N 3PDF

Machlne Learning « PDFs « QCD

AT THE

LARGE HADRON COLLIDER

STEFANO FORTE
UNIVERSITA DI MILANO & INFN

UNIVERSITA DEGLI STUDI DI MILANO
DIPARTIMENTO DI FISICA | N F N

Istituto Nazionale di Fisica Nucleare

XLIX Herbstschule fiir
Hochenergiephysik Maria Laach, 11-14 September 2017



SUMMARY
LECTURE [: FACTORIZATION

RENORMALIZATION: THE BASIC IDEA
COLLINEAR SINGULARITIES AND THE PARTON MODEL
THE WILSON EXPANSION AND STRUCTURE FUNCTIONS
THE RENORMALIZATION GROUP AND THE CALLAN-SYMANZIK EQUATION
THE ALTARELLI-PARISI ARGUMENT
PARTONIC VS. HADRONIC KINEMATICS

LECTURE II: RESUMMATION
ALTARELLI-PARISI REVISITED: GLUON EMISSION
SINGULARITIES AND LOGARITHMS
RENORMALIZATION GROUP AND EXPONENTIATION OF SOFT LOGARITHMS
SUDAKOV RESUMMATION AND INFRARED SINGULARITIES
TRANSVERSE MOMENTUM RESUMMATION AND COLLINEAR SINGULARITIES
HIGH ENERGY FACTORIZATION AND RESUMMATION
THE BFKL EQUATION IN COLLINEAR FACTORIZATION



LECTURE III: PDFs

DISENTANGLING PDF's
PDF PARAMETRIZATION: HESSIAN VS. MONTE CARLO APPROACH
PDF UNCERTAINTIES: TOLERANCE AND CROSS-VALIDATION
CLOSURE TESTING
GLOBAL AND COMBINED PDF SETS
THE IMPACT OF LHC DATA

LECTURE IV: HIGGS
HIGGS PRODUCTION: CHANNELS AND UNCERTAINTIES
HIGGS IN GLUON FUSION: EXACT VS. EFT APPROACH
THE TRANSVERSE MOMENTUM DISTRIBUTION
MULTISCALE PROCESSES AND HEAVY QUARK MASS DEPENDENCE

HIGH-ENERGY APPROXIMATION AND QUALITATIVE BEHAVIOUR

SIGNAL, BACKGROUND, AND OFF-SHELL



Pk
N 3PDF

Machine Learning « PDFs » QCD

QCD AT THE LHC
I: FACTORIZATION

STEFANO FORTE
UNIVERSITA DI MILANO & INFN

‘ » UNIVERSITA DEGLI STUDI DI MILANO
@@ | DIPARTIMENTO DI FISICA INFN
XLIX Herbstschule fur Istituto Nazionale di Fisica Nucleare

Hochenergiephysik Maria Laach, 11 September 2017



RENORMALIZATION
THE BASIC IDEA

Lr=—£¢* ¢b — ¢¢ ELASTIC SCATTERING OF MASSIVE SCALAR FIELDS
fox A,
do __ 92 1. _ 2
dcos@® ~— 1287 s’ S_(p1+p2)
?1 Ps
P s i
t 2 moe 4o — 4 1F(s,t): DIVERGES!;
f4 t = (p1 — p3)°, u= (p1 — pa)°
Pe
g ! M2(3) 2 2
F(s,t) = lim 1+ — 3+/dmln +s—=>t+s—>ul|l; M (s)=m"—xz(1—1x)s
A— o0 327 0 A2

RENORMALIZATION: EXPRESS A PHYSICAL OBSERVABLE IN TERMS OF
OTHER PHYSICAL OBSERVABLES:

HA 2
d __ Y9phys 1 .
WHAT IS THE CHARGE g‘? DEFINE Iphys FROM dcoase e 1%8}; ek
do —gzhys ! Iphys /1 MQ(S)
dcos 6 1287 s (s:8); (5,%) + 327 0 " M?2(4p?) TeTtrs o

