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Outline:

® Introduction to Soft Collinear Effective Theory

® Cross Sections with Jets o
scales, including fixed order,

e pp— H +0jets profiles, theory uncertainties,
NNLL+NNLO power corrections

e N-Jettiness event shape & pp — H + 1jet  NNLL

® Jets Nearby in phase space

® Jet Substructure



Soft Collinear Effective Theory (SCET) is limit of QCD

Bauer, Fleming, Pirjol, IS

Chiral Pert. Theory

jets, pions p/A, <1 Heavy Quark
SCET energetic I Eftective Theory
hadrons \ / B physics
mJ/EJ <1 QCD AQCD/mb <1

® Results derived with SCET must be equivalent to results derived
directly from QCD. And SCET results are results about QCD.

® Goals:

* organize calculations around treatment of scales, exploit field theory
* simplify treatment of factorization (new formulas, extensions, ....)

* systematic expansion (factorize power corrections, estimate theory errors)
* sum logs with higher precision (NNLL, N3LL)

pp  ete—



Soft Collinear Effective Theory (SCET) is limit of QCD

Bauer, Fleming, Pirjol, IS

Chiral Pert. Theory

jets, pions p/A, <1 Heavy Quark
SCET energetic I Eftective Theory
hadrons \ / B physics
mJ/EJ <1 QCD AQCD/mb <1

® Applications for Event Generators / Shower MC:
* test MC against (higher order) resummed calculations with uncertainties

* provide theory ingredients to improve accuracy of shower
(as in Geneva, see talks by Bauer & Vermilion)



Exclusive Jet Production with a Hard Interaction:
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Exclusive Jet Production with a Hard Interaction:
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Exclusive Jet Production with a Hard Interaction:
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Key Simplifying Principle is to Exploit the Hierarchy
of Scales
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SCET = Soft-Collinear Effective Theory



Key Simplifying Principle is to Exploit the Hierarchy
of Scales
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Key Simplifying Principle is to Exploit the Hierarchy
of Scales
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Key Simplifying Principle is to Exploit the Hierarchy
of Scales
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SCET
* | HJ, KB
jet functions J; e
beam functions B,
A Hr

do=DB,,® H; ® H J; ® (longer distance dynamics)



eikonal line matrix elt. for soft function 5
PDFs fa,b

Factorization: do = [, ® oy @ H; @ | | /@ 5

v
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Exclusive N-jet Factorization:
do = PDFs ® ISR ® hard interactions & ® soft radiation  _| rp

do = fop, @ Loy, @ H,; @HJ ® S
Agcp  HB [ H gy HSs



eg. pp — H + 2 jets

SCET

energetic jets

Defining concepts:
® hard scale ()

e collinear sectors {[n;|}

@ power counting parameter A

Start: determine relevant d.o.f.: collinear, soft, Coulomb?, Glauber?

(use known IR structure of QCD, test with matching calculations)

Then:

solve RGE to sum logs, etc

derive factorization theorems without further assumptions,
dominant terms require fixed order calculations for simpler objects,




SCET
eg. pp — H + 2 jets

distinct collinear directions:
Ng,MNp,y 1,72

p is collinear to n; :

P =" p) + ) 4
o)  on) 0OW

energetic jets

Defining concepts:
® hard scale ()
e collinear sectors {[n;|}

@ power counting parameter A

M?
jet )\2
EjZet
collinear fields: &,,, Al
(u)soft fields: g5, AL
p'=0(\) or p'=00)



eg. e

e — 2 jets

SCET energetic jets

M M?
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n-collinear = ’ : = n-colli
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Production Current:

g " T = (G T (Witn)
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cg. e e
n-collinear
jet
gn, A’;,LL soft particles é‘ﬁj A%
QS7 A/;
SCET Lagrangian:
N 1 ;
(0) = ) . - THT ~Than 77
/ »C’n §n{n ZDus +gn An—l_sz_Z’ﬁ,Dnsz—}an
propagator: it ?'p' _ip ~ 1
2 p*+e 2 n-p— %+i€8ign(ﬁ.p) n
eikonal softs: /M
fn — an Q\
_>§-T—-L A, > YA YT * .
k m-k4ie 0 QCD SCET\\
Y(z) = Pexp <zg/ ds n.AuS(g;+nS))

— 0



SCET energetic jets

2 2
eg. ete” — 2 jets M M3
o Lo
=——— _ _— _
n-collinear —_——— n-collinear
jet — S jet
: I
H ft particl - A—
gn’An soft particles §n7 e

qs, AL

Production Current: (@) > A
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C. gauge 1nvariant
: “parton” field



