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The plan for my four lectures

l 1'The Goal:

To understand the strong interaction dynamics, and hadron
structure, in terms of Quantum Chromo-dynamics (QCD)

I IThe Plan (approximately):

Fundamentals of QCD, factorization, evolution,
and elementary hard processes

Two lectures

Role of QCD in high energy collider phenomenology

One lecture

QCD and hadron structure and properties

One lecture



Summary of lecture two

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

I INLO calculations are available for most observables, NNLO

are becoming available for the search of new physics

I IDirect photon data are still puzzling and challenging, has
a good potential for extracting the gluon distribution

I INLO PDFs are very stable now, and NNLO PDFs are
becoming available

I IMulti-scale observables could be valuable for new physics
search B new factorization formalism, resummation , E



A complete example B O Drell -YanO

I ITHeavy boson production in  hadronic collisions:

A(Par)+ B(Pg) — V[ *,W/Z,H %, ..](p) + X

" 1 Cross section with single hard scale: pr ! My
d! ag | d! A |
d?/ilp%v (pT. I My), ACE;y' v (Mvy). oas —v (My)
'agr v(My) = dxa f (Xa, M%) dxg f(Xg,H?) B 1 v (Xa,XB," s(K); My)

ff !
b Fixed order pQCD calculation

" 1 Cross section with two different hard scales:
dl upv (or CNF) PResummation of single logarithms:

dydpz o In"(p2. /M2)

dl ap v - . _
dydiZ (pr < My) E)Resummatlo: o;ndoubzle Ic;garlthms.
s In™ (My/pT)

Same discussions apply to production of Higgs, and other heavy particles



Total cross section D single hard scale

I 1Partonic hard parts

(g

Y < 2
6(0s ppspig) = las(ug)l™ &<0)+“—'“a<1><~-.m>+( ) oD s g) + -
27 27
LO NLO NNLO

I INNLO total x-section !'(AB ! W,Z):

(Hamberg , van Neerven , Matsuura; Harlander , Kilgore 1991)

24

" 1Scale dependence: 23 EW LHC Z(x10)
a few percent :’
" INNLO K-factor is about Ezo :h?o“ .
0.98 for LHC data, 1.04 18
for Tevatron data b 17 Lo
16

15 F Martin, Roberts, Stirling, Thome, 2003
14




Rapidity distribution B single hard scale

I INNLO differential cross-section :

d®c/aM/qaY [pb/GeV]

pp~7" +X Rapidity distribution
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Rapidity distribution B single hard scale

Il INNLO differential cross-section . Anastasiou , Dixon, Melnikov , Petriello , 2003-05
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Determination of mass and width

W mass & width:

W-Boson Mass [GeV]

TEVATRON +  80.387+0.016
LEP2 —=  80.376+0.033
Average ¢  80.385+0.015
1#/DoF: 0.1 /1
NuTeV A 80.136 + 0.084
LEP1/SLD -+ 80.362+0.032
LEP1/SLD/m, -4 80.363 + 0.020
80 802 84 806
m,, [GeV] Mar 2012

Fernando Febres Cordero, CTEQ SS2012

W-Boson Width [GeV|

TEVATRON —e 2.046 + 0.049

LEP2 . 2.195 + 0.083

Average —— 2.085 +0.042
(*/DoF:2.4 11

pp indirect = 2.141 + 0.057

LEP1/SLD h 2.091 +0.003

LEP1/SLD/m, h 2.091 +0.002
o |2 | 2l2 | | 2?4

r,, [GeV]

March 2012



Charge asymmetry D single hard scale

| 1ICharged lepton asymmetry: Y! Ymax
d! Wdye! diWfdye , d(xe,Mw)/u(xs, Mw)! d(Xa,Mw )/ (xa, Mw)

Ach (Ye) = , !
d'Wdye+ d!'W'/dy, d(xg,Mw)/u (xg,Mw)+ d(Xa,Mw)/u (Xa,Mw)

d/u at p =85 GeV
1.3F — : ' T T
i —r—— Solid band: CTEQ6.6 uncer’(air?ty ]
0.2~ —CT10 Hatched band: CT10W uncertainty ]
B MSTWO08 1.2t .-
L —— . DOeI(ET>25GeV1 ]
o> ]
I < 11 -
- S © ]
g0 ! § N

< - 5 1-0 i ol B | -
0.4 - == \|| ]

A (=]
- Tevatron data 5 ]
B T 09 _-
-0.6— ]
| R. Ball et al., arXiv:1012.0836 . ]
R I 5 : 25 ; ]
n H.-L. Lai et al., arXiv:1007.2241
07k, . R . . N PR
105 10-% 102 001002 005 01 02 05 0.7

X

The A_, data distinguish between the PDF models,
reduce the PDF uncertainty DO B W charge asymmetry



Charge asymmetry D single hard scale

| 1ICharged lepton asymmetry: Y! Ymax
d! Wdye! diWfdye , d(xe,Mw)/u(xs, Mw)! d(Xa,Mw )/ (xa, Mw)

ACh (ye) - ] .
d'Wdye+ d!'W'/dy, d(xg,Mw)/u (xg,Mw)+ d(Xa,Mw)/u (Xa,Mw)

