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Testing the Standard Model at Colliders

astonishing level of precision.
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e Kxperimental measurements of key benchmark processes have reached

e Situation will improve even further from future runs/experiments



Analytic predictions for collider observables

e 2
Oab—X = 00 + Qs01 + Qg 02 + O£§0'3 + ...
LO NLO NNLO N3LO

Analytie N3LO cross sections for LHC currently available for 2—1 processes

e Inclusive Higgs production and Drell-Yan (y, Z, W= production)
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At the amplitude level: Recent progress on N3LO 2 —2 and NNLO 2 —3
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Analytic predictions for collider observables

o Important! These are analytie computations of full eross sections, not amplitudes.
e Integral over phase space of final state particles
e Sum over all Real and Virtual corrections

e Analytic cancellation of IR divergences!

Example: Higgs production at N3LO in gg
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Analytic predictions for collider observables

o Important! These are analytie computations of full eross sections, not amplitudes.
e Integral over phase space of final state particles

e Make connection to modern multiloop techniques via reverse unitarity
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d% 6. (p? 5. (p?) ~ lim — — :
//p+<p> ) ~ lig [ -
See this as a loop integral See phase space constraints as i
“cut” propagators
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will require huge progress at each step of the . Dubr,

S e Space of functions Weinziett
calculation:



Kxpansion in kinematic limits

Collinear Soft Regge/
Forward
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Much simpler structures arise in these limits



KExpansion for Color Singlet Cross Sections

e Consider production of a color singlet state h in proton-proton collision
Reverse Unitarity:

° : total momentum of radiation, color singlet Q and Y fhink ‘&fs ot
measureme

A tors!
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2 n - Ph
2 2
Q°=p
A= (1,0,0,~1) \k 7

e Limit where total momentum of radiation is soft compared to Q
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Collinear Expansion for Matrix Elements

e Kinematic limit expansion of Feynman integrands appearing in

the calculation of partonic cross seetions

e Take for example double real emission (RR) scalar integral

» n-p2
P2— P3 : x:(ﬁ%l;(n-k):l_(ﬁ-k];@k)
1 B NPy LT 1
RR = = -
) i dwydwadz (p2 + p3)%(p2 + ps + pa)?
| 1

P1 I

In the collinear limit:

o Differential double real
article phase space // AP+ — )\2_46/ dPhr2
P dwidwodx dwidwodx

scales homogeneously

O Propagators can 1 coll 1 B Z 2y 25 - pa)”

be expanded easily (p2+ps+p)?  2p2-(p3+pa) + 220300 = [p) (p3 +p)]""
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Collinear Expansion for double real graphs

e We can perform a collinear expansion of the integrand

cO ' d@ ]. ¢ _2 *
IRR, _11> )\2 .1(/ h+2 — = +)\2 ( P3 p4) 5 _|_(/)()\3)
dwidwade | (p2 +p3)®[ps (05 +p1)]  (p2 +ps)?[p3 (5 + 7))
e Collinear expansion admits diagrammatic representation!
G ps ! Hi—= ps ! Pa— ps !
by P2 _ )\2_1( e P2 _ AQ 021)3-1np4 P2 + O(}\3)
h : p1 h | p1 h . p1
p1— ! p1— ' p1— !
e Same procedure can be applied for mixed loop/radiation integrals
(like RV integrals at NNLO)
P1 g |1 g |
I sccd ke I p P1 | P1
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Collinear Expansion and IBPs

P2 P3

I
Pa 1—2¢ P2 P2

Key Point! - T )
Expanded diagrams admit P | w
(simplified) integration by m

parts (IBPs) identities o o
b/

e We can make use of modern technology IBPs Canonical
Differential Equations

for multiloop calculations with simplified
kinematic dependence! Reverse Unitarity

e Simplifications w.r.t. full kinematics are huge and enter at each step:
o IBPs (smaller set of MI, smaller coefficients)

o System of DE (e.g. ~ 10 MB for differential N3LO in collinear limit
vs ~ 10 GB in full kinematics)

o Space of functions (e.g. @N3LO: Elliptic functions for inclusive color singlet
production in full kinematics vs only HPL for q,, distributions in collinear limit)

11



Collinear expansion of cross sections:

Applications

12



Collinear expansion of cross sections: Applications

Approximation of Fixed order QCD
differential

distributions
(e.g. Higgs rapidity at LHC, DY, ...)