SCET energetic jets

2 2
eg. ete” — 2 jets M M3
=N\~
=——— _ _— _
n-collinear —_——— n-collinear
jet — S jet
: I
H ft particl - A—
gn’ An soft particles §n7 e

qs, AL
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C. gauge 1nvariant
: “parton” field

Production Current: (@) > A



Factorization:
o =K, Z Z (27) 54
n XnXaX

SCET

n-collinear
jet

energetic jets

{}

Eny Apy

X) =

gﬁa A%

soft particles

qs, AL

— Px, — Px, — Px,) (0¥ 5 Ya | Xo) (X, Y V5 [0)

X |C(Q,u)|2 (017X, | X ) (X[ X 0|0} (O X | X7 ) (X X1 0)

\ all-orders in o

n-collinear
jet



SCET energetic jets

d

M? ~ A? |
n-collinear n-collinear
A2 <« A? <« Qz Jet jet
o H
gn’ Al;b soft|:)art|cles §ﬁ, Aﬁ
Gsy A%
Factorization:
+
pr ~ Q py ~ M; ps ~ ¢
d?o

— oo (Q.p0) [+ ae g, Qe 1) S0 )

tRE

Hard Function Jet Functions Soft Function

dM2dM2



SCET energetic jets

d

M? ~ A?
L n-collinear N-collinear
A2 <« A? <« Qz Jet jet
gn’ Al;b softi)articles §ﬁ, A%
Gsy A%
Factorization:
+
pr ~ Q py ~ M; ps ~ ¢
d*o + 79— 2 + 2 - + p-
PRVERIVE — oo H(Q, p) | de+ de Jn(Ml Y, ,M)Jﬁ(z\@ Y, ,ﬂ)S(é )
state of art is Becher, Schwartz Gehrmann et al
3 3 Chien, Schwartz  ysin S
N LL—I—O(CMS) Abbate et al & Wehndied



Factorization depends on choice of Measurement

eg. | Drell-Yan pp — X0T0~ or pp— X(H—WTW™)

@ Inclusive: X=hard
dO’ incl

o Threshold:
do
/ dgz Z Hij)Stne @ fi(€a)f5 (&) partonic threshold

B : X : : (i7) 2k—1 2
E k11 _ q
/ large dOUble logs %s I 1 _ (Zl Z) Z = gangCQm — 1

“ 0-Jets: X= collinear &
Jeta k1..2k—1
p—> %—a large double logs 2 In t (t/Q)
/ where t < Q*

implements a Jet-Veto



IS, Tackmann, Waalewijn
a factorization friendly jet veto variable: Beam Thrust event shape
Tom = |Pirle™™ =3 (B —Ipfl) =7 + 70 + 70"
k

k
linear in momentum Tem < T

implements a jet-veto

pp — H + 0jets

Jet k Jet
- - -
"’,__{

Soft
Berger et al.

e Vt,+ety
)
My

T = Hag () [dY dtadty By (10,10 Byt ) (70 -

. . 1
inclusive gluon B, (t,, 1) = Z/ %f .y (t, %)M) £ (&)
j x

beam functions §



Use beam thrust to describe generic ingredients for
cross section predictions

® resummation & evolution

e singular & nonsingular contributions
® profile functions: merging onto fixed order results
e perturbative uncertainties

® power corrections



Resummation e,

® evolution kernels Ux sum logs

2
’MH‘QZm%—I MB:mH%m ,UB

determined after doing integrals™

s
® fixed order expansions

at Up,UB,HUS AQCD

e fixed order scale dependence cancels
to the order one is working

do?®
= Hyy(n) /dY dto dty, By (ta, 1) By (th, 1)
’sz lzicm

my 2 p?

fixed order H

— fixed order B

_|_

*k ensures only perturbative
anom.dim. are used & no
Landau poles encountered



Resummation L

® evolution kernels Ux sum logs

2
’MH‘QZm%—I MB:mH%m ,UB

determined after doing integrals™

s
® fixed order expansions

at [LH, B[4S Aqep
e fixed order scale dependence cancels
to the order one is working

do?®
d7Tem

fixed order H

— fixed order B

= o0H yy(m, m3y, p) Up (miay, pim, 1) /dY /dta dty,

*k ensures only perturbative
anom.dim. are used & no
Landau poles encountered

X /dt; Bg<ta - tgaxaauB) Ug(%;UBa/U /dt?) Bg<tb - téaxbmuB) U%(tga,uBaN)

x/dk

ot 1) Z/ T (1 Gon Z/df U (6,6 i a) fr (€ i)



Resummation is in exponent:

counting is simplest in Fourier space y = FT |7/ mp]

