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Motivation: pp - H W, Z + X

Transverse momentum g = pH, p%¥, pZ spectra are key LHC observables.

joA

e ldo/dpZ measuredto < 0.5% at the LHC

> Precision test of QCD

® Bulk of the cross section at small g7 < mz

> Focus of this talk

® Need precise modeling of pq‘i" to measure myy/
from position of Jacobian peak in p‘} spectrum

e ~ 2% uncertainty on do/dp}’ translates

to Amw ~ 10 MeV

® Compare my = 80370 + 19 MeV [ATLAS '17]

> Strategy: use precisely measured Z spectrum

do

dpj"Y - dp%

o [ do ] [da/dpivy

do‘/dp% ] pred.

® Sensitive t0 y.,» Yukawas in cg, bb — H

® Need precise result for gg — H “background”
> Yet another talk . ..
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Motivation: pp - H W, Z + X

Transverse momentum g = pH, p%¥, pZ spectra are key LHC observables.

p7 ® ldo/dpZ measuredto < 0.5% at the LHC

> Precision test of QCD

[CBackground
Xeldof = 36/39

Events/ 0.5 GeV

® Bulk of the cross section at small g7 < mz
> Focus of this talk

Py ® Need precise modeling of pq‘i" to measure myy/
from position of Jacobian peak in p‘} spectrum
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® ~ 2% uncertainty on do/dpy translates "
to Amw ~ 10 MeV %1035 ATLAS Simulation

o 1.03¢

E Vs=7 TeV, pp— W +X, pp - Z+X
® Compare my = 80370 + 19 MeV [ATLAS '17] 1.02

> Strategy: use precisely measured Z spectrum
do [ do ] [da/dp,IVY]
meas. do’/dp% pred.

W o= Z
dpr dpr F
E W - LOPDFW'  —Total W
0'97;’ m. LOPDFW  —TotalW
pi e Sensitive to y., Yukawas in c¢, bb — H IR R Y

Py [Gev]
[ATLAS, 1701.07240]

® Need precise result for gg — H “background”
> Yet another talk . ..
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Intro: Resummation for the inclusive qr spectrum
Resumming fiducial power corrections
Application: g7 resummation effects in fiducial rapidity spectra

Generalized threshold factorization with full collinear dynamics
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Intro: Resummation for the inclusive gr spectrum
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Things going horribly wrong

L e e I

A E \ 2y 3
~ 4 GeV . £ \ — O(a;) 1
— —4qr = 100k \ -—-0(as) ]
() E =
o E E
> E E
g _ a2 f ]
= ar~Q=mz ¢ 50¢ E
5 E E
o 2 E == E
=t £l TTT=== 3
o =
"8 E| pp—=Z/y —ete E
E 13 Te\", CMS cu‘ts | E
pr 0 5 10 15 20
qr [GeV]

Perturbative series in the peak (g < Q) is dominated by terms O(1/qr):

= d(ar) >m
ta [ln(qu/Q) L S(an) " O(qZQ2)} 2
2 In® (ar/Q) In? (ar/Q) O(‘I%/Qz)
+as[ qr N qr et qr ]E%
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Factorization to the rescue

At leading power in gr/Q, can separate scales in the cross section

e.g. using Soft-Collinear Effective Theory (SCET): o
soft

d o
7 H@Q,p) /dzka Ak, 42k,
dqr

X Ba(mas Ea?ﬂa V) Bb(mba Eba 122) V)

X S(];S,H,V) J(qT - Ea - Eb - Es)

o
[Collins, Soper, Sterman ’85; Chiu, Jain, Neill, Rothstein '12]

® Hard function describes underlying hard process qGg — Z/~v* — €14~

® Beam functions measure collinear radiation off incoming quarks a, b

e Generalize PDFs f;(x, 1) to include k7 dependence

 Depend on k&, momentum fractions x,, = Qe*Y /Ecp,
1 = MS scale, v = rapidity or Collins-Soper scale

® Soft function measures recoil from isotropic soft radiation

Genoa, 04 December 2019
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Factorization to the rescue

At leading power in gr/Q, can separate scales in the cross section

e.g. using Soft-Collinear Effective Theory (SCET): o
soft

d o
7 H@Q,p) /dzka Ak, 42k,
dqr

X Ba(mas Ea’ M V) Bb(mba Eba 122) V)

—

X S(ES,H,V) J(qT - Ea - ’_‘;b - ks)

[Collins, Soper, Sterman ’85; Chiu, Jain, Neill, Rothstein '12]

® Convenient to take a Fourier transform ¢, — BT:
do 2p  ibrdr 3 Z = z (.
g == H(Qa u’) /d br e®TIT Ba(:raa br, p, V) Bb(wm br, p, V) S(bT7 oy V)
T
® Common definition of TMDPDFs includes parts of both beam and soft functions:

fi’rMD(maBT’/%C:szgm) Zéi(a:’ET>lJ"V) g(ET,[L,V)
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Resummation from RG evolution

Step 1 Factorize the cross section (here: toy example with only two terms, no v)

a(Q,p) = H(Q,pn) X F(p, 1)

® Log gets split up: In % —mk +1n L

Q iz
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Resummation from RG evolution

Step 1 Factorize the cross section (here: toy example with only two terms, no v)

a(Q,p) = H(Q,pn) X F(p, 1)

. p H P
® |loggetssplitup: In — =1n — + 1n —
g9 plit up ) 0 M

. R d
Step 2 Write down the renormalization group [cf. running coupling, By Qs = B(as)]
y7s

b H(Q ) = [Tan) n D 4 (en)] x H@, )
n w
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Resummation from RG evolution

Step 1 Factorize the cross section (here: toy example with only two terms, no v)

a(Q,p) = H(Q,pn) X F(p, 1)

. p H P
® |loggetssplitup: In — =1n — + 1n —
g9 plit up ) 0 u

. R d
Step 2 Write down the renormalization group [cf. running coupling, By Qs = B(as)]
m

b H(Q ) = [Tan) n D 4 (en)] x H@, )
" w

7
Step 3 Solve the RG between pug = Q and 11 = p (“running”) Q{=——H

#Fdl[.

