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Plan

- Computation of Pseudo-scalar Higgs boson form factor at three loops in
QCD

+ Discuss UV and IR poles structure using K+G equation
- How IR can be used to obtain UV renormalisation constant
- Applications to
N3LO threshold corrections and
N-independent part of N3LL and
Matching coefficient in SCET
- Leading Transcendentality Principle

- Scale dependence has been studied.



What experimentalists see..
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What experimentalist see

19.7 16" (8 TeV) + 5.1 fo™ (7 TeV)
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What theorists interpret..

Calorimeter-level jets

Hadron-level jets

Hadronization
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Parton-level jets

Underlying event




Measurement Vs Theory

[(5L02) L6 a¥d]
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Significance of excess:
vy: 9.6 0 (9.1 exp.) /6.6 0(5.5exp.)

Signal strength u = o, / ogy
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Inputs that can affect

UV Renormalisation Scale
X s (NR)

Factorisation Scale through parton distribution functions

fa (ZIZ‘, ,UF)
Missing Higher Order corrections

Stability of the perturbation theory
Resummation Methods

Hadronisation models



LO 1s crude estimate
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LO prediction is unreliable due to 100 — 200% scale uncertainty



True Result

N3LO result gg fusion to Higgs

S0
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LO (k=0) | £22.0%
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What 1s next?

Precise results in other Higgs production channels

Measure the Higgs couplings more precisely

Study the fiducial cross sections with Higgs boson

Look for more more bosons



New particle at the LHC?

ATLAS and CMS have seen the Excess in di-photon channel
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New resonance at 750 GeV

New scalar boson or Spin-2 Graviton or Pseudo-Scalar
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CP 0dd Higgs boson

CP even Higgs boson Production cross section at N3LO

[Anastasiou, Duhr, Dulat, Furlan, Herzog, Mistlberger]

CP odd Higgs boson Production cross section at N?LO

[Harlander, Kilgore; Anastasiou, Melnikov; VR, Smith, Neerven]

CP odd Higgs boson production at
N°LO

\

1. Virtual Corrections 2. Real Emission Corrections




Three Loop Virtual Contributions



Yukawa Interaction
LA = —73%@A (mtwt%% = ;mi%%%’)

m¢ = top quark mass

. ge = cot f in MSSM
9gc = coupling constant ’ "

1 —1
U = VECV = Q_ZGFQ

d* = pseudo scalar field
(N

ng

top quark field
no of light quarks = 5



Effective Theory

[Chetyrkin, Kniehl, Steinhauser and Bardeen]

Integrating top quark fields:

LA — pA [ ~ %CGOG - %CJOJ}

Effective Operators Oac & Oy
Oc(z) = Ggyéa,uv — Gty G O;(z) =0, (&VMWMD)
5 L 3 7
Cg = —as21Gjcotf Cj=— [a’SCF (5 —31n M—@) + G§C§2) + - ] Ca
my

o (n and (C'; are Wilson Coeflicients
o (U is exact to all orders due to Adler-Bardeen theorem

e (; is known to ag only



Effective Couplings

1
,C?ﬂ: — (I)A[_ §CGOG y— @

Og(x) = quéa,ﬂv = €upoeGly GE OJ(J") e au (1[-)7”’75'1))

Feynman Rules:
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G gy, anisnes
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Qgraf and FORM ..

Form Factors at Three loops in QCD

[Nogueira,Vermaseren]

# of diagrams
Qgraf
1. e "23332 1586 Diagram generation
FORM
2 — i Feynman rules
SU(N) color algebra

Lorentz contraction
3_ ------------ 244
Mathematica
IBP reductions
7/ — 400



]_—G
, at Three loops

G Q2 * Q
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F; at Three loops




F! at Three loops




F;at Two loops




5 & ewre 1N N-d1lmensions

Defining V5 & €,u70 in 71 7 4 dimension ?

Many Prescriptions exist {%a VM} 7£ 0 n # 4

['t Hooft and Veltman]

We follow: /
s ZL$M1M2M3M4/Y'UJ1’7M2’7M37M4
. V1ilUVol/qlU ' 14 1% n_dlm
§ 1 Sl Sl A BN 1 by S |
Cpipopzpg € = 4! 5[“1..%4]

[Larin]

Breaks Chiral Ward identity !

