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Gluon emission in collinear limit in eTe™
do g x? + 23 do 1 do ag 1 x? + 23 ag  xf+ 23
_C - _C _C
doydry T2 (I —wo)(1—a1)  dmlydr;  QPdmdms T2r CQX(I—z)(d—a1) L 2r Uiyl )

m¥5 ... virtuality of virtual ¢

e dominant contribution from kinematic region x2 — 1 (and similarly for 1 — 1)

do 4951 ag 1 1+ 2%
> > 005 ——5 CF

7

~~

Pyq(x1) ... splitting function
e in this kinematic domain we can say that gluon is radiated from quark
e splitting function F,,(z) describes the distribution of quark fractional energy after radiation of gluon
e universal - the leading (divergent) term does not depend on the origin of quark (ee, DIS, ...)
e factorization - first we create quark (ee — qg) and then we let it to radiate with probability

27T t doggg Oqq dP = %%qu(z)dz

2
e 2 is fractional energy of quark = gluon carries 1 — 2 = Py, (2) = Pyl — 2) = CFH(l_Z)

zZ
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Equivalent photon approximation

e for small photon virtualities

~
e+p—e+ X

My m o€ 6\:\ ® X can be described as radiation of collinear

P p photon and subsequent interaction of

X real photon with proton

1 1 — 2 9 2 2
daep - O%(S’YP) ' - [ —l_( y) _ = y] dde

2m Y Q* Q2

® expression

Q 1+(1—y)2_2m2y q LQZ

2 [ J Q? ] gz
can be interpreted as probability of finding photon inside electron with fractional energy in interval (y,y + dy) and with
virtuality in interval (Q?, Q? + dQ?)

e universality of the mass leading term for process a — b + c:

o dt
p-22
d or w(2)dz
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Two gluon emission

e if one emission is very likely then two (and more) must be happening as well

*
e Markov chain of independent radiations governed by probability v Q2
a dt
dP = 2—7 ab(Z)dZ
e valid in collinear approx. with strongly ordered virtualities (in WWA, Q? < s,) t1
Q% > [t1] > |ta] > ... to

technically: 75 < =7 < £2Q?, with 7; = |t;| and small ¢
(per partes)

£Q? d ET1 d 9 reQ@? e2Q?/m? 21 22
UQN/ %2/ 0sdn _ (a5) / T, ST (257 / Cing = (25)7 2 w2 S5 e
2 2m T J2 27 T 2 2 T m? 2w/ J. £ 27/ 2 m?

m m

Phase space of two gluon emission / " 1 1
—In " xr =

21 QQ 2 9 ag QQ 2 3
< (52)'3 | (ome vnids) moe] = (52)" [ e omem i

e note that the leading divergent term in limit m — 0 does not depend on choice of ¢
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Multi parton emission

e mass leading term for 3 parton emission

5@2 anTl eT1 &Sd7_2 £T9 g dTg g 3 5@2 d7'1 1 5 ET1 ag 31 6Q2/m2 df 9
1

2 2T T Jo2 2T T Jo2 27 T3 2r/) Jo2 T2 m2

() ] - (@) P L o L]

o) 23 m2 o/ |31 m2
e generalization to n emissions is straightforward due to | % In" oz = n%q In" g
g\ "™ 1 n ’ n—1 Q2
Op ™~ (%) [Eh’l W—i—fn_l(lng) In W—i_

Resummation - summation of multi parton emissions with given precision
e LL (leading log) - terms o In"(Q)?/m?)
e NLL (next-leading log) - terms up to o In" " }(Q2/m?)

either analytical resummation for certain observables

or numerical approach by modeling parton showers in Monte Carlo generators

A. Kupo, Quarks, Partons, and Quantum Chromodynamics Lect 13 / Page 5



Thrust

(1-T) 1/odo/d T

01 |

05
04 |
03 [ [

0.2 |

NNLL+NNLO
NNLO

e state of the art: NNLL + NNLO
e resummation improves the description in 7" — 1 region

e matching resummation with fixed higher order calculations not trivial

—

— o
S

1/0 do/dT

—

10

10

10

—_—
o

|
0

e hadronization (power corrections) still important to measure g precisely
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NNLL+NNLO + power corr. =
NNLL+NNLO —— ]
lt_i ALEPH data .
1 PRELIMINARY l
f Q=M, o, (M,) = 0.1146 .
3 o, (2GeV) = 0.4883 E
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! | ‘ L ‘ I R \ L]
0 0.1 0.2 0.3 0.4
1-T