T (@) = H(@pr) xcexp { [ S| 2 )

H
> Logs resummed to all orders in the exponential

® LL, NLL, NLL’, NNLL, ... correspond to loop orders p|=——F
of H(Q, pwm), F(p, nr) and T, v in the exponent
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Result: Resummed inclusive g7 spectrum

Fixed-order spectrum: Resummed spectrum:

300 T T 120 (SR
\ — 0(a?) — N3LL
250 s
---0O(as) 1 100
200

---NNLL

80

60

40

do /dgr [pb/GeV]
g
A A B
do/dar [pb/GeV]

-50 pp— Z/y*— LT ,13 TeV 20 pp— Z/y* —£74~,13 TeV
100 e b obe L Ll ‘
0 5 10 15 20 0 5 10 15 20
o [GeV] ar [GeV]
® Spectrum diverges as gr — 0 ® Exponential of large logs leads
. . to physical Sudakov suppression
® Fixed-order series not convergent phy PP
asqgr — 0

Good convergence of
resummed predictions
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Resumming fiducial power corrections

in collaboration with

M. Ebert, |. Stewart, F. Tackmann
[in preparation]
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Leptonic/hadronic tensor for inclusive Drell-Yan

Consider p(P*)p(P}) — Z/~*(g*) — £~ (ki)eT (kb).
Want to measure (or cut on) decay products. How did we treat them earlier?
® Cross section factorizes into leptonic/hadronic tensor, ¢*L,,, = ¢"W,, =0
do
dig = @I W (a", PLS P

® |eptonic tensor is simple, by convention includes line shape (here: photon case)
2

L*(q") = L(¢*)(a’9" — q"¢”),  L(¢*) ~ o;%’"
» do/d*q = L(q*)W (g", P", P}") proportional to trace W = g,,, W**
® W is scalar, so only depends on ¢> = Q% and P, 4-q = Ecmy/Q? + g2 ™Y
» Resummation limit g — 0 of W receives only quadratic power corrections:
ngz/Q* a7
ar

= ot + [P 4 o] e} [ oG]

6/29

Johannes Michel (DESY Hamburg) Multi-differential resummation for the LHC Genoa, 04 December 2019



Leptonic/hadronic tensor for inclusive Drell-Yan

Consider p(P*)p(P}) — Z/~*(g*) — £~ (ki)eT (kb).
Want to measure (or cut on) decay products. How did we treat them earlier?
® Cross section factorizes into leptonic/hadronic tensor, ¢*L,,, = ¢"W,, =0
do
dig = @I W (a", PLS P

® |eptonic tensor is simple, by convention includes line shape (here: photon case)
2

L*(q") = L(¢*)(a’9" — q"¢”),  L(¢*) ~ o;%’"
» do/d*q = L(q*)W (g", P", P}") proportional to trace W = g,,, W**
® W is scalar, so only depends on ¢> = Q% and P, 4-q = Ecmy/Q? + g2 ™Y
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ngz/Q* a7
ar

= ot + [P 4 o] e} [ oG]

= Wres = HXBXBXS

6/29
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Leptonic observables & tensor decomposition

Consider p(P*)p(P}) — Z/~*(g") — £~ (ki)eT (kb).
What happens if we go more differential and retain the dependence on k¥ ,?
® Parametrize decay phase space kf , by two rest-frame angles cos 6, ¢:

do

- = L"*”(q",cos @ W, (q", P*, P"
diqdeos 0dyp (g, s @)W (g4, P}, By')
® |eptonic tensor carries dependence on lepton momenta (shown: P-even case)

2
«
L# (g, c03.0,0) ~ 52 (KR + KERY — g h k)

4
® Decompose W*” into nine allowed orthogonal tensor structures K!*:

do

U 7
d%gdcos0dp ZI(L (K (K- W) = > LiW;

i=— i=—1
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Leptonic observables & tensor decomposition

Consider p(P*)p(P}) — Z/~*(g") — £~ (ki)eT (kb).
What happens if we go more differential and retain the dependence on k¥ ,?
® Parametrize decay phase space kf , by two rest-frame angles cos 6, ¢:

do

- = L"*”(q",cos @ W, (q", P*, P"
diqdeos 0dyp (g, s @)W (g4, P}, By')
® |eptonic tensor carries dependence on lepton momenta (shown: P-even case)

2
«
L# (g, c03.0,0) ~ 52 (KR + KERY — g h k)

® Decompose W*” into nine allowed orthogonal tensor structures K!*:

do

4 7
d4q dcos Odp Z (LK) (K; - W) = Z L,W;

i=—1 i=—1

do

= d4 [1+C05 0+ZA f,(COSO,Lp)]

> K, map onto spherical harmonics f;(cos 8, ) with angular coefficients A;
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Resummation in the strict gr — 0 limit

What are the leading singular terms as gr — 0 that must be resummed?
® Expand hadronic structure functions as W; — W **
> AllI* vanish except for WS <+ de™*° /dqr and W;** <+ dAL; /dgr
“Up to some very cool intrinsically nonperturbative effects

® Expand leptonic tensor as L;(qgr, cos @, @) — L;(qgr = 0,cos 8, )

> Leptons are exactly back to back, p5. = p‘:, no recoil
» No distinguished transverse direction in the decay anymore
> L;(y) is independent of the azimuth

do 1

> —  ~ [ 1+ cos? @)wWres cosOW‘"eS} as -0
d*gdcosfOdy 2w 1+ IWIT + 4 ar
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Resumming fiducial power corrections

What are the power corrections to » _ L;(qr = 0) W}**?

k2

® Hadronic structure functions are scalar, so W; = W;*[1 + O(q3./Q?)]

® L, are also scalar, but L;(qr) = Li(0)[1 + O(qr/Q)]
in the presence of any measurements on the decay products

whv2 Boosting back into lab frame from rest frame, we have

VQ2% + g2

Q qr qr
p‘z_ = ('7 + —86CpyYSHCyp + 5, Soswce) sy Y= Q

2 Q
» Measuring pﬁr and/or n, results in a linear dependence on gr
® We can fix this — we can even exploit it!

By restoring the exact g dependence of the L;,
we resum all linear power corrections to all orders in a:
do

digdcos 0dp [L—l(qr)Wi‘f + L4(qT)W;eS] [1 + O(q;/cf)]
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Resumming fiducial power corrections

What are the power corrections to » _ L;(qr = 0) W;°5?

k2

® Hadronic structure functions are scalar, so W; = W;*[1 + O(q3./Q?)]

® L, are also scalar, but L;(qr) = Li(0)[1 + O(qr/Q)]

(
10'g g 10'g Ty
WH) E pp— Z/v* > ete 1 [ E pp — Z/v* — ete ]
c FTTT T NLO, CMS cuts 5 FTTTT T NLO, CMS cuts
X 10% Q=m X 10% Q=m
B E 7 full z -8 E 7 full z
S [ — sing (no recoil) S [ — sing (recoil)
-1l -1
ED 10 E 1t mnonsing  ,eeccce. . éo 10 E { nonsing
I = [ e = [
~ .o ~
3 102 . R U 3
=~ FoLee®” 0t E : .
1080l Ll Cl 105k R BTN
10! 100 10! 102 2 10! 100 10! 102
qr [GeV] 1¢ qr [GeV]
_de g W™ & Ly(gr)Wr] [1 + 0(¢2/Q?
di oo = [EaWrs + Eatan Wi 14+ 02/
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Relation to literature

® Keeping L;(qr) exact allows for nonzero recoil in the resummation
. see numerics on the next slides for examples of this

® Equivalent to evaluating tree-level matrix element in a (sensibly) boosted frame,
“recoil prescription” in RESBoOs or DYRES

® One-parameter ambiguity in how to distribute pr between annihilating partons
[Catani, Ferrera, de Florian, Grazzini '15]

> Corresponds to slightly rotated basis choice for the K}*”

e Can show using K!*” that the difference is strictly O (q2./Q?)

