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Momentum scales

Inclusive Higgs production

me ~ 175 GeV

my ~ 125 GeV

Nacp ~ 0.5 GeV
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Momentum scales

Inclusive Higgs production Higgs pr spectrum
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Momentum scales

Peak region: pr ~ 0 — 30 GeV
» fixed-order expansion breaks down
» resummation of In? ,‘,’,—L necessary

» (non-perturbative effects for pr < 10 GeV)
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Momentum scales

Peak region: pr ~ 0 — 30 GeV Higgs pr spectrum

» fixed-order expansion breaks down

¢ Combined data

. A H-yy
» resummation of In? f%:/ necessary S oz

...... NNLOPS K = 1.1, + XH

» (non-perturbative effects for pr < 10 GeV)

I R I W R o U B R

Tail region: pr ~ 60 — 500 GeV f .

, , , 080126 200 350 1000
» fixed-order expansion applicable P, [GeV]
» (resummation for pr > my) pr ~ 0 — 500 GeV
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Momentum scales

Peak region: pr ~ 0 — 30 GeV Higgs pr spectrum

» fixed-order expansion breaks down
pinary
9 fb!

» resummation of In? f%:/ necessary

» (non-perturbative effects for pr < 10 GeV)

Transition region: pr ~ 30 — 60 GeV ‘Hr{i%
b
» combine fixed-order and resummation ‘
—
|
Tail region: pr ~ 60 — 500 GeV !
, , , 648"s
» fixed-order expansion applicable
» (resummation for pr > my) pr ~ 0 — 500 GeV
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Momentum scales

Peak region: pr ~ 0 — 30 GeV Higgs pr spectrum
» fixed—order expansion breaks down NNLOJET®SCET pp—H+=0jet m,=125 GeV Vs =13 TeV.
1.4 NNLO LOeNLL B33 NLO&NNLL E=23 NNLOeN3LL =3
» resummation of In2 ,‘7’7—/7_1 necessary e "
s
8
» (non-perturbative effects for pr < 10 GeV) £*
Lo
© 0.
- . 0.2
Transition region: pr ~ 30 — 60 GeV

) ) . ERY
» combine fixed-order and resummation 8
z
H
o
Tall reg|on pT ~ 60 _ 500 GeV 0 20 40 60 80 p:[célev] 120 140 160 180 200
[Chen et al 18]
» fixed-order expansion applicable
» (resummation for pr > my)
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Scale separation

For Aqco < pr, my, m; the cross section factorises

. A
do = Y fiyp(Aaco, 1) ® fiyp(Aaco, 1) © A&y px(PT, My, Mty 1) + O( ;:D)
i

» universal parton-distribution functions f;/,

» perturbative partonic cross section déi_, yx

Factorisation scale n separates short- and long-distance dynamics

» single-logarithmic evolution controlled by DGLAP equations

dfi/p(.u')
ding = ; Pi(as) ® fi/p(n)
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Scale separation

For Aqco < pr, my, m; the cross section factorises

. A
do = Y fiyp(Aaco, 1) ® fiyp(Aaco, 1) © A&y px(PT, My, Mty 1) + O( ;:D)
i

» universal parton-distribution functions f;/,

» perturbative partonic cross section déi_, yx

Factorisation can be derived using methods from SCET
» PDFs are matrix elements of (non-local) SCET operators

» partonic cross sections are Wilson coefficients of these operators
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Small pr

For pr <« my, m; the partonic cross section factorises further

.
dpr

~ H(myg, e, 1) s(prop) ® Jalpr. ) ® S(or. 1) + o(,’f,—z)

H

’

’
.
’
’
’
3
&

» hard function H

double-logarithmic RG evolution
» jet (beam) functions J;

= Sudakov logarithms o In?" 2L
. H
» soft function S
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SOft'CO”inear Effective Theory [Bauer, Fleming, Pirjol, Stewart 00;

Beneke, Chapovsky, Diehl, Feldmann 02]

Expand QCD in powers of ,’;—L <1

>
_ (0) (1) PT

Lacp = Lgoer + Lscer T O( = )
—_——— ——— H

leading power  next-to-leading power

» various IR modes: soft, 1-collinear, 2-collinear, ...