P. F. Monni, arXiv:1202.6336 [hep-ph]
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Evolution equations - single emission (order a.g In Q°/m?)

e QPM - partons are quasi-free

02 02 02 = on mass shell (no virtuality)
proton described by bare PDF ¢y(x) and go(x)
. " " e let's allow one parton radiation (g order)
. . dominant contribution from collinear radiation at
0@ w00 0() small parton virtualities t < ()
oo dt e proton described by dressed PDF ¢(x, M?)
dP = %Yqu(z)dz number of partons with fractional momentum =z

and virtuality up to M?

q(:c,Mz) = qo(z)dr + :dyQO(y)qu (g) /BMQ(X;(:)% T /;iygo(y)qu (g) /5M2Oé;7(rt)%

e we can't send the gluon mass (3) to zero, but we can get rid of 3 by derivation with respect to M?
dg(z, M?) as(M?) 1 [tdy T T
= — | Py | — Pl -
dM2 o ]\42/3j Y qq J qo(y) + qg " 90(y)
o qo(x) and g(z, M?) differ by quantity proportional to ag; M?/dM? = 1/dIn M?

ol M OB P Ty (D) M)+ P () gt 002)
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Evolution equations - resummation of multiparton emissions

L, T1

D> (v)

e consider only nonsinglet PDF ¢">(z) = ¢(x) — g(x) (valence quark PDF in QPM)
= only one type of vertex as ¢ — ¢g does not contribute due to ¢ — g symmetry of F,,(2) and FPy,(2)

M) = @)+ [ ardS@ie () [ S

dy L dw M® dr ag(t) [T dmag()
/ P ()/_qu (w>/m2 T 27 /m2 To 2T *

anS(xa MQ) 3QNS($ M2 M2 Ldy T L dw Y\ Ns M* drm ag(m)
Oln M> - »/LU_qu( ) (y)+/y Equ(w)QO( )/m2 To 27 T
M2 1 d T g M2
_ypqq ( ) (y, M?) = ;W )qu ® ¢™°
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Moments of PDF and sum rules

o n'" moment: f(n) = [y dea”f(z)

quﬁn) QNS(&MQ)
anS(n M2 M2 dy L NS 2\ ==Y &S(M2)r ! n Nz n NS 2\
olnM? /dm / PRl ( )q (y, M%) =" —— /Odzz qu(Z)/Odyy ¢ (y, M”)

e integro-differential DGLAP equations transform to a set of ordinary differential equations

GQ(TL,M2> B OZS(MZ) [qu<n)q<n7 M2> + qu(n)g(n,Mz)}

OlnM?2  2rm

og(n, M? ag(M? -
8(1n M2> - % [qu(n)Q(na M2> + Pag(n)g(n, MQ)}

Og(n, M?)  ag(M? far _
gin, V) - o M i) (000400 0% + P08

e 15t moment - total fractional momentum carried by partons S(1, M?) = foldx:z: {Zq(q(x) +q(x)) + g(:z:) =1

\

9 o flav.
0= aggi’]\]\; ) — 2—;3 {9(1) 21 Pyg(1) + Pyg(1)] + (Z [q(1) + Q(l)]) [Pyq(1) + Pyq(1)] ¢

q

/
Po(1) + Py(1) =0 and 20 Pyy(1) + Pyy(1) =0
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Virtual correction to splitting function - ”"+” distribution
7

virtual emission at z =1 do-. 2
Vit — o2 Cp (2B — 3B+ — =) 6(1 —2)
dx 2T 3 2

radiation from quark is then

do o dOeal doyir . do T dOeal _
= s 4, more precisely e ﬂhg%) [ T 0(1—x—0)+ ouind(l —z — 5)]
concept of “4”-distribution
1-p
@) =t | @0 -2 - 0) - 60 -2-5) [ duriw)
B5—0 0
. P 1
from the definition: / dz[f(z)]. =0 Lf ()]
0
divergent part (In 3 term) in real emission must vanish after
adding virtual emission and integration
1+ 22 1+ 22
qu(a:):CF * —>CF[ +CE] —I—K(S(l—[lﬁ)
l1—a l—x ] A= o " dyf(w)
K =0 from explicit calculation, or from a neat trick —s— | 1 x
Pyq(1) + Pgq(1) = 0 and 2nFgg(1) + Pyg(1) =0 —A&(ls—':p —8)

. Kup&o, Quarks, Partons, and Quantum Chromodynamics
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Virtual corrections to splitting function (ex. 8.2)

1+ 2 14 (1 —2)?
P (z) =Cp [ 1+ - ] + Ko(1 —x) isrelatated to Py, = Cp -2 via  Fyy(l) + Pyy(1) =0
-z, z
1) the first moment of splitting function Py,(2) is
1 _\2 1
Pyq(1) :CF/ dzzle(1 ) :CF/ dz[1+(1—2)=CFp (1—1—1> :%C'F
0 z 0 3 3

2) In the evaluation of the first moment of splitting function P,,(%), we encounter an integral of type

/Oldzz H@L_/Oldz(zl) HflL——/Oldzf(z) prove it!