UV SINGULARITY IS UNIVERSAL = REABSORBED IN DEF. OF THE COUPLING



THE RUNNING COUPLING
THE BASIC IDEA

PHYSICAL RESULTS CANNOT DEPEND ON RENORMALIZATION SCALE LR
HIGH-ENERGY = 0 = o (gphys(,u R), u%’ s)
R
= UR ﬁa — 0 RENORMALIZATION GROUP EQUATION

DEPENDENCE OF g2, (s) ON s UNIVERSAL, PERTURBATIVELY COMPUTABLE:

/LQR ﬁgphys (R) = B(QPhys (LR))

SOLUTION: ¢ = 0 (gphys($), s); DEP. ON s FIXED BY DIMENSIONAL ANALYSIS

4
¢* THEORY
g}%hys(s) 1

HE TOTAL CROSS-SECTION: o = e s

T S

. 1 .
BETA FUNCTION: 3(g) = —Bo3-9° + O(g°): fo = _16%
g ,u2

RUNNING COUPLING: ¢(s) = o = GROWS W. ENERGY (CHARGE SCREENING)

2
1+Bo 27TR In ,Lb82

,LLR DEP. MUST CANCEL ORDER BY ORDER IN «s, RESUMMED INTO RUNNING g



QCD & ASYMPTOTIC FREEDOM
LAGRANGIAN £ = —1G% G%, + S0 b, (i) — my )i
G%, = O, AL — 0, A% + f*¢g, AL AS; Dy = 0, — igs A\ A%; A\* GENERATORS OF
SU(3); (A%, \°] = i f***\° ACTING ON 1)

PERTURBATIVE EXPANSION PARAMETER &5 = g—fr

BETA FUNCTION: B(as) = —Bos=a3 + O(a?); Bo = £ (11Ca — 2ny);

for SU(N.), Ca = N,

1
6

DO NOT CONFUSE N, GAUGE GROUP & 1y NUMBER OF FERMIONS (QUARKS)

«
RUNNING COUPLING: «(s) = e = DECREASES AT HIGH ENERGY:

1+B0 57 In =5

ASYMPTOTIC FREEDOM



PARTON MODEL

e ASSUME AT HIGH-ENERGY INTERACTIONS DESCRIBED BY FREE-FIELD THEORY
e FUNDAMENTAL SCATTERING HAPPENS AMONG CONSTITUENTS “PARTONS” (QUARKS & GLUONS)

e JF NO RESCATTERING, ALL MOMENTA PARALLEL

HADRON-HADRON PHOTON (LEPTON) -HADRON

p/ '}/*, W*, 7%
\NNANAANAG——

p

p%x

e ONE PARTON PER HADRON: p1 = x1p1; P2 = x2p2 ; (p; = hadrons, p; = partons)

e FOR HADRONIC PROCESSES: § = 2x1x2p1 - p2 = T1X2S
(HIGH—ENERGY, NEGLECTING ALL MASSES)

e FOR LEPTON-HADRON: 2zp-q =z |[(p+ q)* — ¢°] = 2W? + Q? (2p = parton, ¢ photon)
W2 =(p+q)? =8yxp, Q°=—¢* >0, 3p = 25'2(1 (Bjorken ) = & = xp IF W2 =0
(TREE-LEVEL PROCESS)




DEEP-INELASTIC e — p SCATTERING
COLLINEAR SINGULARITIES

e LEPTON-PROTON REDUCED TO PHOTON (W, Z)-QUARK; k' — k = g
e CROSS-SECTION DEPENDS ON MOMENTA (p, q)
2
= SCALE Q? = —¢? & DIMENSIONLESS RATIO x5 = % (Bjorken variable)

® LEADING-ORDER: (zp + q)? = 0 = x = xg; CROSS-SECTION 0 x §(z — =)

LEADING-ORDER

. at; - 72;0

wlsprg)?