® Change of basis for P-even structure functions is known
[Boer, Vogelsang '06]

» Linear power corrections to fiducial g spectrum are uniquely predicted
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Numerical impact: dogq/dgr

No recoil, O(gr/Q) at fixed order: With recoil, O(qr/Q) resummed:
g B e R
O(qr/Q) E 4 O(qr/Q)
5 —— fixed O(a?) 3 S E ——N°LL J
L‘”,,; ---- fixed O(a;) 3 é E ——-NNLL 3
2 E g 22 L NLL 3
Q2 3 2 E E
= 3 s E 3
— [1]5 4
SN N E s F
N o E T
g% T Y e L A g% s L S
< £ 13 TeV, CMS cuts E L E 13TeV, CMS cuts 3
—-4F 0.1xN*LL(gr—0) 3 —-4F 0.1xN*LL(gr—0) 3
£ v b v b v e 0 3 Ev v v b v v b v b 1 3
0 5 10 15 20 0 5 10 15 20
qr [GeV] qr [GeV]
Normalize to N3LL leading terms:
—= 6T T L—— La— .
E U o z)y e | N ] ® Consider CMS cuts:
= F'| 13TeV,CMS cuts —— fixed O(a?) ] 0
T 2;1‘ e difference Pr Z 25 GeV, |’I’[e| S 2.4
& £l T e 7
S v T e .
5 ]
5 =20 E ® Shorthand for fiducial power corrections:
>~ -4 E
<] £ E —
% o E O(ar/Q) = " [Lilar) — Li(0)| w7
S -sb E i
0 20
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Numerical impact: dogsq/dps.

doga [pb/GeV?)

doga [pb/GeV?

Fixed order, no recoil:

£ d : A
14; dQl;ﬁde, - — 0 ]
12f C%9Pr -—-O(as)

e ko I T Born ]
10 =

E Q=mz -

¢ =20GevV
4 e

L pp—Z/y —tte 7
2[ 13TeV,CMS cuts E
[ ——— L | TRTRTR IR SR s |

35 40 45 50 55

pr [GeV]

Fixed order, with recoil:

B v s B I O S B

C oo LI —o@
12f dQdrr Sl —--0(a)

£ i : ————— Born
10 |
8l ! Q=mz

pp—Z/y =t
13 TeV,CMS cuts

40 45

doga [pb/GeV?]

doga [pb/GeV?

Resummed, no recaoil:

14; —N°LL ]
12 ---NNLL
o N NLL E
10 =
8k Q=mz E
F g5 =20GeV
6 =
4" =
F pp—Z/v —LTe 1
2 13TeV,CMS cuts E
P S RN B S B
35 40 45 50 55
pr [GeV]
Resummed, with recoil:
T
14? dd:lﬁdi NOLL E
12F dQdpr —-—-NNLL -
E e NLL E
10 =
8 e E
F St —20GeV
6 =
4 =
L pp—Z/v —LTe 1
2 13TeV,CMS cuts E
P S BN B
35 40 45 50

55
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Numerical impact: L_;(¢*) and L (¢*)

T —Ap ) -
® ¢* = tan Y sin 0;"7 < 1is also sensitive to gr < Q
- _pt
® Only depends on lepton angles Ay = ¢; — ¢» and cos 6; = tanh %

» Designed to maximize experimental resolution [Banfi et al. '10]

® Nice feature: ¢* = ¢%/Q, so can analytically integrate over g7. in resummation

- [Banfi, Dasgupta, Marzani, Tomlinson '11-'12]

n

PN E amas’ | (s-8TeV,2031" 2
g 107" 66 GeV s m, < 116 GeV, Iy, < 2.4 I
T 10F | "
© E 3 359" (13 Tev)
= 4 —
- ?_ —4— ee-channel AN\ Data
E —¥ pu-channel —— MINLO ]
102 —4- Combined —+ aMC@NLO
107 ;r Statistical uncertainty . pPBTMD
104 E [ Total uncertainty F #
107k “F ‘ Zly >
3|8 1.01— 3f Inl <24, p, >25GeV ]
clE - A E
cla 4= £
Hg By o E
OIS 0.99— F
I x2NDF =31/36 -
T 2F B 1+ B
= -
& 2k 4 o) S [ |
10° 102 107 1 10 10° 102 107 1 10
. *
o N ¢n
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Numerical impact: L_;(¢*) and L (¢*)

T —Ap ) -
® ¢* = tan Y sin 0;"7 < 1is also sensitive to gr < Q
- _pt
® Only depends on lepton angles Ay = ¢; — ¢» and cos 6; = tanh %

» Designed to maximize experimental resolution [Banfi et al. '10]
® Nice feature: ¢* = ¢%/Q, so can analytically integrate over g7. in resummation
[Banfi, Dasgupta, Marzani, Tomlinson '11-'12]

» Power corrections to this approximation scale linearly as well!

No fiducial cuts: CMS cuts:
[T A L AL e R

2T B O 3 E 3

Soe=ms : FO:

= Y=o E = r

E - N VB =

ke 0'1§ " —— exact ¢* 3 < 0‘1§ 7 —— exact ¢*

yl £ - —-approx. ¢* 1 y' F - —-approx. ¢"

° [ R difference | S [ R Bt difference

= 0.015 E S= 0.01¢

- E Z/~* — £7¢",no fid. cuts J &) E " Z/y* — £Y¢7,CMS cuts
[ Peut = ar/Q = A ] r Deut =qr/Q = A

Jo-3lt il vl i Q03— il il i
1073 0.01 0.1 1 10 1073 0.01 0.1 1 10
A A
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Sneak preview: 13 TeV predictions

50 T T .
g pp—=Z/y e ]
5 40F 13 TeV,CMS cuts
g B NLL+NNLO & o
< 300 BS NNLL+NLO 4§ =
o RN TR NLL E _g
& E E| ~
S 20F E 2
T Ok ERR
S E E!
© 10p E
05....|....|....|....|....|....|....|....: ~10 et ra L )
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
qr [GeV] qr [GeV]
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Application: gr resummation effects

in fiducial rapidity spectra

in collaboration with

L. Aperio Bella, A. Apyan, M. Boonekamp, S. Camarda, F. Tackmann
[Les Houches study in preparation & more work in progress]
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Application: gr resummation effects in dogq/dY

ao/dqy (pb/GeV)
S

=

Resummed or showered 00
\ 4 Close to data ]