beyond leading power
(Data for subleading power RGEs,

Collinear . "
improvement for slicing methods, ...)
expansion of
Cross

sections

Differential
Anomalous
di : T counterterms
<sl$§?§£iss ' Universal objects of QCD / tor local
collinear, rapidity) ; IR at hlgh perturbative : Subtractions

/ order \
Observable dependent initial state Observable dependent
radiation dynamics final state radiation dynamics

(TMD PDFs, Beam Functions, double differential Beam Funec, ...) i E (TMD Fragmentation Functions, EEC, thrust jet functions, ...) %3



-
’

Applications:

EEC in the back-to-back limit

“TMD Fragmentation Functions at N3LO” [2012.07853]

“The EEC in the back-to-back limit at N3LO and N3LL’ ” [2012.07859]
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Observable dependent

final state radiation dynamics
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functions, ...)
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Energy-Energy Correlation

e Interesting observable involving measurements on QCD final state
radiation is the Energy-Energy Correlation (EKEC)

E;E;
EEC(x) = — = Z/dae+e i X QQJ d(cosB;; — cos x)

e Measures angle y between pairs of
color charged particles, weighted by
energy

e One of the oldest IRC safe observables
proposed

15




KEnergy-Energy Correlation: Motivations

InterestinEECforavarietyofreasons: 1.5k||1\|||||||||||||||||||||||\||||J|||||||||||7
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e (Can be expressed as a four point correlator )
X

in terms of energy flow operators

e Substantial recent progress in understanding it
both in QCD and CFTs.

e Natural playground for connections between

N =4 and QCD

e Allows precise extraction of o,




KEnergy-KEnergy Correlation: End Points

e [t has singular structure and logarithmic enhancement at both end points

x =0 i . x—m | e The two limits have very different
z—0 1 z—1
| ¢ =51 —cosx)| | ructur try bet th
 Collinear/Forward/ : ' 2 ' Back-to-Back ! structure (no symmetry between them)
. small angle Limit l imit . cr s .
flfl_l_‘___f’_‘__f___‘_'fl_l_, : . bt e Single logarithmic series in small
.5 TTTT ] FTTT I FTTT I TTTT TTTT I TTTT | TTTT I TTTT I TTTT . .
- i - angle limit
& e OPAL data # 3
1.2 ¢ i g m
- eTe” — hadrons f- dJ 20 L log™ 2
—_ 3 - CL,m P
= 0.9 Q=912GevV = — L=1m=0
EJ-/ I~ ] = -
R el .
Q0.6 .1 e Double logarithmic series at = — 1
I | 1P|
0.3 X -~ 7 dU 21 - L logm(l - Z)
e ] > > (4)
- . (1-—2)
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0 20 40 60 80 100 120 140 160 180
) e Plus ~0(1l—2),0(2)

e We can derive factorization theorems at both ends in SCET for resummation
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EEC in the back to back limit (in QCD)

e In the Back-to-Back Limit Y’ —> 77 the EEC in QCD factorizes as

= XN 2y AT
1_Z:(COS§') N@' 7
Hard Function y - ~ TMD Soft Function
A

do 69 —=— [ by qr ;7.5 2 v i, \
T, = 70 H e (G 1) / @TT)QQTBIQT br 5(1 —z— q_:,;) Jq (bT, 1L, 6) Jg (bT, I, a) Sq(br, p,v)

=
EEC Jet Functions

o s el ~

| Hard Function: IR finite form factor. (N3LO in 2010) | | Jet Function: Describe collinear T I

oo oooo o) | dynamices of QCD radiation in the ingredient at :

' Soft Function: Same as in TMD fact. (N3LO in 2016) | : presence of EEC measurement. N3LO! I

e ] e e - ————— ————————— — -
e KEC Jet Function can be calculated using collinear

expansion of differential partonic cross sections!

