am
W Durham dp3 Q s trsapoes
University

Vision for the future of e
strong interactions and DIS % Purham

...25th in a series of International Workshops covering an eclectic
mixture of material related to Quantum Chromodynamics and DIS as
well as a survey of the hottest current topics in high energy physics.



Shallow Inelastic Scattering (and
(Quasi Elastic Scattering).



A new generation of I experiments

SarordUnderroune / | . DUNE: 2024 start of data-
e taking, 2026 beam and
near detector available.

' HyperK experiment
available ~2025




Extra challenges in this region

Beam energy E, ~0.5-1GeV (T2K) and E, ~2-3GeV

(DUNE). s L
314
Beam energy is not known (event-by-event). In 1.2
particular one is trying to reconstruct the beam % 1 |
energy by looking at the final state. 0.8 iy | | TTAL
F 13 fig -
Scattered products traverse the nucleus before ?,:.: | I
appearing in the detector §°-2 RES
"0

Exclusive description of the final state required,

especially, neutron production, pion production, E, (GeV)
nuclear breakup.

Unoscillated samples measure ", not " scattering.



Eiffect of uncertainty on discovery potential

50% CP Violation Sensitivity

DUNE Sensitivity
Normal Hierarchy
sin’28,, = 0.085
sin“0,, = 0.45

00 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

Dune CDR, arXiv 1512.06148

Shows the effect of
electron-neutrino cross
section normalisation
uncertainty on the
discovery potential for
CP violation for 50% of
the values of the CP
violating parameter.

Theoretical work can
save years!



Future developments

' Upcoming NuSTEC White Paper:
defines and provides context for
thinking about this problem.

" IPPP/NuSTEC Workshop 18-20
April in Durham.

NuSTEC White Paper: Status and Challenges of Neutrino-Nucleus
Scattering

L. Alvarez-Ruso,' M. Sajjad Athar,? M. B. Barbaro,® D. Cherdack,* M. E. Christy,” P. Coloma,®
T. W. Donnelly,” S. Dytman,® R. J. Hill,* %6 P, Huber,'! N. Jachowicz,'* T. Katori,'?
A. S. Kronfeld,® K. Mahn,'* M. Martini,”® J. G. Morfin,® J. Nieves,' G. Perdue,’ R.
Petti,'® D. G. Richards,'” F. Sanchez,'® T. Sato,"®?” J. T. Sobezyk,”" and G. P. Zeller®

IPPP/NuSTEC topical meeting on neutrino-nucleus scattering

http://conference.ippp.dur.ac.uk/event/583/

18-20 April 2017

EvuropeLondon timezone

' Obviously lots of scope for
experimental, theoretical, and
Monte Carlo work on Neutrino-
Nucleus scattering.

IPPP Durham | | search

The goals of the workshop will be to:

e Take stock of the current status of , vA scattering data, the nuclear and particle theory through which
it is understood and the phenomenological description of the cross sections and hadronic final
states;

* Discuss the programme of measurement, theory and phenomenology required to develop an
understanding commensurate with the future neutrino-physics programme; and to

¢ Evaluate the path towards “global fits” that can be used to make relizble predictions of neatrino-
nucleus seattering.

http:/ / conference.ippp.dur.ac.uk/event/583/




00 years of parton dynamics
....which however change with the resolution

06 |-
R=0.18
W>2.6 GeV
05 |-
04 |- —HERAPDF .0
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02 |- ﬂﬁ* r”‘}hﬁ

R
ol s s
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M [Gevic?]

...as well as known ones

...to produce unknown bosons



What are (my) motivations for this field?

' Observing a quantum field theory at work both in
strong and weak interaction regimes. Detailed study of
the parton structure of hadrons.

' The engineering importance: in order to use hadrons to
probe the physics of the other interactions we must
know them in exquisite detail.

" The field is more robust because of these two
motivations.



