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Summary of lecture two and three

O PQCD factorization approach is mature, and has been
extremely successful in predicting and interpreting high
energy scattering data with momentum transfer > 2 GeV

O NLO calculations are available for most observables, Many
new techniques have been developed in recent years for
NNLO or higher order calculations (not discussed here),
NNLO are becoming available for the search of new physics

O Leading power/twist pQCD “Factorization + Resummation”
allow to have precision tests of QCD theory in the
asymptotic regime, and to control the background so well
to discover potential “new physics” beyond SM

See Yuan’s lectures

What about the power corrections, richer in dynamics?



Factorization for more than two hadrons

Nayak, Qiu, Sterman, 2006

P, v, W/Z Ls),jet(s)
B,D, Y, J/y,m, ...

d Factorization for high p; single hadron:

, +0 (1/P;2)
% i

U pr > m 2 Aqop
d » D>
O-ABQC;;C(Z[];; Py p) = a;c%ea (X,MIZT)®¢B—>19 (x',‘ui_,)
dé,, ... (v.x'z.pju) oD (=)
e \“2F

dydp;,

< Fragmentation function: D (Z ) /,é )

<> Choice of the scales: ,Ltsac ~ lurzen = p;

To minimize the size of logs in the coefficient functions



Example: Heavy quarkonium production at high P+
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Basic production mechanism

O Production of an off-shell heavy quark pair:

Coherent soft interaction

A.\
ﬁ —>— Quarkonium

Perturbatlve Non- perturbatlve
1

Ar < ——
2mQ

O Approximation: production of an on-shell pair + hadronization

2
CAB= I = ) / dl'gq 9049 )]

states dFQ
< Factorization — proof?

Fstates(QQ)%J/w (anan PJ/w)

< Different models & Different assumptions/treatments on

how the heavy quark pair becomes a quarkonium?



A long history for the production

Q Color singlet model: 1975 — Cramatiogo

On|y the pair with right quantum numbers Berger and Jone (1981), ...

Effectively No free parameter!

3 Color evaporation model: 1977 — Fritsch (1977), Halzen (1977), ..

All pairs with mass less than open flavor heavy meson threshold

One parameter per quarkonium state Caswell, Lapage (1986)

0 NRQCD model: 1986 - QWG revew: 2004, 3010
All pairs with various probabilities —- NRQCD matrix elements
Infinite parameters — organized in powers of v and o

. 4. Nayak, Qiu, St 2005), ...
0 QCD factorization approach: 2005 - e i Stommaa 010,
P:>>M,: M, /P; power expansion + o  — expansion
Unknown, but universal, fragmentation functions — evolution

[ Soft-Collinear Effective Theory + NRQCD: 2012 -

Fleming, Leibovich, Mehen, ...



Color singlet model (CSM)

Campbell, Maltoni, Tramontano (2007),

a Effectively No parameter' Artoisenet, Lansburg, Maltoni (2007),
) Artoisenet, et al. (2008)
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< How reliable is the perturbative expansion?

< S-wave: large corrections from high orders

< P-wave: Infrared divergent - CSM is not complete



Color evaporation model (CEM)

L One parameter per quarkonium:

: i 1 I 1 1 | L) I L 1 1 1 I ¥ ¥ 1 1 I i
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d Question:
< Better p; distribution — the shape?

< Need intrinsic k; - its distribution?



NRQCD - most successful so far

(J NRQCD factorization:

doA+BsH+X = Z dUA+B—>QQ(n)+X <OH (n))

n

d Phenomenology:
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d Fine details — shape - high at large p;?

PRL 106, 022003 (2011)
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194 data pomts from 10 experiments, fix smglet <O[3S1[11]> =1.32 GeV3

<O['S,[®1]> = (4.97 + 0.44)-102 GeV3 <O[3S,[81]> = (2.24 + 0.59)-10-3 GeV3
<O[3P,81]> = (-1.61 + 0.20)-102 GeV5
x2/d.o.f. = 857/194 = 4.42

Butenschoen and Kniehl, arXiv: 1105.0820



Heavy quarkonium polarization

O Measure angular distribution of u*u~- in J/\p decay

O Normalized distribution — integrate over :

3 2
I(cos @) = 1+ acosO”
( ) 2(a + 3) ( )
+1 fully transverse Also referred as
o = 0 unpolarized Ao

—1  fully longitudinal by LHC experiments



Surprises from J/Y polarization

NRQCD CSM
T e e
08F (a) I [0 e
061 3 Dy 0e o
04F o CDFData - g. 05 NLO e
= NRQCD E
ozi’* — kT-f(:%ctorizationf S | NNLO™
e —— = T | ——
02F = : g
04 3
0st R .
08‘\— — I e
| R R R RN R R 51 , | , |
5 10 15 20 25 30
pr (GeVic) BN [ At | I/ B
Cho & Wise, Beneke & Rothstein, 1995, ... P'|' ‘GeV) Lansberg, 2009

< NRQCD: Dominated by color octet — NLO is not a huge effect
< CSM: Huge NLO - change of polarization?