“TMD Fragmentation Functions at

N3LO” [2012.07853

,]q<bT, 1L, %) _ /01 dCCzi:/@qi (C, ET,Ha wib)

1 1
~ zz:/o d((F {/0 dx dws stri%:itnéoll. [(5 la7 — Q*(1 — Qwa(1 — 2)

(After analytic continuation, UV, SCET-II, rapidity regularization and IR ...) 18

dNgrh—itx
dwdwsodx



https://arxiv.org/pdf/2012.07853.pdf

Fully differential calculation in collinear limit @N3LO

e We calculated the collinear expansion of the partonie cross section for DY and
Higgs @N3LO differential in (Q,, 7, z)

How did we solve the system of DE?

n -k
d b w1 = _ﬁ . ) . .
' "ji - g o We constructed dLog integrand basis
dQ*dwidwadz "o ;(ﬁ-k)(n-k) for coupled systems on the maximal cut
T o We generalized to multiple variables

o RVV: known in full kinematics Tps=—z With algebraic dependence Roman
' MBTR Lee’s algorithm to obtain &-form

G

© RRV: 170 Master Integrals o Boundaries from differential soft

O RRR: 320 Master Integrals - integrals

o Result has large non-rational alphabet

O 2 scales (dependence on small scale in e T R  EPR e
collinear limit trivializes), algebraic R T
dependence on variables o “Mother” calculation. Project/integrate
to obtain Beam Functions, TMDFF,
O Still well beyond the current level of EEC Jet Function
technology for standard algorithmic 1(or ) = [ a6¢ S Ru(c B 2) b

: ‘acerd [Mavaws tm |8l — Q21 = Qua(1 — of Satis
techniques V3 acer| [ dodun i ok - Q- - o GERE)



EEC in the back to back limit in QCD @N3LO

1 dg®

o —4CHLs5(Z)
e Thanks to our calculation we have + 403002 - 22004+ Dpn))
. T35 o5 - 88 itz .. 388
the full behaviour of the EEC for z — 1 +£3(2)[CH(-16G ~ 104) + £Crny + CrCa(-166: - =57)

242 ., 88 8
—Ci+ ?(A;nf — 5"?]

in QCD up to O(a?) analytically )
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88 40 L2471 88
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H’”f(x“ 3) A\ 57 :a“)
, 16 760\ 44n}
+(4”](;g2—?)+ )_]

Zi

592 244
3 @Gt —;>

e This result is for electron-positron

Ebert, Mistlberger, GV

annihilation but we have derived also the case  +ze[cz(-%2 126+ 221 - 1%) (2012.07859]
o 2900 - 1688 s —8Cs+ 3797
of gluon induced Higgs decay +Ora(- 5= T =%+ )
. :)‘3()' . 32 . 479 2 916 2354
+Crny( - ;wv)*(ﬂ(*ﬂ -8t 2s)

448 380 2124 16,
+C 411f(—)g + 163 — _l) + n% ( T —;gl)]

169
+L0(V)[ (()4(;0 402C> + 332C3 — 552C4 + 48(5 7§)

compare to N'=4 where EEC is already e300+ 22 B2, 192 5

128G+ —G@——(GG G4 — 120G + ——

e Having full analytic control of result we can

3 9 = 3 9
. 20 296 244 623
known at this order. +Cry(-30- 56+ 54 -15)
4420 560 326 _ 4241
+C3 ( 9 G- ?Sx -3 - 40¢s — 27 )

1508 184 56 1414)

e We observe that the principle of +Cans (- + e+ Far 18

112 16 98
. . : (gt 56— 5)]
maximal transcendentality holds also at this oL 3 1049 53 s
+o(~)[(.,.-< = 3 gz*—;gz‘ll’g G —64G3 1“0&4*—c 0"@()
order! +C1.-('4(M¢¥<r¥:'“m H'(:M + 5285 + 22(e flbsaﬂ.cwwc;f)
. . o e > )))0-1 3()()\ 3‘)354 . 3\11. 27 )l) 700
e This also gives very non-trivial cross check +OA(-R et Ty Ot T g G k3% = 56c))
. . + Can Lj%—@"z—s.‘? 3 24’\0 + 720(3
involving Gluon EEC, Quark EEC and EEC S U e «)
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Peeking into the bulk of the KEC: N=2 moment

e Thanks to our calculation we have obtained the full 6(1 — 2) coefficient at O(a?)

Total annihilation cross

section to hadrons. (n) 2n—1 reg
Known to 4 loops. R = Vl(n) -+ Z (—1)mm' [C(()n,m) — an,m)] + i /dz z do
2 0 & 4z lon)

Log coefficients at end points.

) EEC . P
Relation from Known to 3 loops. New piece of information!

