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Problem Setup

Analytic calculation of diff. \
Cross sections for Dijet Jet2(E,y,,1)

events at proton-proton

collisions**
cut Soft out-of-jet
Pr radiation

Improved P.T. Resumming logarithms
at NLL’ accuracy

s\ p ...
Jet1(E,y,T) / R

**Extension of the work on e+e- to N jets by Ellis, Vermilion, Walsh, Hornig and Lee, [arXiv: 1001.0014]



Angularities

Rotational invariant Almeida et al. [arXiv: 0807.0234]
Berger, Kucs, and Sterman [hep-ph/ 0303051]
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Angularities

Rotational invariant Almeida et al. [arXiv: 0807.0234]

Berger, Kucs, and Sterman [hep-ph/ 0303051]
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Angularities

Rotational invariant Almeida et al. [arXiv: 0807.0234]
Berger, Kucs, and Sterman [hep-ph/ 0303051]
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The Factorization Theorem in SCET

B do
~ dyidyadprdridr?

do(7,,7,)
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The Factorization Theorem in SCET

do
do(r,,72) =
dy, dyadppdrtdr?
_ Pt iB B T §(+1 2 1 2
= g (z1, p)B(x2, ) Tr )S (70, T 1)} @ [Ji(7y, p)Ja(7y, 1))
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The Factorization Theorem in SCET

do
do(7,,7s) =
dydy2dprdT,dT;
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The Factorization Theorem in SCET

do
do(7,,75) =
dy, dyadppdrtdr?
— pPr iB(ml, p)B(xo, p) Tr @M@ ® @u)h@
871'.’1’31332E§m N ' ¢ e
Hard Soft Jet

Function Function Functions




The Factorization Theorem in SCET

do
do(1t}.72) =
(7a 7o) dy, dyadppdrtdr?
= (21, p)B(x9, u)Tr J 1)J2 )
8’FT’1"13“2E4 m ~ (!) (a !
Beam Hard Soft Jet
Functions Function Function Functions

\i / /




Jet Functions

/ (2dj)4 exp(—ik - x)Jp (T, k“)(%)&ﬁ = (Slﬁ(fr — ’?Q)

v

Quark Jet Function

AT'6(AT T —7) =6(r — A7)

Similarly for Gloun Jets

2—a 2—a
pT E+E_ pT
- o= (75,) 0 ((35) =)

Ellis, Vermilion, Walsh, Hornig and Lee, [arXiv: 1001.0014]



Hard Function

Hrj(p) = Cr(p)C% (1) Cr(p) Wilson

Coefficients

Kelley and Schwartz
[arXiv: 1008.2759]

dH

—TyH+HT!
dln p i H

)
'y = 5[‘;;1 -+ FCM('T??,E')

H (1, o) = T (pty puar) Tl (o, o VL i )0 (o)



Hard Function

Hrj(p) = Cr(p)C% (1) Cr(p) Wilson

Coefficients

Kelley and Schwartz
[arXiv: 1008.2759]

dH
=I‘HH—i—HI‘£r

dln p




Hard Function

Hrj(p) = Cr(p)C% (1) Cr(p) Wilson

Coefficients

Kelley and Schwartz
[arXiv: 1008.2759]




Beam Function (“Unmeasured”)

Ritzmann and Waalewijn [arXiv:1407.3272]
B (ziyp) = BilBems Youks Tis ) Stewart, Tackmann and Waalewijn [arXiv:0910.0467]

dz
_Z,/ Tij(@iEeme™ 7, 2, p) fi(zi/ 2, p) + O( A (‘D/EQ)



Beam Function (“Unmeasured”)

Ritzmann and Waalewijn [arXiv:1407.3272]
Bi(ﬂfia ’“_,) = Bi(Ecmj (T o ;;,) Stewart, Tackmann and Waalewijn [arXiv:0910.0467]
—Yeu 2
ij(TiBeme ™ ", 2, Whfj(@i/z, p) + O( A? acp/ E7)

:Z/dz
/

Short Distance Matching
Coefficients.

