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Question:

What is everything made up ?
What are the fundamental building blocks?

L ' ¥ o ™ =S e, —=
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Earliest answer by Plato:
3Ear’rh, Air, Fire and Water



Structure of Matter

Quarks and Leptons

~ Strong interaction

|
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~ Graviation
~ Electromagnetic

~ Weak
~ Strong interaction

Quark Model

Parton Model

QCD

Journey Continues
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Quark Model

Strongly interacting particles: Hadrons
Mesons and Baryons

[Quar'k Model - Gell-Mann and Zweig ]

Classification:

Assumes that they are composite objects Made up of
point-like spin - 1/2 partilces called

Quarks and Anti-quarks

Baryons: Three quarks
Mesons:  Quark and anti- quark

& -

Proton




Quark Model

Gell-Mann and Zweig

Quarks and antiquarks are constituents of hadrons and are spin-1/2 particles carrying
fractional charges

41 U
=|d
Realisation of the model through Symmetry group: Flavour-SUf(3) gi .
. -group of special unitary matrices
u Uu
U@ (d] =(d|, U@ =exp/(id-t) e SU3)
S s’

U'U =1, detU =1
(t17 t27 C. .t8) - generators

t?, tb] = ifabctc, fabc - structure constants

- Mesons: bound states of a quark and an antiquark
- Baryons: bound states of three quarks

e 3 3 3 1 RIRII
JP =07 (7%, 7%, K+, K" K% n) Baryon octet, J¥ = 1/2+: (p,n, 2%, 50,2~ =0, A) .
JP =17 (p*, p°, K**, K0, K*9 W) , Baryon decouplet, J© = 3/2F: (AT AT AV A- 2% 20 =27 20.Q7)



Color Quantum Number

Problem with Fermi-Dirac Statisics
ATT ututu?
Quark Model predicts fully symmetric wave function

Spacial part is symmetric

Flavor and Spin part is symmetric (ho anti-symmetric combination)

Need for New Quantum number: Color Quantum number

] Han and Nambu, Greenberg and Gell-Mann
QCL%(]CL,i Z:]~7273

a = u,dand s each has (red,green,blue)

Use this color quantum number to construct anti-symmetric combination to resolve

problem with Fermi-Dirac statistics

eijkuzujuk

Birth of QUANTUM CHROMODYNAMICS



Electron-proton elastic scattering:

Hydrogen g Scattered

Electron Target Electron

. \ Recoll

o= Proton
1 + %‘? sin? 6/2
do do E' (}2 + Z'G2 9—
—V | 5 .< : + 2rG tan’
d€2 d <2 Mott E 8 1+ 7 2 )

The functions Gz and G, take account of the size
of the proton; they are called form factors
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Nucleon Form Factors Versus Q<
e GEp
n ‘q . = G Mp/ 2.79
s G Mn/ (-1.91)

0.8 |—

0.4 —

Form Factor

Fig. 23. Summary of results on nuclear form factors presented by the Stanford group at the
1965 “International Symposium on Electron and Photon Interactions at High Energies™ (A

momentum transfer of 1 GeV'is equivalent to 26 Fermis .)
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up to Q% — 10 GeV?

Grp (Q) = =

+
0.71 GeV?




Structure Functions from DIS

Inelastic Scattering Factorises
Leptonic Tensor

|1 471_64  og 0% dgk, y 1 Q2
k "
Hadronic Tensor
g
qiq*y . . P-q P-q i
|4 — _ VK v L
~ \/'/ W'u ( i 02 )‘11+(PU qzq)(P q2 qu)”2
-~ - ‘\, 2 .
g Wi(v,Q?°) i=1,2 Structure Function
Q? p.q
X=—— y==—"" Q°=xys NOT CALCULABLE
2p.q p.k
) . do a? 0 50
Inclusive Cross section dE;dQ 12 sin’ ¢ (Wz(v, Q?) cos? 5 T2, Q?) sin? 5)
m,W1(v, Q%) — Fy(z) vWa(v, Q%) — Fa(x)
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Bjorken Scaling

v Deep Inelastic Scattering

LJ

k

‘ [Hadronic Tensor]

WH(P,q) = /d4§ e'Tt < P[J"(§).J"(0)| P > «

, Pq , P. ,
= (—g""+ q;;’”)l-h + (P"—q—zqq )(P“— q—z"qﬂ)m

2

2P.q

Bjorken Limit: —q¢° 500, P-q— 0 with == fixed

Wi(P,q) = Fi(z), [ Bjorken Scaling ]

Birth of PARTON MODEL
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Deep Inelastic Scattering

Fia

Q? ~ 3M5% J. Friedman *1930  H. Kendall (1926-1999) R. Taylor *1929 (1968/69)
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Parton Model

Elastic Scattering

k 5

w—

] K/% x
l >

Deep Inelastic Scattering PARTON MODEL PICTURE
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Parton Model

Note that:

At hig

Hadrons are extended objects.
n energies (infinite momentum frame):
Hadron is Lorentz contracted in the direction of collision

- Interaction between constituents is time dilated

Model

assumes.

