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FIXED ORDER PRECISION FOR LHC
PHENOMENOLOGY



THE LHC

THE LHC - AN INCREDIBLE SUCCESS

» Running since 2009

» Experimental performance excellent _ Integrated
i . Period Luminosity
and exceeding expectations! [fb-1]
Run 1 29.2
m Today: up to 139 fb~-1 Run 2: 2015 4.2
i Run 2: 2016 39.7
2015 2016 2017 2018 Run 2: 2017 50.2
1[F[M[alm[3T)7Als|o[n|D{a[FIMAIM[I[2]A[S|OINID] 3| FIM[A]M]3 ) TATS|O[N JFM;A’MJJAS Run 2: 2018 66.0
Total Run1 + Run 2 189.3
EYETS
T » We are still at the
Protons hYS‘CS ° ° °
Commissioning beginning of LHC physics!
lons Y (Run1 + Run2 + Run 3) > 300 fb"!
2020 2021 2022 2023 .
» 300 fb~-1 until end of 2023

M [ [AISIOINIDY I F I AlM 1| D[ A]S|O[N[Of 2 | F{M{AIM] J] I 1Al S]OIN

» 3000 fb~-1 in HL - LHC




LHC PHYSICS 3

THE LHC - AN INCREDIBLE SUCCESS

» 4th of July 2012: The Higgs Age begins!

The quest p.H.

* Explore a never before observed interaction: Yukawa!

* Determine couplings / interactions with established matter 17 O W2

WOoOWOWOW?

% Explore the limitations of the Standard Model of particle physics.
fic svnt dracones



LHC PHYSICS 4

THE LHC - AN INCREDIBLE SUCCESS

WOWOWoOw? (il

The Method: Predict & Compare.

Precision is key!



HIGGS BOSON PHYSICS

CURRENT STATUS

ATLAS Preliminary —e—Total
Vs =13 TeV, 24.5 - 79.8 fb
m,, =125.09 GeV, ly | <2.5

p,, = 76%
|
ggF H==H
)| ver i

ZH

WH F—t——e———F—
———|

ttH+tH (o

IIIIIIIIIIIIIIIIIIIIlllllllllllllllllllll

Stat. [ Syst. SM
Total Stat. Syst.
1.04 +009( +007, fg:g{;)
121 755 ( Zo170 ox)
1.30 0% ( o3, loay)
1.05 03 ( zo24, 379)
1.21 1955 ( 017, o%)

lIIIIIIllllllllllIlllllllllllllllllllllll

06 08 1 12 14

16 1.8 2 22 24 26
Cross-section normalized to SM value

Physics at 10 % level

Ac/Aly,| (pb)

Ratio to prediction

10?

10

1.5F

0.5

CMS Preliminary 35.9 fb' (13 TeV)

¢ Combination
Syst. unc.

b Hoyy

Y H-ZZ

aMC@NLO, NNLOPS
o, from DOI: 10.23731/CYRM-2017-002

lllllllllllllllllllllllll




HIGGS BOSON PHYSICS 6

THE FUTURE - 3000 FB/-1
Inclusive signal strength

ATLAS Simulation Preliminary
(s =14 TeV: [Ldt=300 b ; [Ldt=3000 fbo™

Relative _— ] T
“"ce”a'"ty A I

3.5% 0.6% 1.6% H—s ZZ (comb.)

Projections

52 2.4% 0.6% 1.3%
H— WW (comb.)

» Luminosity at 1 % e B .

) COupIings better then 5% - _

» Differential Cross Sections get precise H—stt (VBF-like) J: """"""

H—uu (comb.)

