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Motivation

» Perturbative QCD is in the expansion of strong coupling a;

— QCD exhibits asymptotic freedom: as energy increases the strong coupling becomes small
— asymptotic series: first finite numbers of terms provides a good approximation to the physical
results!

1 o0
Cross-section for observable is written as  f(a,) = ,5_ Z I, +1(x§’+1(,u)
0 ,—

— not convergent, f, shows factorial growth & generates !
— factorial divergences show up as singularities in Borel plane - renormalon
o0

L fos
flay = BIF G0 = — 3 225

'Lt
ﬁon:() n.

* Renormalons are commonly associated to the leading non-perturbative corrections to
perturbative series
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Renormailon

* Two types of renormalon: UV & IR - originates from different regions of loop momenta

— apypear as poles on the Borel plane
— focus on the IR renormalon

* Renormalon ambiguities appear as,
p
o(0) ~ (AQCD/Q)

— p is determined through the position of singularity
— useful to identify hadronisation corrections [Dokshitzer & Uraltsev ‘95

Gardi & Rathsman 01]

UV renormalon | IR renormalon

* Previous studies mostly focused on event shapes sensitive to invariant mass of

emissions

— Thrust, C-parameter, Angularities... [Mateu, Stewart, Thaler *13
. . . . Bell, Lee et.al 18]

leading hadronisation effects are generated by Soft functions
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Di-jets in e "¢~ colliders

e*+e — q+q— hadrons hadrons

- Consider typical Dijet factorisation at e Te ™ collider takes the form

do = H(p) X J(1) @ J(1) @ S(11)+0(1/QP) }

q

» Leading hadronisation effects are typically generated by the et

Soft function
— typically arises for SCET-| type observables - sensitive to invariant mass of emission

Two-jet event

hadrons

ALEPH Q-91.2 GeV/ —— |
NLO+NLL g = 0.118
NLO+NLL ag=0.1120 — |
NLO+NLL+1/Q '

 Transverse momentum ( py) sensitive observables are less studied .
— Broadening dependent non-perturbative shift to the spectrum! f

[Dokshitzer, Marchesini, Salam ~ 98] £ |

— EFT analyses observed logarithmic enhanced contribution for Broadening for

collinear anomaly exponent |
[Becher & Bell "14] 01 {

1 | | | | |
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« (Goal : analyze generic p -sensitive observables for colliders o
[Banfi et. al. 23]
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SCET-I vs SCET-II

do = H(p) X J(1) @ J(11) @ S(11)+0O(1/QP)

* Measurement sensitive to
invariant mass of emission: SCET-I
— LCC scaling ky; ~ (1,1,1) Q; k. ~ (A*,1,1) Q; k,. ~ (A%, A%, 1%) O

e Measurement sensitive to
transverse momentum of emission: SCET-II
— LCC scaling ky ~ (1,1,1) Q; k. ~ (A%1,4) Q; k.~ (1,2, 1) O

— Collinear & Soft have same virtuality: rapidity divergences
— Dimensional Regularization is insufficient, need additional regulators

6/20



Collinear Anomaly

e Transverse momentum sensitive observales suffer from o

rapidity divergences
— regulate them e.g. analytic regulator
d%

ddki 230 7,0 i 230 1,0 v )
SkDOKY) — J SRDOK)
(27)4 (2rm)d k. + k_ [Becher & Bell “12]

— resum rapidity logarithms using Collinear Anomaly framework

J(z, p,v) J(z,p, ) Sz, p, ) = (Q1) 5 Wiz, p)

* Require computation of and Jet functions in the renormalon framework!
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Bubble insertion method

» One way to study renormalon in pQCD is through large-/, approximation.

[see Beneke review "99]

* Bubble insertion diagrams are unique at each perturbative order
* Highest number of flavors at a particular order

* Form a gauge-invariant subset at each order

* Easy to compute

* Part of gluon vaccum polarisation
* One needs to compute only one-loop!