CMS 36pb! at Vs=7TeV
10.35— T T T T I T T T T I T T T T I T T T T I T T T ] _I ' ! ' ' I ! ' ! ! I ' ! I_
< [ —4— Data 2010 §/5=7 TeV) i 031 &) pers25Gevic .
- %44 MC@NLO, CTEQ 6.6 : - RN
0.3 ¥ MC@NLO, HERA 1.0 7 02lF 4/§ b
[ it MC@NLO, MSTW 2008 | 477 S ,,/gl/éé cWae ]
LW — uv 7 < g - amors SA@eE
0.25- u’ ///‘\ N E 01 — MCFM + CT10W —
T +'///7<‘*:{;\<\%k 2 C == MCFM + MSTW2008NLO ]
b KRR B theory bands: 90% Gl
] //%(\-‘\/ NN I % B ———————+———+—+
0 2_ o Y — 6 0.3 e ]
=L ek NYRYIRYR i 2 L b) P; ¥ > 30 GeV/e i

i . o e

it ATLAS § 0.2F
0.15} s “F
J-Ldt=31 pb’ 1 —p—E e ]
I 0,1 ]
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.| 0 1 2

Lepton Pseudorapidity  n|

Sensitive bothtod/uatx> 0.1 andu/datx~ 0.01



Flavor asymmetry D single hard scale

IFlavor asymmetry of the sea:
opy(p+d)/20py (p+p) = |1+ d(z) /u(z)] /2

225 ¢ 225 ,
JE - e E-906
= 2+ _ y/ Drell-Yan
- - (Proposed)
L75 = 175 m E-866
- T NuSea
15> 15 |- A NASI
125 125 o MRSe
- - 5 CTEQ4m
1 :_ 1 FM—— VLN 6 /. i
- ® ES66/NuSea i |
075 = O NAS1 075 ;
- — CTEQ5M - -- CTEQ4M -
05 — --- MRST —- MRS(12) 05 | 5
- GRV9S D i
025 Systematic Uncertaixm 025 - E866 Systematic Error
0 _Ill || I L1111 I IFTII l\lsli L1 I L1111 | | I‘?I_’Trll Iﬂ;llr O ] ....... L ........... lala ofateteltel st (e i o -gf-r'i
0 005 01 015 02 025 03 035 0 01 02 03 04 05 06

X
Could QCD allow ubar (x) > dbar (x)?



P-Ddistribution (P - >> M) b two hard scales

| IP;-distribution D factorizable if M >> @yxcp:
dbab

dXafam (Xa)  dXpTo (Xb) o Y2 dQ? (Xa, Xb, " s)

~F /~LO s () .
oTIofT ~ o Pf*"(")./k =

L @) (p—%) )

2T




P-Ddistribution (P - >> M) b two hard scales

| IP;-distribution D factorizable if M >> @yxcp:

di ! db
AB = an f alA (Xa) defb/B (Xb) y an (Xa; Xp, " S)




P Ddistribution (P + >> M) b two hard scales

| IP;-distribution D factorizable if M >> @yxcp:

db
a0 (Xa1xb," S)

dXafana (Xa) dXpfpm (Xb)

dydp? dQ2

How big is the logarithmic contribution?

I lImproved factorization:

dIABV@QX _ 438 v (@)X d"i?’iv(ca)x
dp% dy B dp% dy dp?l" dy
dafl‘rgiV(Q)X ) .
dp% dy — Z /diElfa (ﬂfl:/—l)'/dilfgfb (:172’/_‘)

ab,c*

dz [do5*8
X ~ av2ct (x1, T2, Pe; 2 . N2
/ 22 dpg,l_ dy ( b 2,pc,/JD) DC—*‘/(zzuDaQ )



P Ddistribution (P + >> M) b two hard scales

I IFragmentation functions of elementary particles: v/

Dy (z.1h; Q%) = 0 " f

Va2 4 |gI2) oy [LE(L=2)? (28 @’
0 ¢, ,,2.Nn2 _(lgL “+l9r"?) [@em [ In D)\ _,(1_
Dq-}V( :uDaQ )_ 9 ( M ) 2 Q2 Z—,U/%;

I IEvolution equations:

d aem
N%ch—;V(zaﬂ%QQQ) = ( o )7C—>V(zau%aas Z/ c—)d Dd_;V(Z HD QQ)

Deyv (2, 1h < Q*/%Q) =0

| 1Evolution kernels:
(l97.1% + lgg"I?) [1+(1—Z)2 (QQHM,;_Q_Q)

2 2 2k? 2

0
Yoy (2. 6%5Q%) =

0
1y (2, k%5 Q%) =0 If Q! ! ocp , reorganization of perturbative

expansion to remove all logarithms of hard parts



do” 'Lo(z<zcut) /do" 0

P Ddistribution (P + >> M) b two hard scales

— LOO")

o o o =
> o ®»  ©

et
N

m=M;, pT=1000 GeV

——pp 8 TeV
— ——pp 14 TeV 4
--------- pp 100 Tev 7

20F
15}

10

0D/Dyo(in percentage)

Q=My, up=800 GeV, flavor: u

_10 1 PR | PR W
107 10°
Z
Opp>so0cev |VB [C-LO[C-NLO  [NLO[modified]
S Z |741 [117.4%7132120.5197,
13 Te .
I+ |126. 199.4770:31204.4713 3
W~|55.8 [90.2%55 |92.71%3
v Z [11.48 [19.68%] 35 [20.161 ;99
100 .
eV IPPJ} b |15 08 26.231270126.867 | 38
W~|10.50 [18.181}:57 |18.611) 55

Fragmentation logs are under control!



P Ddistribution (P + >> M) b two hard scales

T ' ' ' Emmm | C-LC - ' ' ' === D-LO ]
2'20:_ = CC_NLL% 2'201 = D-NLO ]
2.00F pp [14 TeV], Z at y=0 2.00F pp[14TeV], Zaty=0 ]

600 800 1000 1200 1400 1600 1800

pr.z [GeV] Ptz [GeV]

r == - ] 2 s==s D-LO ]
220 G NLO ; 220} gmmmm D-NLO |
2.00F pp [100 TeV], Z aty=0 - 2.00F pp [100 TeV], Z at y=0 -
1.80} ] 1.80} _:

3 Direct/ LO ]

i . oc L ]

1.400 ] .