___________________________________ s

e Use sum rule and new calculation to .-

, S1L dotE
extract moment of the entire EKC o R P :
distribution. o o S T )

! 56 3004 156437 :
. +0an( Gt ot oot —s ) !
o At 0?) the EEC for electron- ositron: 6%%5 %gigo 1768 . 438601 . 7930931 . 96056179
° P |+ CRCA (506} - Po+ bt 50— 4 o S 5100 180000 ):
hilation i i : 19883 . 74378, 392641 113349701\ |
annlhllatlon 1n QCD 1S Only knOWH i _C}%"CA(64C3 +22Cs—2326263—8§> = - =G —b——— ) |
- ! 12 6l 57 1 !
numerlcally (with significant uncertainties) | + CrCang (—72@(2 C> : 5 Gt 62729 — 3?22307 2+ Szzggggg) :
R f(224 e % o 4“4 7726 I 98803 406426043) !
. . . . . Fn T 360 -2 972000 !
e First analytic information about the ' , & " o (s S 6,5 1), ;
s Ve B ot =03 =00g = /
. . N -
bulk of the EEC in QCD at this order - oo o -
e We have presented results also for the Higgs EEC where there is not even a N

numerical result at this order



The EEC at N3LL" in the back-to-back limit

® The EEC Jet Function at N3LO we have calculated, was the last missing ingredient
for resummation at N3LL" accuracy.

Hard Function TMD Soft Function

do 60 —>— [ d%rd%Gr 75, a7 Y W
5 = 7 qu(Q,/l) /WB 5 l—2— @ (bT M, (2> <Z)T M, (2) bq(bT./l,.‘ I/>
EEC Jet Functions
d y
In HZ ’ =7 3 )
dln p (@ 1) =70 (Q, 1) Accuracy | H, J, S | Tcusp(as) | v(as) | Blas)
dld In Ji (b, u,v/Q) = 74 (1, v/ Q) LL Tree level | 1-loop — 1-loop
n /i
E NLL Tree level 2-loop 1-loop | 2-loop
dInp In Si(br, ) = F5 (1), NLL/ 1-loop 2-loop | 1-loop | 2-loop
NNLL 1-loop 3-loop 2-loop | 3-loop
d 1_;
dlnv In J;(br, p,v/Q) = —§7y(bTa M), NNLL/ 2-loop 3-loop | 2-loop | 3-loop
d InSi(br, ) =5 (by ). | N3LL 2-loop 4-loop 3-loop | 4-loop
Kl N3LL/ 3-loop 4-loop | 3-loop | 4-loop

® H, J, S referred as “boundary” because they give the boundary conditions of the
22

RGE differential equations. In conformal theories, no distinction of scales— grouped into one object i



The EEC at N3LL" in the back-to-back limit

Combining everything we get the EEC spectrum in the back-to-back limit at NSLL"

N3LL" constitutes the highest 29T T T T[T T T T[T T T T[T T T T[T 1/4_ T ]
level of accuracy for the - eteT — fy* — hadrons / \‘ ]
resummatlon of an event shape 2.0 — p=Q=myz, o, (Q)=0.118 i |
in QCD to date. > - 3 / { ]
) analytic singul S — N°LL ]
O B |
.(as). anfjt ytic singular o 1.5 mae N3LL, =
distribution matches - - ]
S 1.0 [1708.04093]
Resummation improves : B NNLO; p
substantially the theory ~ B
prediction at the peak 0.5

At N3LL" accuracy,

perturbative uncertainty finally 0.0
comparable to experimental 150 155 160 165 170 175 180

uncertainties on LEP data

IIII|IIII|IIII|IIII|IIII|IIII

o
x [°]
Hadronization/non perturbative effects known to be sizable. Important to have control on

perturbative result to disentangle effects for extraction of « *



Conclusion

< Collinear expansion of eross sections

> Modern multiloop techniques can be used to efficiently compute
cross sections in collinear limit
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& Applications
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Kxpansion in kinematic limits

Kinematie limits can be exploited in different ways

Factorization theorems Fixed order calculations
e Understand all order structure of e Ingredients entering the calculation
QCD in that limit dramatically simplify

e Identify universal objects
e Inclusion of subleading terms is not
e Improves predictions via particularly difficult
resummation of infinite towers of

terms
e (Obtain predictions at a perturbative
order not reachable in full kinematics

e [ixpansion of resummed results —

data /cross checks for higher order e Kinematic expansions of XS — data
calculations for subleading power factorization
theorems