Both motivations were present from the beginning

" “It has been noted that the
production cross section for virtual o
photons is related to the
probability of production of
charged vector mesons W+ of the

—33t

-35t

Same maSS.” J. Christenson et al., PRL25, (1970)1526.

_36 L

LOG,, do/dm,, [Cm%ev /c"}

- Part of the motivation to

|

investigate Drell-Yan pairs was to
experimentally bound the cross

section for possible intermediate

vector bosons.



Parton dynamics is front and centre.

' A direct and lasting connection between
the first experiments on DIS and the
most important topics at the LHC today.

' Discovery of approximate scaling
behaviour, establishment of partonic
degrees of freedom, discovery of
gluons, discovery of asymptotic
freedom, creation of a systematically
improvable framework for
calculation......all the way to the Higgs
Cross section.

' The LHC is a parton dynamics machine.

You’ve never had it so

good!

06

05

04

0.3

02 |-

Ol

R=0.18
W>2.6 GeV

H | [} 1 '
2 4 3) 8 10 20
Kendall & Friedman, Annual Review of Nuclear Science

Vol. 22:203-254 (Molume publication date December 1972)



We now live in a QCD, parton-centric world

S ey g
' The most significant result of Run I of S R
the LHC is the discovery of the Higgs | | B oo
boson in 2012. o | Rl 2/3 of Higgs
ool RELE ] bosons
' Higgs bosons (produced OE% aCCjZTﬁsft?z -
predominantly by gluon fusion) g l - n | ol
radiate copiously, thus emphasising ;LT_ I

the importance of partonic degrees R Y
of freedom and radiative corrections.

Our field (DIS, Parton dynamics Corroborated by theory at vs=13 TeV
' : 51 3 4 5
QCD) is front and centre in the ( Pro}‘;ss bl (1)‘; g(s) ZS Z;
; agpp — P
physics program of the LHC. +Top = H 1 jot) pbZ e s
o(pp — H+ 2 jet) pb|3] 3.5 5.1
o(pp — H+ 3 jet) pb|3] 1.6




Higgs-pt

' High-pt Higgs gives us information =~ 1000

E e | | e | |y | | | | | (e E
' Az = Hi @ Vs=13TeV =
about the particles flowing in the 00 L. MCFM s = -
loop. = =
b = C o
Loa0 =
' pr values for an observable cross 5 g -
S — =
section given below. = e =
. £ 5
. =

' Reach depends on which decay e =
o = =

channels are useable. e

001 L | S50 | | SRS || | [FEE e | L] | s
' 0

$(P>peut)=1fb  $(pr>pcut)=1ab 200 400 | ]600 800 1000
Dl GeV
3

~600GeV ~1.5TeV 0 o

~400GeV ~1.2TeV .

~300GeV ~1TeV & ol

~200GeV  ~750GeV S

~50GeV ~450GeV  CaolaHiggs Hunting  ; Bieeeereaeareor

50 100 150 200
p_(H) [GeV]



A precise calculus for partons

TRTHRRATORRAL JRRunii o0 Hn unniy Paviice

CERN

ATLAS-CONF-2016-081

S 100 ATLAS Preliminary — G, M= 12509 GeV h
> C AHoyy ©HoZZ'—4l QCD scale uhcertaumy . Theory In Hiotion
o gol ¢ comb. data  syst. unc. B Tot. uncert. (scale ® POF+a,) | '
801 See the article by
; Giulia Zanderighi
40} in the April
_. edition.
20 TWO-PHOTON
i s=7TeV, 45" ) PHYSICS
- Vs=8TeV, 20.3fb" e
O Vs=13TeV, 133" (yy), 148" (2Z*) ] 5.1 10 (7 Tev), 19.7 1o (8 TeV), 35.9 o™ (13 TeV)
PRI PR S —— | ETRREPIREPIUN RPR I NS U U——— —— E _'"l'"-'I""I""’I"."I'"'I""'I';"I""I""_
7 8 9 10 11 12 - 13 = 6:_ CMS Preliminary R
\'S [TeV] bg 5: + Data (stat. ® sys. unc.) i
E - Systematic uncertainty E
4:_ ....... Standard model (m_= 125 GeV, N°LO gg— H) _:
' Use the Higgs boson as a tool for discovery 3 %\@ .
N S ]
2F g
' Sophisticated QCD predictions to aid in : wf& :
e = ]
measurement of Higgs boson properties. : pp = (H > 4)+X 3
O'I'_ll[ Illllll llIIllllllllllIllllllllllllll[lll—T‘
6 7 8 9 10 11 12 13 14