- At high energies they look like a collection of point

like particles called partons held together by mutual interactions.
Hadrons can be thought of one of the virtual states of these partons

Time dilation:

Electron/photon interaction with partons takes place in a time scale
shorter compared to time scales of virtual parton states.

Result: Inelastic scattering of electron proton can be thought

of as a incoherent sum of elastic scattering of electron and a parton.
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Naive Parton Model

\\\\\725;:’7’ daL”S(P1Q)::jijjéldzfxﬁ)dﬁﬂ?fZQ)

|

p—————

|
!
[

b \/\K\\ " - Elastic scattering cross section with i-th parton

* Does not depend on the details of the target
proton - Target Independent

fi(2)  Parton Distribution Function (PDF)

* Probability of finding i-th parton with momentum
fraction z of proton

* Does not depend on the future course of action of the
i-th parton - Process In%ependen’r



Parton Model

kl

k Parton Model - Master Formula

- m/Pq Z/_fl 1‘(l)ypq)a
L Dimension-less

’ \ X

S mpWi (v, Q%) = Fi(x,Q?),
, VW2(V7Q2):F2(ZE7Q2)
x= 2. y =29 @2 = xys
2p.q p.k

[Fa(rQ Z/ ~fily Fa(r/y~Q2),]

Bjorken scaling

Parton level Cross sections

1,
Fi(z) = 5¢ 0z —§), i
Fy(x) — 21F1( z)=0. 20k (x) = Fa(z) = z;ez' z fi(x)
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Momentum sum rule

2£UF1 ( Z Q L fz
Measurements for proton and neutron
1
/ FP(z)dz = g fm—% fa=0.18 SU(2) symmetry
1 4 1 1
/0 F3(z)dx = §fd‘|‘§fu =0.12 where o = /0 dx x fq,(x)

Contribution to hadron momentum
f., = 0.36 f; =0.18  Only about 50% from quarks!

We now know that

GLUONS ALSO CONTRIBUTE SIGNIFICANTLY TO MOMENTUM

what are these gluons?
17



Quantum Chromodynamics

Han and Nambu, Greenberg and Gell-Mann

Solutionto A""  uwfutu? came from

Symmetry group: Color-SUc(3) SU(N)

U(F) = exp (iﬁ- f) c SUL(3) T T = ifvere j=1,--- N
, a=1,--,N*—1
L[4 91
U( ) (Qi,Q) — (%;,2) Casimirs (TaTa)ij = CF(SZJ
4i,3 qi,S fabCfa’bc _ CA(SCL/CL
O — N? -1

O —
Gauge the symmetry group SUc(3) N AT

Gauge Theory of strong interaction
QUANTUM CHROMODYNAMICS

Matter Field:'s  ¥; . ¥; - Fundamental representation of SUc(3)

Gauge Fields AZ - Adjoint representation
18



Gauge symmetry
QCD Lagrangian

T : 1 a va
ﬁQCD = Zﬂj (Zlek = méjk) U, — ZFMVFM + G.F

where D,(x) = (0 — igsT*AL) ()
F,, =0,A, —0,A, —igs|A,, A
Invariant under A, =T"A),
Ay = U(B) <A“ N éaﬂ> UT(ﬁ) [ 92,1
Db — U(B) Dy AV R
i,3 d; 3

K.E + Interaction part
£QC’D _ /:'K.E 4+ gSA/aLE,y,uTaw o gsfabC(aﬂAg)Ab,uAcu o ggfeabfechaAll;A,ucAvd

7’
a, i a, L a, L b,V

% §:~Lk 922\ 999)

/\ P, &,
b Y% q C A. c }\/ d G

where
1 2 1 2
Lxp= —5(0.40-0,4%)" - %(a AT (0,8 (0 + Y Wi (id — myp) W



Feynman rules
QCD Feynman Rules

f f! 87,
> = o
a b _ ;i(gab (g’w F(E—1) l;:“k” 1 J P — my + 10
i v k= + 10 k= + 10
= gy re

