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Large Hadron Collider

e Excellent Discovery Reach

Large Hadron Collider at CERN

Circumference 26.7 km (16.6 miles)

NO
Proton Beams W

Expenmental Hall
(Collision point)

e Higgs

Detector for CMS experiment

e Supersymmetry

Proton Injector

Tunnel cross
section

e~ Experimental Hall
; (Collision point)

e Fxtra-Dimensions

e Anything else

Detector for
ATLAS experiment
(displaced for clarity)



Large Hadron Collider

e Large amount of events

o W — ev : 10° events
o 7 —ete: 107 events
e {1t production 107 events

e Higgs production 10° events




Standard Model

e Theories

e Quantum Chromodynamics
e Electroweak Theory (SM)

e Theory of Gravity




Large Hadron Collider

e Large background

e Large number of v,1*, Z, W+
o Jets

e Large number of ¢, bb




Theoretical Issues

e Issues to be tackled Projectie Moton: Horizontal Laundh
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e Kinematics

e Normalisation —_ A

e Renormalisation and Factorisation S?‘cal“e’js |
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e Parton distribution functions
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Why Precision ?
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The truth 1s in the Details



Precision Physics

Experiment
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Tests of Quantum Chromodynamics

QCD RGE prediction
for DIS

QCD Jets at LEP
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EW Radiative Corrections e Mmé:?%
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Stability of our Vacuum

NNLO Electroweak Correction :

Top mass M, in GeV

Top mass M, in GeV
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Fate of the universe depends on

Higgs pole mass M,, in GeV

the mass of top



Leading order is often Crude in QCD

8. 90F pp—>H, {s=13TeV, m, =125 GeV
T [ & Preliminary data XH = VBF + VH + ttH + bbH
c1>. 80| W QCD scale uncertainty
oQ : H->yy, H->ZZ*—4l combined m Tot. uncert. (scale, ® PDF+a,)
70}

LEADING ORDER

Data



Exclusion Plot for Higgs mass

95% CL limit on o/o,,
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LO is often a crude estimate

2Sc (z,mp) = 7<I>§%)(z,u )250(0) ( mH,,uR> + -
X
o(pp—H+X) [pb] _ Ns=14TeV
g t
H
t 10 |
g t
LO Harlander

I

100 120 140 160 180 200 220 240 260 280 300
M,, [GeV]

2369) (= mi 1ir) = a2(ur)GrF(me,m)

LO prediction is unreliable due to 100 — 200% scale uncertainty



True Result for Higgs

6(2) = 6"9(2) + ase™ 7 (j+ ageNNEO (j+ 035730 (2) + O (o)

g LHC : ‘ ‘
PDF4LHC.0 i . |
L R 17 i
Hr=Hy € [my/d,mp) . |
LO 15.05 I ].4.8% 107 Y e ‘
NLO | 38.2 £16.6% L = ?
NNLO | 45.1 +8.8% .

8 9 10 1 12 1

N3LO | 45.24+1.9% pb :/Erre




QCD + EW

for Higgs

13 Tev LHC

o = 48.58 pb

+2.22 pb (+4.56%)
—3.27 pb (—6.72%)

(theory) -

- 1.56 pb (3.20%) (PDF+ay).

48.58 pb =

16.00 pb
+ 20.84 pb
— 2.05pb
+ 9.56 pb
+ 0.34pb
+ 2.40pb
+ 1.49pb

(4+32.9%)
(4+42.9%)
(—4.2%)
(+19.7%)
(4+0.7%)
(+4.9%)
(+3.1%)

(LO, rEFT)

(NLO, rEFT)
((t,b,c), exact NLO)
(NNLO, rEFT)
(NNLO, 1/my)
(EW, QCD-EW)
(N®LO, rEFT)



Theory Vs Experiment

(EPJ C74 (2015))

m,, (Gev]

Significance of excess:

vy: 9.6 0 (5.1 exp.) Z/:6.6 0(5.5exp.)