/s (TeV)



How precise 1s precise?

P,

' Hard cross section is represented as a fi(xl)
convolution of a parton scattering cross section
and non-perturbative parton distribution z,Py
functions.

' Power corrections of order ' /Q, for Q=100GeV, "
set a bound on the achievable precision of the Oij(as)
factorisation formula of about 1%.

' The luminosity measurement at the LHC is in
the range 2-5%, this also sets a scale for the ZoPo

precision to be aimed for. P i ( )
Parton i\z

A%ibutions

do(Py, Pp) = E/dﬂdm fi(z1, p2) fi(z2, p?) A6 (p1, p2, pa, as(p?), Q* /pu*)F 1 (ps)+O(A/Q).
ik

s

Physical cross Renormalization Power
section Factorization scale scale corrections

E \



Measurements of ( s

T IIIIIIII T e Ve U Vs | T IIIIIIII T |

12— xg(My)=0.1185+0.0006 o

.3 as
1/as(My)=8.44+0.04

M;
M;
M;

=0.1167 —
=0.1185
=0.1203 |

Incontrovertible fact that ( , is

smallish at energies accessible with 2l

s

current machines. 3
a T decays (NLO)

x Lattice QCD (NNLO) =

1/( 4 as grows as ~log (Q).

1/as(Q)

A DIS jets (NLO) v
1 /( S(MZ):8.44iO.O4 o Heavy Quarkonia (NLO) <]
0 e'e” jets&shapes (res. NNLO)_|

cIOED /(178 137

® Z-pole fit (N°LO)

A pp- jets (NLO)

P ==

Radiative corrections ~15 times more E |
lmpOI‘tantanCD thanQED‘ 01 ] | 11111110 ] L1 1111114’0 ] [ 1111110100 ] ]

Q [GeV]
Data from PDG September, 2013
Also some other outliers mainly from e+e- data

Abbate, 1006.3080, ( s(Mz)=0.1135+0.0010
Hoang, 1501.04753,( s(Mz)=0.1123+0.0002

The standard view is that ( ((Mz) is
known to about 1%.



Renormalisation group improved perturbation theory

' Take top pair production at 13 TeV.

ONLO — clag(l + Co(Xg —+ O(ai))

Estimate of error at NLO is not the
(12%)2 suggested by the size of (s,
because of the special nature of
renormalisation group improved
perturbation theory.

Given that e.g. the luminosity
measurement at the LHC is in the
range 2-5%, this set an estimate for
the precision we need to achieve.

o[nb]

; : ; e el
[ (o) (o2} —- N > (o} (o 2]
RPN

0

o

Scale dependehce of top productioniat Vs=13 TeV

|
|
| 0" °=0.77+12%—26%[pb] |
1

|
0M=059+34%—44%[pb] |

NLO
LO




NNLO

NLO declared solved in ~2010 with the establishment of
numerical methods

NNLO calculations roughly at the level of NLO in 1990.
" NLO 2 to 2 virtual matrix elements known
" NLO top cross section (total and differential) known
" NLO 2 to 3 calculations just beginning to be tackled?

" Will we make faster progress on NNLO?