0 0.2 04
Au/u



HIGGS BOSON PHYSICS 7

THE FUTURE - 3000 FBA-1

ATLAS

Internal

QCD scale uncertainty on total xsec prediction ggF (H4l)

Electron eff. reco. total (1NP)

Elactron efi. 1D (NP3)

PDF4LHC uncertainty EVS

o
w

CMS Internal

YR2018S2 ~ eTotal Sl DR mostiry
-+ Stat '

P : ' i
arameter: w4 SigTh
-+ Expt Electron eff. ID (NP14)

i Luminosity uncertainty

et
N
o1

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

o
N

Muon eff. reco

Pile up reweighting data SF

Expected uncertainty

o
—
¢

Muon eff. isclation

EraPenscsamanann SR sasann

0.1fe

+ Pull

B - Postiit Ettect on &
[] -1 Postiit Eftect on &

0.05 [+

f i /s = 14 TeV, 3000 b RS P v L e
T T STXS Stage-0 ggF = 0 1 2
Integrated luminosity (fbo™) 8- 0,)/A0
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THE FUTURE - 3000 FBA-1

AW/AD
ATLAS WA,
I Internal -0.02 0 0.02
o

1 1 I 1 1 1 l 1 1 ) I ) )

Theory uncertainties!!
OPTIMISTIC Scenario:  —-—|

Elactron efi. 1D (NP3)

Muon eff. reco

Pile up reweighting data SF

PDF4LHC uncertainty EVS

0 3CM$ Internal o ‘
> . A ' I ' :
E L i YR2018 S2 @ Total Signal BR uncertainty ‘
'© -+ Stat
.Q:) 0 25 : Parameter: MggH"'SlgTh Luminosity uncertainty
o [ ... ®mBkgTh
S . P +Expt Electron eff. ID (NP14)
o i P : :
m 0.2 -_ .............................................................................................................................................
©
o
Q.
x
L

o
—
¢

Muon eff. isclation

0.1fe

+ Pull

B - Postiit Ettect on &
[] -1 Postiit Eftect on &

0.05}+

o : R : v§:14TeV’3000fb-‘ lllllllllllllllllll
T P STXS Stage-0 ggF 9 it 0 1 2
. . -1
Integrated luminosity (fb™) (g , 90)/ AD




DY

CURRENT STATUS - PRECISION DY

» Z-pT: One of
the most
precise LHC
observables. lf
N
R
» Comparable N
uncertainties at
8 TeV.
-

0.10

0.08

0.06

0.04

0.02

CO0OHHEMEEHO
00 00O ©OOO K NO
OCIOUIOCIOU1OO

v

. RadISH+NNLOJET

NANNNNNNY

VAO O VA4 VN
P L L L L2 2 LLL

=24 NNLO

I Data

- B4 N3LL+NNLO
824 NNLL+NLO

8 TeV, pp —> Z(— LM )+ X
0.0 < |Yu| < 2.4, 46 < My, < 66 GeV

7777NNPDF3.0 (NNLO)
“““incertainties with ug, e, Q variations

[Rottoli et al.,1805.05916]

1

1 1 1 1 I 1 1 1 1
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DY

CURRENT STATUS - PRECISION DY

Leading Jet pT

NNLO sees slight
increase of data

above prediction.
Calibration??

Precision for SM

process is essential.

Predict as close as
possible to the
experimental
measurement -

Fiducial XS

RATIO TO NLO

" [fb]

do/dpiTN

10

7 > 11 + i ATLAS
NNLOJET ) /5= 7 Tev
1 "11901.11041] L0 vz |
103 Tl NLO E
[ | NNLO o008
2 L — ATLAS ——i |
10° ¢ ]
- _/_1
= v. v.
100 £ - = )
- N -
5
1.5 TV 7 It
1.25 |- T I I I
1 POS s VaVa avae WA VOO S8 e A 8. R X RIS IS
0.75 \
0.5 | |

200
ppd N1 (Exclusive)

300



TOWARDS
PREDICTIONS



THE ROCKY ROAD TO PRECISE PREDICTIONS

THE WAY TO PRECISION LHC PREDICTIONS
Length-scale ~ 1 fmI /@ ®\ ———

Long - range, universal

~10”7-4

/

Short - range,
process specific hard

FACTORISATION A

g /dmdyf(x)f(y)ff + O (@) [lain’s talk]

» Intrinsic limitation = level of target precision?



THE ROCKY ROAD TO PRECISE PREDICTIONS

THE WAY TO PRECISION LHC PREDICTIONS

o~ [dsdys)a+o ()

» Perturbative approach to computing partonic cross sections.