= —gf™ [g“”(kl —k2)" + g7 (ky — k) + g7 (ks — An)"’]

a 5
Qv b
fa,befcde (ga'ygﬂ(s _ gaﬁg/)’y)
_ —i92 + fa(r(%fbd(i(g(y[)’ q'y5 . C](HSC]’Y[)))
+ fudefbce (g(yﬁg&y . ga'ygcs,ﬁ’)
d &
A &
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Ghost fields
Gauge fixing:

Gauge Fields contain two physical and two unphysical degrees
of freedom

Ghost fields propagate as well as interact with gauge bosons but do not
show up as physical particles

Ghost terms (Lorenz Gauge: 9, A" =0 ):

_ —a Q[ a abc —a\ Aub c
Loy = 0,c"0"c" — gs f*7°(0,¢") A c
[i‘
Iz
a b 150 a |

........... Pesoccccccsce =— : _— _W_" _ -abe, 1
A)Z + IO /[ ., +(]f 1)

.. 1)/
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Renormalisation

22



Quantum corrections

Perturbation theory to compute Green's functions

Vacuum polarization WQW e D LR
%000

Vertex Function

Selft energy

p> ﬁ}}j{{ﬁ = : / d'l f(,p)
(

m)* (12 +ie)((p — 1)* + ie)

diverge when [ — +o00

23



Renormalisation

We use Perturbation theory to compute Green's functions
Coupling constant serves as an expansion parameter

Beyond leading order in coupling constant, they often diverge

Large momentum regions in Feynman Loop integrals

At short distances, local interactions give UV divergences
Practical resolution: Renormalisation

1. Regularise the theory so that we can proceed

2. Rescale the fields and parameters with * “would be infinite”
constants (Zi) in such a way that the Green's function computed
in terms of recalled fields and parameters always give finite result

24



Counter Terms

Regularisation: Dimension reqularization: d=4+¢
d - space time dimension

‘CQCD (Ip?@a A,un ¢, C, gsam) — EQCD (%% A,uaca c, gs,m,e,,u)

(J s dimensionless

Rescaling of fields and parameters: in d-dimensions
1
Y = Zé (NR)¢R(MR) 9! Regularisation scale
1
A, =Z;(pr)Ar(UR) MR Renormalisation scale

g = Zy(uz) (i) ST gon(un)
MR

[’QCD (wv oy gs, T, €, :u) — 'CQCD,R (va " YsRyTNR, €, ,UR)
_l_LCT ({ZZ(MR)}a wRa " YsR, €, MR)

Choose Zi in such a way all the Green's functions in terms of
renormalized quantities give finite result to all orders in
perturbation theory 25



Renormalisation Group:

Renoramliation group invariance:

’CQCD (% "ty gs, 1N, €, :u) — ‘CQCD,R WR» " gsRyTNR, €, :uR)
+Lor (\Zi(1R) YR, -+ *, YsR, €, UR)

Since LHS does not depends on R

Green's functions computed from RHS will also not depend on
MR, when it is computed to all orders in coupling constant

This implies u%gfg<<gu1{¢-..AM-.&Z.}M2>::o

HRr

This leads to renormalisation group equations for

d

112 d— log (< QT{Yr - Aur- - ¥r--}Q>) =T(ur)

e in the limit ¢ — (



One Loop result

Renormalisation group equation:

as(uy) = —as(uh )FLREIOg(Z (%)) = Blas)

24

Beta function (exact)

E

1

5(@9) — Us3

21+a5d

Perturbative result to one-loop:

1
2 —
MR)Eﬁo

Zo =1

as(

log Z,

Beta function at one-loop:

B(as) = —a2Bo + O(ay)

RG equation:
2 das (:u%{)

= —a; B + O(a;



Asymptotic freedom

RGE at one loop: By = E(]A — %nfo
5 dasg 5 5 %
MR d,u2R = —ag o Ca=3, Ty= 5
Integrating from initial to final scales By > 0
1 1
= - Bo log(p}/ 13
() anu) TP
QCD Coupling constant runs!
Solution at one loop: ! as(u?) — 2%('%2) 2 /,,2 :
P 1+ ag(p; )50109(,“]0/:“7;)
\— _J