Motivation
anv:1007.23
30— T rrorrl ‘. o k] 3 T roTTTTTTTTTTTTTT
PRZESITNX g 5 0.06- — Fixed-order
o | Vs=1.96 TeV - .E E— Resummed M
[\ = Fixed-order, used in PDF fits 7§ 005- :
20 Unrealistic—— wisiio - E :
T\ easieT ] 004 .
\ NLO F
l \ (fin )0 X10 £ y
0.03—

ok L e becc v b b

sL 1 0.0
~ £ Te, %oy,
— ot I I L L evdereen,
o | | T 20 25 30 3% 40 4 0
o 10 20 30 40 50
4z (GeV) p‘T, Calo [GeV]

Resummation effects affect the pT distributions, hence the acceptance of fiducial cuts
For same total cross section, fixed-order and resummed fiducial cross sections differ.

This leads to a small inconsistency when interpreting fiducial cross section measurements
in terms of PDFs, which typically use fixed-order predictions

[Slides by M. Boonekamp at Durham EW Precision Sub-Group Workshop, April *19]
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Application: gr resummation effects in dogq/dY

Effect of pT resummation — Z

CC, 46 <M < 66 GeV

CC, 66 <M < 116 GeV

3-4% drop towards high eta

Iyl

s M T T T T gg 1MOBprrTr I T
T 108 Y 1.02 ATLAS Simulation Preliminary
g2 q05- g2 1o15f
s v UE
1,04 gy 1.01-
C A E
1,025 ——— L 1008 . .
— — E, >
e St e e
0985 i 0.995F- ==
o parasrs e e
0.96 e e 0.99 o
E pp-2ZsX, CC, 46<me6 GeV £ pp-zZeX 44<mesb GeV
094 o NLOWNLL/NLO 0985E o NLOWNLL/NLO
0.92F- —=— NNLO+NNLL / NNLO 0.98F- —=— NNLO+NNLL / NNLO
0. £ 1 1 1 1 1 1 1 1 1 1 1 u | 0(\7z: 1 1 1 1 1 1 1 1 1 1 1
"0 02040608 1 1214 16 1.8 2 22 24 ™0 02040608 1 1214 16 1.8 2 22 24

Iyl

NLL : ~1% dip near |eta|=1.4
Reduced to .5% at NNLL

[Slides by M. Boonekamp at Durham EW Precision Sub-Group Workshop, April *19]
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Application: gr resummation effects in dogq/dY

Comparison with data

» Left: ratios between measured cross sections and fixed-order predictions

* Right : ratios betweem resummed and fixed-order predictions

= T T T . :

s | anas ) Z* > 1T 1.15 . i : : :

> 100~ \s=7TeV, 461 66 <m, < 116 GeV. L 1

2 [ o e - P, >20GeV | r 1

* ABM12 N | - -

8 80 ¢ cra n)<25 B 110 _#: 1

- © HERAPDF2.0 25< qul <49 | r ]

[ o e 9 L 1

6oL & Mmmois 4 ek 3

[ % nwporso ] r B

401~ - 1 +_‘_=°¢._:S_<H_¢_ 4+ ]

r — ] [ ]

L 7 [ PP—Z+X, CF, 66<m<116 GeV ]

200 —4— Uncorr. uncertainty B 095 4 NLOWNLL/NLO - 7

oo 1o T [ —=— NNLO+NNLL/NNLO 1

g | . f 7 } 09haae 1 | . ) e

5 " E - [ R T B LA
[} 1M

g 09 , . [

2 2 25 3

= W

~10% theory deficit near acceptance boundaries (left) matches resummation correction

[Slides by M. Boonekamp at Durham EW Precision Sub-Group Workshop, April *19]
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Application: gr resummation effects in dogq/dY

(dof — dofid) /dofd [%]

Res. effect, CC selection:

% LI e e o e e e s s B B e
F T T o T ]
[ dQdy’ ]
T \ o
L \ ]
of 3
L — N°LL ]
r —--NNLL
1 pp—oZ/y —ete- NLL
[ 13TeV,CC selection ]
J0Y AP AR AR/ B .
0.5 1 1.5 2 2.4
Y
Born-level CC/CF acceptance:
100 [T T T T T T T T
[ pp—Z/y L]
- 13TeV,Q=m B
80 2 ’ Z 4
L / \ —— CC selection ]
+ /’ ‘\ — — - CF selection
601~ / \ do
r dQdy
40~ ]
201 B

Res. effect, CF selection:

2T e
\ — NSLL
\ - --NNLL

PP Z/y =T
13 TeV, CF selection

(dofy — dof)/dogd %]
PN N P I

=
L B R

1
v b b b b v el

1.5 2 2.5 3 3.5
Y

-
IS

v/ Presence of effect confirmed by
independent codes [DYTURBO & SCETLIB]

® Currently doing quantitative validation

® Challenge: ensuring “unitarity”

incl incl | _
/qu [Jres - Using] =0
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Generalized threshold factorization

with full collinear dynamics

in collaboration with

G. Lustermans, F. Tackmann
[1908.00985]
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Motivation: Soft Threshold Factorization

Drell-Yan production at invariant mass @ near threshold, r = Q?/E?  — 1:

do
dQ

= [dzé6ii(2) [fz ® fj} 6)

= Hy(@) [ak* 5(6%) (127 1] (v + ) x

1+0 (1 - T):|
[Collins, Soper, Sterman ’85-'88; Sterman '86]

® Cannot actually reach hadronic limit 7 — 1
because PDFs are suppressed at large «

® But for steep PDFs, the integral is dominated
by z ~ 1evenif r < 1 atthe LHC

» Useful approximation at partonic level:
6'1']' ZHij X S X [1+O(1—Z)]

> Approximate fixed-order cross sections,
resum large logs to all orders, ...
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Motivation: Soft Threshold Factorization

What if we measure the rapidity Y of the Z boson in addition?

do
dQdy

= H;;(Q) /dkadkb S(Ka, kp)

i (wa Qk+y) fthr< Q ) X [1 + (')(1 - r)}

[Catani, Trentadue '89]

[Ahmed, Banerjee, Das, Dhani, Ravindran, Smith, van Neerven '07-'18; Owens, Westmark ’17]
[see also: Bolzoni '06; Mukherjee, Vogelsang '06; Becher, Neubert, Xu '07; Bonvini, Forte, Ridolfi 10]

® Measurement sets two momentum fractions z,, = E—eiy

cm

® 7 =ux,r, — lisequivalenttox, — land x, — 1

auestion:  What happens if only «, — 1 at generic xp, i.€., Y — Yiax? J

® One large-z PDF suppression instead of two
» This hadronic limit is actually accessible at colliders!