Confusions from Upsilon polarization

B CDF Preliminary, 29 1o 1 Theory - CSN
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P. Artoisenet, et al. 2008

Resolution between CDF and D0?



do/dp;(pp—Jhy+X) x B(Jy—pp) [nb/GeV]
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NLO theory fits — Butenschoen et al.
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do/dp; (pp—>J/y+X) x B(J/y—py) [nb/GeV]
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NLO theory fits — Gong et al.

. ATLAS data: Vs =7 TeV
lyl < 0.75

Vs = 1.96 TeV
lyl <0.6

° CDF data:

|||||rIT] |||nIT|'| ||||rl11'| IIII|TT|'| TTTIT

CS+CO, NLO: Gong et al.

L

N
15 20 25
pr [GeV]

30 35

. BELLE data: Vs = 10.6 GeV
CS+CO, NLO: Gong et al.

II|IIIIII||IIIIIIllllllllllllllllll

do(ep—J/y+X)/dps [nb/GeVF|

IlllIIIIlllIIIIlllllllIIllIIIIIIlIllIII

PRL, 2012

llIIIIlIIIIIII

|

iii 5
f i

pp — J/v + X, helicity frame
. CDF data: Vs = 1.96 TeV, |ly| < 0.6
CS+CO, NLO: Gong et al.

IIII[IIIIIIIIIIII[IIIIII

s e,
5 10

P B S T
15 20 25

W
o

—h
LLILRELLL B AR

10

—h
@]
LB RELLL R LIY L B R R |

10

pr [GeV]
GeV < W < 240 GeV

0.3<z<0.9 =
Q% < 2.5 GeV? 7
Vs = 319 GeV

60

o H1 data: HERA1 .
- H1 data: HERA2 t 3
CS+CO, NLO: Gong ]

et al.

—

()

10
Pt [GeV?]



do/dp; (pp—J/y+X) x B(Jhy—pp) [nb/GeV]
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NLO theory fits — Chao et al.
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40 years after the November Revolution?

0 Theory - the state of arts —- NLO (NRQCD):

< Very difficult to calculate, no analytical expression

hard to obtain a clear physical picture on how various states of
heavy quark pair are actually produced?

< For some channels, NLO corrections are orders larger than LO

questions whether higher order contributions are negligible,
while it is extremely difficult, if not impossible, to go beyond the NLO

d Comparison with data:

< Quarkonium polarization — “ultimate” test of NRQCD!

Clear mismatch between theory predictions and data

< Universality of NRQCD matrix elements — predictive power!

Clear tension between different data sets, ete-, ep, pp, ...



Why high orders in NRQCD are so large?

Kang, Qiu and Sterman, 2011
d LO in &g but higher power in 1/p:

P/2

o _alpr)  CSMandNRQCD
LOin o P/2 o7 X s spin-1 projection
r NNLP in 1/p;!

d NLO in &g but lower power in 1/p;:

@ Relativistic

= projection to

.~ ‘ \ all
“spin states”

~NLO 0“2 (pT) 2/ 2
A as(p) log(p” /1) Ho 2 2mq
T

d NNLO in o but leading power in 1/p+:

2
A as pT m
NN 254 >®a§(u) log™ (1% /ud)
T

Leading order in « ;~-expansion =|= leading power in 1/p-expansion!