In ZZZ—Z = Iny(as Iny)® + (s Iny)* + as(asIny)* + o2(asIny)® + ...
LL NLL NNLL NSLL
matching (singular) nonsingular Ve Lcusp o] PDF
LO LO LO - - 1-loop LO
NLO NLO NLO - - 2-loop NLO
NNLO NNLO NNLO - - 3-loop NNLO
LL LO - - 1-loop 1-loop LO
NLL LO - 1-loop 2-loop 2-loop LO
NNLL NLO - 2-loop 3-loop 3-loop NLO
NLL'+NLO NLO NLO 1-loop 2-loop 2-loop NLO
NNLL+NNLO (N)NLO NNLO 2-loop 3-loop 3-loop NNLO
NNLL/+NNLO NNLO NNLO 2-loop 3-loop 3-loop NNLO
N3LL+NNLO NNLO NNLO 3-loop 4-loop 4-loop NNLO




Resummation is in exponent:

counting is simplest in Fourier space

Yy = FT[IZ’cm/mH]

In ZZZ—Z = Iny(asIny)* + (asIny)* + as(asIny)* + o (aIny)* + ...
LL NLL NNLL N°LL
LO  NLO NNLO N°LO
o(T = 1 4+ a,L? +a’L* + oL’ +.. LL
+asL 4+ oll® +all® +.. NLL
+ oy + o?L? +o’L* +..
+ail +all® +.. NNLL
+ o + oL? +..
: NSLL
L = In(m3;/T2,) task
+ 042 + ..



Singular and Nonsingular

do
dr

G

In® r

— = C71(7) + ZCk[T

-~

dominate for 7 < 1.
From factorization thm.

NNLL + NNLO

do™® . Tem
} 4+ — with 7 =
+ dr Mgy
N——

suppressed by O(7)
From fixed order matching

ns,NLO cuty __ _NLO cuty _s,NNLL cut . .
o (T°%) = a7 () — o (7" nro using FEHiP &
O_res,NNLO (Tcut) — O_NNLO (Tcut) _ O_S,NNLL (Tcut)‘NNLO MCFM
].O?HHHIHHHIHHHIHHHHHNHMHHNWHIHHMIHHW? . F d d . I d
Eon=7TeV - Ixed order singular an
% le mu =165GeV - nonsingular terms are equally
o - —— full NNLO ] .
E 0.1 & — — - singular - Important for 7:3m ZJ mH/2
— Eoe N e nonsingular 3 . .
Goootl vl TSN ® must turn off resummation to avoid
U spoiling cancellation between
1073 . . .
: y : singular and nonsingular terms in
- p : . . .
10_4 lHHH‘lllllH‘H'HHl‘HHHIEIHHlll‘HlHH‘HlHH‘lHHH‘l thls reglon

0 20 40 60 &80 100 120 140 160
Tem [GeV]



Profile Functions wp(Tem),

for: must satisfy:
o Tom ~ Aqen nonpert. ps 2 1GeV (o percanom
o Aqep K 7oy K mpy  pert. large logs pp =~ Mg T
e Ty ~my/2 no large logs ps = pp =~ lpml?

M:_imHingluonformfaCtor rrrrrrnrj7r1r1r 11117 7T T 1T T T T T 17T T T TTTTTTTTTTT

wrseh E

. 150 |- R o E

Scale variations - E
@ Overall scale by factors of 2 g» 100 E
Q u5(Zem) profile 3 T5 -
Q 115(7..,) profile 50 E
25 . E

determines perturbative | | | |
0 I T T T e e e N

uncertainties 0 20 40 60 80 100
Tem [GeV]




Reproducing Fixed-Order Result at Large 7.,

(scale profiles are essential)

B NNLL(no «2)+NNLO
= NNLO(p=mpg)

10£ IIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ]:
- Eon=7TeV . .
9C =165 GeV i 4~ mpg in gluon form factor
= F .
s @ Exactly reproduces fixed NNLO at
Eg . pu = myy for large Zem
v

0 ‘ 10 20 30 40 50 60 70 80
T3 [GeV]