* Essential to take offshell matrix elements
— additional assumptions: measurement probes the gluon and not individual quarks.
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Soft function

* Replace onshell (gluon) condition
by an offshell gluon propagator

* Parametrisation:
{k-|-9 k_9 kT} — {pj_a ya xj_a ¢} -----

» Measurement: considered in Laplace space ./ (z, k) = exp(—zp'fi(x,, $)) with m=1

* Borel space Soft function

4C a 2u uC 1 d u+a/2 d d —1p | fo(P,x))
BISI(z, ) = — —— J L [ 4 J dcbj L
wpol’ (1 — ) (w) Jy (1 —x)t+)_ [2cosh(y)]®

Rapidity
Divergence

Reproduces SCET-I type soft functions (rapidity dependent) eqg. Thrust after setting ¢ = O

[Mateu, Stewart, Thaler "12]
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Jet function

------------

* Two-body splitting with

Bubble Insertion g 2:3
® ® >

. Offshell gluon momentum: {k,.k_ k;} = {p,.z.x.,d)

one (gluon) being offshell e

» Measurement: considered in Laplace space . ,(z,k) = exp(—p' [z, x, P))

» Borel space Jet function (m=1)

x| 2-722-202—x)) (" dd JOO dp e —Tp J{{@.x1,2)

BlJI(z,pu,v) = d—xp™ [I—(-xp? ) 7 pl+2u

2C 2ueuC 1
FH ( Y )“J dzdx, 771
rfol (1 + wl'(—u) \ QO 0

a pole

Reproduces hemisphere mass jet function (m=2)
[Garcia, Mateu 13]
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Anomaly and Remainder

 Combine and Jets according to collinear anomaly framework

* Borel space form_ulation
B[J1(z, u, ) BlJ1(z, i, v) BISI(z, p, ) = (Qr)~*PIH) BIW](z, p)

« Aftermath:
— «a pole and rapidity scale » drops out!

— Anomaly exponent B[ F'| resums large rapidity logarithms
— Sufficient to know Soft function to obtain Collinear anomaly

B|F|(z,u) =

ACHuD™ e T(=2u) (! dupxf (7 2
ﬂﬁ()r(l - M)F(I/t) .[0 (1 — xl)1+uJ_ﬂd¢ [f5(¢’xl)]
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Example: WTA Broadening

* Broadening is the scalar sum of transverse momenta of emissions with respect
to Winner-Take-All axis

— WTA ensures a recoll free jet axis (less sensitive to UE)

Offshellness (and scalar measurement) introduces additional ambiguity for
measurement definition:

kp vs 4 /k,k_ — both respects assumption F(p,,p;) = F(p, + p;)

| | 11
. Measurement : VMA@, x) ==, VA, x,.2) = —min|—,
2 2 z 11—z
| 1 [r 1
;NTA_2(¢’ ’xJ_) — ’ WTA_2(¢9 Al Z) — mln[ ) ]

Zﬁ 2\/xj z 11—z
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Example: WTA Broadening

e (Closed form solution can be obtained.
Leading renormalon is found at u = 1/2

— 2Cpe""” 1,
B[F]WTA= " F Ol u — —

po(u—7)

— 2Cpe™” | 1 1,
B[ WwTa= 1 —+C—5/2 +10In(1 +/2) =2In(2)| + O u — =
folu—5) L u—> 2
— 4Cpe"” 1,
B[ I lwta-2 = R Gy
— 4Cpe“” 1 ) 1,
B[WIWTA-2 = 1 —+ C—4-8In(2)+In* (1 +/2) + 7v/2In(1 +/2)| + 0| u — =
ﬂﬁo(u —3) U — 2

Anomaly exponent : Single pole
Remainder : Double pole
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Example: Angular Decorrelation

* AD is the vector sum of emission measured with respect to WTA axis

« Measurement:
f?\D(¢,xJ_) — _2icos(d). f}A‘D(ﬁb,xJ_a 7) = — 2icos(¢)min [ 1 1 ]

z 1 -7

e Leading renormalon foundatu = 1 :
— ¢ integration removes the u = 1/2 renormalon

— consistent with p, resummation in hadron collider
4Cre®
Polu — 1)

4Cpe” 1 o Anomaly exponent : Single pole
Bou—1)u—1 FC+2-4In@)f + O —1) Remainder : Double pole
(U — —

O —1)°

B[ Flap =

B[W]ap =
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Example: Energy-Energy Correlator