» QCD perturbation theory is dominant &g = 0.118

» Naively: LO NLO NNLO N3LO

6 =060 +alsl® 4+ oz%.—k oz?g.. .

10% 1% 0.1%

» Resum and match where fixed order breaks down



THE ROCKY ROAD TO PRECISE PREDICTIONS

14

REQUIRED INGREDIENTS FOR PREDICTIONS

Resummation!

» Fixed order perturbation theory breaks in kinematic edges of phase -
space: Re-order the series!

[Lustermans , Michel, Tackmann, Waalewijn, 1901.03331]

do (Tewt) /dQ dgr [pb/GeV?]

» Lots of progress!

NNLL double resum: Tau + pT

30

20

10

qr [GeV]

rrrryrrrr7yr1r1r1r 1y r1rrryprrrrprrrryrrrrTypTTud
I I I I I I I

i pp — Z (13TeV)
NNLL+NLO -

15 20 25 30 35 40

[Johannes' talk]

1.4
1.2

—_

do/dpy [pb/GeV]

—
N © © 2 4

Ratio to NNLO®N3LL
© o o

N3LL+NNLO Higgs pT
[Neill, Stewart, Zhu et al., 1805.00736]

PDF4LHC15
Scale®Profile
variation of 66
combinations

=

3 P
v, »'A\.‘ru
L AR

NNLOJET®SCET pp— H+=0jet my=125 GeV Vs =13 TeV
L NNLO LOeNLL B==3  NLO®NNLL == NNLO@NS3LL

15[
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STNIST ST
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p
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v
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THE ROCKY ROAD TO PRECISE PREDICTIONS

REQUIRED INGREDIENTS FOR PREDICTIONS

Virtual Corrections!
qgqg — Y

G- = (1 - 2?%) [4Li4(—y/ z) +4Lis(—y) + (3X — 2Y + im)Liz(—y/7)
—(X +2Y + 3im)Liz(—y) + (X — Y)? + n°)Lis(—y/z)
+((Y +im)? 4+ m2)Lis(—y) + %XZ(X —2Y)?

—i%X((X +im)? — 3XY)]
_% (1 + 6%) [Li3(—a:) — o — (X +im) (Liz(—x) - %)
—éx(x2 + 47?) + %(X —2Y —im)((X +im)* + 7r2)]
1
12

1/ o—1
+r3(X + i) + 5 (14””'T 8y + 9y2> (X —Y)? +72)

(5 - 25) (X +im)((X +im)? +372) + (X = YV)((X +im)? + 72)

O e N N T o o
+§(14 - —85+9?)((Y+Z7r) +72)

Liog® N2 o2
g (38E - 13)((X +in) 4+ 7%)

—”—2—9[(“22)()(—&’)—(§+§)(Y+i7r)]+%, (5.6)

[Bern,Dixon,Freitas]



THE ROCKY ROAD TO PRECISE PREDICTIONS

REQUIRED INGREDIENTS FOR PREDICTIONS

Virtual Corrections!
qg N vy Rapid rise in complexity qq — WW

.
G:, = (1 — 23%) {4Li4(—y/a:) + 4Lig(—y) + (83X — 2Y +im)Liz(—y/x) . .
—(X + 2 + 3im)Lig(—y) + (X — Y)? + 72)Liy(~y/z) Aj_A-1.0.1nc 39 MB
)2 4 2 ip(— l 2 _ 2 . .
O A Aj_B-1.0.inc 39 MB
—ZEX((X +im)* — 3XY)} . .
1 2 AJ_C_ll@l lnC 27 MB

~ (1 + 6%) [Li3(—x) — {3 — (X +in) (Liz(_’”) - %)

1 1
—ZX(X? 4+ 47 + (X = 2Y —im)((X + im)? + 72 .
1 6 s X +imf ) [Gehrmann, Manteuffel, Tancredi]

12
2 . 1 r—1 2 2 2
+ (X+z7r)+§(14T—8y+9y )((X—Y) +?)
1 11—z
— 14
+8( Y

+é (38% _ 13)((X +im)? + 72)
T L T

(5 - 2§>(X +im) (X +im)? +372) + (X — Y)((X +im)? + 72)
[Caola,Henn,Melnikov,Smirnov,Smirnov]

Y, Y
-s¥+ 9;)((1/ +im)? +72)

[Bern,Dixon,Freitas]



THE ROCKY ROAD TO PRECISE PREDICTIONS 17

REQUIRED INGREDIENTS FOR PREDICTIONS

Virtual Corrections!