Nonperturbative Hadronization effects

® can be derived / parameterized with field theory matrix elements

For Aqcp < Zemn < my dominant correction is simply a shift:

dSPer (K, ps) A¢
99 — Q99 gg pert\'™"» QCD
SB (knuS) _Spert(kaﬂS) _291 dk _'_O( L3 >
0.4: \\\\\\\\\ [TTT T T T[T TrIrrrT REERRRERE BEERRRRRN ] 10;““““‘\H‘HHH\‘HHHH\HH\HH\HHHHE
E E..=7TeV ] t Em=7TeV
. E mpg=165GeV I 8 mpy=165GeV
% 0.35 " 4 . .
S QP=1Gev 1 F Pythia agrees
2 -0 =0.35GeV 1 C . ;
s 02 Q=0 ER . with shift of
N \ E > 4 E
z S 99 3
? 0.1 E — Q7" =0 3 Q%g — 1 GGV
LS 2 7 -—-099=0.35GeV =
2 E J e Q=1 GeV e
0 :\ | \' \\\\\\ ‘ \\\\\\\\\ ‘ \\\\\\\\\ ‘ \\\\\\\\\ ‘ \\\\\\\\\ . 0 E\ | (0"\ | ‘ LIl ‘ LIl ‘ I O B ‘ T \E
0 10 20 30 40 50 0 10 20 30 40 50
T [GeV] 5t [GeV]
This 1s analog of the classic shift for e*e- event shapes Dokshitzer,Webber

Can study universality of nonperturbative shifts with field theory methods

Lee, Sterman

Q99 = ﬁ@]tr Y5(0)Y,,(0) 307 Y,1 (0)Y; (0)]0)



Beam Thrust Spectrum and Cumulant [l Pythia

Em=T7TeV ]
mpy =165 GeV

0-5IIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII B
E..=7TeV
S‘O.4 mpg =165 GeV VA T N N TR
) 0 5 10 15 20 25 30 35 40
O B NNLL-+NNLO Ton [GeV]
3 0.3 E=E NLL'+NLO
s B oSN
& 0.2 gg — H production cross section for
3 mpy = 165 GeV at the LHC
< 0.1
0 0 o o o o Differential beam-thrust spectrum
1O_IIIIIIIII|IIIIIIIII’|1—IC‘rInII[IGI'IeI-\I/|-]IIIIIIIII|IIIIIIIII ‘ peaks at Sma” ’1::m
- B NNLL+NNLO @ has rather large tail from ISR
8 - BEE NLL'+NLO
L E e NLL
Q£ C
Sl E Perturbative corrections are important
B A - @ Incoming gluons radiate a lot
- E @ Very large at lower orders
2F E.,=7TeV E e Good t hiah
: My —165GeV ood convergence at higher
()= o b b b b A Orders

0 10 20 30 40 50
T3 [GeV]



Small 7

0o (TCUt) = Ototal — UZl(TCUt)

combined inclusive scale variation shown for NNLO & MC@NLO

combined NNLL scale variations shown

]_0_IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIII
- FE.,=7TeV

8E mpy=165GeV

= F -

= 6F =

g L -

& af 3

° k EEE NNLL+NNLO
2 B R(MC@NLO) (incl. p)
o / /A NNLO (incl. p) .
- IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII:
% 10 20 30 40 5

75" [GeV]

(50'() [%]

40
30
20
10

—10
—20
—30
— 40 b

JIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII

E.,=T7TeV
mpg =165 GeV

B NNLL+NNLO
BE=E R(MCQ@NLO) (incl. p)
------ NNLO (incl. p)

0

10

e NNLO band largely overlaps NNLL result

e reweigh MC@NLO to match NNLO incl. relative uncertainties (full
spectrum). Overlaps nicely with NNLL.

()
o

20 30 40
T [GeV]

® Factor of two improvement from resummation



Uncertainty Correlations

@ three separate scale variations

® Uy = o 100% correlated

e /5 and ug give uncertainty
from imposing jet-veto

do (%]

o(75") [pb]

10

|||||||||||||||||||||||||||||||||||||| TTTTTTTTTTIT T I T I I I T I T T T I T T ITITTd
E.,=7TeV
myg =165 GeV

W e
“B

B s

IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIr

0 10 20 30 40 50 60 70 80

40
30
20
10

0
—10
—20
—30
—40

T2 [GoV]
TTTRTTTT]TTITTTITTTT |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||_
E.,=7TeV
mpyg =165 GeV

SRS
& T

=
2

L1l III|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII]_

0 10 20 30 40 50 60 70 80
T [GeV)

FTTT




Analog for Drell-Yan pairs from ~*, Z*

280IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIII

B NNLL

BE= NLL
40 — LL
----- sing. NLO
I O | | I N O | | I N O | | I N O |
0O 5 10 15 20

QT [GeV]

4(do/dQ) [%)]

20

10

have smaller uncertainties

Tt =0,1

IIIBIIIIIIr

-~
-~
-—
—_—
—_—
—
_——
—_
=

B scale unc.