Fixed order / LO

0.80F

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

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

prz [GeV] Ptz [GeV]



P Ddistribution (P + >> M) b two hard scales

500

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

LA |

pp [14 TeV], Zaty=0

600 800 1000 1200 1400 1600 1800
Ptz [GeV]

mmmm C-10 ]

smmmm  C-NLO 1

- Pp[100 TeV], Zaty=0 ]

T

Fixed order / LO

1000 1500 2000 2500 3000
Ptz [GeV]

2
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1.20f
1.00}
0.80}
0.60}
0.40}
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1.00}
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0.00F

~0.20}
500

- msss  F-LO ]
mmmmm F-NLO |

- pp[14TeV], Zaty=0 -
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prz [GeV]
i === F-lO ]
s F-NLO

P

- pp [100 TeV], Z aty=0

Fragmentation / LO
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P Ddistribution (P + << M) D two scales

| 1Z0-PT distribution in pp collisions:

— 10

1/c do/dg_ [(GeV)

T

—
(-
N

10'3E

élllllll | IIIIIIII | IIIIIII| | IIIE = | | L L | | IIIIIII | |
T, oMS g T3 ATLAS (1)
: ?JLm=36pb'1at\(§=7TeV = 4 = 3 J[_dt=35-4o pb"f
“’; Nd- -2' .
——mkztpfmeev bined \. . EE 10 Combined ee+up -
+ data (e + 1 combined) ] -
men ¢ 8 | —Data2010
POWHEG + CT10 s ] gb 10_3__ —RESBOS i
3 = F - FEWZO(ed :
+ ] [ PYTHIA

- 10 E
] - In'|<2.4 ]
_h  p.>20GeV :
: 105 L 66 GeV < m; < 116 GeV o
Ll Lol Lol L1 5 ] Lol M

1 10 10° 1 10 10?
G, [GeV] P [GeV]

P, aslowas [0,2.5] GeV bin (or about 1.25 GeV)



P Ddistribution (P + << M) D two scales

I lInteresting region B where the most data are:

Pr <<M; ~ 91 GeV Two observed, but, very different scales

I IFixed order pQCD calculation is not stable!

I 1Large logarithmic contribution from gluon shower:

..... ) S q%

Resummation is necessary!



Cross section with two scales® resummation

Qf! Q3! !dep, Q1! Q3! !&ep
| ILarge perturbative logarithms:

l ,(? = Q%) issmall, But, !s(Q7)In(Q?/Q3) is not necessary smalll

| IMassless theory:

Two powers of large logs for each order in perturbation theory
(Ql ) In 2 Q%/Q 5) due to overlap of IR and CO regions

I IExample D EM form factor: A< g Mé
FH((]Z? 6) — _‘ielte LL /;tl p2 (] E

) o 47 (1 —e)l(1+¢ { 1 }
5 U __( 9 _ —I__'I:
plq~,€) = o= F (q — EF) T 25) (—e)? 2(_6>

( /u )+ ...Sudakov double logarithms

Common to all massless theories



Mrell -YanO - leading double log contribution

| 1LO Differential Q -distribution as Q B>0: o .z
ST % 8 ok (Q°/07) e
ddeT LO g dy *Born ’(‘ #) QTZ | <
Q’ d/ ' d/ $ :
! dQ? I# +0O(! withQ?! M?
0 dde'? real+viruta ' dy ()/@orn ( ) Z

I lintegrated Q [-distribution:

gy ¢ %y

4 el 4 A a7 Effect of gluon
dde‘f real+virutal pr (‘ 0 QT )|- q/dpl' real+virutal eijSSIon
dr- 30 Q) b d- s L 9
o—1 | (1 g2c.— | 71 C =i G/Q?)
O y :]gorn (‘ Qﬂ- 7 p? p%l- % gjbrn 4 q # ( /QT ))I_

l

) S 0/ . .
Qayd ( Cr z! n (QZ/Q?))FO «<— Assume this exponentiates




Resummed Q distribution

| IDifferentiate the integrated Q  -distribution:

da2 z(da) < 2C. (as)!n(sz/Q?)
dyCQT dy Bomn T QT

x eXp

—CF(%)!nZ(QZ/Qﬁ)] = 0

as Q-0




Resummed Q distribution

| IDifferentiate the integrated Q  -distribution:

da2 z(da) < 2C. (as)!n(sz/Q?)
dyCQT dy Bomn T QT

x eXp

—CF(%)!nZ(QZ/Qﬁ)] = 0

as Q-0

I ICompare to the explicit LO calculation:

1 2 2 :
do > z(d—g) x2C, (aS) n(Q Z/QT) = oo | Qr-spectrum (as Q Bx)) is
dydOr o \ Y Joom T O completely changed!




Resummed Q distribution

| IDifferentiate the integrated Q  -distribution:

d;;?z(‘;i)m 20(”) (?;/ )xexp

G )rrf(@re)] =

as Q-0

I ICompare to the explicit LO calculation:

2
d02 (dg) x 2C, ( ) ( /QT) = oo | Qr-spectrum (as Q Bx)) is
dydOr 6 \ A Jgom 4 Or completely changed!