Remedy: Finite renormalisation



Method

Unphysical degrees of Freedom of gluons:

1. Feynman Gauge for internal gluons
2. Physical Polarisation for external gluons

Large number of 3- IOop IntegraIS' [Chetyrkin, Tkachov; Gehrmann, Remiddi]

1. IBP reduction
2. Lorentz Invariant (LI) Identities

Reduze2 and LiteRed == D2 |\laster Integrals



Master Integrals

S 00 -0 O

000~ < <L <[

L =
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UV Renormalisation 7z,



UV renormalisation

[Larin]

¥ Og mixes under renorm with O

Renormalised Bare
[OG]R = Zaa [OG]B + Zay [OJ]B

O; needs finite renormalisation 2

[OJ]R — Z§Zi45 [OJ]B

heeds finite renormalisation



On-shell matrix elements

Oclg = Zcc |Oclp + Zcs [04]p

Matrix elements between quark and gluon fields :
G _ “1GL,(0 G “1G,(0 J
S¢ = Zaa(MEOIME) + Za (MG DM

Sy = ZaaMPOIME) + Zay (MO IM)

Form Factors :

G _ SQG — = n G,(n) — 3

[]:Q}R:Sgc;,(())zl%—;as [fg ]R n =
S¢ >

[]:5]35%82;,(1) =1+) ad []:qG(n)}R n=2



On-shell matrix elements

[OJ]R = Zy ;45 [OJ]B

Matrix elements between quark and gluon fields :

S) = 72; 25 (MO M)
Form Factors :
S‘] -
7l g = SJ(l)_l_I_Z {]:J()} n=2
S/ >
], = sj’q“)) =1+ a [;éu >}R o — 3



UV and IR poles mix

On-shell matrix elements between quark and gluon fields :

~T0) 4 K I K=G.J
t=4,4

UV and IR poles mix in n-dimensions

Trick!

Exploit Univerality of IR poles === [J\ poles



Sudakov Equation (K+G Egn.)

[Moch, Vogt, Vermaseren; Ravindran; Magneal]

Q=L 1n F (G, Q2 12 ) 1[1{ C i B o)+ GXa Q Fi e)]
1 (13 — = 'Sy T 0 » S ? )
dQ* " F 2 [P g e
poles No poles
RG invariance
d A d . Q7 3
M%@Kg(a’svu—};ae) _N%mGg(%vE’ Iu};’ ) _Ag(as(’u%))

UV + IR Anomalous dim.

G)‘z(f)_2(BBz 7Bz)+f;32+c;32 Z kng
k=1



Solution 1n n-dimensions

[Moch, Vogt, Vermaseren; Ravindran; Magneal]

Solution in 4 + € dim:

: L (@ i
lnf[?(a'SaQQJ*L?aE) — Zas <_ Se‘cg,i(e)

€
A 1 1
£y ale) =={ - 58343} + —3{ Bl + 5 > BoAd 5 + = ;3203 ()}
2 I U1
H{ — 54— 351620 - 366320} + {5620

Cusp Anomalous dim.
Q > G’\ (e)—2(Bﬁz ﬁa)'l'fﬁz“"cﬁg'l‘z kgﬁz

k=1




Single Pole term & UV from IR

[Ravindran, Smith, van Neerven; Moch et. al.]

UV Anomalous dim.
A A . .
CB’,L- — ZSJCBJ’J <1
J
& a
z(e)_z(Bﬁz 7ﬁz)+fﬁz+cﬁz Z Ang

k=1

— J

Collinear Anomalous dim. Soft Anomalous dim.

C
e

e Computation of GBZ, CAZ- = Cg‘j,j <1 — fyg‘z Z)\
S i — L

e Knowledge of Bg7,f37




UV Renormalisation Constant

Solution to third order

1 1 )] 1 [ .
Z* =1+ a, [2271*} + a2 [—2{2507? +2(m)% ¢ + —7%] +a® [—3{ 868371 + 4Bo(17)?

4(y)? 1 )41y 4B ol 1) 2%
e e e e L 2 .

m

OJlp=2:25=0J]5 [Larin,Zoller]

MS
107 31

All UV Z;k agree with those in the literature



Adler-Bell-Jackie Anomaly

CP odd operators

Os(@) =0 (V7" 5¥)  and Oc(@) = G1 Gy = € pe GV GE”

related by
ABJ Anomaly

Os]p = s [0cl

Renormalisation Group Invariance

ny
YJJ = — TYGG T Os—(-YGJ

as 2 Check |



N3LO Soft+Virtual Cross section



Soft+Virtual at N3LO

Inclusive cross section:

ot (r,m3) = O k) > /dydiab(y uE) A, (y A,u?z,ﬂ%)

ab=q,q.9

Born cross section: Partonic Flux:
1
dx
o0 (%) = “\/—GFaQCot?ﬁ ITAf(TA)|2. Ba(y, 1F) =/y o fa(z,uF) fo (%,ﬂ%‘) ;