They feed into each other: use fixed order in the kinematic limit to obtain universal objects

identified by EFT. ExampleS: Beam Functions, TMDFFs, EEC Jet Functions at N3LO 21



Collinear Expansion of cross sections

. Repeat procedure for all diagrams to obtain expansion of partonic cross
section

. With the expanded partonic cross section, construct an expansion of the
cross section around collinear limit of radiation

— A2 TNy S +
dQ2dYdT dQ2dYydT
Note: Translation to expansion of cross section is straightforward knowing
relations to hadronic variables
W n-k n-k
do U() dThJ 1= _’ﬁ,- y W2 = —
— P n-p2
dQ2dY dw,dwodz Z fi(®1) 2205 (%2) 3o dunda . ;;;2
PP S U .| S
R RnR TG Rk
z B[ n-k _Y]
T = — =2 L+ (hr/ Q) — ——@ dnij (Y1, y2
;13 an dZ)Q(zllY(giJT / dar/ dwidws 6 (y1 — 21) 0 (y2 — 22)
To = 2_22 = LUZB|: 1+ (kT/Q)Q s 764’Y:| X O T T(Q Y, wy, wo, CC)] W 28



Applications:

Higgs rapidity distribution at the LHC

Approximation of

Fixed order QCD

differential ] beyond leading
distributions COllllle.al’ power
expansion
of cross
sections
Differential
Anomalous T counterterms

dimensions V\' Ur(g‘(;j:r)sf‘fl{ ngj i(;;l()f / for local

| subtractions

/ perturbative order \

-
’

I radiation dynamics
' (TMD PDFs, Beam Functions, double differential Beam

_________________________________________

[ Observable dependent initial state \‘:

Observable dependent

final state radiation dynamics

(TMD Fragmentation Functions, EEC, thrust jet
functions, ...)

_________________________________________
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Collinear expansion of cross sections: Applications

e We can build approximation of hadroniec differential eross section by
combining the expansions in different limits!

o @PPI- o) o™ o ()

d02dvdT ~ dQPdvdT | dQidvdT _ dozavar

e [xpansion in opposite collinear direction is obtained via simple swap
e Soft expansion in general simpler than (or subset of) collinear one

e Soft expansion necessary to remove overlap [zero bin subtraction]

(more complications at cross section level if observable 7 admits different expansion in soft vs
collinear limit)

30



Approximation of Higgs Rapidity Spectrum at LHC

e Use this framework to compute an approximation to the Higgs Rapidity distribution

k
%’%% D=+ Yz%log (Zih>
* Ph

Q
S 120
s LHC 13 TeV MMHT 2014
Q L — o= TH
= = 1.1 PP—>H+X HF=HR= Just 2 orders in
Zb = the eollinear
T’\ 1 S expansion give
3 better than 2%
=7 09E accuracy over the
2. ’ entire spectrum!
% =08 = NNLO Expansion - 0 = Expan519n -1 y
/
S —4 -3 -2 -1 0 1 2 3 4 ,
Y I
e NNLO rapidity spectrum is known exactly, we can compare how quickly our |
. . \
approximation converges to exact result. AN
\
L] L] () L] L] L] L] L] \
e (ollinear expansion of rapidity distribution works reallyv well! - - - - - - - - - _ __ J

e Qutlook: compute collinear approximation of rapidity distribution at N3LO
where no exact result is available. Supplement N3LO threshold approximation 31




Extension to Final State Radiation

e (an we generalize our method beyond color singlet production in proton-proton
collisions to study final state radiation?

e Look at fully differential Semi-Inclusive Deep Inelastic Scattering (SIDIS),
production of an identified hadron H in DIS

e Study the case of radiation collinear to final state hadron

e (Can we relate it via crossing symmetry to the expansion of color-singlet production

cross sections in pp?

p(p1) +h(q) = p(=p2) + X(=k) = p(p1) +p(pa) = h(—q) + X (k) »

-

Vv v
Semi-Inclusive DIS DY /Higgs production in pp



SIDIS from production in pp

e Yes! In our formalism we can obtain SIDIS from color singlet production at the LHC

e Phase Spaces are 31mp1y related (this is because we are differential in these variables)

d(DH—m
dwidwodx

do
~ (1 — —342¢ h+m
( w1) dw;dwodx

e Partonic Cross Sections related by crossing symmetry (needs analytic continuation)