Il ITWe just resummed (exponentiated ) an infinite series of soft
gluon emissions B double Iogarithms

—o:L2 o<L o<L

Toal-o L+ - L! In(Q/Q)

>"'V" A A Soft gluon emission
treated as uncorrelated




Still a wrong Q -distribution

I IExperimental fact:
d/
dydQ:

| IDouble Leading Logarithmic Approximation (DLLA):

I finite [neither " nor O!] asQ_! O

" I Radiated gluons are both soft and collinear with strong
ordering in their transverse momenta
" llgnores the overall vector momentum conservation

" 1 Double logs ~ random work ~ zero probability to be Q

DLLA over suppress small Q - region

Resummation of uncorrelated soft gluon emission
leads to a too strong suppression at Q = 0!



Still a wrong Q -distribution

| IWhy?

Particle can receive many finite k- kicks via soft gluon
radiation yet still have Q =0

P Need a vector sum!

I ISubleading logarithms are equally importantatQ =0
I 1Solution:

To impose the 4-momentum conservation at each step of soft
luon resummation L
9 mmm) TMD factorization




CSS b-space resummation formalism

: : Collins, Soper, Sterman , 1985
I ITMD-factorized cross section:

2 2 2

{ &:! ar ot d’k, d kBT6d K,
szdQTZ f (2! )

" Pl ke JPra(ty ke JH (TSI )
! IZ(QT_];A _IZBT | kS’T)




CSS b-space resummation formalism

: : Collins, Soper, Sterman , 1985
I ITMD-factorized cross section:

. 2 2 2
szdQT2 f 2 (2_/ )6

Poallaky) f/B('q ks YH ¢ (Q°)S(k,;)
| /2(QT —k, -k 1K)

I
,Z(é_rl n I'(i’T): 1

2 baQTH !iBSé’T
(/) Hibe i




CSS b-space resummation formalism

: : Collins, Soper, Sterman , 1985
I ITMD-factorized cross section:

. 2 2 2
dQZdQT2 f 2 (2_/ )6

Poallaky) f/B('q ks YH ¢ (Q°)S(k,;)
| /2(QT —k, -k 1K)

I
,Z(é_rl n I'(i’T): 1

2 b$ngI !iBSD;’T
(/) Hibe i

| IFactorized cross section in  Ampact parameter b-space Ay

d” e(Q b _ _ )
d(g? ) _ﬁ: PV oFrallar b f/B(/ p:0,N)H £ (Q7)U (b, n)




CSS b-space resummation formalism

: : Collins, Soper, Sterman , 1985
I ITMD-factorized cross section:

. 2 2 2
{ h:l !dladlb!dkArd kBrd kS,T

dQ’dQ? (2)
" Puallarka Pl ke JH  (Q)S(K. )
! IZ(QT _];AT B IZBT ! kS’T)

/2(c!gT! " |!<iT): ! _ Hd%b e"*!’é*" o 5
o (2) |

| IFactorized cross section in  Ampact parameter b-space Ay
d- chg?’ Y =4 QU B (bR €L DH (@)U (01)

I 'Resummation :  Two equations, resummation of two log A

ﬂrend—0=o Vd0=

n
dluren dnv

0




CSS b-space resummation formalism

I 1Solve those two equations and transform back to Q T

do ~ -
2%b leTWAB(b’Q) n YAB(QI%’Qz) — No large log A$I|
Q40! (2:1) J ~ /

(Pert) (Asym)
do’,, ~ do’,

dQ’dQ; dQ’dQ;

resummed

_ @}db J.(0Q,) bW, (b,0) +

Ogresuna for dr — O

TOT OperT for ar — M,

0ross section dodg,

transverse momentuim qT



CSS b-space resummation formalism

I Ib-space distribution:
Wap(b,Q) = ZWZJ (b, Q)6

I 1Collins- Soper equation:

o -
Y W ;
sz Vi (5 Q) = [K(u a0) + G(Q/p )] Wiy (b, Q) ()

I 1Evolution kernels satisfy RG equation:
0 1

in gz K (Ot @0s) = — 5y (s (1)) (2)

o 1
d1n 122 G(Q/p, as) = 5y (as(p)) 3)

I 1Solution - resummation : Sudakov form factor
«— |
Wi, (b, Q) = Wi; (b, 1/b) e 5 (@) All large logs
/

Boundary condition B perturbative if b is small!




CSS b-space resummation formalism

I IBoundary condition D collinear factorization:

Wi;(b, Q) = fowl 2 |Paja @ Cat ;| @ |5 @ Chi ;]
a,b

T Collinear PDFs

I IPerturbative solution:

WE (0,Q = Y 1ijz ["aja ® Casi] @ ["1/ ® Cosj] x =550

a,b,t,7 :
_ Only valid when b << 1/ @
| IExtrapolation to large-b? =
" I'Non- pel’turbative O_Resum o / db JO (qT b)b W(b, Q)
" 1 Predictive power? 0



Phenomenology D predictive power

l IResummed
daff%u;nz I

dg>

W, 0Q) = {

Cross section:

. / " b To(azd) bW (b, Q)

Wpert (b, Q)
2

bW(b,0)

b S bmam
b > bax

dO.Resum

A

N

b( GeV

max

Area under the curve!