_—

—24,

100

200 300
Q [GeV]

500

1000



N-jets



N-Jettiness Event Shape

IS, Tackmann, Waalewijn

8 . 1
In = Tn(qa, W, q15- -+, GN) N I 7,
Tn — 0 for N-jets
QaE) ‘%;3‘ 4(11)
Large 7n has >N jets
=7\ 5
Factorization Friendly — \
W/Z// T]\27 q2
Splits into a sum of observables
for each jet-region
In=Tg+Ty +Tn+ ...+ T
do
Can calculate N-jet exclusive cross-section a N
dTN * dTN

differential in each region

Can be used for

pp — Jets, pp — H + jets, ...



N-Jettiness 7Ty

consider an inclusive N-jet sample with jet energies L; &
directions 7i; determined by anti-kT (or any suitable algorithm)

Q* (g +...+qgn+q)?

i i no_ A Lalp — 52 = Jop

Ilght-llke q'L - EZ(lj n’[;) cm cm

reference 1 1 vy e (=8 @+t av +a)

vectors R N I V= —xp Fen (1, —2) T m LA T )
qa _ 2:6(1 cm 7Z) ’ Qb - Qxb cm 9 <

(set x, = x, = 1 for cases with MET)

. [2Ga " Pr 2y - Pk 2q1 - Pk 24N - Pk
measure 7, — E mm{ a , 7 e }
- Qo Qb (1 QN
N T @ B ® Compares distance of particle k to
TE / beam and jet directions
e phase space divided into jet and beam
da ‘ = db .
= R Qe regions "
”7""‘ 8 Tn=Te+Th+ T+ + T3
72| \ RN N , ,
\ N ® (); determines the jet measure
W/Z////’ 72 N



N-Jettiness 7Ty

consider an inclusive N-jet sample with jet energies L; &
directions 7i; determined by anti-kT (or any suitable algorithm)

@ (a+...+av+9)?
Laqglp = =

ight-like ¢t = E;(1,7,;) B Eu
reference 1 1 vy e (=8 @+t av +a)
vectors C]g = 533@ Ecm(l, 2), q{f = §$b Ecm(l, —2) Ty (1,2)- (g1 +-+aqv +q)
(set x, = x, = 1 for cases with MET)
2q, - 2qp - 2qq - 2N -
measure 7 — min{ da pk) db pk’ q1 pk’”., qN pk}
Zk Q. = @ Qi Qn
1 q1
N e In=TRATR AT+ + TR
[N ,
e Related to Jet Masses:
Qa — db
== =
AN 2 _ p2 _ p—pDt+ __ T
\\\\ T]e MJ—PJ—PJPJ—QZTN

(with jet axes aligned)



example Jet definitions:

division into jet and beam regions fully specified by kinematics

. (294 "Dk 2qp - Pk 2q1 - Dk 29N - Dk
TN = mm{ : : e }
2 Q. @ G Qn

34\ [T ‘ [T T ‘ [T T ‘ [T T \\\\‘\\\\‘\\\\‘\\\\‘\\\L 3 T i T ‘ ‘
C ] L I i
B invariant-mass u ' . ]
2 Jet1 measure — 20 : E geometric -
- - = : measure -
1= = 10 l —
- ] - i ]
O Beamb Beama e 0 i —
C i C 1 _
—1F — -1 ] -
: ] C | 1
—2 = Jet 2 - 2 i =
: ] - I .
_3 ;\ || ‘ [ ‘ [ ‘ [ ‘ | [ ‘\\\\‘\\\\‘\\\\‘\\\7: _3 | ‘ | ‘ | : | ‘ | | ‘ | |
-5 -4 -3 -2-1 0 1 2 3 4 5 -5 -3 -1 1 3 5
1 1
Q — Q — Q Qa — CECLECTH
a,b 1
Qo = TpEem circular jets

Q; = E.’ like anti-kT
;=



N-Jettiness Factorization Formula Ny

TN
Y .
dU /d d /d( h ) 9o = ‘%ﬁ b
= [dx,dx ase space = O—————
dT¢ ATl - AT e -
>~ \ AN . N

N o~ //
X Z/dta B,{a(ta,xa)/dtb B, (ty, z3) H/dsj g, (57) e

- t “ o

« tr [H}“{}({qi g Xas) S5 (T8 — Q T — sz,m - Q—N 1y qj}>]
hard v>tual beam N-jettiness jet function
corrections function soft function known to

B/«; :Imm’@)fm’ O(CK2)
2 N +gq known to s

known to O(Oés) Becher & Neubert

qj = (QiQ;)(di - 45) O (o) Becher & Bell
s Jouttenus, IS, Tackmann, Waalewijn

obrain from WL i Bauer, Hornig, Dunn
helicity amplitude IS, Tackmann, Waalewijn ) &)

calculations in QCD  Fleming, Leibovich, Mehen

All EFT ingredients exist for NNLL results



N-Jettiness Factorization Formula Ny
N
ATeaTy ATy [ o fa(phase space - ;i\—‘!
X Z /dta B, (te,74) /dtb By, (tp, xp) ﬁ /dsJ J, (s7) "y \
K J=1
X tr[Hﬁ,({qi ‘it Tap) S (T]{} _ La T — lTﬁ - S—l,~ R — {di - QJ)]
Qa Qv @ QN
¢ - q; = (QiQ;)(di - 4;) B =Ty Q frr