At large energies as [lf — OO

coupling vanishes @ (,u?e) — 0

~

J
At high energies QCD is weakly inferacting

[QCD 1§ ASYMPTOTICALLY FREE




Beta Function of QCD
Four Loop results for beta function of QCD

d

pueh 0 as(p%) = Bl(as(pg))
R
= —Boai(pk) —P1ai(pr) —B2as(pg) —---
11 4
Bo = ECA—gTFTLf
34 20
51 — ?Ci — 4CFTan — ?CATan
2857 205
By = 5—40§+2<}%Tmf — =5 CrCaTpny
1415 44 158
——27 iTFTLf + KCFTI%’”?‘ + chTI%n?f
150653 44 39143 136
4 3
— _ T _
B3 CA( 186 9C3)+CA F"’f( 1 3C3)
7073 656 4204 352
C%CrT ( — ) CAC2T (—— —)
FCACFTEny {5457 = 796 ) T Calpleng ( == + 757G
7930 224 1352 704
17152 448 424 1232
+OACKTEN (S350 + 756 ) + g CaTing + 5, CrTin
dapeddadet ¢ 80 704 dgeddsed (512 1664
-1 = = <— -+ C3) +ny E 4 < — 3)
NA 9 3 NA 9 3
dabcd dabcd 704 512
o Gpap U3 9ls
Ty N4 ( 9 + 3 g?’)



Status of <s(uRr)

Renormalisation group equation for acs:

d
phorauh) = B (asid) Four Loops
HFr
= —Bo ai(uk) — B1 ag (k) — B2 ag(uk) — - - -
T -
d ' o

T-decays - iR

Lattice O

DIS o} *(Q)

ete- |—o:—| 0 04|

e.w. fits —O0—i :

|
A R el R
0.11 0.12 0.13 0.3 ¢
‘ a;(My)

Process (M) excl. mean as(Myo) | std. dev.
T-decays 0.1197 £ 0.0016 0.1183 £ 0.0007 0.8
Lattice QCD 0.1186 £ 0.0007 0.1182 £0.0011 0.3
DIS [Fy] 0.1151 £0.0022 ||  0.1188 £0.0010 1.5
ete” [jets & shps| | 0.1172£0.0037 |  0.1185 £ 0.0006 0.3
ew. prec. data] | 0.1192+0.0028 |  0.1185 % 0.0006 0.2

30

)2 |

)1}

AE® = (214 +9) MeV
AME® = (297 +11) MeV

as(Mz)=0.1185 £ 0.0007

—QCD (M) =0.1185 = 0.0007

March. 2012

v T decays (N3LO)

Lattice QCD (NNLO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
e c.w. precision fits (N3LO)

pp —> jets (NLO)

10 Q [GeV] 100



Quantum Chromodynamics

Non-Abelian Gauge theory - SU(3)
The Nobel Prize in Physics 2004

“for the discovery of asymplotic freedom in the theory of the strong
interaction”

October 2015

v T decays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e¢ jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)

v pp—> jets (NLO)

v pp —> tt (NNLO)

oy(Q?)

03+
David J. Gross H. David Politzer Frank Wilczek

Asymptotic Freedom 02}

, 2 oxl 7 S ,'<,..'(..'.. REET 3 = _
Q" — o0 as(Q7) =0 — QCD 0g(M,) = 0.1181 = 0.0013

1 100 1000

Y QIGev)

Accommodates Bjorken Scaling
31



QCD 1mproved Parton Model

Scattere:

Collinear Renormalisation Factorisation Scale

QQ QQ #2
Eogﬁ = log ? + log 3

1 g B
Fy(z, Q%) = 17265/ —q(— Q“)[(S(l—z)+;—;0y5(z)+...]

+1‘Z /—g(—Q)[QTC‘”S(H ]




Scaling Violation

Scattere«
Lepton

HFE - Factorisation Scale

tr - Renormalisation Scale

1
o (z,Q%) = Z / %Cq; (2, Q% 1k, 17) fi/p (%u%)

Only Parton and Target dependent
Non-Perturbative

Process Dependent Coefficient function
Perturbgtively Calculable to all orders




Scaling Violation

CCFR: NLO QCD fits to xF,4

Tv*vvl

.

)
10.00 -
¢ x=.045 (x12) - ©1
hor Mﬁ
§ ) F % B
5.00 § x=.080 (x6.0) » T
p 88— 4
- - o x=.,125 (x3.5) - O
T - 0¥ T %
° « x=.175 (x2.1)
0 « x=.225 (x16) hm—e— = m
o 100 Fomoms (r12) S—m—p M x
e
© « x=35 (x1.05)
0.50
0 « x=.45 (x1.0) \‘E\QM
i)
O « x=.55 (x1.0) \m-\”\‘\,,m
0.10 = © «~ x=.65 (x1.0) { z -
: \ -
[ Z
20 el ] e I
100 101 10°

Q? GeV?