COLLINEAR SINGULARITIES
DEEP-INELASTIC e — p SCATTERING

e CROSS-SECTION DEPENDS ON MOMENTA (p, q)

2
= SCALE Q? = —¢? & DIMENSIONLESS RATIO 23 = 55— (Bjorken variable)

® LEADING-ORDER: (zp + q)? = 0 = x = xg; CROSS-SECTION 0 x §(z — TN )

e NEXT-TO-LEADING-ORDER: PARAMETRIZE MOMENTUM OF EMITTED QUARK
k=(1—-y)xp+kr +7nSUCHTHAT k2 = p? =n? =p -kt =1 - kt = 0, INTEGRATE

3 2
INCLUDING PROPAGATOR d—E’“ 1%2 — dz? k’;’f LOG DIVERGENT AS k1T — 0 (COLLINEAR
t
KINEMATICS)
LEADING-ORDER NEXT-TO-LEADING-ORDER
e “1.
xﬂ?- kr =~ 1 K
[P i 2(l-y)xp+ BT
¢ X p




THE WILSON EXPANSION

DEEP-INELASTIC e — p SCATTERING
OPTICAL THEOREM FOR THE INCLUSIVE CROSS SECTION

o= ZI (X[p7™) —Im<m py")
q , q , q
2 —x|= 1 1.
X I [
P P F

OPERATOR-PRODUCT MATRIX ELEMENT

" @l (@) = [ e ol @) (O)lp) = W

OPERATOR-PRODUCT EXPANSION

JH(z)JY (0) = Z C;(z?)OF = Z Z Chg (z2)ORT 1



THE WILSON EXPANSION
LEADING-TWIST FACTORIZATION

d .
DIMENSIONAL ANALYSIS: Cj,j(22) ~ (22)2 ~*7%; d,,, d; MASS DIM. OF Oy, J* = AS x2 — 0,

JH(x)J"Y(0) = Z C’nk(:ﬁQ)OZ:al"'ak_gxal Loy, —|—O(az2A]23)
k,min[d, —k]
Ap: CHARACTERISTIC SCALE OF QCD PROTON MATRIX ELEMENTS;

dyn — k TWIST OF THE OPERATOR= dim.-spin
TWIST 2 OPERATORS

2, H...A_92 — 2, Hee X9
o)k = PyrOr 9 L0 2y O Y = Gad™..0%2G",
e OPERATOR BASIS: SYMMETRIZE AND SUBTRACT TRACE (SPIN EIGENSTATES)

e BEYOND LEADING ORDER 0" — D" (GAUGE INVARIANCE)
e COLOR INDICES SUMMED: ONLY COLOR-SINGLET OPERATORS

e ONE FERMION OPERATOR FOR EACH QUARK FLAVOR
OPE MATRIX ELEMENTS

d*x iqx 1 v (2, q)H ¥k —2 ; d'z iqw ~(2) (.2
(27r)4€ (p|J" (x)J " (0)|p) = Z<p|0 |p)i (2w)4e Cr/ (27 )Taq -+ Tay,
k
2p - q)’“‘2 p"p” 2
(%) @

o (p|OZ DHVILTk=215y — A ophp?pYl . p*k—2; Ay reduced mat. el.

o if (gélT‘;eiqu(xz)xa = QS—SC’(Q2) etc.

e TENSOR STRUCTURE SYMMETRIZED & FIXED BY CURRENT CONSERVATION



FACTORIZATION: FROM MOMENT SPACE TO PHYSICAL SPACE

1\ *72 prp”
WHY (2, Q%) = — ArCr(Q?) +
() @

e PARAMETRIZE W v W. FORM FACTORS W;:
WH = ( g + q’; )W1+ (p —q“pq) (p”—q”p—f) 22 W,

q Q2
2 k 1 INTEGRATION PATH
L W2<x?Q ) — Zk Aka(Q ) Sw

2 —k
e DEFORM THE INTEGRATION PATH

1
x

>~ d
ACL@) =2 [T Sw™ (Walow + e, Q%) — Walaw — ie, Q7))