 EEC measures angular distribution of enerqy

' ' ' i i : Moult & Zhu *18
— Factorisation is available in the back-to-back region Moult & Zhu 18]

» The measurement function is same as the p; resummation

M y = exp (Zz'fpl COS q§)

 EEC Soft function originates from the recoil against the Collinear sectors |

: : : Picture Courtesy: Moult & Zhu
— Soft function is the same as p; resummation

— expected u = 1 renormalon

» EEC Jet function is defined through the IR matching coefficient (Fragmenting Jet function):
1
J]gEC(T"u) = ZJ dZ (1 — Z)jq_n' ( 1 izaznu) with q & {q, g, q/}

- J0
l

— little sensitivity to IR physics

— unlikely to introduce linear power corrections
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Example: Energy-Energy Correlator

.............

Cut through quark bubble
(requires two-loop computation)

4Cre" VU™ Q _ p='pi20 - p ) +2p, (0 - p.)]
o BLF . (52 0)] = ——t jd“p oY) (p z) e (@ p)
ol (1 +u)l'(—u) 0 (p?) +lp1 + P (Q —p )]
o Leading renormalon: For ¢ g—q » Observed 1/z scaling for the
— 4Cre® ) leading renormalon as confirmed by
B[ F Jggc = D) FOw — 1) [Scimemi & Viadimirov "16]
o\U —
Tdi 4Cre” 1 Anomal t : Single pol
B[W] 1ag L C| + @(l/t _ 1)0 o, _ayexponen . olngle poie
EEC Polu—1)u—1 Remainder : Double pole
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Renormalon Ambiguity

 |dentity the ambiguity

R e W (=" ( Aqcp )k
€S, =
Pla-ty ]  @=-Dla1G \ 4

2CF€C/2
. WTA Broadening: oF(t)wta = 5 TAgcp
2Ce A |
SW(rhyra = — —— DL e 5 /3 4 101n(1 +1/2) — 2In(2) :
b | a(1/7).
4Cre® 4Cpe©
. AD: 6F(t)pap = ﬁF (TAQCD)z . EEC: 6F(7)ggc = 'BF (TAQCD)z
0 0
4CHeC(A ) . | 4Cpe“(tAep)” 1
SW(T)ap = re (TAqcp) C+ 2 —41n(2) SW(r)de = l S Ve
B ay(1/7) EEC B, a,(1/7)

Ambiguity is free from the scale u!
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Effect on Cross-section

» Extend Collinear Anomaly framework to include NP corrections

J.J. Poer(®) (Q0) 711 + W (1)

* Example: WTA-Broadening ) a
(594

a,(1/7)

* Upon expansion in leading NP correction

QDD+ W' ()| =1 — 22 In(Q7) + 7% —

a,(l/7)
o is the same ME that causes NP shift to Thrust!

[Becher & Bell "14]
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Effect on Cross-section

* Inverse Laplace transformation = Cross-section in Momentum space

o
dowra(b) = doper (b — 2 In(Q/u) + B) — L~ |:Ppert(1')( p 21/7) -2t ln(w)>] (b)

— Collinear Anomaly % produces a shift proportional to In(Q/ )
— Remainder function 7/ also produces a shift & intfroduces a complicated structure!

— o, 9% scale as O(\qcp/Q)

* For quadratic power correction : AD or EEC in the back-to-back region
2~ ~—
dop(b) = dapert(b)+< Zﬂln(Q/ﬂ)) Popert(b) — L~ [ pert(f)< - | 2’[2527111(’[/4)>] (D)

a,(1/7)
— 527 B scale as @(AQCD/ 0?)
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Conclusion

 Renormalons imply that perturbation theory alone can not fully define QCD observables
— important to predict the size and scaling of hadronisation effects

- Analyzed leading renormalon structure for p - sensitive observales in the large-f, limit

— In EFT framework, rapidity logarithms are resummed using Collinear Anomaly Framework
— ldentified leading renormalon singularities of the underlying perturbative structures:
& remainder function

» |eading NP corrections are determined for

— Leading NP corrections are not just simple shifts!

 Methodology can be applied to arbitrary observables
— Straightforward to translate to hadron colliders
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