Figure 5.7.b. The z F; data and the best NLO QCD fit. Cuts of Q2 > 5
GeV? and r < 0.7 were applied for a next-to-leading order fit including target

mass corrections.



DGLAP Evolution

Collinear Renormalisation

m-=

q(z, 1) = qo(z) + —‘/I (%) PP( )log(“ ) +C( )- T

Arbitrariness in the choice of 1 = ur

o d (2) = 0 Collinear
. dp? A01%) = Renormalisation Group Equation

DGLAP Evolution Equation

: ) /2:% i e i (%)@ﬁ>
Ologp® \ ¢ I r P, fa's Py, f,as g

Leading Order

In QCD per’rurba’rion 7 A f
P'\.’"IO (z, # Z Hl . n b, 5%62:




NNLO Results

[ Moch,Vogt, Vermaseren]

Optical Theorem UV + IR Poles in Dim. Regularisation
v*(q) 2 v 7"
o= I 1 -
f(p) f ‘f 000000000000000
S
Poles in Dim. Regularisation
Py(e?) = a()PP@ /0y
+ al(W?)Py ()
+ ()P () j
Finite part : R

Cy(,1%) = O (w,1%) + as (1)} (, 1%) + a2 (1*) O (2, 1)
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Going beyond NNLO

MINCER tfo FORCER
for 4 loop results

Third order contributions to Coefficient and
splitting functions

3
Cas1

50

i L L l LI ) l L) l LI l.'-
ey =
- ¢, (N /3
[ aerass exp. N°
= ——— +exp. N~ -
o © exact Y ]
o
e -
[ ] 1 - ™
0 5 10 15 20

(3)
Pz'j (z)

50

40

s Vig

7 ()

LUNL DL L R L D D I D L D D D B L B B B
-

4 i
a c; (N) -
[ . exp. N° -
- —— +exp. N . -
¢ © exact ]
d"-(n):':'-d' —:
n, =4, expansion in O -

l A s l A A A ll

3

ro

[Vogt, Vermaseren et al]

(€)= -
0_6._ .YNS (N) nr=3 ,” —
3 //’
-~
o /,
3 o/l
04 LI -
L O,,
L 7 nr=4 —'_'f"
.’ /"’
i ; .« -~
02 | ] e %~ -
i ;. :’,’ - —— (1/1) Padé
L 0 7
[ 7 +:even/oddN, |
oko expansioninog  _
1 1 1 1 l 1 1 1 1 I 1 1 1 1
0 5 10 15

N

15 |

05 |

LUNLINL L I L DL D I D L D D B I L B |
-

L

exact =

c -

o -

? -
123 large-N logs -

3 y o .-f

2 o — =

.‘/. o - - -

A ded ';.l:,‘l...,.-ol-,-\.i.l.' v ..."1'
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Parametrisation of PDFs

Standard form o
at initial scale o

[ f@2) = 0 (1 - 2)*Pa) |

where P(z) = (1+ azr + aqz® + - )eP (1 + e’42)P"
Simple Constraints

/01 da (fuyp(z,1?) — fuyp(z, 1)) =2 /Olda:* (fd/p(fcw ) — fayp(x, 1 ) @ @
Q@

1
/() dx (fs/P(x7M2)_f§/P(aj7/L2)) =0

Momentum sum rule

/O dr x (Z (fqi/P<$7u2) N fqi/P(mvﬂ2)) T fg/P(mwuz)) =1

0
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PDFs at approx. N3LO

World Data: NS-analysis
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DY and Higgs production:

Za A(Z) (2,4°, bR)
1=0

Coefficient function

Drell-Yan Production Higgs Production

Real-virtual Double virtual

Triple virtual
P squared real

q 'g""" S
+ :
g Double real

g virtual

Triple real
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Inclusive Higgs production

Anastasiou,Duhr, Dulat and Mistleberger (" 19)
6(2) = 69 (2) + aS&NLO(j+ o2 NNLO () + 267350 (2) + O(ak)

)
% LHC
PDF4LHC.0 |
20 PP =>HX : A

W=y € [my/4,my]

LO |15.054 14.8% | T T
NLO | 38.2416.6% |

NNLO | 45.1 4+ 8.8% e
N3LO | 45.2+1.9% pb S

8 9 10 1 12 1

7
Vs mev




Inclusive Higgs production

6(z) = 679 (2) + agoN O (2) + a%&NNL0£z}+ o673 0 (2) + O(a)

[Dulat, Duhr, Mistlberger '19]