Assumptions used to sum logs with this formula:

| ) T ~ ’]} (7; < 1; gives non-global logs of Dasgupta & Salam)

o? In? <%) +...
J

2) G4 >T/Q
jets are well separated (avoid having jets merge, more later)

3) Qi~Q;

47



Jouttenus, IS, Tackmann, Waalewijn

pp — Higgs + 1-jet

e gggH, ggqH channels

NLO Hard Fn’s:  C.Schmidt (2007)

® kinematic variables:

m%5 = Q17 = jet-mass

Top < TS /2 = restriction on beam radiation

J o .
pr = Jet pr e focus on region where

J .1 T
n” = jet rapidity pz{ ~my or Pr>mpy

Y = event rapidity
~N

(only have large logs from
these determine all others vetoing 2-jet events)

La,L 7Q27Qa, STy e .
{ ’ ’ } ® NNLL results mostly analytic

® 1mpose upper limit on beam radiation (cumulant)

TS /2 TS /2
O-(vaTlgwcap%ﬂ?JaY) :/O d1, 0 dTy U(val]ZLv%vaJ”vnjvy)



Normalizing the cross section makes it TSut

o~ O-(mJaTCUtapjayJ7Y)
® a(mJ,T§Ut,p%,yJaY) = m'pax / o / Zut J J
fO dm O'(m 7TB s Py Y 7Y)

® When we integrate over phase space in numerator and denominator
then the cancellation is approximate, but still very significant.

(not true with color
mixing or both quark
and gluon channels)

e if we look at gluon jets with fixed kinematics then
Hard Function drops out so “Higgs” drops out.



Status/Focus: gogoH channel (code 1s fully cross-checked)
Description of Jet, in particular 7y

pick mpg = 125 GeV
MSTW pdfs

® Gluon Jets tend to dominate the LHC jet masses

LN L I L L L L L L ) NN o LA L L L L L L L L LB ) B

— —_———— e
> L ] > 3
‘_|8 0.025 - ATLAS —m— 2010 Data,J. L=35p0" "|8 0.018-ATLAS —m— 2010 Data,fL=35 po’!
‘b—E' r antl—k1 R=1.0 Systematic unc. 7 |b_E,001 6 Cambridge-Aachen R=1.2 Statistical Unc. .
13|U © 300 <p, < 400 GeV Total unc. . |-c 300 < p, < 400 GeV Total Une ]
o 0.02F- Ny =1,y <2 — Pyt 4 10 0.014F N, <1,y <2 o E
C ----- Herwig++ ] 0.012 —— Pythia =
- E e e Herwig++
0.015 0.01
001 0.008
' 0.006F- g™ . 00 ESE
0.005 0.004
0.002
0
© 1.8 3 1.
"a’ 1.6 _E % 1.
O 148 — = Q1.
= : :_ ....... |_= ~ 1.
W[ ——— = Q
0.8 0.
8-2; Ly = 0. E
S ‘ ‘ ‘ ‘ ‘ ‘ . 0.4€ E
0220 40 60 80 100 120 140 160 180 200 02020740 60 80 100 120 140 160 180 200

Jet mass [GeV] Jet Mass [GeV]



Not Normalized

= pi =300 GeV T
& 0.006- n’ =0 — 10GeV |
= I 20 GeV |
= 0.004" 30 GeV
S — 40 GeV
2 0.002 —— 0GeV
5

0000 ™50 100 150 200

my [GeV]

here we allow some /

mixing in soft scales

AN

Normalized /dmjdm =1

J

= " pj =300 GeV T

& 0.020- n’=0, r=00 — 10GeV
= 0015 30GeV
= 0.0100 50 GeV
i®) i 1
& 0.005- —
o = /

) A B R
0'OOOO 50 100 150 200
my [GGV]

— " p{=300GeV T

> 0.020- .
& n’=0, r=04 — 10GeV |
= 0.0151 30 GeV
g 00105 50 GeV
& 0.005- \
= i :

A R R R
O'OOOO 50 100 150 200

my [GCV]



Not Normalized

-~ pi=300GeV
n’ =0

= NNLL

my

N
100

N
150
[GeV]

7200

Ge

dIIl]

& 0.005]
- i

Normalized

> 0.020]
= 0015
0.010!