Jo(0) = 1




Phenomenology D predictive power

I IResummed cross section: bWb.Q)

d resum oo
ALz | / db Jo(g7b) bW (b, Q)
dqy 0
Wpert b b<bmam
W(b,@:{ @ = /

l ICSS b*-prescription: | T b(GeV)
W(,Q)t WP, Q) I (b, Q) dofesun Area under the curve!
o1 b I b whenb! 0  dg2 Jo(0) = 1

1+ (bbmax)> | b whenb!”
FY 1 exp’ " o1 + 02 IN(Q/ 2Qo) + 0105 IN(L00X:X,)]




Phenomenology D predictive power

A

I IResummed cross section: bW(b,Q)

d resuim oo
PABS7Z / db Jo(qrb) bW (b, Q)
dqr 0
WPE (b b < bimaw
W(b,@:{ @ = /

l ICSS b*-prescription: | T b(GeV)
W, Q)! Wk/)pert (b, Q) F™ (b, Q) doesun Area under the curve!
b1 ! l b whenb! 0  d¢z T00) = 1
1(0) =
1+(b/bmax)* | 1 whenb!" (0)
FNP 1 exp " [g1+ 02 In(Q/2Qo) + ¢10s IN(100x1x2)] b
| IExtrapolation with power corrections:
WPert (p, b < b
W(b’ Q) - { pert ( Q) NP - 0 Q>T
W (bmax 1Q)FQZ (b! Q! bnax) b> bmaa:
FYE (. @ibmar) = o { —In( T2 [0 (07 ~Cha”) eading power

Intrinsic power +g2 (b — b2 0a
: T ( ) Dynamical power
corrections y P

— 2 .
Qiu, Zhang’ 2001 — g2 (b _ brna:z:) } corrections




Phenomenology

I ICompare with the LHC data:

~ BB AR 3
E 1071k ATLAS - ’\a 10" DO 0.98 b ceeeeeer RESBOS
O - 1S
= F ¥ J'—dt = 35-40 pb ' ] & 102 —— ResBos+KF
R | — NNLO
O 10%F . 4 o [
3 : Combined ee+up 1 B3k - Rescaled NNLO
S - —Data 2010 i -8 = . |
% 40 — RESBOS 1 Sk DO dafa
-~ | --- FEWZO(c2) E- T :
4: ----- PYTHIA i 105EF
107 E E -
0 - n'[<24 : 10‘5;—
- pl>20GeV ]
105L 66 GeV <m, <116 GeV - L@
- Ll L il ,,E 10Ellllllllllllllllllllllllll
’ 10 102 0 50 100 150 200 230

pZ [GeV] Zy q. (GeVic)
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Phenomenology

I ICompare with the Tevatron data:

S N
m 0
@ 10 %lO
8 | -
2 &1
- | -
O 1 ¢ L 1F
v 10
6 f
T 2f
- 10
10 ¢
- 3
" CDF Run-| 10 CDE Run-II
2 CTEQ-5 CTEQ-6
10 xlllllllllllxll11LllllxlllllxlllALlllllllll‘ lllllllllllllllllllllllllllllllllllllllllllll
0 10 20 30 40 50 60 70 80 90 0 10 203040506070;‘2@3"
Qiu, Zhang 2001 Q, (GeV) Kang, Qiu 2012

No free fitting parameter!



Phenomenology - Higgs

I IPrediction for Higgs spectrum:

8 0.1

2 0.09
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Berger, Qiu, 2003
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Effectively NO non- perturbative uncertainty B Shower dominates!



Phenomenology

| IPrediction for Z °@LHC: Kang, Qiu, 2012

1
= 10 F .
C : W CMS pp-data
< g ) 1110.4973
S
& . o
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510 o
© E
© C \‘~\f\—“Q\—‘1
- i e e — Resummed
3 | NLO perturbative ——> 0
10 F
[ Same code Tt
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lllllllllllllllllllllllllllllllllllllllllllll
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pr (GeV)

Effectively no non- perturbative uncertainty!



Phenomenology

] ] Berger, Qiu, Wang, 2005
I IUpsilon production (low Q, large phase space):

20m0 lllllllllllllllll 10m){llllllll|lllllllll

o
o (a) vs=18TeV o L (b) vs=18TeV _
;g I y=0 i ';J - y=0 -
2 15000 | 2 750 -
10000 H 500 H —
5000 250 —

0L_AI ‘ 0L111|111||1111||||

0 0.5 1 1.5 2 0 0.5 1 15 2
b(1/GeV) b(1/GeV)

Gluon-gluon dominate the production
Dominated by perturbative contribution even M 5z10 GeV



IPrediction vs Tevatron data:

(d°c/dydQ,)/c. (GeV/c)’

Phenomenology
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Parton k. at the hard collision

| 1Sources of parton k. at the hard collision:

Gluon shower

----- K Emergence of a hadron
- hadronization

Confined motion

| 1Large k; generated by the shower (caused by the collision):

" 1Q?%-dependence B linear evolution equation of TMDs in  b-space
" 1The evolution kernels are  perturbative at small b, but, not large b

mmmm)> The nonperturbative inputs at large b could impact TMDs atallQ 2
| IChallenge: to extract the OtrueO partonOs confined motion:

" 1Separation of perturbative shower contribution from  nonperturbative
hadron structure B not as simple as PDFs!



Di-photon production

I 1Principle background to Higgs production channel HO1: 1l

Although the background is subtracted with a fitting procedure,
it is also important to have some control of this process ab initio

I IExperimentally,

Significant contamination from the production of jets, or photon
+jet, where jets are mis-identified as photons

Jet production rate is so much higher photon, care is needed
even with mis-identification rate as small as 10 4!

I ITheoretically, ji j’i:
+ +E
1 O
* S

Implementation of isolation cut with two photons
Back-to-back kinematics B angular distribution B TMD factorization?



Di-photon production

I 1High order corrections:

" INLO corrections included in DIPHOX and MCFM

" 1 A particular class of NNLO contributions is separately gauge-
iInvariant, and, numerically important at the LHC B more gluons

% /\,\/\/\” Contribute at (! g) to the x-section

1 Y NO tree-level Qgg:! !

Y

A

N3LO correction with NLO technology

" 1 Contributes approximately 15-25% of the NLO total, depending
on exact choice of photon cuts, scale choice, etc.

