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photon + 2 jets diphotons photon + top

ard photons are a fundamental probe of short-
iIstance physics, of interest both in the context of
M and BSM physics ...
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but also pose experimental and theoretical
challenges.



Challenges

e Fragmentation

(0000000000

fragmentation
direct non-perturbative & poorly known

e Background from decays of energetic ¥ and n,
producing collimated photon pairs

¢ [solate photon from hadronic radiation to
suppress this background — large logs



Fixed-energy cone isolation
< <

|Isolation-cone
of radius R

[solated [solated if EgT < EI{O

Traditionally E;,..(R) < Ey = e, E-,
ATLAS sets Ey = € E, + By}, with

e = 0.0042 with E! =4.8GeV
Fragmentation contributes to cross section

All LHC measurements use fixed cone.
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Smooth-cone isolation  rrione o8

Econe(r) < Eo(r) = e, Ey x(r) for all r <R
1 —cosr\"
x(r) = (1 — cosR)

08t R=0.4
306; n=1.0

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

e No energetic collinear radiation — no fragmentation

e Dbig technical simplification for NNLO computations

e [Experimentally not directly realizable. For a study of
discretized version, see hep-ph/1003.1241
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NLO predictions

Publicly available fixed-cone NLO only from
e Jetphox (Catani et al. "99), Diphox (Binoth et al. "99)
®* no longer actively maintained
e MCFM since 2011

Fragmentation functions (and related code) are 25 years
old, based on simple models.

Other NLO codes such as MG5 aMC@NLO restricted to
smooth-cone isolation.

Have verified (thanks to Alex Huss!) that different codes
produce compatible reference cross sections.
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NNLO predictions
e prompt photon Campbell et al. "1/, Chen et al. 19

e diphoton Catani et al. 11, Campbell et al. 16,
Gehrmann et al. ‘20

e tri-photon Chawdhry et al. 20, Kallweit et al. ‘20
but before last year only with smooth-cone isolation

® papers choose values of n and gy that give similar
NLO values as fixed-cone isolation

® uUnknown systematic uncertainty, unsatisfactory in
view of the few % accuracy of measurements

Proposal to use fixed cone with smooth cone in the center
“hybrid cone” but not completely satisfactory. Gehrmann et.
al. ‘21
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New: First fixed-cone NNLO results Chen,

Ge
US|

nrmann, Glover, Hofer, Huss, Schurmann 22

Ng antenna subtraction; extension to

fragmentation: Gehrmann, Schurmann '22.



Outline

Isolation requirement induces small parameters into cross
section

e higher-order corrections enhanced by powers of
In(ey) and In(R)

e willillustrate at NLO that this can lead to a
breakdown of the fixed-order expansion

Factorization of isolation effects for small R using SCET
yields

e simple analytic understanding of isolation effects
e resummation of In(ey) and In(R) using RG evolution

e relation between smooth- and fixed-cone in the limit
of small gy



Motivation: pathologies of NLO
perturbation theory
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For all cross section computations we will use

El > EM™ =125 GeV Iny| < 2.37
OéS(Mz) = 0.119 OFEM — 1/132.507
Vs =13TeV NNPDF23 nlo_as_0119_ged_mc

and for fixed-order results we set
pf = Hy = 125 GeV

Fixed-cone results involve fragmentation functions
and associated scale. For fixed-order, we set

g = 125 GeV
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Fixed-Order Pathologies (l)

| — oo (isolated) o(isolated) with smooth-cone,
520+t _
_ ONLO (iIlChlSiV@) : n = ‘], Ey = 1

. 500}

O
S sl alinclusive) with Gehrmann de
| | Ridder, Glover '98
460} ] : :
| MCEM | fragmentation functions
440 01 02 03 04
R

e Should have: o(isolated) < o(inclusive) but at NLO, the isolation
dependent part of cross section is proportional to In(R)

e Breakdown of FOPT for R = 0.2! R = 0.2 is the default value for
ATLAS diphoton analyses

e Same breakdown arises for fixed-cone isolation Catani,
Fontannaz, Guillet and Pilon in JHEP 05, 028 (2002)
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Fixed-Order Pathologies (ll)

BFGI set

uuuuuuuuuuuuuuuuuuuuu

~R=04 —R=02
R=03 —R=01]

nnnnnnnnnnnnnnnnnnnnn

o(isolated) with fixed-cone
Isolation.