9 1 1
=— / doz®  ?ImWs (z, Q%) = / dez" 2 Fy(z, Q%)
™ Jo 0

Fz’(wa Q2> — %Ile(ac, QQ):
STRUCTURE FUNCTION (FORM-FACTOR OF XSECT.)
MELLIN TRANSFORMS & CONVOLUTIONS

h(z)= [, 4f (%) 9(y) € hn = gnfn: fn = [y dza" ' f(z), SIMILAR FOR h, g
FACTORIZATION IN PHYSICAL SPACE

FQ(%, Q2> — X xl %O (%7 QQ) Q(ya QQ); fol da:a:n_lc'(x, Q2) = Cn(Qg); fol dxxn_lq(a:) =



COEFFICIENT FUNCTIONS AND PARTON DISTRIBUTIONS

Q: WHAT IS THE MEANING OF ¢(z), C(x)?
A: COMPUTE PERTURBATIVELY!

e TAKE MATRIX ELEMENT IN FREE QUARK STATE: (p|O(Z: O "% k=2\p) — opr  pok—2 =
A =1
EXAMPLE: k£ = 2 = ENERGY-MOMENTUM TENSOR:
Ao FRACTION OF THE QUARK ENERGY CARRIED BY ITSELF (!)

e IN PROTON, As IS FRACTION OF PROTON ENERGY CARRIED BY QUARK
SIMILARLY FOR GLUON OPERATORS, OTHER FLAVORS

e A, =1FORALLELk & q(x) =d0(1 — x)

COEFFICIENT FUNCTION & PARTONIC CROSS-SECTION

IN A QUARK STATE, Fb(z,Q?) =z [} %C (%,QQ) (1 —y) =z2C(z,Q%) =6(x) &

C(z): STRUCTURE FUNCTION (CROSS-SECTION) COMPUTED WITH A QUARK TARGET:
PARTONIC CROSS-SECTION

OPERATOR MATRIX ELEMENTS & PARTON DISTRIBUTIONS ;

IN A PROTON STATE o(z) = £22) — 1 Yo (%, QQ) a(y) = [, Lo (%, QQ) q(y)

q(z): RELATIVE WEIGHT OF THE CONTRIBUTION THE CROSS SECTION FROM INITIAL-STATE QUARKS
WITH MOMENTUM FRACTION #: PARTON DISTRIBUTION (PDF)

NOTE NOT A PROBABILITY (BEYOND LO), NEGATIVE WEIGHTS ALLOWED!



FACTORIZATION: LEPTON-HADRON VS HADRON HADRON
ONE HADRON IN THE INITIAL STATE

o(x) = /dZLl dyd(z — yz)q(y)o(2) :/x dyy (y)o (Zj) = /: d—yyq (g) 6(y) = o ® q)(z)

e = — xp: SCALING VARIABLE FOR HADRONIC PROCESS (MEASURED HADRON KINEMATICS)

® 2. SCALING VARIABLE FOR PARTONIC PROCESS (COMPUTED PARTONIC FEYNMAN DIAGRAM)

e Y. MOMENTUM FRACTION CARRIED BY INCOMING PARTON

Q? DEP. OF o, 6 & g OMITTED

TWO HADRONS IN THE INITIAL STATE

/dZ/ Al T n o / dml/ @dych (z1)q2(z2)6 ( ; )

T1T9
=/T Ve (Z) = lew

T T

L(y) E/y dﬂcn(y)qz <i> = (g1 ® q2](v)

T: SCALING VARIABLE FOR HADRONIC PROCESS (MEASURED HADRON KINEMATICS)

® 2. SCALING VARIABLE FOR PARTONIC PROCESS (COMPUTED PARTONIC FEYNMAN DIAGRAM)

® I, ro: MOMENTUM FRACTIONS CARRIED BY INCOMING PARTONS

e L[: PARTON LUMINOSITY



COLLINEAR SINGULARITIES AND THE RENORMALIZATION GROUP

WHAT HAPPENED TO THE COLLINEAR SINGULARITIES?
WHAT HAPPENS BEYOND LEADING ORDER?

