QCD BASICS FOR
ACCURATE LHC PHYSICS

LECTURE llI

Fabio Maltoni

Center for Particle Physics and Phenomenology (CP3)
Université Catholique de Louvain

ThikTank on Physics@LHC, 05-09 Dec 201 | Fabio Maltoni



CLAIMS AND AIMS

Four lectures:

|. Intro and QCD fundamentals
2. QCD In the final state

maccurate QCD to useful QCD
4. Advanced QCD with applications at the LHC
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LHC MASTER FORMULA

Q* Q7

pE’ s

1
OxX — Z/ drids fa(ﬂfl,ﬂ%)fb(fﬁg,ﬂ%) X 6abﬁx($1,$2,045(,u%), )
a,b 0

Two Ingredients necessary:
|. Parton Distribution functions (from exp, but evolution from th).
2. Short distance coefficients as an expansion in &s (from th).

~ 2
Oab—X = 00 T SO1 + QgO9 + . ..

Leading order

Next-to-leading order
Next-to-next-to-leading order
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PREDICTIONS AT LO

How do we calculate a LO cross section for 3 jets at the LHC?
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PREDICTIONS AT LO

How do we calculate a LO cross section for 3 jets at the LHC?

. ldentify all subprocesses (gg—ggg, gg—qgg....) In:

o(op = 3) = 3 [ Fi@) )i — hukaky

ijk
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PREDICTIONS AT LO

How do we calculate a LO cross section for 3 jets at the LHC?

. ldentify all subprocesses (gg—ggg, gg—qgg....) In:
o(op = 3) = 3 [ Fi@) )i — hukaky
ijk

l. For each one, calculate the amplitude:

A({p}. {h} {e)) = 3D,

1
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PREDICTIONS AT LO

How do we calculate a LO cross section for 3 jets at the LHC?

. ldentify all subprocesses (gg—ggg, gg—qgg....) In:

o(pp — 37) Z/fz r1)[j(22)0 (i — kikok3)

17k

l. For each one, calculate the amplitude:
A({p}. {h}{eh) = 3D,

Il. Square the amplitude, sum over spins & color; integrate over the phase space (D ~ 3n)

A 2
o=— [ do, g A
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PREDICTIONS AT LO

How do we calculate a LO cross section for 3 jets at the LHC?

. ldentify all subprocesses (gg—ggg, gg—qgg....) In:

o(pp = 3) = 3 [ fila) f(@2)6(is — kakaks)

ijk

l. For each one, calculate the amplitude:
A({p}. {h}{eh) = 3D,

Il. Square the amplitude, sum over spins & color; integrate over the phase space (D ~ 3n)

.1 ; :
6= dip;\fl\ quite hard
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ZviBern®

How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

Consider a simple 5 gluon amplitude:

2 3
4+ + +
1 5

There are 25 diagrams with a complicated tensor structure,
SO you get....
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k1.62%kd e3¥k5 ed*el.ab - 1/2*den (2%k1. k2 ) *den{2*k8 kd) *k1 k4 ob* k5 .al*ed ad + den{2*¥k1 k2)*den(2*k3 kd ) *k1.e3%K2. e1¥k3 ad*ed of
- den (2*k1.k2) *den(2*k3. 1-.4] 1 e3%k2.a5%k3 ed*al ol + 1/2%den|2%k1 k2)* den(2*k3. L-i"l*l-.l e3*k3.04%¥k3.a5%1 a2 + 1/2*den (2*k1 k2) *den(2*k3 k4 )*
kl.ed*k3 ed¥kd e5%el.o2 - deni2¥k1.k2)*den|2%k3 kd) ¥kl .e4¥k2 01 *kd.03 *o2 b + ienl’ﬂ*l-.l k2)*den(2*k3 k4 )* k1. Eﬂi*kﬂ eb*kd.ed*el a2
1/2*den| 2%k k2)*den(2%k3 kd ) *k1. 04%k3.e5%kd a3%el o2 - 1 J2*den( 2%kl k2)*den | PR kd)*kl.ed*kd 03%kd eb*el.o2 - 1/2*den(2*k1.k2) *deon| 2*k3 kd )*

1-.1 -E-E-*l-ﬂ kA*el.e2*a3 04 + 1 -‘2*1:1911[2*1-.1 k2)*den( 2¥k3. k4]*k1 e5¥kD k4* ol e2%ed 04 + 1/ 2*den(2*k1.k2)*den( 2¥k3. 1-.4]*1-.1 e5¥K2.61 %3 a2%ed ad