Genoa, 04 December 2019
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Born kinematics at large Y

Consider p(P*)p(P}) — q(zoaP*)q(zoPl') — Z(q*) — £ €.

e Use light-cone coordinates p™ = p° — p* and p~ = p° + p*

lab frame
Pz . Py
| -
xq PZ xp Pf
qz
P = Een P = Eem
g =QetY gt =Qe
g Qe¥
LTy = — =
P Ecm

. . . Ecm
e Kinematicrange: z, <1 =Y < Y,ux = In
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Born kinematics at large Y

Consider p(P*)p(P}) — q(zoaP*)q(zoPl') — Z(q*) — £ €.

e Use light-cone coordinates p™ = p° — p* and p~ = p° + p*

Z boson rest frame

lab frame
) 4 Py pPZ Py
> | < > | <€
[
xq PZ xp Pf maﬁ: mbpbz
q* G =0
P, = Ecm P\ = Eem P, = Ecme™™ B = Eemet
g =QetY gt =Qe™ ¥ i = it =@
w_L_QeY m_d‘_ Q
*" P Eem * P- Ecme ¥
Ecm

e Kinematicrange: z, <1 =Y < Y,ax = In 0

Genoa, 04 December 2019 18/29
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Factorization at large Y

® Define a power counting parameter:

- Nalod 1oz, <1

P, R P, F;
ot

np-collinear

e Keep gt and z;, generic

® Hadronic final state X becomes n;-collinear near endpoint

pl;( = (P)_(,Pj_ppx,T) = (Pa_ - q_’Pb+ - q+’pX,T) ~ Q()‘2’1’)‘)
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Factorization at large Y

. o i i :
np-collinear Define a pow_er counting parameter:

- Nalod 1oz, <1
P, Z Py Pa
ot

e Keep gt and z;, generic

® Hadronic final state X becomes n;-collinear near endpoint

pl;( = (p)_(apj_(’pX,T) = (Pa_ -q, Pb+ - q+,pX,T) ~ Q()‘2’ 1,)‘)
= Resulting factorization theorem at leading power in A:

do _ qt q- t
- 0@ = .. + A = thr
e p Hi;(qa"q ™, n) /dtBJ(t, Ecm,u) fi (Ecm + q+q_,u)

® B,(t,z, n) is the same beam function as in exclusive N-jettiness factorization
® Key step in derivation: power counting in overall momentum conservation
Sl(w; —a7) + Ky 18w —at) + B ]
~~

-~ ——
O(A2) O(A2) O(1) O(A2)
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Connection to endpoint DIS

N-collinear

np-collinear

P, &) Pb

® Degrees of freedom & convolution structure are the same as for endpoint DIS

® z, ~q /E.n — 1 takes the role of gjorken — 1, cOMpare:

dopvy qt q~ t
IDY _ Hi(qTq dat B, (t, | ) Fhr(i S )
dq+dqg— ACAED / J( BV 5 Ecm + atq "
dopis v s
don Hi;(Q*, ) /ds Ji(s, 1) rit (iBB + @,N)

[Sterman '86; Korchemsky, Marchesini '92; Manohar '03; Becher, Neubert, Pecjak '06]

e Second, unconstrained Bjorken fraction ;, ~ gt/ E.., is beam function argument
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Measuring gr in addition

® Only n-collinear radiation contributes recoil for g = AQ:

dia'zH..\/dtB.(tiq‘)f'thr(L_i_ t )
dq+dq_qu e ’ ’ Ecm’ ’ ‘ Ecm q+q—

> Same double-differential beam function as in analytic 2D (gr, 7o) Sudakov!
[Lustermans, JM, Tackmann, Waalewijn ’19; see talk by Wouter Waalewijn in October]

do pb }

A I pp— Z (13TeV)
dQ dlog,ogr dlog, T LGeV.

Teut = g5 = 100 GeV

Q=mz

10
qr [GeV]

NNLL+NLO
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Measuring gr in addition

® Only n-collinear radiation contributes recoil for g = AQ:

do qt q~ t
. —T dtB-(t,—,") .“"( )
dg+dg—dq; J/ b o ) g atq-

e Change variables from (¢T,¢~) backto (Q,Y) < (xa,xs):

Tab = Q eiY # qi = Q2 +q%€iy
“"" Eem Eem Ecm

® Power-counting parameter is now A* ~ 1 — x,. Reexpand:

2

- . q ¢
= Hj; /dtBj(t, @y, dr) fi° (% + 252 + @)

do
dQdY dgr

» Results differ by a (relatively subtle) dependence on g+ in the PDF argument
cr. different 1-jettiness definitions in DIS [Kang, Lee, Stewart '13]
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Back to the inclusive spectrum

e Start from the triple-differential spectrum:

do
dQ dY dqr

2
_ 3 ) — thr qT i
= H,; /dt B;(t, v, dr) f; (a:a + 2Q2 + Q2)

2

Integrate over ¢, shiftt =t + q?T = inclusive factorization theorem for (Q,Y):

do
dQ dy

= H,; /dfﬁj(f, ) f;hr(a’“ + (52)

» Same form as do/dgtdg~, but with a new, modified beam function:
~ -~ = ~ k32 -
Bj(t, (E) = /dsz Bj (t — ?T, kTT, {l))

» Identical RGE as B;(t, «), but different boundary conditions

* Calculated perturbative beam function matching coefficient Z, (%, =)
through O(a?) by projecting Zyx (¢, 2, ET) onto £ [two-loop inputs: Gaunt, Stahlhofen '14]
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Perturbative checks

® Parametrize partonic cross section as 3 (1 — zg)™
dz, dzp | To z 2 X(1—zp)™
-5 4 _/'770'1‘](2:(172’(17) fl(i) f](i) B B
dacada:b Za Zp g1
e Soft threshold factorization only predicts terms o i
_ 1 1 -1 8§
Hy;5(z0,2,) ~ —— in the ¢q channel L L L L
1—2,1—2 -1 0 1 2 3
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Perturbative checks

T T T

® Parametrize partonic cross section as 3 (1 — zg)™
dz, dzp | To z 2 X(1—zp)™
— wa(E)n®) |
d:cada:b Za Zp g 1|z,
® Soft threshold factorization only predicts terms 0 | |
. 1 1 -1] §
Hy5(20.2) ~ in the g@ channel Lo
1—2,1—2 -1 0 1 2 3
) R . F(z) mg
® Generalized threshold factorization predicts all terms ~
— 2,

04 (2as 26) = Haz(Q?) X Tg;(2as ) X [1+ O(1 — z,)]

v/ Checked against known NNLO partonic cross sections
[Anastasiou, Dixon, Melnikov, Petriello '02-'03]

® Corollary: Soft function captures singular terms within the beam function
Zij(Zas 26) = 835 5(2a0s 25) X [1 4+ O(1 — 2)] " Checked through O(a?)