= NNLL

: N B B
0 'OOOO 50 100 150 200
my [G@V]
- pi =300 GeV central
% 0.015 — Uy -
o 7’ =0 My
—_ UB
gO.OIO — U -
30005
< ) i
o) i
[ N N B
O'OOOO 50 100 150 200

my [GGV]



Order by Order
Convergence

G

de

& 0.005"
= i
0.000:

Normalized

% 0020,
= 0015
0.010}

p3 =300 GeV
T’J = O I LL
== NLL

. I R
50 100
my [GGV]

R
150

200



Dependence on
the Jet Algorithm

invariant mass
VS
geometric pT
VS
geometric E

— - pl=300GeV jet definition
> 0020, o .
3 "' =0 — invariant mass ]
E 0-015;* geometric (pT) *
g 0.010F geometric (E)
o 1
& 0.005- g
‘-O L 4
0'0000 50 100 150 200
m; [GeV]
— - pl=300GeV jet definition
> 0020~ o .
G C ol =1 — invariant mass |
E 0-015;* geometric (pT) *
£ 0.010" geometric (E)
o) 7 ]
& 0.005¢ ]
= :
7 A B B B
0'0000 50 100 150 200
m;y [GeV]
r J . ..
—_ . pr=300GeV jet definition
> 0020- o ]
S C ' =2 — invariant mass |
E 0-015% geometric (pT) *
g 0010 geometric (E) ]
4S) [ - ]
N 0.005/ \
o ; :
P N N B BV
O0000 50 100 150 200

my [GGV]



do / dm; [pb/GeV]

Jet Kinematic Variables: pr

Not Normalized
0004 7/ =0 pl -

V — 250 GeV

* 300 GeV
0.002+ —

k 350 GeV

P S O o o e e e
00000 50 100 150 200
my [GGV]

jet

Normalized

>
0
9
-
=
S

~
NS
o

0020E =0 i

' * — 250GeV -
0.015- 300 GeV
0.010! 350 GeV ]
0.005/ E
O'OOOO 50 100 150

my [GeV]

200



do / dm; [pb/GeV]

Jet Kinematic Variables: 7/

Not Normalized Normalized
/ = 300 GeV J 1 = - pl =300 GeV n’ :
o ) ! | =000 :
_| (D r - O ]
| E 0.015- 1 -
~ . ]
1 E 0.010F 2
B 3 - =~ ]
& 0005 \
I ] o i ]
AN —— e T e
O'OOOO 50 100 150 200 O'OOO() 50 100 150 200

my [G@V] my [G@V]



Kinematic Variables: Y (system rapidity)

Not Normalized Normalized
= 0.0004+- pi =300 GeV Y — - pi =300 GeV Y :
> [T ; > 0020 1
o n’ =0 — 00 & - 17 =0 — 00 ]
e iy L ]
~ 0.0002 " = el o
- Y. ~ r 1.0 -
£ V 10 g 0'0105 | 3
N & 0.005F .
— 1 . o t——— £ ey
O'OOOOO 50 100 150 200 O'OOOO 50 100 150 200
my [GeV] my [GeV]

Applications:

e can be used to study jet-veto uncertainties for Higgs 1-jet bin

e comparison to MC for exclusive 1-jet cross section



_ 1 T ~ )\3 <1 Bauer, Tackmann, Walsh, Zuberi

+,- - _ 2
eg. e'e — 3-jets t=2q -q2 < Q
A
QCD
a * acp Q—+—
QT SCET
q1 r
SCET q SCET
qs ’ i +
i m ———
m RS S
q2 SOft_|_
soft MmNt
soft
@ m%Q —— mYQ ——
(a) All jets equally separated. (b) Two jets close to each other.

Need additional collinear-soft mode:

2\ = mQ/Q2 collinear: p. ~ EJ(L )\27 )\)

A =1/Q° A2
csoft: pes ~ Ej 2
¢

(17 )‘?7 )‘t>

2 K
512513~ 523 B H2(Q ’M) H+ <t, v M) soft: Ds ~~ EJ()\2, )\2, )\2)

H3 ({sij}, 1)

Sg(k17 k?) k37 /’L)

_ /dk; Ak Sa(ky — K, ks — Ky, ks 1) SE(KL, K. 1)

5:K813=3523



Sum logs of m;/Q

factorization (using N-jettiness to define jet masses):

do
Hy(
AT, dT,dTzdtdz Z 2(

H"étz,ujl_[/dsZ w; (Siy 1)

x/dkldkgsi(kl,kz, p) S (

dmj] Zcut 0

EIIIIIIIIIlI[lIIIIIII||||||||||||||||||||||||||||||||||||||
Q=500 GeV
;5§— Teut =10 GeV
845— B NLL/
X E BE=E NLL’ no mj; resum.
55; . W3 = NLL no my; resum.
N
T2E
b E
T =
1E
g I|IIIIIIIII|IIIIIIIIIIIIIIIII