» Higher Orders = New Functions to be understood!

» Huge progress in understanding Elliptic Integrals

* Key to just be able to compute.

* Insights on the structure of scattering theory (cuts,
thresholds, etc.)

* Ties to string theory (propagator) and pure math.  Fetseliictorbi

» Analytic results for phenomenology:
EWK Form Factor Higgs Production at N3LO

b1 p2 — p2

k1

ko
P2

[1902.09971] Pl

T [BM, 1802.00833]
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REQUIRED INGREDIENTS FOR PREDICTIONS

Virtual Corrections!

» Highly technical

* 2-loop, 5-point planar QCD

» Analytic tools are growing more

powerful! N=4/8 SYM
(Laporta, Differential Equations, etc.) e.g.[1811.11699, 1812.04586, 1812.11057, ...]
I I ° 2 3
» New technology is being developed * 3-loop, 4-point N=4 /8 SYM x
(Finite Field arithmethics, geometric (Henn, BM: 1902.07221, 1608.00850] © 4
IBPs, etc.)

* 4-loop, 3-point, planar+
QCD

» Numerical techniques are on the rise.
(SecDec, Local Subtraction, TayInt)

e.g.[1901.02898, 1903.06171,1612.04389]
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REQUIRED INGREDIENTS FOR PREDICTIONS

Real Corrections!

» When integrating over final state parton momenta we encounter soft
and collinear singularities. That causes problems - we need to regulate.

Q=8 NNLO:

Inclusive DY ~ CPU seconds
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REQUIRED INGREDIENTS FOR PREDICTIONS

Real Corrections!

» When integrating over final state parton momenta we encounter soft
and collinear singularities. That causes problems - we need to regulate.

Q=8 NNLO:

Inclusive DY ~ CPU seconds

Differential DY (pT, Y, etc.) ~10- hours
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REQUIRED INGREDIENTS FOR PREDICTIONS

Real Corrections!

» When integrating over final state parton momenta we encounter soft
and collinear singularities. That causes problems - we need to regulate.

o L& NNLO:
Inclusive DY ~ CPU seconds
Differential DY (pT, Y, etc.) ~ hours

Differential DY+Jet (pT-Z) ~ 100000 CPU hours



THE ROCKY ROAD TO PRECISE PREDICTIONS 22

REQUIRED INGREDIENTS FOR PREDICTIONS

Real Corrections!
» Current state of theart: 2 —~ 2 @ NNLO QCD

» Extension to one higher order or one more leg is very complicated.
» Requires improved understanding of structure of real singularities.

» Many developments in the past couple of years:

Subtraction Slicing
Antenna » qT
STRIPPER » N-Jettiness
FKS+ :
Nonlinear Mappings Power corrections: [Gherardo’s talk]

Colourtul

Projection To Born

Geometric Subtraction
Physical Sector Decomposition

VvV vV vV vV vV vV v VvV V9
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REQUIRED INGREDIENTS FOR PREDICTIONS
All the Rest!

» Parton Distribution Functions
N3LO?, Theory Uncertainties, Small-x, Threshold, Non-pert., Flavour Thresholds, ....

> Parton ShOWGFS [Christian’s talk?]

Higher Log accuracy, hadronization, formal accuracy, matching to FO, merging, ...

» Electro-Weak Corrections

Combination with FO, final state definition, interference, large logs, ....

» Mass Effects

Mass definitions, small mass expansions, resummation of small mass effects, ....

» Uncertainty Estimates [Frank’s talk]

Theory definition, What beyond scale variation, bin-to-bin correlation, statistical basis?