3) the first moment of splitting function F,,(z) is then

1 1 2
PQCJ(l):CF/ dZZI i
0 11—z

1 1
4
+K/ dzz&(l—z):—C'p/dz(1+z2)+K:—§C’F+K
+ 0 0

= K =0and Pylz) =Cp {11+—f;}+
o similarly, from 2nF;4(1) 4+ Pyy(1) = 0 we get

Pyy(2) = 204 {

Z

1—=z2 2ny+3
+ . +2z(1—2) — 36 5(1—2)}

1—2
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g(x) at low z from DIS

F, -log,,(x)

HERA F,

| X=6.32E-5 4 000102

x=0.000161
x=0.000253

x=0.0004
x=0.0005
x=0.000632
x=0.0008

4 ZEUS NLO QCD fit
—— HI1 PDF 2000 fit

e H1 94-00

4 HI (prel.) 99/00

x=0.0013 m ZEUS 96/97

x=0.0021 © BEDMS
x=0.0032

x=0.005

x=0.008

x=0.013

/ x=0.021
A//.f; 3 = [ ]
1y ! *_ 1 _
o w5 {!‘M Y0032

L] g 44
- WTL x=0.05
R u
i é;;*.ﬁew% x=0.08
e S T S

. o - =0.18

" ]
) - =0.25
e S & x=0.4

— v x=0.65

—— Oy

2 3 4 5
1 10 10 10 10 10

Q*(GeV?)
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Fy(x, Q%) —xZe

flav.

Q%) + q(z, Q%))

e at low z, the evolution is driven by gluons

dq(z, Q%)

01n Q2

0.4

0.2

0

_ aséff?) /:

0Fs(x, Q2) 20 ozs

01n Q)?

dy

(@), D e /dy 19 (x) 9(y, Q)

MSTW 2008 NLO PDFs (68% C.L.)

Q% =10 GeV?
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g(x) at low z from DIS

T % g [ e (7).t 2 BT [ Fraterpet

0 <

o Puy(2)=(22+(1-2)?)/2 is symmetric around 2z = 1/2

e expand (z/z)g(x/z, Q%) around this point, keeping first two terms of Taylor expansion

H(z/2,Q% = (x/2)9(x/2z, Q%) = H(2x,Q*) + H'(2x, M) (2 — 1/2) + 1" (20 M)(= — 1/2)% /21 + .

e due to symmetry of P (z) around z = 1/2

Xep8(Xgp)

30
[ the integral of the second term vanishes
H w @® H1 direct (this analysis)
2 | $ H1 dF,/dIn(Q°) (Prytz)
: . H1 QCD fit
0O NMC (J/9)
2 A ZEUS dF,/dIn(Q%) (Prytz) wd.s.c
1 GRY aF ( 2 ) 1
2 ZU,Q ) 2
- CTEQ3L ~ (2 ) 2xg(2x, 2P,z
A 9l Q2 Z 9( Q)\zo qg(z
[N 5_6 3
' 9
ol 20 O‘S(Q2) 2
[ — 2xq(2x
’. -
0
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General framework for x-section calculations in QCD

spectators from A

|
y

A+B — F

o — Z /dlClDa|A(SIZ1,F51) Z /dIQDb|B(£IZQ,FSQ)

ab,c.d a,b,c,d observed
hadrons
O_a+b—>c—}—d(5; X1,T2, U, FSl7 FSQ) PF)

® Dhadr(p&pda PF)

ZO T AP NTZ0O0XVOXPXr I

e initial state evolution

o spectators from B
factorization scheme and scale (FS)

e hard scattering of partons - depends on renormalization scheme, FS, fragmentation scheme Pr

e factorization and hadronization - final state parton showers (pQCD) + models for hadronization

e this factorization was proven only for certain processes (very inclusive, like DIS)

e it does no hold in general - diffractive final states, elastic scattering
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Diffraction

Elastic (~25 mb)

Single diffractive (~10 mb) Double diffractive (~5 mb)