QCD factorization beyond leading power

R R R N k, Qiu, and St , 2005
O Factorization formalism: Kang, Qiu and Sterman, 3010, ..

doa+B—H+x(PT) = Z doa+B—s+x(Pr = P/2) @ Duys(z, mq)

+ Y d6aspoi0aey+x (P(1EQ)/22,p(1 £ )/22)

QQ(x)
.+ O(mg/pr) 14 ¢ 1—-¢
) P = 2zp’pQ: 2Zp

 Production of the pairs:

< at 1/mQ: ><CZ Di%H(z,mQ,uo)

< at1/P;: da—A—|—B—>[QQ(m)]—|—X(P[QQ](Kf): 1)
<+ bet : Dy u(zma ) =
eitween. dln( ) i—H\Z,MQ, ) =

[1/mg, 1/P,]

m@
T2 (12 [(z)® D[QQ(K)%H({%}, meQ, i)



Long-lived heavy quark pairs

. . R . Kang, Ma, Qiu and Sterman, 2013
O Perturbative pinch singularity:

Pt = (Pt 4m?/2P*,0,)

" = (g7, ¢ ,q1)
q#q
Dij (P, q) oc (J/9[w](0) x;(y)|0)

< Scattering amplitude:

M / (;lic)]4Tr [PI(P,q, Q)

v (P/2—q)+m
(P/2 — q)2 —m2 + ic

v-(P/2+q)+m

D(P
(£:9) (P/2+q)? —m?2 + ie

< Potential poles:
¢~ = lai —2m*(¢"/P)]/(PT +2¢") —ie(PT +2¢") — g1 /P —ie

g =—lqt +2m?*(qt/PH)]/ (Pt —2¢%) +ied(Pt —2¢") — —q7 /P +ie
<~ Condition for pinched poles: o, PIm(g)
. P+ o
Pt > ¢t (2m?/q3) > 2m At High P; —> Re(q™)
¢ % — 1€




Why such power correction are important?

Kang, Ma, Qiu and Sterman, 2013

=0

4 Leading power in hadronic collisions:

doap i = Y Gaja® P/ @ d6apsex @ Despr

a,b,c

d 1st power corrections in hadronic collisions:

<%

A2
QCD) 0% Dc—>H

Adcp
2>®DWHH

0

Key: competition between P7 > (21mq)° and D[(f?)@—ﬂf > De



Evolution of fragmentation functions

Q Independence of the factorization scale: "o " & andSterman. 2013

d
P —
FIY ocarpux(Pr)=0

< at Leading power in 1/P5: DGALP evolution

d g
Y Dps(z,mq, ) = Z o V5—j(2) ® Dyyj(z,mq, 1)

J
< next-to-leading power in 1/P€— New non-linear evolution!

d Qg
sDuyp(zomg ) =Y == 75— (2) ® Dgryi(2,maq, 1)

dln p - 2T
1 ozg
T Z zrf%[QQ (Z Gy C)®DH/[QQ(H (2,¢, ¢, mQ, ft)
p? == (2m)
[QR(K)]
d /
3 D110 (2, ¢, Cme, 1) = Z _K[QQ(c)] (2,6, ¢)

a1 4
e QO

®DH/[QQ(/£)](z7C7 Claanu)
O Evolution kernels are perturbative:

< Setmass: mg — 0 with a caution



Evolution kernels

Kang, Ma, Qiu and Sterman, 2013

d Kernel for QQ > QQat (o)

Real: i § \ :
— \

Virtual: B o\ * 1 +
. B t o

<> Projection - Spin: vector, axial vector, tensors — Color: Singlet, Octet

N 1
P(l)(p)ij,lk — m(}/ . ﬂ)ijm

1 1

POPD) i = - p)i(r P)is =M

i)(a‘)(p)jl kI — (Y pYS)_]l(Y pYS) P(a)(p)ij lk — 4[7 (}’ ’ ’1},5)'] 4]7 (}’ ’175)
P (P)jix = Z(}’ Pr)i(r - PYDu Z ),
a=1,2 P)ijik = 2/}_124[) n ‘f4p n (v -nr’

4 Example: “[QQ(v8)] — [QQ(v1)]”

1 Z U U v v
ot (2,0, v3'V) o lch] i—\w @)\ T T

All channels , _ _, , _ _,
are calculated X [0(u = zu’) = d(u — zu’)] [0(v = 20") = 0(v — 207)]




Short-distance hard parts

. . Kang, Ma, Qiu and Sterman, 2014
O Separation of different powers:

3) - (3) (0) (2) (1)

71100 )s = Paa—0atmis @ Plaami>eae) T %ad—e @ Py 0a)
- (3) ) @) 1)

w0100l = %aaieqly ~ Cai—e @ Pyl 00) «—— s(2mg)

Pr

25 Y Y

(1) , _ ! S )
Dg%[QQ] ) é y PMI/(p) - 5 |:_g,uu + punp - nnup — (p?n)QTLMTLV]