NNLO diagrams

' Challenge is not the calculation of the individual diagrams, but rather the assembly of pieces that
individually contain infrared divergences.

examples of 2! 2
diagrams:VV
examples of 2! 3
diagrams:RV

examples of 2! 4
diagram:RR

' Cancellation of singularities between phase spaces of different dimensionality.



NNLO-some assembly required

" Contributions from VV, RV and RR. " HADRONN (7

CJOLIDDER | — =

} |
|;_', /
80,000x
‘_. M--‘
2 TR
{ \ n

" For the lower multiplicities the poles
are explicit, whereas as for higher
multiplicities, they appear after
integration.

' Thus the requirement to cancel the
poles appears to be in contradiction
with the desire for a differential cross
section.




T'he role of various approximations

LO: estimate
NLOQO: information about normalisation

NNLO: information about reliability of error

3
N LO: verification of reliability of error

W/Z total, H total, Harlander, Kilgore
H total, Anastasiou, Melnikov
H total, Ravindran, Smith, van Neerven
WH total, Brein, Djouadi, Harlander

WH diff., Femrera, Grazzini, Tramontano
y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.

H diff., Anastasiou, Melnikov, Petriello {t total, Czakon, Fiedler, Mitov

W diff., Melnikov, Petriello Z, Grazini, Kallweit, Rathlev, Torre
w’: :::' :::"i“’;' Pe:’iie"° ji (partial), Curie, Gehmann-De Ridder, Glover, Pires
L ni, Grazzin -
©o // . \ﬂ;/Z diff/ Catani et af’ / 2, c‘_’sc’d' B N
0o og s / / ZH diff., Ferrera, Grazzini, Tramontano

O o o / WW, Gehmann et 4.

/ ff diff, Czakon, Fiedler, Mitov

/ Z+y, W-y, Grazzini, Kallweit, Rathlev
Qg,o %_’_’4__________.__—-—-————‘ 1, Wy it,

VBF total, Bolzoni, Maltoni, Moch, Zaro

"89UBJ8JU0I dOHT 910Z 84118 We(RS 4D Aq uan|b x|l 8yl wol4

Hj, Boughezal et al.

\WJ, Boughezal, Focke, Liu, Petriello
VBF diff., Cacciari et al.

Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze
Z), Boughezal et al.
WH diff, ZH diff., Campbell, Ellis, Williams
y-y, Campbell, Ellis, Li, Williams
5 o WZ, Grazzini, Kallweit, Rathlev, Wiesemann
activity recently WW, Grazzzini et l,
MCFM at NNLO, Boughezal et al.
Pz, Gehmann-De Ridder et al.

I [ I [ [ I I I
2002 2004 2006 2008 2010 2012 2014 2016

Flurry of NNLO




Influence of theory on signal strengths

ATL-PHYS-PUB-2013-014

ATLAS Simulation Preliminary
° ° _ | — 1. — 1
! It ].S lmportant \s=14TeV: | Ldt=300 fb™ ; ILdt 3000 fb
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The necessity of NNLO

_~ s s s s s s s s s s s s s s s~ gg
8 o2 2 8 8 8 2 S 2 wn
VVVVVVVVVVVVVV I"U
> I > w -
10% |- - . m. O . 4@
> > §
é.
sl 5
N
2%, I R I =
N
-2% B K
-10% b . _
15% |- _
’ NNLO
NLO | |
20% L. o . err——

' This plot (by Salam) indicates that NNLO (central value) lies within the
NLO error band (based on scale variation) in only 3 cases out of 17.



The new frontier N°LO

A simple “Drell-Yan” process
Great practical importance for the m, >0
determination of Higgs couplings.