" I'TMD factorization vs collinear factorization? Qiu et al. PRL 2011

| Lo
d! When Gri | g5 . orimposing photon pT cut
d*q d! )

Linear polarized gluon impacts I \distribution



NNLO results

I T'Full NNLO calculation
performed in the O Frixione O
scheme, 1.e. no need for
fragmentation contributions

Catani et al (2012)

| | Better description of
kinematic regions that are
poorly described or
inaccessible at NLO, e.g.,
azimuthal angle between
photons

I I Even better description
would require either higher
orders or inclusion in  parton
shower
B»not yet feasible.
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data/2yNNLO
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ARNIT =
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3 ! t | _+_+
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Photon + jet angular distribution

I 1QCD Compton and annihilation  subprocess

d! .

— 1 (1" cos()) ! as cos!')# 1

5! (1" cos(") ')

I 1Other QCD subprocess ,qq! qq,qd" qg,g99! gg, etc.

more relevant to jet+jet angular distribution:

d! .
—1 (1" cos("')) 2
s ( ("))
as cos(') # 1
l 1Prediction:

Photon-jet angular distribution
should be flatter than that
observed in jet-jet final states

.
cos(f™) = tanh %



Photon + jet angular distribution

1QCD Compton and annihilation  subprocess
d!
df

I 1Other QCD subprocess ,qq! qq,qd" qg,g99! gg, etc.
more relevant to jet+jet angular distribution:

| (1" cos("')) ! as cos{')# 1

d' 20 B B I i I B B I I
dp (1 " COS( )) 2 155_ CDF Cos®" Measurements ]
| 16 :— Dijets ‘ o |
as COS( ) # 1 14:_ : ;':‘TITJ: Jet (Preliminary)
| IPrediction: ® ,F  —LoocD pijets
o [ NLO QCD Photoh+Jet
Photon-jet angular distribution S op i |
T skE Nermalzed to Cos8" 0=0.3
should be flatter than that : J
observed in jet-jet final states : i .
1 o *
) | . ~|E - v A
cos(0™) = tanh % ‘ [*s0-nan-an =4d et 0 !
oL sl o v o by aa e lesaaly 1l 1l 11 11 1l a

0 01 02 03 04 05 08 07 08 03
Cos®'



10°

10°

10

o(W-pv + N"l jets) [pb)

10"

Theory/Data Theory/Data Theory/Data

W-boson + jets

CMS s=7TeV

' | e Data
—&— BlackHat+Sherpa (NLO)
B Sherpa (LO)

e — B MadGraph+Pythia (LO)

50’

e

=

W—unv selection
anti-k, (R=0.5) jets

Py >30GeV, ™ <24 T
| 1 |

MadGraph+Pythia, normalzed toa,,, .
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CMS D 1406.7533

_ CMms is=7TeV 5.0 fb’
g 103 T T T % 6“3 T T
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T 1
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l
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0-3E" BlackHat+Sherpa (1 to 4 jets NLO)
15 - Bl Theory stat.
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Di-boson hadronic

I ITriple gauge boson interaction:

o [fb]

107

108

10%

104

109
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10!

O, V2

Vi
VAN VYL / iH/HQ Vv
I._' T771 I TT17T I TrrTrT I' L A [ L B A I LI B A ] T 1T ;“.-
———— . —— W
. Z
— -3
Try
._——————'— _-_———jjjw‘?’
e EE— Wy
- Z‘y
2 3
- —WVW
y 3
F— 3
= W7
W2
 —— 122
LA L [ LA L L 1 LA L. L l - l | - -— - I i - l -
7 8 9 10 11 12 13 14

production

Campbell, CTEQ SS2013

" ITriple gauge coupling
present for all processes
except Z@O

" I'Processes involving
photons dependent on
photon pT (and rapidity)
cut, strongly

" INLO corrections known
analytically, included in
MCFM, VBFNLO
(also POWHEG NLO MC)



Two bosons with single-resonant

Campbell, CTEQ SS2013

I 1Two ZOs: qg! ZZ! e'€e e'e

Plus diagrams with Z
replaced by photon

CMS (s=7TeV,L=51f" \s=8TeV,L=531"
. B . . - LJ I T T L ] T L L ] l' T Yl I 'l : T' I II' I' '1 E
OdoubleO-resonant OsingleO-resonant gk ¢ Data B of K.»05 7.
D :
- [l z+x s i

" I'Inclusive cross section is
dominated by the double-
resonant contribution

14 Ozzz 5ef | i
[~ [:::rnkf=1225 GeV E; 3f . | ' 4
12}

[ > ot o :
1()5- “l - 1k o:ﬁJ Li . . 1»1»4 E

Events / 3 GeV

e ) = = 1 E -
120 140 160

5 o] m,, (GeV)

Ll

" I'Notably: invariant mass of
4 |leptons

" 10ne of the cross-checks
In Higgs search

o no R » o)
i " L L




Vector bosons: experimental summary

Nov 2012 CMS
— E T . 1
e = | § i
Q i W ; 5 § 7 TeV CMS measurement (statSsyst)
[ 5 : 8 TeV CMS measurement (statSsyst)
- 1P ——*— Z s .
OQ = ; ! —— 7 TeV Theory prediction
— =] —— " —— 8 TeV Theory prediction
c 10°' =1 |
O = =2 - : . .
+=2 i A o ! 5 :
3 - T . =2 | : : .
D ACE S = iwy L
73 = < =3 Lo |y 5
o N =4j; == ; —Oo— WWsWZ, W ;
O 10°E ! : 4 e . ; ; !
= | R =4]] = o = |
c = 1 I : | : - WZ : |
% | . I: i : — ZZ
- E; >30GeV E;>15GeV P
S 10E! > 30Ge =
'8 = In" <24 ' AR(y,)>0.7 ! :
S F s e -
a ] - : : |
= — : 4 1 50f" 491" 4 4907
= ! , 19 pb . 50 : 35" 110" 530!
MEP10(2011)132 CMS EWK-11009 CMS-PAS-EWK-11-010 (W2)
JHEPO1(2012)010 CMS-PAS-SMP-12.005 (WW7),
CMS-PASSMP-12.011 (WZ 8 TaV) 0ONZZT), 013(WWS), 014{Z28), 015(WV)