" ] ~a2() (2mq)?

dn ( S] 4 3
IQQ — TG 1 y
Ep dip = [ F: ] GUTV Hy5,1000n) (3,8, @) 6(3 + 1 + )
N? -1 4] [ +a° All channels
H £, 2| ¢ 14 66—
a-1Qaas) (8,4 8) = [ 8N. J [ 6 \2] [ 33 ] are calculated



Predictive power and status

O Calculation of short-distance hard parts in pQCD:

Power series in o, without large logarithms
LO is now available for all partonic channels Kang, Ma, Qiu and Sterman, 2014

O Calculation of evolution kernels in pQCD:

Power series in o, without large logarithms Kang et al. 2013
LO is now available for both mixing kernels and pair Fleming etal. 2013

evolution kernels of all spin states of heavy quark pairs

4 Input FFs at py,— non-perturbative, but, universal

7 i Ma et al 2014

Dyyp(z,mq, po) Do) (#: ¢, ¢, mq, to)
 Physics of the input scale: py~ 2mg — a parameter:

% 4mg,
(4m3,) T

Different quarkonium states require different input distributions!

Evolution stops when log




Non-perturbative input distributions

O Sensitive to the properties of quarkonium produced:

Should, in principle, be extracted from experimental data

d Large heavy quark mass and clear scale separation:
po~mg >mqQu  mmm)  Apply NRQCD to the FFs — a conjecture!

< Single parton FFs - valid to two-loops: Nayak, Qiu and Sterman, 2005
Dy (2, o, m@Q) — Z 5106 () (% 110, mQ)(O14(¢)) (0)) INrRQLD
[QQ(c)] araitggéYuan, 1994
a, -

Complete LO+NLO for S, P states & NNLO for singlet S state Braaten, Chen, 1997
Braaten, Lee, 2000,

. . Ma, Qiu, Zhang, 2013
< Heavy quark pair FFs - valid to one-loop: :

Digaie-aru( 6 Ctma) = ) digam-iga() (s 6:¢'s 10 me) (Ol (0))nracn
[QQ(C” Kang, Ma, Qiu and Sterman, 2014
Full LO+NLO for S, P states is now available Ma, Qiu, Zhang, 2013

 No all-order proof of such factorization yet!

Reduce “many” unknown FFs to a few universal NRQCD matrix elements!
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Leading power fragmentation — Bodwin et al.
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Next-to-leading power fragmentation — Ma et al.

Ma, Qiu, Zhang, 2013

U Heavy quark pair FFs:

D[QQ(K)]—)H(saCIaCQ:/-LO;TRQ): Z {CZ[(QOZ?(K)]_,[QQ(,I)](%ChCQ.»#-o;‘"lQ:HA)
[QQ(n)]
<O{5Q(n)](/~‘z\)>

Qg 7(1) - - . 2
+ (?) d[QQ(K)]—)[QQ(n)](L’ C1, G2, Ho; mq, pa) + O(as)} X m2QL+1

1
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Next-to-leading power fragmentation — Ma et al.

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)
7

+ Y d6aspoi0am+x (P(1 £ () /22,p(1 £ () /22)
[QQ(k)]

®Dp /a2 €, ¢ mq)

d Channel-by-channel comparison:
2.5 —

Dominated by LP | independent of
K : NRQCD
2ot st sy P 1 ~matrix elements

NRQCD
NLO

LO analytical
results
reproduce
NLO NRQCD
calculations
(numerical)

dat 2 [deor

0.5- | I S SR S RS | N | X |

pr (GeV) PRL, 2014



Next-to-leading power fragmentation — Ma et al.

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)

f

+ Y d6aspoi0am+x (P(1 £ () /22,p(1 £ () /22)

[QQ(x)]

®Dp /a2 €, ¢ mq)

O LP vs. NLP (both LO):

1.5 — T T T . - NLP dominated
i NLP dominated 3 g% 151[8]
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- .."""2 ~\~< - - .
= osf RS f for wide pT
%3 i L
3 oF—— LP dominated
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iy ost ] BSF] and 3P([]8]
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~1.0F e —— e - - PT distribution
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QCD factorization vs NRQCD factorization

 QCD factorization — not always true:

< Expand physical cross section in powers of 1/p;
< Expand the coefficient of each term in powers of o
<> Factorization is valid for all powers of «  of the 15t two terms in 1/p;

d NRQCD factorization - conjectured:

<> Expand physical cross section in powers of relative velocity of HQ
< Expand the coefficient of each term in powers of o
< Verified to NNLO in o  for the leading power term in the v-expansion

 Connection:
If NRQCD factorization for fragmentation functions is valid,

doA+B—H+X do 3P
EP d3P <P7 mQ) = EP A—I_dB;);H—I_X (P7 mQ — 0)
do ii%iDHJrX o gig;ﬁf}
—|—Ep BPD (P,mQ 750)—Ep BPD (P,mQ

Mass effect + connection to lower p, region

0)



Heavy quarkonium polarization

Ma et al. 2014
O Polarization = input fragmentation functions:

< Partonic hard parts and evolution kernels are perturbative
< Insensitive to the properties of produced heavy quarkonia

 Projection operators — polarization tensors:

p"p”
D b)) =g+ | |
A=0,+1 p Unpolarized quarkonium

1 . 1 pPnY + p¥nH
PR =5 3 0K = | g+ P
A==*1 p
Transversely polarized quarkonium

PL(p) = PP () ~ 2P ) = 5 [ = S| [ = P
I, D)= p T P pQ P 2% -1 p 2% -1

P (p)

Longitudinally polarized quarkonium

for produced the quarknium moving in +z direction with
p'=p*.p",pL) =p7(1,0,0.) p>=n%=0

n“:(nﬂn_,nL):(O,l,OL) p-n=p"



Polarized fragmentation functions

Kang, Ma, Qiu and Sterman, 2014

[ Color singlet as an example: Zhang, Ph.D. Thesis, 2014
P72 P72 P2 k P2
sz\ign%'?un%i?/ 2. PQ\\ \‘?&rmf?;}/ P2
\ / + \ J +...
P/2Ya1 b 2-g, ' ps2g, PP % P/2+4; p/2-q,' p/2-g, P/%% All channels

< A axial vector pair to a singlet NRQCD pair: are calculated

L,CR _ 1 {O1ss,)) -7 | 1
D[QQ(aS)]%J/zb(Z’U’U’mQ"u) = 2NZ 3mg A, (u,v) x %z(l —2) [ln (r(2) +1) — (1 13 r(z))]

T,CR 1 Oftssy? o« (1 1
D3Qas) 95 W Vi MQs 1) = 53 3mq Biluv)x g2l =2) !1 - 1+r(z)]

< A vector pair to a singlet NRQCD pair:

L.CR ) 1 <Oﬁf*s,;.) Qs 2 1
D[QQ(US)]_)JM(Z,U,v,mQ,,u) = IN? 3mg A_(u,v) x or 1 — 2 [ln(r(z) +1) - (1 1T r(z))}
DT.CR ( ) — 1 {Offsg, >A . . 1

QQe)] /B U ViTQ 1) = i = A (U, v) X _z( IR
where 1 AR A

Baltne) = §[5 («=3)+8(=3)] P (=3) +(*~3) )=
s = 3[o(-3) -0 3)] 5~ -9 (6-3) 3 (1= 22



Production and polarization

. Kang, Ma, Qiu and Sterman, 2014
O Color singlet as an example:

= N —
OIS ]
= N ——— NLO CSM
= 0001F .
O I N
S 105 f
=
Z 1071 V§=1.96Tev )
SR lyl<0.6 TSeel_
:3 10~ Cut—off TTeeal j
.g— 1.4}
213
LO hard s 12}
53 10 —
3 09}
o NLO) o [ g5ALO) p.LO) 08}
INRQCD 0 ab—10008)] ® P1oows)—J/v —05f
0.6
. 128(LO) (LO) s ~07§
+4035100ws) ® Do |  -08F
09}

Reproduce NLO CSM for p;>10 GeV! ' 20 30 40 50
Cross section + polarization

QCD Factorization = better controlled HO corrections!



Summary of lecture four

O PQCD factorization approach is mature, and has been
extremely successful in predicting and interpreting high
energy scattering data with momentum transfer > 2 GeV

O Theorists have moved beyond the leading power/twist
approximation, including saturation phenomena

1 Theory had a lot advances in last decade in dealing with
observables with multiple observed momentum scales:

Provide new probes to “see” the confined motion: the large
scale to pin down the parton d.o.f. while the small scale to
probe the nonperturbative structure as well as the motion

O Proton spin provides another controllable “knob” to help
isolate various physical effects
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