> Used this relation to extract leading terms in the beam function at O (a?)
[Billis, Ebert, JM, Tackmann *19]
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Generalized threshold factorization theorem

Combine (z, — 1, xp) With (z4, s — 1) to describe all endpoints in pp collisions:

do
dx,dx,

F1e(Zas 26) = Hij X ik Zie(2as 26) + Lir (26, 2a) 80 — S(Zas 2b) 5ik5ﬂ]

X {1 +O[(1 — z.)(1 — zb)]}

= Hy; x [f;'"éj L B — Sf;hrf;hr] x {1 + O[(1 — z4)(1 — a;,,)]}

T T T
3 | (1 —za)™ |
5 X (1 —zp)™
2 |
. B _
"
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Application: Fixed-order approximants at (N)NLO

® Use 61 = Hij [0 Zj0 + Zindje — S0:0;0] to approximate full cross section

® Use physical PDFs =- singular limits get enhanced by steep PDFs

50 [T T T T T T 25 Fr T T T T
408 PP = Z/7" (BTV)  p14g ke o0 PP 7" (13TeV) fullqg + qq’ / 3
_ F Q=mz, pr=pr=Q = — F Q=mz, pr=pr=Q 3
X == = o3 15 =
Q 20F generalized qq : = bg 10 generalized qq + qq’ _;
° o e - softqqg 3 E __ E|
S 100 I R e e
] E B E suit(”:
Z. (0] = 4 Z = —
) E full + 3 é E E|
< _105:————————':,—:‘\ll R E IR T 3
-20F "7 generalized qg + g:i B . E -101 fullgg + gq + qq \ E
_gofrenn oo s 3 _15:””””‘\””””‘\"‘HHH\HHHH\AHHHF
0 1 2 3 4 0 1 2 3 4
Y Y

v

Much better approximation than soft threshold factorization alone

» Captures offdiagonal channels (like gg — Zq)
> Becomes exact at large Y
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Drell-Yan rapidity spectrum at N3LO

» Generalized threshold factorization theorem + beam function RGE predict
all terms ~ £,,(1 — z,) at N3LO (much richer structure than just soft):

: (xs)”

Giilas e, = Hig 8(1 = 2) g

A..‘ —H(O)é(l— ) |- 5 (T )2
Tijlage, = “ij 2b 12 16'730 0

+H(0)P(O)( b) (1-\ )2

Fi 2
&ij‘agﬁs = Hi(-l)é(l — zp) —— ( ) +H(0)I(1)( 5) (r 0)
+ H(O)[ (0) ® Pe(JO)] (zb) Fz
+1ﬁ?pgqu}~ﬂo—7ngg
i \2
+ HY5(1 — z) [_7(11 )2+ (’YE;O)

+ﬁ+a%ﬁJ%

® See [Billis, Ebert, JM, Tackmann '19] for L4, £1, Lo in the a® beam function

Johannes Michel (DESY Hamburg) Multi-differential resummation for the LHC Genoa, 04 December 2019



Outlook: Resummation at large Y

50 prr T T T T T 25:””\””“””””‘mmm‘mmm‘mu =
408 PP Z/y" (BTV) ¢y 0q g 2oL PP — 7" (13TeV) fullqq +qq’ J 3
. 305 Q=mz, pr=pr=Q _= = 155 Q=mz, pr=pr=Q ]
= Eemm——————=e== - = R I 5 3
S 20F generalized qq - E S 10F generalized qG + qq’ =
& pop e Usofted 3% gE - T
2 oF B P R ——— semeeett snitq;:
Z = — = =
) E ; E bz E generalized qg + E
ST S I T R ]
-20(" - generalized gg + g\q~ ‘\‘\\\ E -10¢ fullgg + gq + qq \ E
_gobr b s _15%””””\””””‘\‘HHHH\HHMNHHHF
0 1 2 3 4 0 1 2 3 4
Y Y

® Fixed-order expansion of the cross section badly convergent at large Y
where a, In*(1 — x,,) becomes O(1)

> Can resum these terms using beam function RGE
to get best perturbative prediction e.g. for PDF fits in this region

e All ingredients for N3LL resummation already implemented in SCETLIB
[Ebert, JM, Tackmann; public version in preparation]
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Outlook: Combining large and small x

® High-energy (or small « or BFKL) limit of QCD also features
divergent behavior at fixed order, requiring resummation

® Previous combination of small and large x effects includes them separately

_ FO FO
0 = OFrO + [athreshold - o’thresholdj| + |:0-BFKL - UBFKL:|

[e.g. Bonvini, Marzani ’18 for the gg — H inclusive cross section]

® Generalized threshold factorization implies a nontrivial overlap
as ¢, — 1 and x, < 1 (or vice-versa)

» Need to study BFKL dynamics within the beam function

10—
I [ —— gg full . (ea)27(2)
S AV R COR
B Fooees g9 LP 1=30GeV
= F - ggful T T TS
= = gqmtt .- ~
Soof et .
n E
= -5
3 P e
%—10}
=~ L
| 1 BT B
1073 0.01 0.1 1
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Resumming fiducial power corrections at N3LL:
® Linear power corrections in dosa/dgr uniquely arise from lepton cuts
e Enables their resummation at N3LL, including the physical effect of recoil
® Showed first results for the lepton pr spectrum at N3LL
e Confirmed presence of resummation effects
in the fiducial Z rapidity spectrum — stay tuned!
Generalized threshold factorization for hadron-collider rapidity spectra:
e Extend soft threshold factorization to full collinear dynamics at large |Y'|
® Predicts (or resums) a much richer set of terms than soft threshold alone
® Plenty of other interesting applications — stay tuned

Things I didn’t have time to talk about:

® Two-dimensional resummation in (qT, 76) [but see Wouter’s recent talk here!],
N3LO g7 and Ty subtractions, quark mass effects in g1 spectra, ...

® The toolbox for all of this: the SCETLIB C++ resummation library
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Resumming fiducial power corrections at N3LL:
® Linear power corrections in dosa/dgr uniquely arise from lepton cuts
e Enables their resummation at N3LL, including the physical effect of recoil
® Showed first results for the lepton pr spectrum at N3LL
e Confirmed presence of resummation effects
in the fiducial Z rapidity spectrum — stay tuned!
Generalized threshold factorization for hadron-collider rapidity spectra:
e Extend soft threshold factorization to full collinear dynamics at large |Y'|
® Predicts (or resums) a much richer set of terms than soft threshold alone
® Plenty of other interesting applications — stay tuned

Things I didn’t have time to talk about:

® Two-dimensional resummation in (qT, 76) [but see Wouter’s recent talk here!],
N3LO g7 and Ty subtractions, quark mass effects in g1 spectra, ...

