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Spin configuration of proton

= Proton helicity sum rule

||

quark spin =AY = [ dzAf,(z)

gluonspin  AG = [ deAf,(x)

" Probes are used so far

= = W,K,...
=N =
P =
DIS SIDIS pp (RHIC)

=  QCD factorization for inclusive hadron production in pp

dAo = Y Afo ® Afy ® dAGG © Df

a,b,c



Global extraction of helicity PDFs

Global fitting (GRV, DSSV, NNPDF ...) DSSV 2014
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Ringer and Vogelsang, PRD 2015 Hinderer, Schlegel, and Vogelsang, 1703.10872
How to proceed to NNLO?



N-jettiness

= N-jettiness is a global event shape variable designed to veto final state jets
Stewart, Tackmann, Waalewijn 0910. 0467

Pi Momenta of initial state beams and final state jets
} dk Momenta of all final state partons

2p; -
TN :Zmini{%
L (

()i Measure of the jet hardness

= Use N-jettiness to separate N jet event and more-than-N-jet event

small large

1jet T1

at least 2 jets

« 71 = () forces an 1-jet final state, g, must be soft or collinear to one
of p,

« 71 controls all the IR behaviors for 1-jet, which is universal for any
physical IR safe measurement on 1 jets



N-jettiness subtraction

* |ntroduce 78" to partition the phase space, identify IR behavior

ONNLO :/d@N!MN\Q+/d¢N+1\MN+1!29f;+/d@N+2|MN+2\29§

+/d¢N+1|MN+1|2@§+/dq’N+2!MN+2|29§r

EO‘NNL()(TN < T]CVUt) + UNNLO(TN > T]C\TM)

O = 005 —7v) 03 = 0(r — 75")

T]({f“t has to be small, so we can safely neglect power corrections

Boughezal, Focke, Liu, Petriello (2015); Gaunt,
Stahlhofen, Tackmann, Walsh (2015)



Achievements of NNLO N-jettiness subtraction for LHC physics

[ [
oNNLO = ONNLO(TN < TR) + onnro(Thn > T5")
SCET Fixed order NLO, MCFM
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Boughezal, Liu, Petriello, 2016

Impact: reduce the Higgs cross section uncertainty from PDF by 30%
Boughezal, Guffanti, Petriello, Ubiali, 2017



N-jettiness in polarized collisions
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= Hard function: two loop virtual corrections, done for DIS and DY!
AH=H"—H"
= Soft function: remains the same as unpolarized (R. Boughezal, X. Liu, F.
Petriello, 15)
= Jet function: remains the same as unpolarized (Becher, Neubert 06, Becher, Bell
11)
= Beam function: not available, the only missing ingredient

AB =Bt - B~



Polarized quark beam function

= QOperator definition

AB,(t, 2, 1) = (pu(P™), +10(0)Xn (0)6(t — wpt) -1 _

5 [0(w = Pn)xn(0)][pn(P7), +)

Composite quark operator Wilson line

) = W) W= | X e (- aw)]

= Renormalization and RGE (double log resummation)
ABbTe(¢, 2) = / 4t Z;(t — ' ) AB(t' 2, 1)

d )
u@ABi(t’,z,u) = /dt’vB(t —t', WAB;(t', 2, p)

e anomalous dimension

| - d
Vgt p) = —/dt’(Zz') 1(t—t’,u)u@Z¢(t’,u)

[ AR Al



Initial state radiation

o
: e d PN
[ T
| |
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!

,u\ changing = /11; changing ¢ ;ZH

» Single log resummation: DGLAP for polarized PDFs

d

= Beam function matches to PDFs ¢ >> AQCD

Bilt, 2, 1) = Z/ Tar, (17) anw

t is the virtuality of the parton that enters the hard interaction

= Matching coefficient

AlI,; describes initial state radiation, can be computed perturbatively

9



= Calculate partonic beam function

AB;;(t,z, 1) Z/ —Azzk t, 2 1) A frj (

" Leading order

zZ

Z/

)



Next-to-leading order
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<O‘—> ABbrre) (¢, z) =2 (” c ) /dPs<1>Tr [%z-wp%p-w%ﬂ d o (k) — — Tr[T>T*

= Y5 in d-dimension — HVBM scheme

(4

V5 = Ee””"’w%%%

Maintain the four-dimension definition

" Final state phase

m {5, Yu} = 0,

[757 /?,u] =0

anticommute in 4-dimension
commute in d-4 dimension

/dPS(l) — / Ak dU §(k?)6(w — £7)0(t — wk™)d%4p — k — )

(QW)d—l
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d-4 dimension momentum



* Bare quark beam function at NLO
UV divergence

t

. 4 4 1 3 2
ABYreM (¢ 2) {gcpa(t)aa —2) = 2Cp-5Lo (F) 5(1— 2) + =Cpé(t)d(1 - zﬂ ~ ZCro(H)AP)(2)

1 t 1 t ,

+ 2Cri(t) [El(l —2)(1+2%) — 11+ Z Inz—3(1-2)— 7%2(5(1 — z)]

= renormalized quark beam function at NLO

IR divergence

2 1 t 1 t
ABLV(t, z, 1?) :(— E5(15)A13q<3>(z)}r 4CFP£1 (F) 6(1—2)+ QCFF&) (P) Lo(1 - 2)(14 2%)

+ 2CF6(t) [El(l —2)(1 4 2°) — 11+ Z Inz—3(1-2)— 7%25(1 -~ z)]

—Z

" Matching coefficient at NLO

=(1) 9 14 22 2 .
Al,, (2) =2Cp | L1(1 — 2)(1 + 2*) — ; 1nz—3(1—z)—€5(1—z) Finite!