Good consistency with theory expectations of NNLO (W/2),
and NLO (di-bosons) for all processes in both experiments



Vector bosons: experimental summary

10°

Oyota [PD]

10°

107
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1

e . ATLAS Preliminary
= 35pb” | é i
- I LHCppVs=7TeV
= ; : o Data(L=0.035-461"
B LHC pp s =8 TeV
= mm Theory
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— ! o g 58 qu
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_ 46" !
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Good consistency with theory expectations of NNLO (W/2),
and NLO (di-bosons) for all processes in both experiments



Improvement from resummation

! IBeyond the Born term (lowest order), partonic hard-parts
are NOT unique, due to the PDFsO scheme dependence

I ISame parton -level PDFs should be used for calculations of
partonic parts of all observables

I A2
| IAll partonic hard parts have:  F,,(X)! H#Q—

2
F

o A

Suggests to choose the scale ,u,i I Q°

| IHard parts have potentially large logarithms:

" 0
1 In(! x) )0

'n(x), @x), #1x &

——> | Resummation of the large logarithms Lot of progresses
In recent years




QCD power corrections

I 1QCD factorization: e

) ) \ ) OI 1 "
eo®® + #7 3
£ J(x) = O/QR
Hard-part Parton-distribution Power corrections
Probe Structure Approximation

I 1QCD power corrections:

Z Multi- parton
1(Q,8) ! P.5 \K + + + ac correlation
Lt functions

No

0(Q,s7)=Ho® fo@ fo+ (1/Q)H, ® fo® fz3+O(1/Q*)  probability
i\ i) interpretation!

Too large to compete! Three-parton correlation




Heavy quarkonium production

LedermanOs Shoulder

1 T L T Ld | |

a

T
L

-32

-33L = -

-35} 5 1

-36}4 3 .

logyo do/dm,, [em? /(Gev/c2))

-38F e

-39
Muc o (Gev/c?)
Phys. Rev. Lett. 25, 1523 (1970)



Heavy quarkonium production

LedermanOs Shoulder Production of muon pairs at AGS, BNL
1 1 T T L4  § |
5 p(29GeV)+ U=l p'p (My)+ X
-32,. * -
. ‘ Discovery of the J/ @¢November, 1974
c
.33- . - T v T T
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3 . 80} <+ [| F242 i r I
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N‘( --.. I = 2000 | T";l‘
S -3st 5 H < 60} Comen 40 E
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2 ° 50 F ! Tl
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Heavy quarkonium production

I 10One of the simplest QCD bound states:
Localized color charges (heavy mass), non-relativistic relative motion

Charmonium : v?! 0.3 Bottomonium : vzzO_l

I IWell-separated momentum scales b effective theory:

A
PT T . N H )
mo 4 Pert!L!rbatlve Hard N Production of QQ  [pQCD]

Soft N Relative Momentum INRQCD]

mqovZ2 T  Non-Perturbative Ultrasoft N Binding Energy [PNRQCD]

I 1Cross sections and observed mass scales:

d' AB 1 H(P)X .
dyd P? S, Py, My,

PQCD is OexpectedO to work for the production of heavy quarks
Difficulty: Emergence of a quarkonium from a heavy quark pair?



Basic production mechanism

I 1QCD factorization is likely to be valid for producing the pairs:

" IMomentum exchange is much larger than 1/  fm
" 1Spectators from colliding beams are OfrozenO during the hard collision

N
| @ —>— Quarkonium
B./\/' )\ ~—

Perturbative ~ Non-perturbative

- 1 Coherent soft interaction
I IApproximation: on-shell pair + hadronization
! # $
Lagt an (Pan )| do ! as 't 0@ () Froemy: o (Pan o)
n
Models & Debates
# Different assumptions/treatments on Fioamy an (Pan , o)

how the heavy quark pair becomes a quarkonium ?



A long history for the production

IColor singlet model: 1975 b (E:E‘Qr?é”(7lggi§)’(l975),

ir wi i B d J 1981), E
Only the pair with right quantum numbers ergerand Jone (1981

Effectively No free parameter!

IColor evaporation model: 1977 B Fritsch (1977), Halzen (1977), E

All pairs with mass less than open flavor heavy meson threshold

One parameter per quarkonlum State Caswell, Lapage (1986)

Bodwin , Braaten , Lepage (1995)

INRQCD model: 1986 b QWG review: 2004, 2010
All pairs with various probabilities B NRQCD matrix elements
Infinite parameters D organized in powers of v and @D
_ _ Nayak , Qiu, Sterman (2005), E
1QCD factorization approach: 2005 b Kang, Qiu, Sterman (2010), E

_ Kang, Ma, Qiu, Sterman (2014)
P:>>M,: M,/P; power expansion + @ED expansion

Unknown, but universal, fragmentation functions b evolution

|Soft-Collinear Effective Theory + NRQCD: 2012 b

Fleming, Leibovich , Mehen, E



NRQCD b most successful so far

I INRQCD factorization:

dUA+B—>H+X — Z dUA+B—>QQ(n)+X <OH (n))

n

I ITPhenomenology:

> 102 CDF data
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Butenschoen and Kniehl, arXiv: 1105.0820
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I IWhy is NLO so large? Polarization puzzle?