LHC
8.7- PDF4LHCI5
PP - H+X (bbH)

=66- - 10 NLO
=
5 — NNLO - N3LO
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Inclusive Higgs production
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Drell-Yan production

LHC 13TeV
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Inclusive results

Snowmass: “The Path forward to N3LO” [Caola, Chen, Duhr, Liu, Mistlberger, Petriello, Vita, Weinzierl '22]

@ |GeV] | K-factor | d(scale) [%] | 6(PDF + ag) | 6(PDF-TH)
gg — Higgs | mpy 1.04 T +3.2% +1.2%
bb — Higgs my 0.978 fig% +8.4% +2.5%

30 0.952 REpor el +2.8%
NCDY —2.54% —3.8%
100 0.979 232;353;2 Tree +2.5%
30 0.953 ks ::3.95% ::3.2%
CCDY(W —-1.7%
WD 150 0.985 by +1.9% +2.1%
30 0.950 +H204 ::3.7% ::3.2%
CCDY (W~ ~1.6%
W 150 0.984 T +2% +2.13%
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In BSM scenarios

\H Modified self
couplings

Modified Higgs couplings
to SM particle

® Non-Resonant production
e Resonant production:

Heavy scalars in Two Higgs doublet models,
Spin-2 resonances from Randal Sundrum Model



Production Cross section

Glover,van der Bi]
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Dominant Production

® Dominant channel at LO: g+ g — hh
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Relative contributions at NLO

¢ Di-Higgs boson at NLO in QCD

1 1 I I 1
HH production at 14 TeV LHC at (N)LO in QCD

MadGraph5 aMCENLC
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Beyond LO from gluon fusion

Effective Field theory
my — OO

Exact top mass

g _h
. , A -
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o6 0 T a ]
F o ‘ : o g
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T 0.12F — NLOFT,pprox ] ¢ ! -
= 0.10F — NLO ; = Sl
= : ] q - - o h. ~
= 0.08F 1 4
5 0.06
-3 0.04 F ]
0.2k == ] NNLO-large mt
0.00 : | J. Grigo, K. Melnikov, and M. Steinhauser;
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X 1ok D. Y. Shao, C. S. i, H. T. Li, and J. Wang
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300 400 200 600 700 800
Mg [GeV]
LO: Glover and van der Bij, Plen, Spira, Zerwas,

NLO: Dawson, Dittmair, Spira,

NLO-mt exp: J. Grigo, J. Hoff, K. Melnikov, and M. Steinhauser R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer,
P. Torrielli, E. Vryonidou, and M. Zaro; J. Grigo, K. Melnikov, and M. Steinhauser; F. Maltoni, E. Vryonidou, and
M. Zaro; J. Grigo, J. Hoff, and M. SteinhauserG. Degrassi, P. P. Giardino, and R. Groeber

NLO-exact mt: S. Borowka, N. Greiner, G. Heinrich, S. P. Jones, M. Kerner, J. Schlenk, U. Schubert, and T. Zirke



AT NNLO (approx) from gluon fusion

da/dMy, (fb/GeV)

ratio to NLO
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® Corrections of the
order of a 12%

® Uncertainties are small

® Better convergence




N3LO from gluon fusion

103 g Long-Bin Chen, Hai Tao Li, Hua-Sheng Shao,
Jian Wang
e}
=402 5
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pp—hh+X o7 -
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vioa | 3.3 % PDF uncertainty

0.8 F :

10 20 30 40 50 60 70 80 90 100
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FIG. 3: The inclusive total cross sections for Higgs boson
pair production at proton-proton colliders as a function of the
collision energy. The bands represent the scale uncertainties.
The bottom panel shows the ratios to the N°LO result.
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N3LO from gluon fusion
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FIG. 5: Invariant mass distributions for Higgs boson pair pro-
duction at the LHC with 4/s = 13 TeV. The bands represent
the scale uncertainties. The red, green, brown and blue bands
correspond to the LO, NLO, NNLO and N®LO predictions,
respectively. The bottom panel shows the ratios to the N3LO
distribution.

Long-Bin Chen, Hai Tao Li, Hua-Sheng Shao,
Jian Wang
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Infrared divergences

[ Bloch, Nordsieck, Kinoshita,: Lee, Nauenberg]

Quantum Field Theories with massless (even almost) particles
encounter two kinds of infrared divergences:

Soft :

Soft divergences arise due to the presence of
massless gauge bosons.