Signal strength u = o, / ogy

n=1.1273 =151

Agreement with SM
Higgs Boson



Top production

qq annihilation (~10%)
q t
a: : t

gg fusion (~90%)
g t g , t
. % : { i t



Theory Prediction

Oyt [PD]
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Theory Vs Experiment
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Parton Model in QCD
Hadronic Cross section:

1
i
ot (r,m3) =P (uk) ) / dy Bap(y, nF) A%, (g,mi,u%,ﬂ%)
afb=QaQeg i

: Partonic cross section:
Partonic Flux:

1
Dop(y, 1F) = /y %fa(r,u%)fb (-Z—u'“’p) :

Precision Measurements Precise theory

\ 4

Discover/Test Physics



Inputs that can affect

UV Renormalisation Scale, Strong coupling

s (MR)

Factorisation Scale and Parton Distribution Functions

fa (QZ’, IUF)
Missing Higher Order corrections

Stability of the perturbation theory

Resummation Methods

Hadronisation models {:}{:@@
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No. of diagrams
g+g—ng

For Jet / background to BSM
71, no. of diagrams

g+—9g — g+4g 2 4
g+9g — g+49g—+4g 3 25
g+qg > g+g+g+g 4 220

S 2485
6 34300
7 559405
8 10525900



Polarisation Vectors

% Gauge Choice

€, (q) —€,(q) = \/51

% Polarisation Sum

0Dy + QP € (9).g=0
Y a@adE®e) =" —Nw ;' (9)-€(a) =0

X o & (p;)-€§ (g) = 0




SU(N) color algebra

2(}@@3
abc
f 1 4 fabc

T4T?) = if%TC e i = 2|Te(7°7°7¢) —Tr (7°7°7°)

jfuab;phasas _ 4 [Tr (T“‘ T% T”) —Tr (T“2 T4 T”)] [Tr (T“3 T Tb) —Tr (T““ T T”)]
= 2Tr(TOTRTHBT) —2 Tr(TOTRTHTS) — 2 Tr (TTUTHT™)
+2 Tr(T2THTHT®)



QCD improved Parton Model

2 (81,8208) = &% Y 2Tr(T%0..T%0) A (8o(1)s-s80(m)
O€ESy/Zy

Partial Amplitudes - No color information
- Gauge Invariant

n 4 5 6 7 8 9 10
unordered 4 25 220 2485 34300 559405 10525900
cyclicordered (|3 10 38 154 654 2871 12925




Cyclic Ordered Feynman Rules

No Color Factors lli

¥ 00000, v = %7
p2
fp
- ~ = i[g}‘ll‘Z (plll:'. _p}243) +g"2i43 (pgl _p}:;l) +gu3}41 (pgz _pillz)]
A i
K4 K1

?gg — i[ZgI‘lmgI‘Z}M — gl‘lmgﬂ:&}‘d — gl‘lll4gl‘2}‘3] .

M3 17



Berends-Giele Recursion

- Off-Shell currents

- No Feynman diagrams

off-shell

T
—_—

~.
|
[

nj+1 j



BCFW relation

Pa(2) = ) k) [k| = z[3) [j]

=a

1 A
p2 Ap(Ppb+1,--- ,a—1)
ab

AL, ,n) ~ Y Ag(a,--- b, —P))
A

. b+1




Park-Taylor Amplitude

MHV n - gluon Amplitudes

An(l-’2+,... ,k_’... ,n+) —




Twister space

Momenta in bi-spinor Pt = AaAg Scaling
Ay — 2\,
1
)\a %—)\C’L
z
Transform \ .0
a7 1 :
O\?
0
1 - — )\d
O\




Weinzierl's comparison

Compare algorithms based on different methods for the numerical computation of the
Born gluon amplitude:

n < S 6 7 8 9 10 11 12
Berends-Giele | 0.00011 0.00043 0.0015 0.005 0.016 0.047 0.13 0.37 1
Scalar 0.00014 0.00083 0.0033 0.011 0.033 0.097 0.26 0.7 1.8
MHV 0.00001 0.00053 0.0056 0.073 0.62 3.67 29 217 —
BCF 0.00002 0.00007 0.0004 0.003 0.017 0.083 0.47 2.5 145

CPU time in seconds for the computation of the n gluon amplitude on a standard PC
(Pentium IV with 2 GHz), summed over all helicities.