Partonic Cross section:

ASV A hard
ALz, @ ko E) AL (2, @ 1wk BE) + A (2,67 mh, BF
Soft+Virtual: -
ALY (2, P ko) = Y al ALY (2, 6% ki 1F) Hard part to NNLO

=0

New!
SV part to N3LO



Soft+Virtual at N3LO

Soft+Virtual:
2:1—1
A = ALV |61 —2) + Y ALY |p, D
j=0
Plus distributions: D =

[mi(l = z)]
1—2 "
z-space exponentiation of SV cross section:

AASV(ZQQMR,#F)—CGXP( (2,4, s s ))

e=0

Mellin Convolution in z-space:

Cef®) =51 —2) + %f(z) + %f(z) ®f(z)+ -



z-space Exponent at o°

[V.Ravindran]

RG invariance, K+G equation, Mass factorisation:

A3V (2, o ) = Coxp (' (20 i) )|

A/, 2 2 9 Arn 2 2 ]2 Arn A2 2 |2 ()43
.Ilg (2,‘] 3#’R7IJ‘F’€) =(]-n [Zg (a‘SalJ‘Ra#‘ ae)] +ln ‘fg (asaQ al'l' ’e)l )5(1_2) S

- 2@5(&8, q2,u2,z, €) —2CInTy,(as, p,%,pQ, 2,€).

o / ;4 1s operator renormalisation i Checked
o .7354 is the Form Factor i New |

o Cbgl is the Soft distribution function — ——| Known

o I',, is the Altarelli Parisi kernel i Known

N3LO | A%YV(2¢®) | New |




N3LL Resumed Cross section



Constant part at N3LL

[S.Catani, L.Trentadue, G.F.Sterman]
Resumed Cross section

A res
AVN(D s 1) = C™ (@, g ) Ag N (€°) -

1 N—-1 _ g*(1-2z)% )2
agw = | [ o [ G ot 0, -2 |
q

|

A,th
(j' o ]'-+-::E::¢IJ 9&7 ’

1498 224 457
CA:; =n C.(ya){ }'*‘CF'"]{T-—Q- Cz-—Ca} ?‘"f{T‘F?OSCs

113366 10888 171 92 464
—320C5}+C?\nf{ S TR G2+ 135 ¢3 —Cs——C2Cs —Cs}

114568 137756 4468 32 80308 616
N3LL +cg-,{ st~ 50— 58—~ — (2l + 96(3

3476 Conal 6014 1696 608 688
AT 781 81 45 27

9 — (o — C§+ (3 }+CACpn!{—l797

2

4160 176 ., 1856

+961n (%f) — 52+ 9%6In (%) G2+ oG + —5—Ca + 19220
t t

o} [ New! J




N3LO Matching Coefficient in SCET



1n SCET
[T.Becher, M.Neubert]
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IR finite Matching Coefficient
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Relations 1nh ~N=4 SYM

[A.V.Kotikov,L.N.Lipatov,A.l.Onishchenko,V.N.Velizhanin,T. Gehrmann,J. Henn]

Leading Transcendentality Principle
o Set CA = CF = N,Tfnf — N/2 for SU(N)

e Leading Transcendental (LT) parts of quark and gluon form factors in
QCD are equal upto a factor 2’

e LT part of quark and gluon form factors are identical to the scalar form
factor in N =4 SYM

e LT part of pseudo scalar form factor is identical to quark and gluon form
factors in QCD upto a factor 2' also to scalar form factor in A/ =4 SYM



N3LO Phenomenology



Cross section at N3LO sv
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VS dependence at N3LO (sv)
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Scale dependence at N3LO sv
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PDF dependence at N3LO sv

PDF <ot SM Higgs Pseudo-scalar
NLO | NNLO | N°LOsy | NLO | NNLO | N°LOgy
ABMI11 | 33.19 | 39.59 | 41.99 | 7742 | 92.66 | 94.64
CT10 31.79 | 41.84 | 4467 |74.15| 97.94 | 100.44
MSTW2008 | 33.59 | 42.13 | 44.92 | 7835 | 98.61 | 101.06
NNPDF 23 | 33.55 | 43.01 | 45.87 | 78.26 | 100.70 | 103.19




Conclusions

» Pseudo-scalar Higgs form factor at three loops in QCD
- UV and IR poles structure using K+G equation

« Subtraction of IR poles results in UV renormalisation
constant

« N3LO threshold corrections and N-independent part of
resumed cross section at N3LL, Matching coefficients
at N3LO in SCET are available

» Scale dependence has been studied.