» various IR scales: ps, pct, pc2, - - -
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Soft-Collinear Effective Theory

Expand QCD in powers of ,’;—L <1

>
_ (0) (1) Pr

Lacp = Lgoer + Lscer T O(mz)
—_——— ——— H

leading power  next-to-leading power

» various IR modes: soft, 1-collinear, 2-collinear, ...

» various IR scales: ps, pct, pc2, - - -

Factorisation at leading power

» interactions of different collinear modes

QCD-SCET matching = x(x) = W, (x) ¢(x)

» interactions of soft and collinear modes

[Bauer, Fleming, Pirjol, Stewart 00;
Beneke, Chapovsky, Diehl, Feldmann 02]

X)) =S )xO) = £ = Lo + Lot + Loo + ...
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SCET-1

Three-scale problem: pug < py < py

~ A o 2
pa @ d& =~ H(Q, 1) J(my,u) ® S(mB/Q, u)
Ly~ my
) 5 2 m/Q?
m3 In2 @ _1 2 X _1n2M 4 12 Ml
s ~ @i mﬁ 2 uZ 2 + 2 2
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SCET-1

Three-scale problem: pug < py < py

@ dé ~ H(Q. 1) J(my,u) ® S(mZ/Q, p)
g~ my

” 2@ _1,2@ _ 2™ 1, 2m/®
IISNTJ,L In m—37§ln =5 —In ?""ElnT

Sudakov resummation with standard RG techniques

2
dH(Q. ) _ [zrmp(as) in L+ ()| HQ)
dinp I
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SCET-1

Three-scale problem: pug < py < py

@ dé ~ H(Q. 1) J(my,u) ® S(mZ/Q, p)
g~ my

2 2@ _ 112 & 2 m o1y o my/Q?
s ~ In? 55 = 2 In® 5 —In® 04 + 5 In? S5

Sudakov resummation with standard RG techniques

dH(Q, Q?
# = |:2rwsp(as) In — +4’yH(as)} H(Q, 1)
Inp
LL solution
4nly 1 1 as(p)
H(Q,un) = H(Q, exp{ 1777|nl’} r=
(@1 = HQup) e g s (1= =) sl
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SCET-2

Two-scale problem: pg ~ py < py

pr ~Q

ds ~ H(Q,p) J(pr,1) @ S(pr, 1)

g~ [bg ~ DT 2 > 2
g~ s ~ P |n2Q:|n2%_|n2p%+ 2
2 3
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SCET-2

Two-scale problem: pg ~ py < py

i~ Q dé ~ H(Q,n) J(pr, 1) ® S(Pr, 1)

fy ~ s ~ Pr > 2 2
T P =2 _ 2L 4 7
2 H

Jet and soft functions are ill-defined in dimensional regularisation

/d4k S(K2) 6(K%) = /ddk (%) 5(K2) 6(K°) (Becher, GB 11]
+
= S~ +é +1In ﬁ induces rapidity logarithms that cannot be
In =
J ~ _é —In% P resummed with standard RG techniques
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SCET-2

Two-scale problem: pg ~ py < py

o~ Q dé ~ H(Q,p) J(pr,p,Q.v) @ S(Pr,m,Pr,v)
fl = s~ pr @& 12 @ 2P 210 0@ oL n
T Iz Iz Iz v Py
Rapidity logarithms exponentiate (in position space) [Becher, Neubert 10;

Chiu, Jain, Neill, Rothstein 11]

—F L
‘-7(XT7:U‘7 07 V) S(XT) My XT, V) = (QzX%) 07.) W(XT7 ,LL)