All methods give identical results within an accuracy of 1072,






Beyond LO

Loop integral

' N({ki}, {pm})
E E E H/ 27T n Da1Daz D]avf;’d

Phase space integrals

'l ) "i "; .'l .i. ‘|)
W i | I
i _ e i 1y
‘!.' "- ;. ."l _l' ‘! )

N

doy = || (/ (Cg;];z 5(p; — )) (2m)"0" (g — sz

1=1




Loop Integrals

Numerator:

Reducible if
(pi - kej)™F

(ki - kj)™

Reducible
Trreducible
are expressible in
terms of Denominators
Ej(l_ Dj ) ]—1,... Nd



Loop Integrals

D1 D1
k-p 1 | I
Dy 2 Dy D




Tensorial Reduction




Ossola-Papadopoulos-Pittau (OPP method)

Integrand : NNN) Di=(k+ Y em;)
J
N(k,pi) — Z [d(lllzlg’m) -+ Cz(k, i1i2i3i4)} H D;
11 <t2<t3<14 1711121374
n Z c(i112t3) + c(k,111213)] H D;
il <’i2<i3 1#112223
+ Z |:b(@1@2 k ZlZQ } H D
11 <12 171112
) [b(iﬂé) + b(k, Z1)} [[ Di+Pg) || D
i ity i=1

Best suited for Numerical Methods



NLO QcpD - Tool Kits

ANALYTICAL TOOLS

Faster generation of Feynman diagram

QGRAF
Symbolic Manupulation:
FORM Mathematica
On-Shell Methods
BCFW
Recursion techniques
BG

MERGING NLO WITH SHOWERS

MC@NLO
POWEG
SHERPA
VINCIA
GENeVa
aMC@NLO
KRKMC

SEMI-NUMERICAL METHODS

Helac-NLO
CutTools
BlackHat
Rocket
SAMURAI
MADLoop
GoSam
Ngluon




NLO revolution

1979: NLO Drell-Yan [Altarelli, Ellis & Martinelli]

1991: NLO gg — Higgs [Dawson; Djouadi, Spira & Zerwas]

1987: NLO high-p; photoproduction [Aurenche et al|
1988: NLO bb, t [Nason et al]

1988: NLO dijets [Aversa et al|

1993: Vj [JETRAD, Giele, Glover & Kosower]

NLO timeline B
?
Q- ~
g O
R
oSS Golem, HELAC
N
N
SSgd BlackHat
~ QY] ™M < E‘O
r 7 i P87
ov o ov IR
e ————————————————
1980 1985 1990 1995 2000 2005 2010
1998: NLO Wb_B [MCFM: Ellis & Veseli] 2009: NLO W+3j [Rocket: Ellis, Melnikov & Zanderighi]
2000: NLO Zbb [MCFM: Campbell & Ellis] 2009: NLO W+3; [BlackHat+Sherpa: Berger et all
2001: NLO 3j [NLOJet++: Nagy] 2009: NLO tfbl_) [Bredenstein et al|
i = Bl 2009: NLO ttbb [HELAC-NLO: Bevilacqua et al]
2007: NLO ttj [Dittmaier, Uwer & Weinzierl '07] 2009: NLO qg — bbbb [Golem: Binoth et al]
2010: NLO ttjj [HELAC-NLO: Bevilacqua et al]
NLO Z+3j [BlackHat+Sherpa: Berger et al]

2010:






Integration By Parts (IBP)
D; = g +ie Qizzkl‘|‘zpj

1 o
H 27-‘- n Dal DCLQ D?V]Zd

nh-Dimensional Gauss theorem

2 (g ) o0
a a AN, o
. ak” DY'DS? - DY
H ( Pl )0 l=1,---N,—1
a a AN o
. (‘91@]“ D11D22-~DNd

Integration By Parts (IBP) identities



Integration By Parts (IBP)

Number of IBP identities = N (Nk + N, — 1)

IBP identities:

32 Cilsyom) Ll{phmoan, - an) = O

Integrals:

Solving IBP identities -> Master Integrals:

Iz’({pj}v ai, - - .a‘Ne)

Good News e ==



Integration By Parts (IBP)

d"k 1
](&1,@2) - / (27'(')” (kZ)m((k —|—p)2)a2

/(;i;];” 82 ((k2)a1((zu+p)2)a2> — 0

v=Fk,p

—n—1
I(a17a2) — gl —I_a2 T

1
I(a1,a2 — 1) + —1(a1 — 1,a2)

p?(as — 1) .,

ao




Lorentz Invariant Identities

Integrals are Lorentz scalars

pi — pl +opt =pt +wp,,

0
[(pi + op;) = I(p;) + w™” ij,,,—ul

Anti-symmetry W = —w"

9,

op!!