RENORMALIZATION OF OPERATOR MATRIX ELEMENTS
Ag2pH1 .. phn = (p|OZ DFLH 15y — (plahyk DEL L DEn )| p)

LEADING ORDER;: —O—>— =yH1 . . pHn = A, =1
'NEX¥-TO-LEADING ORDER:

N
— 2 s 1 2
’—-Z-/—Zluﬁ— +4 more= yHp¥ ... p*u=Te] 5= [1 +43" = — —] =

p P p J=2735  n(n+l)
Ap = An(p?) i
ren ren A’I’L .
RENORMALIZE: A" (u?) = Z5™ (p%) An(n?) = ﬁfj?;.

/J,F = SCALE AT WHICH A QUARK IS A SINGLE QUARK: FACTORIZATION SCALE
LOG SCALE DEP.: u% —%- T Z(np) = —pe 30 T AT (p) = p® g5 An(p?) = I,

ANOMALOUS DIMENSION INDEPENDENT OF p%, (DIM. ANALYSIS): v, = s (i R)’y](\?) + O(a?)
RENORMALIZATION GROUP

o A;CL(Q?) = [, dzx*~2Fs(z,Q?) ARE PHYSICAL OBSERVABLES (0 = 2 Is)

e CANNOT DEPEND ON pp: p2, #Ak(?k =0
F

2 2
o AN =AN(u%), Cn =CnN (E Z—Z (MR)>;LETMF:/~LR:/~L, CAN RELAX pup = kpp

CALLAN-SYMANZIK (RENORMALIZATION GROUP) EQUATION

[ 2882 + B(a )i + vn (o (/f))] Ch (i—j,a(/f)) =0



ALTARELLI-PARISI EVOLUTION
& COEFFICIENT FUNCTIONS VS PARTON DISTRIBUTIONS
SOLVING THE RGE

8 ) 2
l/i2—2 + 5(0‘)_ + ’Yn(a(MQ))] Cn <Q_, Oé(ﬂ )) =0
o O

w p2

let as = a(Q?) = Q2 07 Cn (ug ,OAS(QQ)) = YN (as(QQ)) Cn ( — 7Oés(Q2)>
integrate = C (S, a5(Q?)) = € (L as(@?) exp [y" dIn iy (a(u?)

use « as integration variable = Cp (%22’ Qs (Q2)) = C (1, as(Q?)) expf S((Qz)) do Wfé\r(((f)é)

recall Cy (5—22) An (12) independent of 2 =

on = [} vz to(z, Q2) = (Q—2) A (p2)
on = C (1,05(Q2) [exp [2(D) da 8] A (12) = 60 (1,05(Q2)) An(Q?), WHERE
Q22 767 An(Q%) = m(0s(Q?)AN(Q%) Q?-4 157 1(,7Q%) = [P(as(Q%)) ® ¢(Q%)](2)

ALTARELLI-PARISI EQUATION, fo drz™ ! P(z) = N SPLITTING FUNCTION

POWER COUNTING: 64, (1, as(Q?)) = & + as (@) + ... 0¥ “PARTON MODEL”
(0) (0)
Tn
(07 g 2 2
exp [0 ) dayr(5) = (22(Z) 0 4= (HBOO‘S(“Q)IH &) 4o

LEADING LOG
_ 2y,(0) 1 Q2 2
=1+ as(p*)yn ' In ozt O(a®) LEADING ORDER



ALTARELLI-PARISI EVOLUTION
& FACTORIZATION OF COLLINEAR SINGULARITIES

THE HADRONIC CROSS SECTION: o(Q2, z) = 6(a(Q?)) ® q¢(Q?) = & (S—;, a(u%)) ® q(pF)
F