Collinear :

Collinear divergences arise when atleast two massless particles
become collinear to each other
- Collinear gauge fields
- When the hard scale of the process is much larger than
mass of the matter fields,



Infrared divergences

[ Bloch, Nordsieck, Kinoshita,: Lee, Nauenberg]

IntheLimit k —p (ps or pp) Mg, My << Q

Real emission

1 1

(p+ k)? B 2pVkY (1 — cos )

o /

KV — 0 Soft divergence

Virtual

cosf) — 0 Collinear divergence



Infrared divergences

[ S Weinberg]

“In (Yang-‘Mi[fs tﬁeory) a soﬁ Joﬁoum (gluon) emitted from an external
[ine can itseﬁc emit a Joair cf Soﬁ cﬁargecf massless Joam’cfes, which
themselves emit scff Joﬁo‘ams (gluons), and so on, Euiﬂing up a

cascade @C cht massless Joam’cfes each (f which contributes an

infm-recf o{i\/ergence.

The elimination of such comyﬁ’catwf inter[ocﬁing infm-reaf cﬁvergences
would cermin[y be a Herculean task, and migﬁt not even be Joossiﬁfe. 7

S. Weinﬁerg, CPﬁyS. Rev. 140B (1965)
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Infrared Safety

[ Bloch, Nordsieck, Kinoshita,: Lee, Nauenberg]

Physical processes that happen at Long distances are responsible
for these divergences.

Long distance physics is associated to configurations that are
experimentally indistinguishable

Measurable quantities are not sensitive to soft and Collinear
divergences
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Infrared Safety

[ Bloch, Nordsieck, Kinoshita,: Lee, Nauenberg]

Bloch and Nordsieck Theorem

Soft Singularities cancel between real and virtual processes
when one adds up all states which are indistinguishable by
virtue of the energy resolution of the apparatus.

ol (o0 (4)) e ()

Kinoshita, Lee and Nauenberg Theorem

Both soft and collinear singularities cancel when the
summation is carried out among all the mass degenerate
states.
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Catani’s proposal

[Catani]

Upto Two loop |

1= 5110 - (52) 1O© IMa(e, (o)

Universal IR Subtraction Operators
depend only on
Process independent

Scﬁ and Collinear

ﬂnomafous Dimensions



Sterman’s proof using factorisation

On_she” QCD GmPIITUde |n COIOr' bGSléGi Sterman, M Tejeda-Yeomans]

2
M[{f'f]‘i} (ﬂj, %’O‘S(Nz),f) =

N
\ / —aE ; > )
: | OQJ}"O&*’Q’ZM;}_
: p— P
/ \ - 'O—QL{QE’JQQQRU
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Soft+Virtual+Hard

DY/Higgs production cross section:
o(a) = oolu) [ C

Aab(q27 /%27 Z) —

Nielson PolylLogs

Soft + Virtual

_ =yt /1 dy log" ™" (y) log” (1 — zy)
CEDrE/ ”

e Next to SV N
ANV (2) =) NV ogh(1 - 2)

(ln(l—zi)) h=0
(1—27;) _|_
e Next to next to...to soft

63 A]a\énsv(z) = de(l . Z)k
k=1




Soft+Virtual

Soft plus Virtual

1 —z

- log” (1 —
Agg/(z) — 5a,bAa,55(1 — Z) + 0up Z Aa,Dj ( og ( Z))
_|_

Perturbatively Calculable

Aas = Z agAgfg
k

Aa,Dj — Z agAg,C)Dj
k

7=0

Sensitive to Soft and Collinear parsons

1 1
(p+ k)2 2pY%k0 (1 — cosh)

K0 — 0 Soft

cos — 1 Collinear

e Divergences are controlled by Soft and Collinear
Anomalous dimensions - ex: Cusp A, collinear B, soft-f etc

® Soft and Collinear regions are Uniygrsal

® RGE in IR sector allows for All Order Prediction



Mellin Moments and large N

Mellin Moment:

1
= [ N

Threshold limi# — 1 in z-Space translates toN.— oo in N-Space

N — oo Taking into account SV and NSV terms

log(1 — 2) _ log® N ~ logN Lo 1
1 -2 n N 2N N?

log® N 1
logh(1 — 2) = ARG (—)

N N?