» Perturbative Convergence?
?
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HIGGS BOSON RAPIDITY DISTRIBUTION

HIGGS BOSON RAPIDITY DISTRIBUTION

4

4

4

4

4

With Andrea Pelloni and Falko Dular

1 2P pp,

Y =~ 1
2 2%\ 2Py

Compute the rapidity distribution of the Higgs Boson at the LHC.
Gluon Fusion - dominant production mechanism.

Heavy top quark EFT.

Compute N3LO corrections.

Get fully analytic results for the partonic cross sections.

25



HIGGS BOSON RAPIDITY DISTRIBUTION

[/EXPAND

Simplifications:
» Perform expansion around kinematic limit: Production Threshold

p

z=1-—2z » 6(2) =0V +0 4260 4 .

» Expand to sufficiently high order to ensure stable results.

» Remarkably successful for inclusive N3LO.



HIGGS BOSON RAPIDITY DISTRIBUTION

50 WE USE OUR CROSS SECTION MACHINE AND COMPUTE!

27



HIGGS BOSON RAPIDITY DISTRIBUTION

OUR PARTONIC COEFFICIENT FUNCTION - SUMMARY

dao
oY

% Six terms in the expansion around the partonic threshold.

Ingredients:

% Integrates to the exact N3LO cross section.

% Contains a bunch of logarithms exactly.

28



HIGGS BOSON RAPIDITY DISTRIBUTION 29

OUR PARTONIC COEFFICIENT FUNCTION - SUMMARY

063
aY (xaa {I;b) —
[Terms with two distributions](xa, xb) Exact! Soft limit
5 [ ’ ]
log"(1 —x -

+ Z 5 ( a) _(|_Z) (be) Exact! Consistency Relations
—0 1 — La [Johannes' talk]
1= d 4+

-
-+ E lOgZ (1 — ZCQ) I(JZ) (Qja, ZCb) Exact! Consistency Relations
1=2

+(zq <> xp)

Threshold Expansion

_I_frest(waa xb)+5(1 _ xa)f(S(xb) + 5(1 T xb)f(S(xa)

_l_AinC. (aja CUb) Ensure Inclusive Cross Section
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HIGGS BOSON RAPIDITY - APPROX VS EXACT

| | | | |
120 s o
LHC@13TeV 000000 NLO
MMHT 2014 NNLO /;255 ”””” 52; ///// NNLO
| _ —m 5 Vs X 7 ]
10 HE HR H/ /77 “w - = = approx. NNLO
3
) 6]
3
>
ﬁb <
= 4 N
[Dulat,BM,Pelloni]
| | | | | | | | |

-4 -3 -2 -1 0 1 2 3 4



NLO, approx NLO, best
d d

VALIDATION AT NNLO 31

/

dY

0.8

0.9 -

LHC 13 TeV

MMHT 2014
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff PP ;$ H+X |
| | _ My
| o IJF=,UR=7
[Dulat,BM,Pelloni] |
-4 -3 -2 -1 0 1 2 3 4
Y

Our approximation performs nicely!

Especially for central rapidities |Y| < 3
Larger Rapidities ~ More energetic final states = further from threshold

After first couple of orders: Systematic improvement by including more
terms in threshold expansion.

To cover the remaining difference to exact NNLO other ingredients than
threshold expansion are necessary.



d 0.N3LO, approx 0.N3L0, best

VALIDATION AT N3LO

32

» Similar picture as at NNLO.

» Central rapidities very stable under adding more threshold
terms.

» Larger rapidities: expansion varies more.

» High confidence in central rapidity region.




HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

33

HIGGS BOSON RAPIDITY

do,, /dY [pb]

12

10

pp — H + X
LHC@13TeV
MMHT 2014 NNLO

pLE = HR = mp /2

| [DuIat,|BM,Pe|Io|ni]
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HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

HIGGS BOSON RAPIDITY - RATIO

] TR NIRRT Y YT
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» Flat correction throughout entire rapidity range.

» Significant reduction in scale uncertainty.