Anti-symmetry of pgupz]

y 0,
P pi

op;

I(pi) =0



Solving Master Integrals

Consider a Master Integral

Ny,
d" k; 1
I(sij,n) =
(33 n) H/ (27T)n D1 D5 - DNf
Define S12 = S D; = q; + i€ q’i:ZkHszj

7 [
s = (p1 +p2)2
Differential w.r.t s

Ny
% d"k; O 1
5951 Sism) _21_11/( )" Os (DlDQ---DNf>




Master Integrals

Generalization with set of MIs

I = (11,12, - -,IN>
{I;(X)} depend on Scaling variables

X = (a’;l, X9,y e, xM>
Dif ferential equation:

M
1=1




Canonical/Henn's Basis

Consider Diff equation:
dI(Z, n) ZA n)dz; 1(Z,n)

Choose U Tmnsformahon such that

U 'A(Z,n)U — U 'dU = (n — 4) A(D)
Diff equation contains .n' independent A

df(ﬂ? Z A dCE’L L, )

(Z,n) = 1(Z, )Pexp<n— /‘”_ >

P - Path Ordered exponential

'\«Il

Solution



Canonical/Henn's Basis

Start with Henn's Diff equation:

) -
(95 I(s,n) =(n—4)A(s) I(s,n)

I(s,n) = T(O)( 0) + (n — 4) ZAZ(SZ) o8 (380_—8;@)

PolylogariThms - Uniform transcendental terms






NNLO corrections:

Pure Virtual *
E>----) ----- < + 53 terms.
Virtual - Real .
W) %M< +171 terms.
Real-Real
b S



Reverse Unitarity

Real-Real
D1 q1|2
>mmm< 4| « [ oot oo (a])(63)0+(a® — mp)[ -]
P2 q
p1 p1
P2 H P2

Reverse Unitarity

1 1

6. (g —m?) ~
+(a ) g?—m?2+ie ¢*>—m?—ie

m—) Loop Integrals



Higgs production to N3LO in QCD at the LHC

Anastastou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Mistlberger

100 000 diagrams Integration By Parts
ddkl_” d?k3 a_ 1 )_0
@n? ) @rok; ( o)~
Triple virtual Real-virtual Double virtual
: Sqllill.t'(l l.cal
e g: Lorentz Invariance
Double real Triple real 3
virtual o 4
: P pY (Zpk[u_) J(ii) = 0.
T
Integrals Master Integrals l
Master Integrals
NNLO 50 000 27 g

N3LO 917 531 178 1028



NNLO n-Jettiness:

TN = Z min; {2p22-.qk } .
k 2

Tn < T

N -
0(7Zv<T,$“‘)=/H®B®B®S® [T7.]+:-

H- pure virtual
B - Initial state beam fns.
S - Soft distribution fns.
J - Final state jet fns.

NNLO - analytical
Tn > T

NLO with two jets

o (Tx = TN")
finite- numerically



NNLO n-Jettiness:

Tnv <TN" and Twv = Ty"
TN = Ts = 6rQ.

- do(X) do(X)
o (X) = /0 4T o /Té 4T S5

- do(X)
— oSing(y

l 0(511{) .

o""( X, Ts) is of O(75/Q) = O(d1Rr).



qT subtraction at N3LO:

F+jets
do 5V)NLO = H{N)NLO ® dozp + [do (I\—IEJLtO do (N)LO]

do®" =dor, ® X (gr/Q) &’

F . F+jets

qT resummation gives



qT subtraction at N3LO:

do’ dy, [pb]

Ratio to NNLO
&&P&

25

20

15

18

-t
.