Procura and Waalewijn, [arXiv: 1111.6605]




Beam Function (“Unmeasured”)

Ritzmann and Waalewijn [arXiv:1407.3272]
Bz 1) = BilBems Youts Tisfd) Stewart, Tackmann and Waalewijn [arXiv:0910.0467]

dz
—Ycut
, z
| /

Short Distance Matching
Coefficients.

Procura and Waalewijn, [arXiv: 1111.6605]

O(Agen/E7)

Parton Distribution
Functions (PDF)



Beam Function (“Unmeasured”)

Ritzmann and Waalewijn [arXiv:1407.3272]
Bz 1) = BilBems Youts Tisfd) Stewart, Tackmann and Waalewijn [arXiv:0910.0467]

dz
—Ycut
, A
| /

Short Distance Matching
Coefficients.

Procura and Waalewijn, [arXiv: 1111.6605]

O(Agen/E7)

Parton Distribution
Functions (PDF)

cut)

uy = 2E tan(R/2) up, = x;Ecy exp(—y

= ve(B, 1) = vs(1B, 1t)



Soft Function

Sr(m1,m2) =N DY _(QWHXNXW,|Q) 6(r — 1)0(r2 — 75°)
X

D% { T : inside jet 1
1

where 77 = c e
0 : outside jet i



Soft Function

Sri(m, 1) =N Z(g}(mw;m) §(m1 — )8(m2 — 73%)
X/

Time ordered product

of Wilson lines.

£9 €9

X { T : inside jet i
1

here 5 ==
wESE 0 : outside jet i

Leading Order (LO) Next to Leading Next to Leading
contribution Order (NLO) Order (NLO)
contribution outside contribution inside

Jets Jets



Next to Leading Order Form of the Soft Function

2-measured O-unmeasured Jets

S(74,7q) = S"ES(73)8(75) + [So S (7,)(15) + (1 ¢ 2)] + O(a)

1-measured l-unmeasured Jets

S(Ta) — Sl_lﬂmE&E(s(Ta) + S[]SmE&E(Ta) + O({li)

0-measured 2-unmeasured Jets

S — Sunmeas 4 O((}E)

SUHH]EE—].S e S(} _|_ O({IS)

Sols = N S (QIWIX)N(XWyI9)| =N aTyTy)te{TyT]
X




Phase-Space of Integration

ddk r
/ (27)a-1 §(k*)O(E > 0)0(kr < p*)O(out of Jets and Beams)

4

Jet2(E,vy,,T)

Soft out-of-jet
radiation

Proton Beam

s\ p “~~
Jet1(E,y,T) f R



Phase-Space of Integration

ddk .
/ (27)a-1 5(k*)O(E > 0)0(kr < p*)O(out of Jets and Beams)

4

Jet2(E,vy,,T)

Soft out-of-jet
radiation

Proton Beam

s\ p “~~
Jet1(E,y,T) f R



Unmeasured Evolution

LSI[ILII’U_‘EHH — SllIlIllE]E'lHI\lélllrlilé-l}i _l_ h,{_ﬂ.
dln p h

1
FS = §F5’1 — FPM(?’T?E)



Unmeasured Evolution

Tsuumedh — SllIiIIlEthiéllIIlHdh + h.C-
11n p

SUHEE (s pis) TLL (1, 11s)S™ ™ () TLs (1, s )|



Unmeasured Evolution

d

TSIIIIII’IEHE — SllIiIIlEHHI\i‘-l;llIIlHH,H + h.C-
dln p

unrnieas A
S (12: 1) I,




Unmeasured Evolution

LSHILIH(‘!HH — SllIlIllE']E’tHI\lcl;lllrlﬂéiﬁ _l_ h,{_ﬂ.
dln p h

1
FS = EFSI — FPM(?’T?E)

1
L'y = EFHI + .M (m;)



Soft-Collinear Refactorization

Chien, Hornig, and Lee, [arXiv:1509.04287]

global-soft @
scale

soft-collinear [~ . = p%lt

scale




Scales and R.G. Evolution

HH — \/—_f
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Scales and R.G. Evolution