Performed in effective theory

' Requires H at 3-loop %g:kiﬁi‘::

' H+parton at 2-loop _

' (H+1-partons at 1-loop)"2 %;Z%

S

" H+2-partons at 1-loop :iébinmw;;iz
' H+3 partons at tree graph-level hkkbdd kiid




Behaviour of perturbation series

Perturbation series for
Higgs is well-tempered at
all energies

Assume effective expansion
parameter is as Ca = 0.3

Therefore size of N‘LO
correction would notionally
be of order (0.3)"4=1%

Instead scale uncertainty
gives an error of 3%

%!

wwwwwwwwwwwwwwwwww
T /

& - sy wa )+ |
b C n Ill 'll Ill
) [pb] Coeme E T EHT R B
| #9+:,<(-6<(9= " ! 4P ‘ ‘ :

arXiv:1602.00695



Higgs boson is new physics

Totally new, the first apparently fundamental scalar particle.
Potential discovery of a theory valid to the Planck scale.
Unique property of self-interaction.

Self interaction dictated by the shape of the potential which
has consequences for the meta-stability of the vacuum.

Discovery of the self-interaction of the Higgs boson would
give us a fourth force beyond strong, electroweak and
gravitational.

Arkani-Hamed et al, 1511.06495



Discovery of fundamental forces

Maxwell+Rutherford

Your name here




L.O Higgs pair production - full theory

' ~1000 times smaller than single Higgs production.

' Sensitivity to triple Higgs coupling comes from threshold region

=) e e PRI Ty =
— Higgs pair production =
5 9 =
/, F 5
KQQQ ,,, %{Q{ ,// : :
//, /, — =
// 3: 15 e T
/, ES R
e .(\’ A V & total Al
2 e i el e S e A A bostaonkye s A
N - % | ———— triangle only—
\\\ \\\ : :
™. 05 (— —
et L R e SR
gOO 400 600 800 1000

my,[GeV]
' As m, becomes large s-channel propagator suppresses first diagram.

" In the effective theory, double Higgs production amplitude vanishes in soft Higgs approximation (i.e. at
threshold).



At high luminosity LHC

Constraints on the
triple coupling will
require combination of
results from a number
of channels.

Shown is the predicted

(modest) constraint
from bb&&

ATL-PHYS-PUB-2014-019

Decay Channel | Branching Ratio | Total Yield (3000 fb~ 1
bb + bb 33% 40,000

bb + W*W- 25% 31,000

bb + 17" 7.3% 8,900

ZZ + bb 3.1% 3,800

W*W-+71r1 | 2.7% 3,300

ZZ + W*W- 1.1% 1,300

yy + bb 0.26% 320

Yy + 7YYy 0.0010% 1.2

&
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TLAS Simulation Preliminary
Vs = 14 TeV: 3000 f&'

---- Exp. 95% CLs
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Projected limit on the total HH yield (events)
)
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T'he standard model extrapolated

3,3

— 2 2 I
im0~ 16:2) 12 + 6y2\ — 3y 2(5 g3 + 393\ + — T
1
= (020 +0.78 —29 —0.28 +0.13]
— 5,02

Numerical values at scale v

After the Higgs discovery the standard model
can now be safely extrapolated to high energy.

The quartic coupling, and all other couplings,
run.

Resultant behaviour is a complicated
interplay of different couplings.

SM couplings

2 391 +93)° + 293)]

Degrassi et al, 1205.6497
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High stakes measurements

' The change of sign of the coupling can be taken as a proxy for the stability of the
standard model.

0.10

0.08

0.06

0.04

0.02

Higgs quartic coupling #

10.02

10.04

0.00 -

Degrassi et al, 1205.6497
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' The resultant picture depends sensitively on the top quark mass (and * ,)



Higgs tail

10
| == I I | | I | | =) I
At leaSt 15% Of the CrOSS 4—lepton production, CMS cuts, Vs=13 TeV
: -1 q —» 4leptons
section comes from my > 0 - e e

gg - 4leptons(cont)
gg - 4leptons(total)

1 3OGeV (Kauer&Passarino) 107*

Interference is an
important effect off-

do/dmy[fb/GeV]

resonance. o
Destructive at large mass, o (
as expected. ol ]
100 200 500 1000 2000
my[GeV]

Sensitivity to the Higgs
production method.