,Chen,Gehrmann,Glover,Huss]

ieri

[C

» Excellent agreement with other computation of



FULLY DIFFERENTIAL
CROSS SECTIONS




DIFFERENTIAL CROSS SECTIONS 36

SUBTRACTION ALGORITHMS

q Fully Differential Cross Sections

Typical treatment of singularities in fixed order perturbation theory:
Example:

2

T 1 2\ 1
o~ / i} e (M)~ M1(0)

/ A \ +Integrated Counter Term

Divergence

Local Counter Term

Matrix Element



DIFFERENTIAL CROSS SECTIONS 37
SUBTRACTION ALGORITHMS

/ Fully Differential Cross Sections

Typical treatment of singularities in fixed order perturbation theory:

neral example: :
More general example Measurement Function

T

ggj /d¢n(M(¢n> ¢Born)t](¢n7 ¢Born) — M(¢n7 gbBorn)J(Oa ¢Born))

+Integrated Counter Term
Integrate over n-partons

Divergence

IRC - Safety: J(¢n7 ¢B0rn) — J(O’ ¢Born) in singular limits



DIFFERENTIAL CROSS SECTIONS 38

SUBTRACTION ALGORITHMS - PROJECTION TO BORN

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]
# Fully Differential Cross Sections

The perfect subtraction algorithm!

gjg /d¢n(M(¢n7 ¢Born)<](¢na ¢Born) — M(¢n; ¢Born)<](07 ¢Born))

+Integrated Counter Term



DIFFERENTIAL CROSS SECTIONS 39

SUBTRACTION ALGORITHMS - PROJECTION TO BORN

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]
q Fully Differential Cross Sections

The perfect subtraction algorithm!

73 [ d6uM (6 60m) [7(@nsb130m) = (0. G50

+Integrated Counter Term

M(¢n7 ¢Born) — M(¢n7 ¢BOI‘H)
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SUBTRACTION ALGORITHMS - PROJECTION TO BORN

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]
q Fully Differential Cross Sections

The perfect subtraction algorithm!

73 [ d6uM (6 60m) [7(@nsb130m) = (0. G50

~ +Integrated Counter Term
M(¢n7 ¢Born) — M(¢na ¢Born)

* Fully local subtraction

*No large numerical discrepancy between local CT and matrix element possible

eSuccessfully used in DIS - like processes (VBF H/ HH @ N3LO, differential DIS)

*Need to know Integrated Counter Term exactly. Hard!!



DIFFERENTIAL CROSS SECTIONS 4]

SUBTRACTION ALGORITHMS - PROJECTION TO BORN

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]
# Fully Differential Cross Sections

The perfect subtraction algorithm!

73 [ d6uM (6 60m) [7(@nsb130m) = (0. G50

+Integrated Counter Term

For Higgs Boson Production:

@Born = {2,Y } B
Integrated Counter Term »




HIGGS BOSON IN REAL LIFE

1 — 7y

» Combination with H+J

» Validation at NNLO

» Fiducial Cross Sections
for LHC
Phenomenology!

» Extension to N3LO in
progress

42

NNLOJET + RapidiX pp-HGyy +X Js= 13 TeV

LO NLO E=2 NNLO -

— A1 I -
15 - <

10 // 7 -

do/dy" [fb]

| | | | | | | | |
In cgollaboration with [Chen,Dulat,Gehrmann, Glover,Huss,Pel

| | | | | | | | |
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CONCLUSIONS

do,,/dY [pb]

12|

The LHC provides a remarkable opportunity to study high
energy physics.

Many fascinating avenues have to be explored to match and
surpass the experimental demand.

We computed the Higgs Boson Rapidity Distribution at N3LO.

Our result is the cornerstone for future fully differential
predictions of Higgs boson phenomenology.

].0 j PEp =pR = mp/2

o \] H~ (=] oo
LU L5 s B s s B B

Thank you!
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HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

HIGGS BOSON RAPIDITY - RATIO
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» Very compatible with rescaling of NNLO distribution

» Good news for current experimental usage!
Re-weighted Parton-Shower MC.
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NNLOJET + RapidiX pp-HGYyy +X Js= 13 TeV
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uncertainties required! In c%llaboration with [Chen,Dulat,Gehrmann, Glover,Huss,Pelloni
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HIGGS BOSON RAPIDITY DISTRIBUTION 46

EXPANDED VS. EXACT: INCLUSIVE
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