HH — \/—_f
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Theoretical Uncertainties

Variation of the characteristic scales

Hard

Soft (Unmeasured)

Beam

Jet (Measured)

Soft (Measured)

+ 50 %

Profile
Functions

Ligeti, Stewart and Tackmann

[arXiv: 0807.1926]
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Plots

B(z1,pt = pu)B(zo, pp = p) do(rl,72)

do(1,) = _ a
)= B = n) Blea = 1) % = ) Ly,
Tal = Taz = Ta
Partonic Channel: qqg’'— qq’
Ecm = 10 TeV 11 = 1.0 pr = 500 GeV R =20.6

' — yo =14 p%“t = 20 GeV Uatig = 9.l



- Variation of cone size R
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Plots - Variation of a
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Plots - Variation of p_*

d&(ra)l | A& (7a) - d5(7a)
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Summary

Establish framework for calculation of dijet events in proton-proton
collisions with a veto on out-of-jet transverse momentum radiation
and rapidity constrains

Calculate differential cross section at NLL' accuracy
Apply s-c refactorization for improved accuracy

Use profile functions for measured scale variation



Future Work

Apply to different partonic channels and compute physically
observable cross section

NNLL calculation

Study other jet substructure observables

Exclusive cross sections for heavy meson and quarkonium
production (In collaboration with Bain, Dai, Hornig, Leibovich,
Mehen)

Compare to Monte Carlo simulations and experimental data



Thank you!



Scales and R.G. Evolution (2/3)

d . e
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Scales

and R.G. Evolution (3/3)
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Profile Functions
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Profile Functions (2/2)
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Soft Function (6/6)

Without Refactorization

N
qunmeas _ S{] + [SU Z Tg 'Tj (Szl;lcl -+ Z Sfj) = h(3:|
k=1

gt

With Refactorization

qunmeas _ S() + 4_5 [SU( c:ut) + Z S cut ) + hC] + O(O’E)

k=12

Sgl)(p611t ( Cut) Z T, T [Imc] ((siB + 51.}__:3)((5};1 + (53'.]2 )I“:j + (SzB(SzB(I;J +I§3)]
1<J

s () Sm
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Results (1/2)

Soft function after RG Evolution
1 2 1 2 rl 1 1 rl 2 2 1 1 1 1 2 2 2 2
S(Ta s Ta s My flgy G, 1”'5') = U ) (Tu s Hs F'""S)'['-”'S (Ta y s .If-"'."S‘JI [1 + (f% (Tn. g, “5‘} + f.‘; (Ta s Wa, 1”'5'))]
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_ S B __'Rl—a 2 .2
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) '}T(l o ﬂ.-) ' pr T

Without s-c Refactorization
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€ e
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Results (2/2)

With s-c Refactorization

Sumlmﬂs(ﬁa.H,-;::JL,.;,.;) = SD + {Sn [(_tl-;(.ﬁ-lss) (sz 2 fl(l F 55 + H{ ﬂ))

4 p
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Applications in heavy meson and
quarkonium production

= _ ph
V Ph, 2 = A_
— w
» Jet — axis = §ﬁ
R where w =k~ = s/k.+
Jet cone
[dentified Jets: .J;(p?.7.p) — GM (2, 7.
; larXiv:0911.4980]
OPE : g(‘:’ T, iu) — Z |:“71LJ (T' fu) ¢ Dj_f’h (}U)] (;") M. Procura and I. W. Stewart
7 larXiv:1111.6605]

1 d'l‘- _ M. Procura and W. .J. Waalewijn
ge fl(z) =[feygl(z) = / —q ( ") f(x) arXiv:1101.4953]
J- L

I A, Jain, M. Procura, and W. J. Waalewijn
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