- den(2%k1 k2)*den( 2¥k3 kd) Ykl e5%k2. al¥k3.ad*a2 o3 - 1/2*den(2* k1 k2)*den (2*k3. k-i‘l*kl o5*k2.01*kd e2*ad o4 + den{2*k1 k2 ) den(2*
k3 k4)*k1.05%k2.01%kd 03%a2 o4 + den{2%k1.k2) *dﬂl[ﬁ*k?r kd)*kl a5 k2.03%k3 ad*ol. el - denf 2%k 1 k2)*den| 2*k3.k4) *k1 5%k ad*kd 3%l .02
+1 -'4*:1911[2*1-.1 k2)*den(2%k3 k4 )*kl a5 kb*al a2*e3 ad - 1 [2%den(2* k1 k2)*den| 2%k3 k4 )* k1. eE¥K3 ad kb ad%al a2 - 1 S4*den( 2%kl k2)*den(2*
k3 kd)*k1.o5%kd. k5*al.a2%a3 ad + 1/2%den(2%k1 k2)*don| 2¥k3 kd )"kl .o5% kd 03%k5 ad%0l o2 - 1 /2% den(2%k1 12 )% ienfﬂ*l-.ﬂ kd)*k2 k3*k2 01*al o5*
ed.ed + 1/2*den{2*k1. H]*dﬂl[ﬁ*hﬁ L-i"l*l-ﬁ k3*k3 ed*el e2%ed 05 - 1/2% den(2%k1 k2™ ienlrl*k.'f'r kd ) *k2 k3* k4. af*al c?*ad b + 1 [ ¥ den(2%k1 k2)*
déll[i*kﬂ L.-i"l*l-i.} k3*kd 5%l o2*%3 04 + 1/2*den (2 k1. klj*denfl*kﬂ kd)* k2 kd*k2. al*s2.05%a3.ad + 1/2*den{2*k1 k2) *d@n[.l*l-.ﬂ l-.-'-i“l*kﬂ kd*k3.ad*
ol.e@%ed.eb - 1/2%den(2%k1 k2 )*den (2*k3. k=1]*k2 kd*k3.e5%a].e2*ad 04 - 1 [ den|2¥k1. k2 )*den{ 2*k3. 1-.4]*1-..3 kd*ld ed%al. e2%ed of - 1 "2* Jen(2*
k1.J2)*den{2*k3 kd) ¥k2. kE*k3 ad*al c0%ad of + 1/4%den(2%k1 k2)* i@n[ﬂ* k3 Jed) ¥ kE*k3.a5%a1.02%a3. od + 1/2*den(2%k1 k2 )* ienfﬂ*k?p k4J*L£ kh*
kd.e3*el. a2*ad.ab - 1 J4¥den(2%k1 k2 )*den( 2%k k4 ) ¥k2 k5*k4. ab*al a2* ad.ed + den{2*k1.k2)*den (2*k3. k-i“l*k.l ol *k2 a3%k3.ed%a2.ab -
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How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

Solution
* Work always at the amplitude level (not squared)

* Keep track of all the quantum numbers, (momenta, spin and color)
* Organize them In efficient way, by choosing appropriate basis
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How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

Calculate helicity amplitudes, ie amplitudes for gluons and quarks in a definite
helicity states. For massless quarks this amounts to condering chirality states:

ut (k) = 5 (1 £7v5)u(k)

External gluons you always think them as attached to a quark-anti-quark pair with a
definite (yet arbitrary) polarization vectors:

<q_‘7”ﬁ‘k‘_> (k. g) — <q+‘7’#‘k+>
VEak o 0T T Ay

It's just @ more sophisticated version of the circular polarization. Choosing appropriately the
gauge vector, expressions simplify dramatically.