® The toolbox for all of this: the SCETLIB C++ resummation library

Thank you for your attention!
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Details of RG evolution for gr

® Factorize:
do - L N o .
dzq. = H(Q, ) d®br elequBq(mav br, i, v) Bg(xy, br, p, v) S (br, 1, v)
T
® Factorization splits Sudakov logarithms as
R A PSS R TR AIR L Gl Ci
qr Iz v Q H v? [ -
® Derive RGEs governing the log structure e
in hard, beam and soft functions
] ] 1 RGE
® Combined solution to RGEs resums all large logs
® Special for TMD resummation: two-scale evolution e 1.3
in virtuality x and Collins-Soper scale v T - » RGE
® Resummed cross section (simplified): bt ) >
do 27 _ibp-q- Z g
W =H(Q,py) (d°br T 9T B, (x4, br, 5, vs)By(xy, by, 5, vE)
T

KrH ’

. 1 %4
X S(br, ps,vs) exp [/ lf ’Y(Q,M')} exp {ln Vjvu(bT,uB)
W s

B
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Rapidity evolution

So what happens inside ®g., really?
® Total g is the vectorial sum of (an all-order set of) soft and collinear emissions
® This is hard to solve: V%S((TT, 1) = Y Gy ) Qgr (G, 115 )
[... but can be done in principle; Ebert, Tackmann ’16]
> Take a Fourier transform @, — br. Get something that is easy to solve:

d - : _
V@S(bT,u, V) = WV(bT9 .u') S(bTvl‘fV)

02— T T g
® Collins-Soper kernel 7, = 29, 3 E — NNLL, o = bo/b" (br) 3
. . ) - E — N°LL E
is known to three loops [Li, Zhu '16] % 015" CCNNLL $puo = bo/br ]
® For large by <> small gr ~ 1/br, :;S L U N NLL E
: " 0.1 +(300 MeV)? b2 5
long-distance contributions become I E e E
as important as 2 & 3-loop corrections 3 E = 5
Soos- 7 .
» Would be .extremely |ntere§t|ng o e p=1GeV |
to constrain them from lattice b e
0 1 2 3 4 5

bo/br [GeV]
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Analytic NLO check: qg

1
® NNLO Drell-Yan rapidity spectrum is known analytically v=l \

[Anastasiou, Dixon, Melnikov, Petriello *02-'03] -

» Parametrized in terms of z = z,2, and y € [0, 1] s S

4 Analytically expand NLO results as z, — 1 ™
with z, generic — full agreement

® [nstructive to look at some NLO terms explicitly:

Za

(1-2)

=op Tp{é(y) [2qu(z) In ’ +4z(1— z)]

+ 2 Py(2)Lo(y) +42(1 — 2) +2(1 — z)zy}

L. . 1
® Most nontrivial term, with Lo (x) = [—] :
xl+

dzdy Pgg(z) Lo(y)

2zp
Tt In(1 — zb)]}

+ O[(1 — za)°] \{Missing in Z, but captured by T ... ]

= dzqdzp qu(zb){£0(1 — 2q) +0(1 — 2z4) [ln
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Analytic NLO check: qq
1 y:l\

>
N

— o5 Crp {[a(y) +5(1 - )] [6(1 - 2)(acz - 8)

1+2%) E
+8(1 4201 - 2) — 25 z+2—2z] & 3
—z I~
(=]
20+ 5%) La(L = DLo(y) + Lo(1 — )] ~ 21— )| ||
=)
l n
® Most nontrivial term, with £,,(z) = [ o a:] % 1
x 1+
Za

dzdy Lo(1— 2)[Lo(y) + Lo(1 — y)]

= dzydzp [%é(lfza)é(lfzh) —L1(1—24)0(1—2p) + Lo(1—24)Lo(1—2p)
22zp n 2zq 1

—0(1—2a)L1(1—2p) +6(1— Za)ﬂﬁ-ﬂl zb) o (T +2a)(1+ 2)

® Several soft threshold factorizations for the rapidity spectrum neglect this term,

and conclude 6;(z,y) = [6(y) + 6(1 —y)] 577" (=) + O(1)
[Bolzoni '06; Mukherjee, Vogelsang '06; Becher, Neubert, Xu '07; Bonvini, Forte, Ridolfi '10]

X Distributional identity implies this misses leading-power soft terms already at LL.
4/12
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Numerical NLO check

I RN R e 1 A R AL a1
1 pp =", xp =102 *2 15 pp =" 2= 1072
0ap-"TTTTT R 04E T e .
3 E \ Lt El 9 E e
& 0.01g E g 0.01g
~ E B ~ E
E 1073z . = ; 1073
b _af O(as) 9 3 ) _al
1074 . El 107%¢ M
4 E . i full E 4 E
107yt —H; i B; I 1075 .
-6 { difference J L tiEr
R O R B TR 107, .. J. T
1074 1073 0.01 0.1 1 107° 107 1073 0.01 0.1
1—z, / 1—z, /

e Use flat PDFs f;(x) = (1 — x), compare Vrap 0.9to H,;f;B; as z, — 1
> Checks complete singular limit including terms ~ (1 — z,)

> L,.(1—z,)turnsinto In"(1 — x,), O(1) turnsinto O(1 — x,)
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Numerical NNLO check

pp— 7, @y =107

)

L L B L O SR B AL B AL

pp =7, @, = 1077

3 “. ) 3
3 .3 3 i
~ L \ ~ E
) B ‘e 3 E
= . \ = 3
Z . ° 2 = Z 2 E
3 H .o O(as) aa € O(a?) 99+99 3
a H i full 4 i full E

— Hy; fi B;
{ difference

—H; fiB;
{ difference
i

107 Ll v vl . il L
1074 1073 0.01 0.1 1 107° 107 1073 0.01 0.1 1
11—z, / 11—z, /
10k PP =Y, @ =107 4 pp =", xp =107 k
E, R b=
<= 1 E ) - . 3
N £ E N E .
2 oap e L ob . E
2 001k f 3107 E
Zz 0.01g y E| z L . 4
& lo@)ad € 3 .
d 107 R I Lo T ) 1
10-4% it —H;; f:B; R Deg ]
g . El 1077 { full
E { difference 3 E
1075 f bty ol v Sl e 10-80 el vl il .