» collinear anomaly exponent F(xr, 1)

» remainder function W(xr, 1)
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Counting logs

Perturbative expansion

2
1+%{#LZ+#L+#}+(%) {#L4+#L3+#L2+#L+#}+...
47 47
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Counting logs

Perturbative expansion

2
1+%{#LZ+#L+#}+(%) {#L4+#L3+#L2+#L+#}+...
4z 4m

1
— e { - ar(0sl) + ga(asl) + asa(as) + .|
S

LL NLL NNLL
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Counting logs

Perturbative expansion

2
1+—{#L2+#L+#} <%> {#L4+#L3+#L2+#L+#}+

4z

1
— e { - ar(0sl) + ga(asl) + asa(as) + .|
S

LL NLL NNLL
Accuracy I cusp H,{ W78 cH,{ €, ¢s
F w
LL 1-loop — -
NLL 2-loop 1-loop tree
NNLL 3-loop 2-loop 1-loop
NSLL 4-loop 3-loop 2-loop
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Applications

1) High-precision resummations

» ete~ event shapes @ 020
» threshold resummation g L

» pr7 resummation

NNLL+NLO
NLL+NLO

Ratio to NLO+NNLL

. . NLO
» jet veto resummation ol ‘ 000
400 500 600 700 800 1 15 20 25 30 35
M, (GeV)
[Broggio et al 16] [Becher et al 16]
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Applications

1) High-precision resummations

2) Resummation for jet observables

» complicated soft radiation pattern generates non-global logarithms [Dasgupta, Salam 01]

» resummation of non-global logarithms has similarities to parton shower evolution

» effect can be reduced by applying grooming techniques
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Applications

1) High-precision resummations
2) Resummation for jet observables

3) Resummation at subleading power
» SCET provides the tools to systematically study power corrections
» first LL results for thrust and threshold resummation [Moult et al 18; Beneke et al 18]

» key problem: endpoint-divergent convolutions
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Applications

1) High-precision resummations
2) Resummation for jet observables
3) Resummation at subleading power

4) Counterterms for fixed-order calculations

» N-jettiness slicing [Boughezal et al 15; Gaunt et al 15]

8 doscer i do
do= [ dTy “2 / dTN ——
7 /o N dTh * 5 N odTn

» soft and collinear counterterms for any other subtraction method
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Applications

1) High-precision resummations

2) Resummation for jet observables

3) Resummation at subleading power

4) Counterterms for fixed-order calculations

5) Non-QCD applications
» resummation of electroweak Sudakov logarithms

» dark matter annihilation
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ete event shapes

Extraction of the strong coupling as(Mz)

Baikov e g_
Davier el -
et HH,T,_, @ precision thrust and C-parameter analyses
Boit e Q
SMreview |——+—| S . o
SRR give significantly lower values for a.s(Mz)
HPQCD (e conetators) [y L
Maltmann wwilsonloops) | |-@— Q
PACS-CS (57 scheme) I —omi =3 [Hoang et al 15]
ETM (ghost-gluon vertex) o 8 T T T T T
BBGPSV (sttic potent) -] | 1of Full N°LL results |
ABM —e—i v -
BBG  |—e— S g 09| (@-dim)
R IR A5 2-d
I = =
NNPDF et o c
MMHT !I—O—i a 3 08F ]
ALEPH etsashapes) | | ——e0—1 @, EL I
OPALyen @ GeVort @-dim ]
JADEjgs) 7D
Dissertori (3 o 06k ]
JADE i) Q0
o
Event 5 osp 1
+ 04F, L L | | LA
GFitter RS | | clectroweak [ R X R N R (N T ¥ R NV
o precision fits ay(my)
] had
S il i
oM 05 012 0125 013 are the non-perturbative corrections under control?
Apri 2016 aS(Mf)
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Angularities

et e~ event shape that depends on a continous parameter a [Berger, Kucs, Sterman 03]
ea({k}) = 3 IK|| e InI(-a
i