_342¢AMithsjix
— wy ) 33
dwidwadz analyt.cont.

diyhsjrx a
dwidwedx



Analytic Continuation

e (Crossing symmetry for SIDIS (and similarly for decay processes)

p(p1) + h(q) = p(=p2) + X(=k) = p(p1) +p(p2) = h(—q) + X(=k)

-

Vo v
Semi-Inclusive DIS DY /Higgs production in pp

e Variables we are differential in change sign under crossing!
e Therefore, crossing means analytically continuing cross section in those variables
e Mandelstam equipped with prescription (pi+p;)° —  (pi+p;)°+i0

e Partonic cross section branch cut structure can be tracked by organizing it as

Difficult, but universal part
(no branch cuts at 0) n [

________________ p1
dnl(;l+l+k) :'dnl(;n—i-l-kk,il,imh J2) | /--\

l k 1
T Tl L) X{ Yo 2! dQ2dw;dwdz |

i1,i2=0 j1,j2=01

--------- Namdeisim variabios: sasy 1o analyiivally contimie T ”
Simplest I-loop example:

D2 DPm D2

ER [(—s — iO)_lel — \cos(lwe) R [(s + iO)_le] 5

J

-~

DIS production



Extension to Final State Radiation

e (an we generalize our method beyond color singlet production in proton-proton
collisions to study final state radiation?

e Look at fully differential Semi-Inclusive Deep Inelastic Scattering (SIDIS),
production of an identified hadron H in DIS

e Study the case of radiation collinear to final state hadron

e (Can we relate it via crossing symmetry to the expansion of color-singlet production

cross sections in pp?

p(p1) +h(q) = p(=p2) + X(=k) = p(p1) +p(pa) = h(—q) + X (k) .

-

Vv v
Semi-Inclusive DIS DY /Higgs production in pp



Resummation of the EEC in the back-to-back limit

® [ixtending method of collinear expansion of cross sections to processes with final

state color charged particles we were able to calculate EEC Jet Function at N3LO

Hard Function TMD Soft Function

do . 5‘0 e deT d2qT i by 2 1 = 3 .
5 — 7 qu(Q,/l) /WB 5 ]. — 7 = @ (bT /1 (2> <bT /1 (2> bq(bT./l,.‘ I/>

EEC Jet Functions

e SCET allows to resum large logs appearing in this limit.

Anomalous dimensions obtained
by poles of calculation in the
EFT (known in the literature,

d rechecked in our calculation)

iy (@) = 7u(Q,n), - .
d ; d i
T B ACr e v/Q) = T3 (v /Q)s | il pv/Q) = =37 (br )

d o ; d
1 7 s [y =1 ’ )
1l 1 n S;(br, p,v) = Ys(p, v) oo

k Rapidity Renormalization Group Equations /

e Kach function obeys renormalization group equations (RGEs)

In Si(bTa,uay) = fYV(bT ,u)

e Running of operators resum logs as for running coupling in standard QFT %



The EEC at N3LL : Resummation

® Resummed cross section takes the following form

Fourier TransformANothlng 1mportant H, J, S boundaries

do _ oy d(brQ)* Jo (brQv1 — Z) qq(Q i), (bT,MJ, Ig)J (bTaﬂ“eh Q)S (b1, s, vs)

dz 8 0

T *d Hdy
% exp[ / TM’YH(Q,N/) +2/ TM’YJ(M,7VJ/Q)+ / I ’75(# vs) ] (E
p G e ~

H J S
A

/ ~~

running of ﬁ;rd function p-running o}rJet function p-running of\rSOft function running in rapidity
/ “Canonical” choice of scales for the boundaries \ p
is the one that minimizes all the logs in them 4 -
na
IU/f" > @
bo bo [
pEg ~Q, pg o~ Bs o~ T,
bT bT Lt e path 1 !
b initial
0 >y
vy ~ CQ ) Vg n~ z;_'a Vi vy
v )
K Running with Rapidity RGE is in
2-d plane, but it is path 7

independent



The EEC at N3LL : Uncertainty estimation

e [istimate of uncertainty obtained by:

o Hard, jet, soft (and rapidities) scale variation by a factor of 2.