107° 104 1073 0.01 0.1 107 1074 1073 0.01 0.1

1
1—x, / 1—z,
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Soft vs. generalized beyond leading power

® Generalized threshold

3 (1 = zg)™ )
(1= z)™ | expansion converges
2 3 ’ | much faster for all Y’
g 1 2 NmLPsoft

® Perfect convergence at
large Y by construction

® For gg channel,
LPgen already better
than N3LPgog

Mg mMe

= F aqd— Z/vy" (13TeV) Py 1 = E I E
o 10'_"Q=mZ;ﬂR=NF=Q --------------------- S o 10':'_ ]
3 E & E  LPgn s NLPgon 3
= E = Fmm e s ]
s [ S
Y 3 ® E NLPgen T~ VA
I : | r S
2 3 3 01F g4 g9q— Z/v" (13TeV) \l{\_i
& 7 1S P Q=mz, pr=pr=0Q 5

0.01 0.01
0 1 2 3 4 0 1 2 3 4
Y Y
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More on NLO pp — Z beyond leading power

100 g T T T 100 Err T T
= [ 49— Z/7" (13TeV) E = F ad— Z/y" (13TeV) o ]
o lO:Q:mz,#R:HFZQ 5 Lo m;Q:mZ’”R:”F:Q/z,,, VVVVVV o]
3 E E 2 £ 3
2 NLP. ] 2 ]
= R - ]
P E Zz E
6 , 3 3 3
| e 3 | b
; 0.1 [T ; 3
& X E| € E
5 AN ] 5 -

0,01 b b b TN 0.01 Mo

0 1 2 3 4 0 1 2 3 4
Y Y

100 T T T 100 g T T
< NLP g E S ; NLPsof
S . - Q -
5 Trso . NPLPyr § b _LPen ~ oo N*LP
< ~ 3 ~ Frr 7 7 el - ]
o . 1 o Fe———— BN 7l
== - == 1E v T T ——— — S~
z RRYC I R S 0
I [T I r N
3 L N - 9 L -
5 015 g9+9q— Z/v* (13TeV) N 2 01 g9+g9q— Z/4* (13TeV) N3
€ F Q=mz, pr=pr=Q J 5 F Q=mgz, pr=pr=Q/2 i

0.01HHHH\‘HH\HH‘HHH\H‘\HHHH‘HHH 0.01||||||||||||||||||||||||||||||||||||||||||||||

0 1 2 3 4 0 1 2 3 4
Y Y
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NLO gg — H approximants

150"J 150
125; full gg —f 125;\j
- F E E full,
= 100E soft gg =4 & 1005 E
Q E 3 Q : E
G‘ 75 = 6‘ 75 x()ttqq =
< F gg — H (13TeV) 12 F gg— H (13 TeV) E
; 5O?MR:IJ:F:"!H E ; 50? MR = pr =my/2 E
& a25F 3 5 25Ffun q 3
£ _ B E !]‘I+’1!]+qq B
4 E fullgqg + g9+ qq E < oF: E
F "generalized 3 E 3
s SISO 2 E
0 1 2 0 1 2 3 4
Y Y
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NLO gg — H at subleading power

100 g T 100

LPsost NLPos J

--------- 7

lonLo — oRtol /oL [%]
loxto — oftol/oro [%]

E NS ! 1= ,H‘;l\
E N L E [ i
Fog— H (3TeV) 1 N F 99 > H (13TeV) N°LPor ! N\
[ wr=pr=mg 4 N A L mR=pr=mn/2 TONA
OI‘HHHHMhHHHmHmHHmHHHwJV 0.1l b b b
0 1 2 3 4 0 1 2 3 4
Y Y
100 g 100 e
= f 9q+qg— H (13TeV) Bl = E ]
- L =pur=m ] - L ]
q KR = UF H Q NLP.og
& 10F LPy 3 s 3
=2 “ 23 :
S < R
) . N pis
z F NSNS Z f 99+aqg— H (13TeV) SN
S F NLPgoge &\ / v A 1S F N
- L \‘.r' L \\, - [ pmr=pr=mpu/2 ‘1'\—
0. b e I P TN TN TS PRI I\
0 1 2 3 4 0 1 2 3 4
Y Y
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Translating £o(1 — 2)[Lo(y) + Lo(1 — y)]

1 n
To derive this, with £,, () = [ - QBL:
xr

dzdy Lo(1—2)[Lo(y) + Lo(1 — y)]

2 . -
= dz,dzp [%0(17,2(,,)()(172(,) —L1(1—24)0(1—2p) + Lo(1—24)Lo(1—2p)
22z 2zq

= = 1
—0(1—2a)L1(1—2p) + 6(1— Za)ﬁ—iﬁ(l zb) 1+a (T +2a)(1 + 2)

1. Make an ansatz that agrees with the LHS
in the bulk, i.e., at z,, zp, < 1.

» Boundary condition at z, = 1
is a function of 2z, & vice versa.

» Qverall boundary conditionat z, = z, = 1 a
is also unknown.

2. Fix all boundary conditions by integrating LHS
and the ansatz over the domain
waSZagl,mbSZbS].-

0

Y

Johannes Michel (DESY Hamburg) Multi-differential resummation for the LHC Genoa, 04 December 2019 10/12



Soft limit: Why y matters

® yand 1 — y multiply the leading dependence on 1 — z in the PDF arguments:

f( o) = f(m{1+va -2 +ola -7}

Za(Z, y)

(o) = s(w{i+a-na-»+oa-»7})

zp(2,9)

® Fixing y to 0 and 1 (or 1/2) amounts to neglecting
(or multiplying with an arbitrary factor) the leading
dependence on 1 — z in the inclusive luminosity:

N
Ty~

o(2)=oltora-ovon-on))

0

Y
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Soft limit: Why y matters

® Assume hadronic threshold 1 — ., ~ 1 — 2z < 1, ! ’
1 .

a(z,y) = SLo(1 - 2)[5(y) + (1 - y)] H

1 E

b(z,y) = Lo(1 — 2) 5(y - 5) P ‘

® If the y dependence were subleading as z — 1, o :
we would expect equal contributions i
from a and b to the hadronic rapidity spectrum
up to power corrections. o - 1

Za

® However, for a simple power-law PDF f(x) = 0(1 — x)(1 — x)“,

/dz dya(z,y) f[zazc:, y)]f[zb(wzb,y)]

= fxa) f(z) [% In(1—z,) + % In(1—ap) — Ho + O(1—2q, 1—:c,,)] ,

£ /dz dy b(z,y) f[zaztza’ y)]f[zb(m:, y)]

= f(za) f(xp) [ln(l —max{zq,zp}) — Ho + O(1—2q, l—mb)]

» Results differ as soon as z, # z, (Y # 0).
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