O NOO= w2 O

HN3LO + NNLOJ pp—-H=+X Js = 13 TeV
1 1 | | | 1 1 1
=3 N3Lo
= E==—= NNLO
NLO
LO
H [W:"F] = (*O*"‘) "H
1 1 | | 1 1 1 1
. 1 1 ] | p | 1 1 1
< - o o ad NN 4 e ———— — b, — — 4
A i N A A L A i AN A AT i AT i -
- 1 1 1 1 1 L 1
%) 8.5 1 1.5 2 2.5 3 3.5 4
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Small qT Resummation for DY

do 1 1 daa
a,b

For gr — 0, a2 log™(M?%/q%) > 1

ds _ dg'"™)  d&l"™
dg%  dq¢% = dqg%

d &(res) M2
dg> &

/ db - J(bar) W(b, M)

WN(b,M) — HN(QS) X exp {GN(asa L)} — |og(M2b2)

Gnlas, L) =LgW (asl)+gP (ast)+— g (asl)+- - -
™



Small qT Resummation for DY

DO data for the Z g1 spectrum compared
with perturbative results.

0.12

0.10

O
-
®

o

1/o do/dq, (GeV?)
B

o
o
—

0.02

0.00

" pp 20+ X-1"174X

. | 1 1 I |

- © Vs=1.96 TeV MSTW2008
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Q.

i A 1
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[ ) 0.0020 —
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- ; 0.0005
7 0.0002 [— | \ —
1~ L 0.0001 Ll 1'1&11 s -
; 20 40 60 80 100
! 1 DO ete”
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1 1 A 1 1 |

120~

lllllilllllll

5

10
qr (GeV)
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Small qT Resummation for Higgs

do/dqy (pb/GeV)

1.50

1.25

1.00
0.75
0.50

0.25

0.00

' l ' ' e

oA

PP P |

MRST2004 NNLO.

3—loop ag

NNLL+NLO

25

50

75 100 125
qr (GeV)

150

1.50

L25]
LOO:
075:
050:

0.25

| NNLL+NLO My=125 GeV |

e —

—— NNLL+NLO

— P — o

4
| ri-

Ooo AA A 4 A A A 4 AIAAIAAI
-

50

75

100 125 150
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Small qT Resummation for Higgs

NNLOJETeSCET pp—-H+2z20et

my=125 GeV vs =13 TeV

140 160 180

200



Rapidity Distribution

Rapidity Distribution of any colorless particle:

dz1 dZQ 9 2y A

A 1 L2 9 I 2 2

OB Z / ab , ) A ap (21722761 » [ )
xo Z9 21 <2

ab=q,q,9

do (1,9%,y
DY production of lepton pairs o' = (dq2 ) :

Higgs through gluon (bottom anti-bottom), o' = (") (7, q, y) -



Soft and Virtual terms

AL =51 — 21)8(1 — 29) + as{ D51 — 21)8(1 — 22)

In(1 —
el ( n( Z1)> + R (21, 20) + 21 ZQ} + O(a?)
_|_

1—21

Aé(zl, 2’2) — Ag’sv(zl.zg) “ Aé,hard(zh 22)

(
I,SV ! ! 1,5V
AL _ Ni—1 No—1 a1,
Ad (w) — / dz1z1 ! / d2222 2 Ad (21, ZQ)
0 0

\_




Resummation o NNLL

Logarithms that are resummed in 94

Resummed
terms:

Function that
resums :

_

1H2(N1N2)

Gﬂ(NlNQ) \
1I12(N1N2)

NNLL

CL;n_Fl In™ (NlNQ)

Asfy 3




Soft Gluon Resummation

Double Mellin Transformation:
~ .SV ! ! 1.SV
Ay (w):/ dzlzfvl_l/ dzozy > TALYY (21, 22)
0 0

Resumed Rapidity distribution: Ni dependent

ASV! (W) = gL o(as) exp (gh(as, w))

W — asﬁo In (NlNQ)

Ni independent N; =e"® N,




Rapidity of Higgs at NNLO + NNLL

14
LO NLO NNLO LO+LL NLO+NLL NNLO+NNLL
12
M, = 125 GeV
JO w=[M7/2,2M]
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O
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3 2 NLO/LO NNLO/LO NLO+NLL/LO+LL NNLO+NNLL/LO+LL
5
Mg _3 2 1 0 1 2 3 4
Y
. At NNLO+NNLL result
Fixed order CS Resummed CS

stabilises convergence of
Mp/2 < prprp <2Mpg — perturbation series |
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Resummation at N3LL for Higgs

Higgs cross section: gluon fusion
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Pseudoscalar Higgs at N3LO(A) + N3LL

70 ! I | ] ] | | ] ] .
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Pseudo-scalar production cross section




Conclusion

The truth 1s in the Details