PRL 106, 022003 (2011)



do/dp;(pp—Jhy+X) x B(Jy—pp) [nb/GeV]
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Production (NRQCD) b
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CS+CO, NLO: Butenschon et al.

II|IIII|IIII|IIIIIIIIIIIIIIl

llllll

Butenschoen et al.

hy(p)

do(ep—Jiy+X)/dpt [nb/GeV*]

(b)

— PRL, 2011 S
- Iz -
- 3 ]
g SR ! E
- pp — J/v + X, helicity frame :
C . CDF data: Vs = 1.96 TeV, |y| < 0.6 ]
- CS+CO, NLO: Butenschén et al.
C 1 . PP IS U S T N S S S T SR SRR R T ]
5 10 15 20 25 30
pr [GeV]
= L | T T T T
- 60 GeV < W < 240 GeV
F 03<z<09 =
F Q% < 2.5 GeV? ]
1F Vs = 319 GeV
Q:
3:
_af o H1 data: HERA1
3 - H1 data: HERA2 1
- CS+CO, NLO: Butenschén et al.
1 1 1 ' | 1 1 1 L PR 1
1 10 10

p% [GeV?)



do/dp; (pp—>J/y+X) x B(J/y—py) [nb/GeV]

(9)
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1.5

ole'e =>Jy+X) [pb]
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(e)

Production (NRQCD) b Gong et al.

. ATLAS data: Vs =7 TeV
lyl < 0.75

Vs = 1.96 TeV
lyl <0.6

° CDF data:
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CS+CO, NLO: Gong et al.
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do/dp; (pp—J/y+X) x B(Jhy—pp) [nb/GeV]
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Production (NRQCD) b Chao et al.
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Why high orders in NRQCD are so large?

I IConsider J/ @groduction in CSM:

Kang, Qiu and Sterman , 2011

See also talk by H. Zhang

LO in @®
NNLP o< a5 —

NLO in @B
NLP in 1/P ;

4
3Mg
S 8

T

" IHigh-order correction receive power enhancement

" 1Expect no further power enhancement beyond NNLO

X X

4
S

2
ma
Pg

NNLO in @B

1
LP: X 042—4
P

" IasIn(pi /m3)]"  ruins the perturbation series at sufficiently large p

Leading order in @PBexpansion =|= leading power in 1/ p-expansion!

At high p., fragmentation contribution dominant



QCD factorization B Kang et al.

Kang, Ma, Qiu and Sterman , 2014

| IPower Expansion: 2 2

d' a1 H+X

dydp?

NLP

I IChannel-by-channel comparison with NLO NRQCD:
2.5 —

Dominated by LP

independent of
K _ NRQCD
2.0 gl 3gl8l g8l 3pl¥l 1 matrix elements

LO QCD analytical
results
reproduce
NLO NRQCD
calculations
(numerical)

0.5- | ST S S S NS S | | N | " |

pr (GeV) PRL, 2014



QCD factorization B Kang et al.

I IPower Expansion:

d' a1 H+X

dydp?

I IChannel-by-channel, LP vs. NLP (both LO):

1.5 —

1.0 £

o

o —
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—— -
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.

3glll 3gl81 1gl8)
Sl Sl SO

3 PIJB]

10

QCD Factorization = better controlled HO corrections!
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LO QCD factorization

I 1Color singlet as an example:

vs NLO NRQCD

Kang, Ma, Qiu and Sterman , 2014

= <
g 0.1 N NLO CSM ]
;2 0001 f .
ri 10-5 |
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08¢
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LO pQCD: reproduces NLO CSM rate for p; > 10 GeV!

NLO pQCD can be done, while NNLO NRQCD is impossible!

QCD Factorization = better controlled HO corrections!



Matching from high p+tolow p-

I IMatching if both factorizable

E d'A+Br HX P ma) I !EE%! H + X —
P deP ( J Q) . EP d3P (P,mQ —O)
d1 NRQCD | QCD ! Asym
+Ep —2 2 R (Pmg EO) ! Ep —2 2 P22 (P,mg =0
Mass effect + P ;region (Pt I mg )
I IFragmentation functions ® nonperturbative !
Responsible for OpolarizationO, B '
relative size of production channels, . .t __
= —— (1,3
I IModel of FFs: B R ()
1
" INRQCD factorization of FFs o 0D
= 04}
" 1Express all FFs in terms 3
of a few NRQCD LDMEs ool L
0-0- e - ?:.: """" = —.\_\t\n\$~. .
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QCD factorization approach is ready to compare with Data



Matching between QCD and NRQCD

| TExpectation:

Kang, Ma, Qiu and Sterman , 2014

do/dp,(pp->Jiy+X) x B(Jy-pup) [nb/GeV])
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CF+CO, NLO: Gong et al.
" PR

LI L B B LI E L B R B B R B
ATLAS data: Vs =7 TeV
ly| < 0.75

Vs = 1.96 TeV
lyl| < 0.6

CDF data:

QCD Factorization

I IMatching:

d!A+B| H+ X
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Summary of lecture three

I IMany new techniques have been developed in recent years
for NNLO or higher order calculations B not discussed here

I 1QCD resummation techniques have been well-developed,
and have played a key role in improving the precision of
theoretical predictions

I ITHeavy quarkonium production is still a very fascinating
subject challenging our understanding of QCD bound states

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

Provide new probes to OseeO 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

I 1Proton spin provides another controllable OknobO to help
Isolate various physical effects
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