~T (- _
v ('ILQ) o
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How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

Inspired by the way gauge theories appear as the zero-slope limits of (open) string theories, it has
been suggested to decompose the full amplitude as a sum of gauge invariant subamplitudes times
color coefficients:

An(gl,...,gn):gn_Q Z Tl“(taltaaz"'taG”)An(l,O'Q,...,O'n)

UESn—l

where the formula if®*¢ = Tr(t3[t> t€]) has been repeatedly used to reduce the f's into traces of
lambdas and the Fierz identities to cancel traces of length I<n. Analogously for quarks:

An(Qlag%”'agn—lag’n) :gn—Q Z (taJZ '”taan_l);An(1q7O_27'°°7O-n—27n§)
ocES,,_o

The Ay are MUCH simpler objects to calculate, with many less diagrams...
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How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

artial Amp
3
10
36
133
501
59405 1991
10525900 7335
224449225 28199
5348843500 108280
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How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

artial Amp
3

10

36

133

4300 501
59405 1991
10525900 7335

224449225 28199
5348843500 108280
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How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?
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artial Amp
3
10
36
133
4300 501
59405 1991
10525900 7335
224449225 28199
5348843500 108280
(2n)! 3.8"




How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

Feynman diagrams are not efficient because the same subdiagrams are recomputed over and over.
Solution: cash them! In other words use recursive relations.

For the color-ordered subamplitudes for n gluons, such relations (called Berends-Giele) are very easy:

\

Off-shell amplitudes with max n-1 number of legs !

ThikTank on Physics@LHC, 05-09 Dec 201 | 12



How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?
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mp BG
3
10 10
36 35
133 70
501 126
1991 210
7335 330
449225 28199 495
48843500 108280 715
(2n)! 3.8" n?




How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

The factorial growth is tamed to a polynomial one!
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How DIFFICULT IS IT TO CALCULATE |A|32
FOR ARBITRARY PROCESSES?

The factorial growth is tamed to a polynomial one!

mp BG
3
10 10
36 35
133 70
501 126
1991 210
7335 330
449225 28199 495
48843500 108280 715
(2n)! 3.8" n*

Note, however, one still needs to sum over color!!
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LO PREDICTIONS : FINAL REMARKS

Q* Q°

pk’

1
ox = Z/ dﬁCldeQ fa(flaﬂ%)fb(x%/ﬁ%) X 5'ab_>X(CU1,ZU2,0fS’(,U%g), )
ab vV

® By calculating the short distance coefficient at tree-level we obtain the first
estimate of rates for inclusive final states.

® Even at LO extra radiation is included: it is described by the PDFs in the
initial state and by the definition of a final state parton, which at LO represents
all possible final state evolutions.

® Due to the above approximations a cross section at LO can strongly depend
on the factorization and renormalization scales.

® Predictions can be systematically improved, at NLO and NNLO, by including
higher order corrections in the short distance and in the evolution of the PDF's.
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How DO IMPROVE?

[, We reach NLO and NNLO accuracy TH-Accurate

2. We include parton showers EXP-Usefu
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How DO IMPROVE?

|, We reach NLO and NNLO accuracy TH-Accurate

2. We include parton showers EXP-Usefu
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PREDICTIONS AT NLO

QQ Q°
UF :uR

ox = Z/ dxidxs fa(ﬂfl MF)fb(fl?mMF) X Uab—>X(CU1,SL‘2,OéS(MR) )

Oab—X = 00 + Q501
Why?

2

I I I LI I I
Tep produstisn va g, V3=14TaV

|. First order where scale dependences are ]
compensated by the running of s and the evolution of ™[ 10 cheablL 0130 B
the PDF's: FIRST RELIABLE ESTIMATE OF THE TOTAL ™7 HLO, cteq8_m, ax{H)=0.115 B
CROSS SECTION. il
2. The impact of extra radiation Is included. For example,
jets now have a structure.

3. New effects coming up from higher order terms (e.g,
opening up of new production channels or phase space ]
dimensions) can be evaluated. W w1 0 &m0 1000
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PREDICTIONS AT NNLO

Q2 %

ox = Z/ dxidxs fa($1 ,LLF)fb(CE%,uF) X Uab—>X(CU1,CU2,OéS(MR) )