0 25 50 75 100 125 150
mjj [GeV]

d 1—2zcut Teut d
O =2mjj/ dZ/ dT—O

Ey
z =
E1 + Es
Ti— 2t =k To — o — ko, Ts — o )
Q1 Q2 Q3
Q=500GeV, T =10GeV, zewt = %

Q=500 GeV
Zut =10 GeV
B NLL

E=E NLL
e Pythia8

_lIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII_L

0 25

50 75 100 125 150
mjj [GeV]




S b 65 GeV<mj<95 GeV
et Substructure 008 o [—Wiers
J 0.07¢t Pythla —VQVCJDtjetsf
Q 0.061
N-subjettiness Thaler,Van Tilburg S 005
§o.o4»
Tn = min Zmin{nl'pjanQ'pja---anN'pj} & 00|
ni,n2,....NMN jGJ o 0.02!
0.01¢
0 i
0 0.2 01':3/'51 of j%tG 0.8 1
Calculation for the signal Feige, Schwartz, IS, Thaler

Pzl =Q large

ﬁEPJZ\/QQ—FmQZ—Q
AT =T — ’7A'1 measures contamination from UE/ISR

oy = T2 — AT has good large Q limit
T1 — AT

only has contamination at O(1/Q)



® boost event shape factorization theorem

1 do dcosf
——— =H | — dSldSQdklde S(kl, kg, {TLZ}, /L)
o)y d7'21 2
k1+ky s1Eo+sakq
X J(Sl,u)J(SQ,M)(S(TQl— N — = >
T 2F1ExTh
7_']""l""l""l""l""l""l'_
6 Cone & ISR/UE Effects
—_— ] —— Baseline 1
Q=200 GeYV already large | T
[ i e ity Above + ISR/UE |
4:_ I |I _'I_Ill — — — Above + AT _:
20 m————m———"m—"m—m@——m—m——— 71— ldUE JI i % '—L AbOVe+AT—>AT'E
' N°LL Calculation | cduit F SR L Pythia, 0=500GeV
[ —— Q=0GeV : 25 o R "5 Imju—mz] < 10 Gev :
15 - b ] -Il - -‘_I ]
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5t R T
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— [ o ~ — - Baseline - R/ISR/UE + At |
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000 002 004 006 008 0.10 0.12 oo 0o N Pythia Imje—mz] < 10 Gev
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e boost event shape factorization theorem " Zhoost
1 do dcosf ,
O_—OE = H/ 9 /dsldSQdklde S(kl,kg,{ni},,u)
ki+k E E
X J(Sl,M)J(SQ,M)5<Tgl— 1+ 2—81 Q—I_SZA 1)
2E1 B> Th
Q=200 GeYV already large agrees well with (tuned) Pythia
e e —
N3LL Calculation 200} Pythia vs. N°LL/NNLL
15[ Q=0Gev 100} Q=0GeV
-l N T Q=50GeV —— Q = 1000 GeV
Z === Q=100 GeV 50F[7
id(r 10k —— = Q=200 GeV 1 do
ocdty | ———Q=400GeV | gdr, 20}
| —— Q=1000GeV | ol
5L
' o 05}




pt resummation in SCET many authors > CT T — SCET:

Chiu, Jain, Neill, Rothstein

| [
two 4

parameter #7~ Q7

1} oll T RS

hard

VS v, Vs; H
€¢ L 9 ,U/ ~ M-- . ( ) > ..
rapidity RGE soft jet
i } > 1/
vg ~ M v~ Q)
Z-boson production NNLL+NLO Becher, Neubert, Wilhelm
\\\\\\\\\\\\\\\\\\\\\\ yg ] “collinear
25¢ g Tevatron, Run I ] .’ Tevatron, Run I ] .
‘r"',; CDF results LA :‘.‘““u CDF results ] anomal)’
LY ’— o i
5 |
o  1I5F
%IE%“ 10 equivalent to

CSS factorization

qr [GeV]



Summary
Exclusive N-jet factorization

@ factorization theorems with jet-vetoes, new ways to test MC

pp — H + 0jets pp — H +1jet

N-jettiness

® simple yet powerful factorization friendly event shape
Beam Functions

@® universal function that describes ISR for broad class of processes

Nearby Jets & Jet substructure

® Sensitive probe of events. Calculations tractable with SCET

Factorization with Jet Algorithms

® Not covered here. Must handle NGULs, clustering logs, ...