"Mine is a long and a sad tale!" said the Mouse, turning to Alice, and sighing.
"It Is a long tall, certainly," said Alice, looking down with wonder at the Mouse's tail; "but why
do you call it sad?"



T'he discovery of the Upsilon

-35¢ T T T T T T
Observation of a Dimuon Resonance at 9.5 GeV in 400-GeV Proton-Nucleus Collisions IO} a) j
S. W. Herb, D. C. Hom, L. M. Lederman, J. C. Sens,(® H. D. Snyder, and J. K. Yoh [ p+NUCLEUS —= . +ANYTHING
Columbia University, New York, New York 10027 s

o ptu”
O ptuTpp

and

J. A, Appel, B. C. Brown, C. N. Brown, W. R. Innes, K. Ueno, and T. Yamanouchi
Fermi National Accelevator Laboratory, Batavia, Illinois 60510

and

A, 8. Ito, H. Jostlein, D. M. Kaplan, and R. D. Kephart

State University of New York at Stony Brook, Stony Byook, New York 11974
(Received 1 July 1977)

Subsequently in 1977 the true

Upsilon was discovered at 9.5
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40 year history b-quark

' The subsequent discovery of b-hadrons held other

surprises for the field, notably the long-lifetime of the b-

hadrons, allowing successful tagging of b-hadrons using

vertex-detectors.

' What is remarkable is that 40 years later we are initiating

a new program to study the b-quark in

even greater detail

at Bellell, as well as the continuing program of LHCb.

' We can anticipate that in 2052, we will

e still involved in

the detailed investigation of the Higgs |

D0OSO1....



Outlook

We have about ~20 years more of an energy frontier machine exploring
parton dynamics. You have never had it so good!

Do not underestimate the power of human ingenuity to invent the future.

[t might seem that precision QCD is a game of diminishing returns;
higher orders terms are harder to calculate and, if the perturbative series
is well-tempered, less important.

On the contrary it is a great time to work on radiative corrections. The
Higgs boson is a central theme of run II at the LHC; it radiates copiously.

To achieve ~2% level accuracy one needs at least NNLO, plus
improvements in the PDF’s, and in some cases to +g






Parton distribution functions

Gehrmann-De Ridder et al, 1605.04295

o , NNLOJET PP~ Z+=0jet
Errors on Parton distribution NNPDF 3.0 NLO —— NNLO —
functions are at the 2-3% | | |
level

LHC can be used to improve
measurements of partons

Ratio to NLO

e.g. Z pT distributions,
accurate data, robust theory

do /dp%

Important to include ttbar,

Z-pr, 2-jet data into fits at
NNLO

NNLO 4L 08<hi<12

NLO 50 100 500
Pt [GeV)




Best prediction at 13 TeV

F. Dulat, CERN, December 2015, https:/ /indico.cern.ch/event/462111/

' The best prediction at 13
TeV, combining all sources
of uncertainty

| 36%
o = 48.487337 pb = 48.48 ph >

' Uncertainty budget
indicates the areas for future
improvement.

" Important to extend to more
differential distributions.



Higgs-pair producton EFT

Effective field theory for single
and double Higgs production > ______ ﬂ ?;?

1 \\\ \\\
Ly = GggH ;HG#VG;W e 2

1
gggHH—HHG”VG,”,

207 o d GggH

Lo

= JggHH =~ YggHH = —YggH
' soft Higgs insertion theorem

' Effective field theory for soft multi-

, H
Higgs production Lo~ GG n (1 N _)

U
| i i i
Double H1ggs . M — |Yest —(—i)6Av + gggng]
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Higgs pair NLO efiects

Borowka et al, 1604.06447, 1608.04798
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Tiny cross section after Higgs branching ratios applied.



Current bounds on the effective Higgs sell-coupling
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