,LLF UR
A 2
? pp - (Z7")+X at Y=0
Why: S I RS R A i DO IS KA M
e A NNLO computation gives control on the g ™ rTc=—= 2
U - - v e :
uncertainties of a perturbative calculation. g F e
o 80— =
_— oo , = R A . 3 N
® Its "mandatory” if NLO corrections are very large to | ey
\ . . = — 5 = e ]
check the behaviour of the perturbative series 4 ‘ M = M,
mb - MRSTZ2001 pdf=
= a0l Br = My = p R ]
y ' - = u, =M — — — i
® [t's the best we have! It Is needed for Standard Candles : % ;W
and for rea||>/ eXp|O|t|ng all the a\/a||ab|e ”’Tf‘or‘ma_uon’ for 30-1 TITE AT FETE1 ITTT1 [TT7 Y i Y AT SN SAT A AN SArArS FEWE1 ATT
’ 0.2 Q.3 0.6 Q.7 1.0 2.0 3.0 6.0
example that of NNLO PDF's. /M
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100

10~1

. 10~2

10—3

10—4

<00P

E 1 1 I 1 1 1 I 1 I 1 1 I 1 I I 1 I 1 I I 1 I 1 I I 1 1 I g
:——u ._,,«‘.‘\‘\ PP - W-oe Ve a
L In®| < 2.5, Ef*® > 20 GeV_
= LHC =
- —— NLO :
. LO E
| 1 1 1 | | 1 1 | I | | 1 | I 1 | 1 | I 1 II | l 1 | 1 1
20 30 40 50 60 70

pr(min) (GeV)

o
o

* At LO the W has no pr, therefore the pt
of the lepton has a sharp cutoft.

* [he “K-factor’ looks like enormous at
high pt. When this happens it means that
the observable you are looking at it is
actually at LO not at NLO!

* |t Is important to keep the spin
correlations of the lepton in the calculation.
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DRELL-YAN PREDICTIONS AT NNLO

N

*Virtual-Virtual : O(100) terms

V)
W’

< r-:,?‘*. ,"*T,:-‘v' \
i \ ) T s
A W\ N
rd NS L Y
Yay ™
0.9

A

AT 1P
/r‘l?- A '

*Real-Virtual : O(300) terms

* Real-Real : O(500) terms
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DRELL-YAN PREDICTIONS AT NNLO

CMS 38pb'at Vs=7TeV
: lumi. uncort;iinty: + 4% l l

oxB(W) - 0.986+0.009 , +0.028
oxB(W*) ] 0.982+0.010,,, +0.030
6xB(W) RER 0.992+0.010,,, +0.029
oxB(2Z) et 1.002+0.010_,, +0.032

ez HeH 0.981+0.010_,, +0.015

R, - 0.990+ 0.011_ +0.023

0.6...0-8....1 —
Ratio (CMS/Theory)

[TH = Anastasiou, Dixon, Melnikov, Petriello. 2004]

* Impressive improvement of the scale dependence.

* High-pt end of the electron and extra jet known at NLO accuracy
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a(pp —> H X) [pb]

HIGGS PREDICTIONS AT NNLO

| N . N L |

100

150 200 250 300

M, [GeV]

* The perturbative series stablilizes.

3.0p | : |
LHC : | )
2.5 I ] -/“E" h{_}{:_a-_ /_I-R,-"_M_ =0.5
< 2.0 3 I £
= = - 5 g /_-1.1, /Mg=0.5, pup/My=2
N E
1% 1| T — — _
L N
y [
1.0 1
05F NNLO ]
NLO
L.O
0.0 ' | . R _
100 150 200 250 300
My [GeV]

* NLO estimation of higher orders effects by scale uncertainty works reasonably well
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[—
-

95% CL Limit/SM

HIGGS PREDICTIONS AT NNLO

Tevatron Run II Preliminary, L <8.2 fb

:Z smunn  Fxpected .. -IZIIZII:Z:IIZI::LZ:::::::::" £} DR
e e e Tevatron = i
I+ Expectqd E xe}usmn --------------- i
=120 Expect¢d """""""" ) T e esseitie RS =

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

RCEYETIN

130 140 150 160 170 180 190 200

my (GeV/cz)

be careful : just illustrative example, not very precise
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\s=7 TeV

A\

LHC HIGGS XS WG 2010

A\

vector boson fusion

(VBF)

associated production with
vector bosons

g "00000)

g "00000°

300 400 500

associated production
with heavy quarks
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PREDICTIONS AT NNLO : FINAL REMARKS

® Handful of precious predictions at NNLO now available for Higgs
and Drell-Yan processes at the parton level for distributions.

e Others (VV, ttbar) in progress and in sight.

NNLO stays to the LHC era

as
NLO stayed to the Tevatron era

ThikTank on Physics@LHC, 05-09 Dec 201 |