Envelope of 35 scale variations (Configurations with ratios of scales >2 or <1/2 discarded)
(arguably standard procedure for multiscale resummaton in SCET)

o Variation of b* prescription 2.0

e Roughly 4% uncertainty s 1.5
around peak region “d
b

C 1.0
e Significant reduction of S
uncertainty compared =

=
i

to lower orders

0.0

I||I|II|III]|IIII

IIII|IIII|IIII|IIII|IIII

ete” — ~* — hadrons
Q=mz, as;(Q) = 0.118

Ebert, Mistlberger, GV /g i
NNLL [2012.07859] % i
N3LL

N3LL’

T T s Al s sl el e s e e i P S NN R N

150 155 160 165 170 175 180

x [°] v



Literature Comparison on Uncertainties

e Previous works in the literature make use of quite non conservative scheme to
estimate resummation uncertainties and obtain ~ 8% uncertainty at NNLL.

e Applying a similar scheme to our N3LL" result we obtain a 0.5% uncertainty

:I L l 1T 1T 1 | T T 1 l T 1T 1 | 1T T 1 T 1 |:

1-755_ ete” — ~* — hadrons E

, 1.0 Q@ =mz, as(Q) = 0.118 =

% 1.25 NNLL 3

T 1.00- N3LL E

o : ]
= 3

§ 0'752 N°LL/ :

- 0'50; A(pg ~ Q) unc. :

0.25 —:j

0.00_I [ I L1 1 1 | L1 1 1 I I S | L1 1 1 l I

150 155 160 165 170 175 180
X [°]
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Peeking into the bulk of the KKC: Sum rules

4 U4 N
e Remarkably, the EEC obeys /0 dzq; = ¢
interesting sum rules / 1 1..d0 / 1 az(1 )da 1
ZZ— = z — Z)—/— = <O
0 dz 0 dz 2
- J
4 )
9 bl + VO(Z)] v Vis(1—2) + [(bl(z)] i
dz z |y 1-2ls dz
e General structure of the
endpoints is know order by =0 ()" r b0(2) =30 3 ( Zz_; )n - ) ogm
order Vo= (32) %" ) . i
- aa(rw HOTREN R
- 1y . 1 do'e®
/o Derive powerful R™ = v + v 4 5—0/(12 T o
relations between s on1 ) , s
. . o . - (TL) m (n7m) (nvm) g
ingredients living 5 = Vi Tt > ()" mleg™™ — "™ + 6—0/(122 & o
m=0 oy
at different angles 2n—1
R(n) " n . m o 1 dores
of the EEC g = VO( ) - Z (—1) m![cg ) _ C(() )] — 5o /dz(l — 2) P o
m=0 all




Applications:

Beam Functions at N3LO

“N-Jettiness Beam Functions at N3LO” [2006.03056 ]
“Transverse momentum dependent PDFs at N3L0O” [2006.05329]
“Calculation of Differential Collinear Expansions at N3LO” [in preparation]|

Approximation of Fixed order QCD
differential ] beyond leading
distributions Colllne.al’ power
expansion
of cross
sections
Differential
Anomalous LT L r e ~ counterterms

dimensions V\' Ugi‘(;j:r)sﬁl{ O;? i(;;ShOf / for local

| subtractions

/ perturbative order \

II Observable dependent initial state | ! Observable dependent
I radiation dynamics I final state radiation dynamics !
I (TMD PDFs, Beam Functions, double differential Beam | | (TMD Fragmentation Functions, EEC, thrust jet

Fune, ...) \ functions, ...)



Beam Functions

e [Deam Functions: universal gauge invariant matrix elements encoding
collinear dynamics of protons and initial state radiation in the presence of
multiple measurements

e C(Can be understood as a generalization of a Parton Distribution Funetions
(PDFs)

i

PDF: fq(x) = <pn‘>_(n§ [5(]7_ —n- P) Xn] ’pn>

Beam Function: B (z,T) = <pn’>—<n% [5(;0— —7-P)S(T — 'f') Xn} }pn>
Opp—X ™~ /fa(l’l)fb(ffz) ® Tab—sX j—;{ N/HB7L®BH®S+...