Central- diffractive (~1 mb)

lig
P P P P
) o . ¢ .. .. ) o
or o Zo. :o.. 0_: ‘. : = o« % : or 2‘ ....2
1I0 'IS [I] é M 1Io 1I0 Is tlj F: M 1I0 -1I0 f:, Lli _5, n 1I0 -1Io 5 c') : n 1I0
CMS CMS CMS CMS
—|T1/T2 —|T1/12 = |T1/12 T/1T1/72
L I e L S I L . R 1D Aol A S ) Mk
Tt T ' R TV
— 140 T T TTT T T T T LILL II T T T T T T 71T
gl = pp (PDG) T
s B0 o pp (PDG) 7
. . % 120 o Auger + Glauber B _
e exchange of object with quantum num- E . ALICE r | ]
. 110 _
T < ATLA Pt
bers of vacuum S i [
100 »  CoMS - ]
e description of elastic x-sec 0| ¢ TOTEM 7TeV(L indep.) M
<0 ¢ TOTEM 8TeV (L indep.) N
- Pomeron 2 gluon exchange best COMPETE ooy fits ]
70 |- - --11.4—1.52Ins 4 0.1301In% s .
- Odderon 3 gluons (ex. 5.5 - glueballs) T

e diffractive events
- large rapidity gaps
- both - soft and hard
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Hard diffraction at

xlpa_,ﬂill o s oree

inclusive diffraction
in DIS

E,k rl E-1 HI

rapidity
yap

diffractive dijets
in DIS

e(k™)

jet
jet
i

iaprlary pag
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Thatl
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| - . 0.
i
| I""‘f"“'_-"""""'—-n———-|--._
]
‘n S — - - - ———— - - - ——— -
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- JLE
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‘NLO QCD
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Max Klein HERA-LHeC Manchester 3111708
and Quantum Chromodynamics

U Klein /92007
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Diffractive Structure Function
Breakdown of QCD factorization

—
- = H1fit-2 -+ CDF data
- H1 fit-3 EF'2>7 GeV n n _
100 o . PP—P X
(Q%=75 GeV?) 0.035 <& < 0.095
|t]<1.0GeV?
10 ':‘ rr..-l.p__.‘,_!l“
: H1 e eny S .
e, Tl same suppression
i as in soft diffraction - why?
1 L CDF — o it !
Using preliminary pdf's from -
01L — H120020,0QCD Fit(prel) ===
e e momentum fraction of parton

B <+ in "Pomeron” - note quotes

fwd@LHC 27-29 May 2010 Elba Diffractive x-sections and event final states at the L Goulianos 22
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Collisions induced by strong interaction

. 7
S 106
g 10
3 10°
s 10%
Uﬁ 103
2

T\% 10
5 10
|
101
107

= N
ol ol
T [T T T[T T T T[Tl

Ratio with NLO pQCD
= N

e ATLAS

i :
o : J’l_dt:4.5fb'1
-0-5_._ !
-, . \s=7TeV
@ l .
y*< 0.5 -0_“ anti-k, jets,R =0.6
Data with @
Bl stat. unc. 5 "%:‘
NLO pQCD (CT10) § !.:’
NLO pQCD (CT10) § -

plusCI (A=6.5TeV) e

iHigh mass

iregion

A. Kup&o, Quarks, Partons, and Quantum Chromodynamics

*_‘yl_y2‘
YT

e collisions induced by strong interaction are the most
violent ones at LHC (largest momentum exchange)

e we can the structure of matter and space-time at
scales of several TeV (~ 1/10000 of proton size)
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Higgs boson at LHC

X weights / GeV

¥ weights - Bkg

I

Ratio to NNLOPS

10¢

160— — — T T ]
140 ATLAS Prellmlnary =
120 I + Data S/B Weighted 3
- —— Sig+Bkg Fit (m =126.8 GeV) -
100:_ -------- Bkg (4th order polynomial) =
80— —
- = -
40 V=7 TeV, [Ldt=4.8 fo 3
20;— (=8 TeV, [Ldt=20.7 o H—yy —
C L -
100 110 120 130 140 150 160
m,, [GeV]
T
L ATLAS pp - H B NNLOPS+PY8 + XH
r d " # MG5_aMC@NLO+PY8 + XH
I + ata, tot. unc. syst. unc. B SHERPA 211+ XH
L Vs=8TeV, 20.3fb* # STWZ + XH 4
jet # BLPTW + XH ]
anti-k, R =0.4 p'T > 30 GeV B LHC-XS + XH

