multi-differential resummation?

The classic: threshold and transverse mom. resummation

[Laenen, Sterman, Vogelsang; Li; Lustermans, WW, Zeune; Marzani, Theeuwes; Muselli, Forte, Ridolfi, ...]

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

jet

(97; Q xR = pz'T/pT
=) Z’L’(E) s

A —>
1e)et jet axis

[Berger, Kucs, Sterman; Aimeida et al.]
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Ratios require double-differential resummation

Ratio r = e, /eg is not IR safe

[Soyez, Salam, Kim, Dutta, Cacciari]

1.0

0.8F

do d?o e
- — d o d 5( & ) 06
dr / Co 0O de, deg g €3 5

04+

dr

0.2+

|R dlvergenCe 0'(()):0" 0.2 0.4 0.6 0.8 1.0
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Ratios require double-differential resummation

Ratio r = e, /eg is not IR safe

[Soyez, Salam, Kim, Dutta, Cacciari]

1.0

0.8F

do d?o e
7 = [dead o(r—=2) -
dr / P OB de, deg g es S

04+

dr

0.2+

|R dlvergenCe 0'(()):0" 0.2 0.4 0.6 0.8 1.0

IR region is Sudakov suppressed [Larkoski, Thaler
Requires simultaneous resummation of Ine,,Ineg

dO‘_ \/Cpﬁll
5_\%04—67‘ |

can’t get this from fixed-order 46



Simple example: beam thrust 7 and g in Drell-Yan

SCET]

SCET; A

n-collinear | Q(\*,1,\)
n-collinear | Q(1, A%, \)
soft QA% N2, \?)

NQ -

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

T =3, min{p,,p; } described by
SCET, with \? = T/Q
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Simple example: beam thrust 7 and g in Drell-Yan

SCET]

SCETI SCETH pA ;

n-collinear | Q(N\*,1,\)  Q(\*,1,))
n-collinear | Q(1,2\*,\)  Q(1,A%,)\)
soft QU220 QAN

NQ -

Light cone coordinates

— 0 3 0 3
pt=(p",p,p) = (" —p°p +p°,p}) SCET,
Measurement determines modes: Q“'

T =>_.min{p;", p; } described by L
SCET, with A2 = T/Q \O - \

CTT — Zz ﬁz’J_ s SCET) with A = qT/Q | B 9p+




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

49



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

50
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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.
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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
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Scales choices and matching

Natural scales connect regimes:

pe = Q,

UB =qr, vp=4GQ,
pHs, =4qr, Vs, thQF/Ta
ps =T

Turn resummation off using profile scales Ligeti, Stewart, Tackmann]

COmbiﬂiﬂg different regimeS: [Lustermans, Michel, Tackmann, WW]

o =o04(p) + o1 —oi|(p1) + o — o4 ] ()
+ [UFO — 01 — 011 T+ (7+:(,“FO)
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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)
dQ dlog,oqr dlog,y 7T GeV ‘y‘da(%‘“)’} Teus = g7 = 100 GeV 100 7T
\ o |dQdlog, T Q=mgz g PP Z (13TeV)
AP N g = e N N e - Q=my
C do(Tew) 7 ] i \ 30
/dQ\'dl’Og\l;q Q,T/*\'\/ + / | ’ . 600 20

100

1 ‘\‘\\\‘\HHHH
1 23 5 10 2030 50 100

qr [GeV]
10 |
ar [GeV] 0 20 40 60
NNLL+NLO Ajotar/dor [%]

[Lustermans, Michel, Tackmann, WW]

- Resummation yields a two-dimensional Sudakov peak

* Relative uncertainties shown in heat map
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Two-dimensional slices

1_I T | T 17T | T T | T T | T 1T | T 17T | T 17T | T I_ 30 T 11 | T 17T T 17T T T 1 | T T 1 | T T | T T | T T
°§ pr—>Z(13TeV) TZlOGeV: °§ i pp — Z (13 TeV) |
T 0.8 Bl NNLL+NLO ! NNLL+NLO -
> 0 == NNLL;+NLO- > T -
I V. W NNLL,, +NLQ] & 20 7
N L ] SIS .
e, N i e, o |
§ 0.4 - %‘ ! |
S ] = 1 -
< 0.2 - A \ |
N T | T f e

O_ F | L 111 | [ | [ | L 111 | L 111 | L 111 | [ Fc 0_| L1 | L1 |\|\|\|£;|"e|lq-.'.+_|_1?|\ll_—|:;:;. :....1.5:(';'6"{--__

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
qr [GGV] qr [GeV]

SCET+ interpolates between SCET, and SCET)

Cut on beam thrust 7 changes shape of gr spectrum
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Conclusions

Collisions at the LHC involve many scales, whose ratios can
give rise to large logarithms = SCET+

SCET+ for beam thrust and gr
Additional collinear-soft modes
Joint resummation — two-dimensional Sudakov peak
SCET+ interpolates between SCET, and SCET;

Most ingredients already available for N3LL
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Conclusions

Collisions at the LHC involve many scales, whose ratios can
give rise to large logarithms = SCET+

SCET+ for beam thrust and gr
Additional collinear-soft modes
Joint resummation — two-dimensional Sudakov peak
SCET+ interpolates between SCET, and SCET;

Most ingredients already available for N3LL

Thank youl!
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