Inclusive More differential 42



Beam Functions

e Beam Functions enter the factorization for many LHC observables

(N-Jettiness, Transverse momentum distributions [TMDPDFs], Transverse Energy-Energy

Correlator, Double Differential Distributions...)

4 Leading power factorization for Transverse-Momentum Distribution

do o a7 S
— H’L 2 de iqp-br Bz( B
v~ L @) [ e

K q, Beam Functions /
4 Leading power factorization for Beam Thrust N
do 2 B B
= /5 B . . -3
dQQde% g0 ; Hab(Q ) /L) /dta dty S 76 Qa 7 )
\_ | T Beam Functions )

e Factorization theorems encode singular structure of color singlet diff. distr. at LHC

e Knowing them at N3LO allows to obtain fully differential distributions at
N3LO via slicing methods

43



From Expanded XS to BFs: Projections and checks

N-Jettiness Beam Function

TMD Beam Function

project to T mproject to qT
Ba taa CCBa < L —> Bz ’
(ta, 21 1) dQ2dw; dwodz ( )

e (Coupling renormalization

° SCETI renormalization

e IR poles subtracted via N3LO PDF

counterterms

6 orders of poles cancel in
all channels

Terms involving £, <%> n=0,..., 5 VS
RGE prediction

Eikonal limit vs threshold consistency

Generalized leading color approx

B
xl 7bT7/'La w_
a

e (oupling renormalization
® Zero-bin subtraction via Soft Function

° SCETH renormalization

e IR poles subtracted via N3LO PDF
counterterms

Checks e All rapidity divergences

regulated

e 3 orders of € poles cancel for all channels

e Log terms vs RGE prediction
e [Kikonal limit vs threshold consistency

e (QQuark channels vs

44



Beam Functions Results

We have obtained full matching kernel for all quark and gluon channels

N-Jettiness Beam Function TMD Beam Function
New space of functions: HPL are not e Quark result available in the literature
sufficient. Iterated integrals with : :
, o discrepancy for one color structure in all
non-rational alphabet: K k ch l
. g ] L1 1 quark-quark channels
A= {;, 1—2'2-2'153" 3 \/Eﬁ} o Agreement for all the other terms

e Both quark and gluon matching kernels

100 W
oo tewt = (10 GeV)? 1 .
. so0f u=100Gev 4 can be expressed in terms of only HPLs
Y Y MMHT2014nnlo68cl
N0 7
ER — NLO 1
Nald C N -—--NNLO = 0.0 T T T T T T T T T T T TITTT T T
mc: 40: « o\ NLO ] X r 7] 50 LR B AL B B AL R R
L - C Y br = (10 GeV)™' 1
200 lo=0.2E T a0F \ p=w =100 GeV
| N RPN o 3 L \ MMHT2014nnlo68cl |
W m 3|3 ~ F \ ]
10 103 102 101 100 3|y -0.4 2 30F \ .
z Sy < S5 \ — N°LO |
| -~ = —_— -~ \ g
0.0k T T T T T T T TTTTT T T T TTT .DH 'g—o'ﬁjw—l/_—lOO GeV \13/207 N ——'NNLO -
= r o o _ > |2 fw=v= s L S NLO
é r H = Vtcut = 30 GeV ’2’ X SN/ E bT — (10 GeV)—l ——-d ‘: - . -~ 1LO
-0.5F -=—-d] o -0.8 _ 10 -
n 0.5 MMHT2014nnlo68c1 g 2l 0B p=2e"/bp 0 g E
F %Q z - MMHT2014nnlo68cl r
m _1.0 1 lJlHJI\ L 1 lllHJl 1 IH] I 0 41 — 3 2‘ S 1 LLLL 0
10~ 10- 10-2 10-! 100 10 10 10 10 10
z
z
e N3LO corrections have non trivial z dependence

e Channels give roughly 0.5-2% correction on top of NNLO 45
e More complete analysis needed to assess impact of N3LO terms
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Beam Function Matching kernels

N-Jettiness Beam Function
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Strong coupling extraction

Reference point for the value is

conventionally chosen to be
91.2 GeV, the mass of the Z boson.

Many different ways proposed, but most
precise measurements come from:

o PDF Fits

o Kvent shapes
o Lattice

Precision is at the (half) percent level
(to be compared to the 1078 of the QED coupling)!

World average combining everything is

os(M2) = 0.1176 4 0.0011

[PDG 2020]
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