* XH = VBF + VH +ttH + bbH 1
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e even in channel // — ~v - the Higgs production
is associated with jets in more than half of the

events
- example of QCD NNLO-+NNLL

_ [fb/GeV]

dog, / dp

Ratio to POWHEG

2_ T | T | T | T | T | T | T | T | T | T 1]
1.8 ATLAS Preliminary - data syst. unc. =
1 6:— 99 ~H NLO+PS (Pownec+Pv8) + XH

T E [[[]] g ~H NNLO*NNLL (HRes1.0)+ XH
1.4 _ -

» - -+ XH = VBF + VH +tfH ]
1'25_ H-yy, \s=8TeV _

I JLdt=203? E
0.8F =
0.6F a 3
045 | =
0.2:_ AINNAA BRNN _:

: | I-+-1-|-|-|--r-|--”|:‘1-‘-‘|‘-l = b 4 4

O TTT T T T TTT TTT T T TTT T T

2r + ++ —— 1

S %ﬁmﬁn
e S RN NN A NENNNRN NN RNER NN NN RNRURN AN NN
0- | | | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 ]
0 20 40 60 80 100 120 140 160 180 200

Particle level P, [GeV]

Lect 13 / Page 19



Higgs boson at LHC

Ys = 14 TeV, 3000 fb™’ per experiment

| Total ATLAS and CMS

Statlstlcal HL-LHC Projection

— EXperimental

— Theory Uncertainty [%]
2% Tot Stat Exp Th
Ky = | 1.8 08 10 13
Kw =~ | 1.7 08 07 1.3
K; = 1.5 07 06 1.2
K= 25 09 08 21
K = 34 09 1.1 3.1
Ky B 3.7 13 13 32
K: = 19 09 08 15
Ky =— 43 38 10 17
KZY — i 9.8 72 1.7 64

0 002 004 006 008 01 012 014
Expected uncertainty
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g TO0000)
1 I / |
g DO0O0D
(2]
. H
W o= o = = .Irlf
[
Wz 9 o .

(e

e theoretical uncertainty (mostly from QCD) - at HL-LHC,
dominant error for many Higgs channels

- uncertainty on PDF and ag,

- limited precision of calculations
only(!) NNLO + NNLL
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For reading and for exercises

e For reading (J. Chyla textbook)
- chapter 10.2.2 (Splitting functions in QCD)

- chapter 10.3 (Partons within hadrons) - subsections 10.3.1, 10.3.2, 10.3.3
- chapter 10.1 (General framework)

e Exercise

- exercise 8.2 (Virtual corrections to branching functions)
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Exam requirements

e Group Theory - practical aspects of Lie groups
- SU(2) a SU(3), generators (Pauli and Gell-Man matrices), structure coefficients, adjoint representation
- basic irreducible multiplets of SU(2) and SU(3)
- decomposition of direct product of repr. into irreducible multiplets, like 3 ® 3 = 6 @ 3, etc.
- Casimir operator C' = T*T* in SU(2) and SU(3)

e Quark model of hadrons

knowledge of at least two basic multiplets of baryons and mesons (baryon octet a decuplet 4 pseudoscalar a pseudovector

meson octets)

wave functions of hadrons

applications - magnetic moments and hadron masses, Zweig's rule, other hadron properties (JCP), decay channels,
decay widths, etc.

Nambu model of color confinement
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Exam requirements

o Elastic scattering of electron on proton
- theory, including elastic formfactors

- Hofstadter's experiment and proton size

e Deep inelastic scattering
- kinematics, theory, including structure functions F; and F>
- first experiments at SLAC, Bjorken scaling

- modifications to vDIS (structure function F3)

e Quark Parton Model

- formulation of model and its assumptions

- basic properties of parton distribution functions (PDF) - low and high x behavior for valence quarks, see quarks and
gluons

- application to DIS (relation between PDFs and structure functions)
- other applications: eTe~ — hadrons, Drell-Yan

- model of independent fragmentation
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Exam requirements

e QCD
- QCD Lagrangian as a Yang-Mills QFT, differences with respect to QED
- ability to calculate basic QCD processes at tree level ~ (Feynman rules, traces of color matrices)

- running of a.g, beta function, solution

e Mass singularities in QCD
- mass singularities in ete™ — ¢gg, splitting functions
- cancellation of mass singularities and virtual singularities (e™e~ — hadrons in NLO, KLN theorem)
- Weizsacker-Williams approximation in DIS and splitting functions
- clustering jet algorithms (JADE, kp, anti-kp)

- DGLAP evolution equations -  at least the derivation with one parton emission at the level of ag
- calculations in QCD - factorization theorem

- determination of PDFs from experiments, global fits, gluons in DIS
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