PARTONIC CROSS SECTION: AT LEADING ORDER r=xp =
60 (z) x 6(1 —z) =251 — z);

NEXT-TO-LEADING ORDER, LEADING LOG: Aﬁ + ' + l

: ) e o) (5)
GNEOLL (85 7) = 6(0)(1,2) © as(Q*) P(2) In %y = (0 ay(Q?) P(z) In %%
WHERE DOES THE LOG COME FROM? DIAGR. (c¢) x LO = o §(1 — x); DIAGR. (b) IS FINITE = NO

LOG DEPENDENCE; DIAGR. (a) COLLINEAR DIVERGENCE HAS BEEN FACTORIZED AND REABSORBED
IN PARTON DISTRIBUTION;

2 2
NEXT-TO-LEADING ORDER (FULL): &NLO(%, z) = as(Q?)e(M (1, x) + sNLO; LL(%, )

COLLINEAR FACTORIZATION
e COLLINEAR EMISSION LEADS TO UNIVERSAL PREFACTOR
, (SPLITTING FUNCTION) CONVOLUTED WITH CROSS-SECTION
- = ®xP B"?: e ALTARELLI-PARISI SUMS UP & FACTORIZES EMISSION LADDER
e DIAGRAMMATIC ARGUMENT DOES NOT RELY ON OPE



PARTON KINEMATICS vs. HADRON KINEMATICS
1 A T\ —_ 1 1
o(r) = [1 WLW)G (2): L) = [, “a@)e (L)
1 X
Q%3 £il,2Q%) = 5, [ Py (@s(@2), £) 45(Q?)
q; QUARKS AND GLUONS; GLUON MIXES WITH SINGLET . = Z i i

PARTONIC CHANNEL DEPENDS ON PHYSICAL PROCESS (e.g. W+ = ud fusion)

WHICH PARTON MOMENTUM FRACTIONS CONTRIBUTE TO A GIVEN HADRONIC PROCESS ?

INVE%RSION OF MELLIN TRANS_i_FORMS
fn=/ " f(x) & F(x) = ST

integrate to the right of convergence abscissa

MELLIN INVERSION DOMINATED BY SADDLE POINT

POSITION OF SADDLE CONTROLLED BY LUMINOSITY
DEPENDENCE ON x OF £ POWERLIKE, OF 6 LOGARITHMIC

PDF PEAKED AT SMALL x = LUMI PEAKS AT SMALL N

SADDLE VS T = Q% /s

T I T T T T T |
8— pure sea 1
i sea—valence

0 ) PSS S R L L
0.001 0.005 0.01 0.05 0.1



SUMMARY

INFINITIES ARISE WHEN EXPRESSING PHYSICAL OBSERVABLES IN TERMS OF
ZERO-DISTANCE PHYSICS

RENORMALIZATION REMOVES THEM EXPRESSING THEM IN TERMS OF OTHER
PHYSICAL OBSERVABLES

FACTORIZATION OF SHORT- AND LONG DISTANCE PHYSICS RELIES ON SCALE
SEPARATION
INTERFERENCE IS POWER-SUPPRESSED

COLLINEAR SINGULARITIES ARISE WHEN INTEGRATING PERTURBATIVE HARD
CROSS-SECTIONS DOWN TO SOFT SCALES

COLLINEAR FACTORIZATION REABSORBS THEM IN NON-PERTURBATIVE INITIAL
CONDITIONS

FACTORIZATION IS MULTIPLICATIVE IN MELLIN SPACE WHERE HARD
CROSS-SECTIONS ARE ANALYTIC FUNCTIONS

ONE-TO-ONE MAPPING BETWEEN HADRONIC (OBSERVABLE) KINEMATICS AND
MELLIN-SPACE VARIABLE IN SADDLE APPROXIMATION