» transverse momentum and rapidity refer to thrust axis

» interpolates between thrust (a = 0) and total broadening (a = 1)
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Angularities

et e~ event shape that depends on a continous parameter a

ea({ki}) - Z \ki| e—Inil(1—a)
i

» transverse momentum and rapidity refer to thrust axis

[Berger, Kucs, Sterman 03]

» interpolates between thrust (a = 0) and total broadening (a = 1)

Factorisation theorem for e; — 0

1 do

——— ~ H(Q,p) /den dep des Jn(en, p) Jn(en, 1) S(es, 1) 6(ea — en — ep — €s)

ao dea
» relevant scales:
» thrust:

» broadening:
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u,z_, ~@ >
pe~ @ >
pe~ Q2 >

2
pg~ QRei > i~ QPEl

pa ~ QPey

2 2 A2
pg~ Qo

>

1~ P}

2 2 A2
g ~ Q%€

(SCET-1)

(SCET-2)
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State of the art

v

>

. Accuracy . Ceusp . YH» V> VS CH;Cy; Cs
NLL 2-loop 1-loop tree
NLL 2-loop 1-loop 1-loop
NNLL 3-loop 2-loop 1-loop
NNLL 3-loop 2-loop 2-loop

v and cy are known to 2-loop

2-loop g and ¢g from Soft SERVE

1
’YJ—EWHJFW

1

~s fixed by RG invariance

extract 2-loop ¢, from EVENT2-fit

= extend resummation to NNLL accuracy
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< [Hornig, Lee, Ovanesyan 09]

[GB, Rahn, Talbert 18]

[GB, Hornig, Lee, Talbert 18]
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Theory input

Further refinements

» matching to fixed-order o2 calculation = NNLL + NLO accuracy

» angularity-dependent profile scales

a=—1 a=—0.5 a=0.5

100f i A 100} i A 100| I A
80} v 80| v 80| v
60} 60| 60|

40| 40) 40|

20 20 20|

0} 0) 0f

0.00 005 0.10 0.15 020 025 030 035 0 0.1 02 03 04 [ 0.1 02 03 04 05 06

Ta

» non-perturbative corrections

do transition region  do 2 Q
—_ ea) —_— a
dea

dea\ ¢ 1-aqQ

same NP parameter Q4 that enters thrust and C-parameter analyses

a-dependent shift = break correlation in two-dimensional fits?
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[Lee, Sterman 06]
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Convergence

3.0
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00
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20
14
1.2
1.5
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08
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06
04
0.5
0.2
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To.25 Tos
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Comparison to L3 data [GB, Hornig, Lee, Tabert 1]

Binned distributions without / with non-perturbative effects

o=
12/ =— a=-0.5 — a=-025
10— 10—
8 8 - Q=91.2GeV
| = 4 = as(Mz) = 0.11
— = Q; = 0.4 GeV
4 —-_ 4 ==
== )
2 T 2 == _
B T,  e—
0l 0
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
Ta Ta
= N
= - -
10 a=025 6 a=05
8 St
4 —
6 |
3 =
! = 2
==
’ T 1
0l 0,
005 010 015 020 025 0.10 0.15 020 025 030 035 040
T T
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Conclusions

SCET

» high-precision resummations for global observables

» automation will become more and more important

» conceptual questions: non-global logs, factorisation violation, power corrections

» impact on NNLO subtractions + parton shower development?

Angularities
» precision predictions at NNLL’ + NLO + NP accuracy

» extraction of as(Mz) from a fit to LEP data is on-going
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Backup slides
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Momentum modes

m3/Q

SCET-1

collinear \h\ard

anti-collinear

I

m3/Q Q

ms Ky

pr A

7/Q 1

SCET-2

HS ™~ g

In SCET-2 one cannot distinguish soft from collinear modes when radiated into jet direction

= need additional regulator that distinguishes modes by their rapidities
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