65



N-Space structure

Sterman, Catani, Trentedue

Mellin moment of CFs

[ N = /01 dz zN_lAC(z)]

InN-Space N — co We can predict tower of log N s

log N
v =1+ ag [C%log2N+cilogN—|—c(1)—|—d% O?V | (9(1/]\7)}
log® N
+a§[cglog4N+---+c3+d§ OgN +---+O(1/N)}
1 B
o . 2 om_110g”" " N
+a?[cnnlogn]\f+---—|—dnn_ N + --+(’)(1/N)}

aslog N is of order "one’ when @5 isverysmall

Spoils the trucation of the series



Sterman-Catani-Trentedue

Sterman (' 87),Catani, Trentedue 89

SUMMATION OF LARGE CORRECTIONS TO SHORT-DISTANCE
RESUMMATION OF THE QCD PERTURBATIVE SERIES FOR

HADRONIC CROSS SECTIONS B S P ROCEooS
S. CATANI
George STERMAN*
Istituro Nazionale di Fisica Nucleare, Sezione di Firenze, Dipartimento di Fisica,
Institute fOf Advanced Study, Prnceton, NJ 08540, USA Universita di Firenze, I-50125 Florence, Italy

L. TRENTADUE

Dipartimento di Fisica, Universita di Parma, INFN, Gruppo Collegato di Parma,
1-43100 Parma, Italy

2 L XN T T g AR 2
ax(7) = ewp|2f dx = [T 5 (e ((1-x)07))

3 1\ 1_
+—55f dx - o, ((1-x)Q?)

+O(a,(a,InN)"). (3.25)

Resums threshold logarithms in large N
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All order perturbative predictions

All order exponentiation can predict to all orders from lower orders:

D <log’;<1—z>>
- +

Ac(z) = Cexp (\Ifc(q27 Wy s 2, 6))

e=0

o L, =log(l— z)
= al A(z)
i—0
GIVEN PREDICTIONS
70 e e 7 A0 A0 A0
Dy, D1, 0 D3,D, Ds, Dy D(2i-1), D(2i-2)
Il L0 13 1 Lg%—l)
Dy, D1, 0 D3, D, D(2i-3), D(2i-4)
12 L 10 L4 L2
Dy, D, 0 D(2i-5), D(2i-¢)
L3, LY L
DO-, Dl-, 0 D(Z"i—(Zn—l))a D(Qi—?n)
L7~1 ) L? Lth—n)




Resummation in g g- H

Ajjath et al

Cross sections at LHC (13 TeV and above) with SV

Higgs cross section: gluon fusion
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Ajjath et al

Cross sections at LHC (13 TeV and above) with SV and SV+ NSV

23.89407050 | 42.7612723-9% || 39.16817993 | 41.0325713:3011 46.43047033 | 44.96851530
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Rapidity Distribution

Rapidi’ry Distribution of any colorless particle:

le de A 33(1) 37(2) AT 2 2
—_U I A ab (71, %2, )
B Z / /xoz2 b(zl ZQH d,b(l 254 N)

ab=q,q,9

. . do (1.¢°,y
DY production of lepton pairs ol = (dq2 ) .

Higgs through gluon (bottom anti-bottom),= o/ (r,¢°,y) .

P1

Rapidity: = 3ln(220) =i (4), 7= afal

Partonic Scaling variables:

0 0
Ly __ o

Zl:CBl’ )



Soft and Virtual terms

AL =6(1—21)0(1 — 20) + as{cgl)é(l — 21)0(1 — 25)

In(1 —
+c§1) n 2) + R(l)(Zh 29) + 21 > 22
1 — 21 +

\

/




Soft Gluon Resummation

Double Mellin Transformation:

1 1
A I,SV Ny —1 Ny—1 A I,SV
A (w):/ dz12y" / dzozs > ALY (21, 22)
0 0

Resumed Rapidity distribution: Ni dependent

ASV! (w) = gL o(as) exp (g4 (as, w))

W = asﬁo In (leg)

Ni = €7ENZ'

Ni independent



Resummation of soft gluons (N LL)

All order resumed result
Adq(N1, N2) = g% ,(as)exp ([ H /dzi P 1]

i=1,2

q° % 2
s (H{ [ 2 e i )

| }

+% (% {A"(a,.(zlg)) + dDZ(aa(Zrz)) }) + (2 & 22)])

2129 dln212



Rapidity of Higgs at NNLO + NNLL

P. Banerjee et al

14
LO NLO NNLO LO+LL NLO+NLL NNLO+NNLL
12
M, = 125 GeV
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¥
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D
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(1 1 ‘——:=======---====.-=:
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4

NNLO/LO

N

AT NNLO+NNLL result
: stabilises convergence
Fixed order CS Resummed CS — of perturbation series

Mg /2 < purr <2Mpg



Rapidity of Higgs at NNLO + NNLL

NNLO+NNLL P. Banerjee et al
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Rapidity of Higgs at NNLO + NNLL

16
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