—Z
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NNLO i‘)
= g’ ->qasanexample éj i %
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= |BP reduction
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" master integrals
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NNLO f

= g’ ->qgasanexample §

——— A ———— —

Bbare (2 ) Z ¢ I‘t /

d9k, d% ks 1
2m)(@=3) (2m)(4=3) Dt D2 D D§ D Dif DY

I‘i =Ii(ilai29i3ai‘4si5f'i6?i7) C /(
= |BP reduction

2 YE 2¢ 4
ABY (1, 2) =CpTg ("4‘; ) N Cilt, 2, e IRR

= No UV divergence
= IR divergence
0 (0) 2 (1) 2 a1 (0)
—6—25( JAPY)(2) ® AP, (2) + (AP, (2) + EAzg; (t,z,11) © AP, (2)

" Finite matching coefficient
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= UV divergence 1: alphas renormalization

s Bo 2
ZQ — 1 - E p O(QB)

bare(2) (+ ~\ _ bare(2)/.(0) + .\ Do
ABbare()(t ») — ABbre(2)(a(0), t, z) —

€

ABbare(l) (Q(O) t, ~)

= UV divergence 2: beam function renormalization
AB(t,z,u) = ABT) (8, 2) — / at'Z\V(t — t',u)ABLD (t', 2, p)
= |R divergence cancels with PDFs
AT (t,z,p1) = ABR (¢, 2, 1) — 46(t)Afg5) (2) — 28T (t, 2, 1) ® Afgg (2) — 2AT5) (1, 2", 1) ® Afgg ()

1

Afij)(z) == -APS(2),

£ PO (; (0) Bo A p(0) 1 5,
fi;(2) 2?2‘3 AP (z) + s (z) — 5 AF; (2)
" Finite matching coefficient
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One more renormalization: scheme transformation
= helicity conservation requires Aléé) = Iéé)

However, in our naive calculation by using HV scheme

AT 2 1D

= Drawback of HV scheme: Violation of helicity conservation

Due to the broken of anti-commutativity of gamma 5 and Dirac
matrix in d-dimension {75, 9.y =0,  [v5,9,] =0

» Fixed by extra renormalization constant Z°
AB = (Af®25) ® (Z5®Af) —ATQAS

1) 7(1 75 7(1 1) 1
AIW = ATW @ 7% = ATW — 2D = 1)

zéé) = —8CF(1 — 2)



NNLO scheme transformation
= helicity conservation requires AIl)? = —1{V?

7

Again, not true in naive calculation

3

» Scheme transformation - splitting functions
~ 1
APy =APL) — 2oz

1

1) _ A p(1
AP =AP) + o

) 0 ARy
= Scheme transformation - matching coefficient
2.V) _ A F(2,V (1 1 1 1 2.V
A[éq ) _Afcgq = Alfgq) & Zéq) ™ Zéq) & ZC(IQ) - Zéq )
(2,V) _A7(2,V) (2,V)
Al =Al7"" —z

9 AI® =5, AT

27‘9 - T 2,5 Q’S q:qj 1] q
A.Téq >_Alcgq )_Zéq )

2,V 2,8
q )+Alt§q :



DIS NLO

d I oo 3
Y §_5
2 4 2 4 2 4

= Above cut 03 = 0(ry — 7)

Only real radiation contributes, the radiated gluon/quark is resolved, this

region of phase space contains the tree diagram to the 2 jet process.
* Tree level calcualtion

= Below cut 65 =0(r5" — )

 Virtual: 7Tn is zero

* Real: the radiated gluon/quark is unresolved. Purely IR divergent region
e Calculate this part from SCET

N

1.

n

dULL

=AH®AB®S® + -
dTN
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DIS NNLO

N .Y N A

Y

2 2 2 4
= Above cut 03 = 0(ry — 7)

* In RR: at lease one of the two additional radiations that appear is

resolved, this region of phase space contains the NLO correction to the 2
jet process.

* In RV: the radiation has to be hard, this is NLO virtual correction to 2 jet
production.

* Recycle this part from available NLO tool.

" Below cut 05 =0(r — 7wv)
e VV:Tnis zero

* RV and RR: both additional radiations are unresolved. Purely IR divergent
region

* two loop, soft and collinear radiation
e Calculate this part from SCET

21



Summary

We calculated the matching coefficients between the
polarized quark beam function and PDF at two-loop order.

Our results are an important ingredient for high order
calculations in using N-jettiness subtraction scheme, as well
as for the resummation for observables such as global event
shape.

Several by-products: independent check on unpolarized
quark beam function; two-loop polarized quark splitting

function; two loop Z°> renormalization factor in HV scheme.

More phenomenological results will come soon, stay tuned.
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Thanks!