BFG (Bourhis, Fontannaz and
Guillet, "98) fragmentation
functions

o(isolated) should monotonically decrease as ¢y is lowered

NLO isolation effects are linear in €y for small ey (soft quark...)

e coefficient enhanced by

ATLAS isolation correspono

Nn(R), unphysical for small R
stoey =0.04 for £ = 125 GeV
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Fixed-Order Pathologies (ll)

BFGI set
480 +——mm——————————————————
4601 MCEFM o(isolated) with fixed-cone
| | Isolation.

E 440
= 4203_ ] BFG (Bourhis, Fontannaz and
© _R=04 —R=02 Guillet, "98) fragmentation

400¢ R=03 —R=01" functions

B o 02 04 06 08 10

€y

e ((isolated) should monotonically decrease as ¢y is lowered

e NLO isolation effects are linear in gy for small ey (soft quark...)
e coefficient enhanced by In(R), unphysical for small R

* ATLAS isolation corresponds to &y =0.04 for £ = 125 GeV
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Factorization and resummation
for small cone radius R



Factorization

Becher, Favrod, Xu, 2208.01554

For small /R all isolation effects can be factorized
into a cone fragmentation function J;_~

do(Ey,R) do %{X

dE, dE,

do;
+ Z/ ‘”_X Fir(z, Ey, Eg, R) + O(R)
1=4,9,9

Analogous to factorization of non-perturbative
effects, but J;—~ includes perturbative part
associated with isolation.




Cone fragmentation function fi_w contains all
particles collinear to photon

do(Ep, R) d"gix

dE, dE,

do;
/ i Z /dz = Firy (2, By, Eo, R) + O(R)
i=q,3,9 \

all isolation effects + NP frag.

iInclusive, direct 6



Cone fragmentation function ;.

Ein + Eout

E‘7 = 2,5 By =z2pl0; = 2E;

]:Z'_W(Z,,LL) — Z Ii—h?'(EVR7 Lo R, 'u) ®Dj_>7(u)

J=7:4:4,9 *\
/ non-pert. fragmentation

perturbative, scales E, R and Eg R
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NLO cone fragmentation functions

(27 E’Y) E07 R7 ,u) + .FC(])E;C,Y(Z, RE’Y’ M)

FQ_VY(Z?E’Y)E07R7 ,u) — Fén_yy

outside part is independent of isolation

2 2
G )

1+ (1—2)?
2

quark to photon splitting function P(z) =
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INside part

Smooth-cone isolation

‘Fln

q—"

(Zv E77 EO) R7 ,LL) —

2T n

M@ P(z) 1 In (

Note R independence!

Fixed-cone Isolation

‘Fiiify(za R7 E’ya EO) :u)

2, (2,R,E,, 1) =

z—w < ,LL T Z 5zka—>7
k=q,q

q—

z,R,E~, 1)

apm Q; {P(z) . (R2(2E%)2
2T 7
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|solation parameter dependence

Interesting to look at difference to reference
Cross section

Ao — o (E»y,TL, R) B O'( fyef’ ref’ Rref)

since direct part drops out:

Ao =) / dE; / dzd“”X AFi,,

1=4q,q
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SMmooth- vs fixed-cone isolation
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e [or fixed cone also inside part of F;—~ has In(R)
contribution, which is ey dependent.

e [oregy — 0inside part vanishes and one recovers
smooth-cone R-dep!
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e More generally: for small ey the inside part at NLO
becomes small

e Non-perturbative fragmentation suppressed by ¢y
e and at NLO the following properties hold

¢ [n(R) dependence only from outside part

e All isolation prescriptions become identical!

e pbut at NNLO differences from out-in terms!
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Resummation of In(R) terms

o Fi_ Tullils same DGLAP A
evolution equation as standard
fragmentation function by~ 5 —— dogh—itx
*
e Solve DGLAP equation DG{JAP
numerically to resum In(R)

. E.R~FE —— L
enhanced higher-order v 4 fR =7
contributions DCGLAP > Fiy

\
* |mplemented evqlution i Aocp —— Dj_,y
moment space, interface to

tree-level generator
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IN(R) resummation

120,
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005 ____ 0.10 ‘ 0.20
R
e Plot shows difference to reference NLO cross section

e Resummation cures pathological fixed-order behavior!
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Factorization and resummation
for small isolation energy Eo



For fixed-cone isolation, the energy inside the
cone Is always much smaller than the photon

energy, e€.9g.

ET

cone

(R) < Bp = Gsz
For ATLAS Eo =5 GeV

e Only soft radiation inside cone

® [arge non-global logarithms, associated
with the energy ratio &y

e perturbation theory at low scale REo

e fragmentation Is suppressed
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Factorization of /iy

Ey~3§ ——dog—itrx
DG%AP
EyR  —— Tty
N(:}L \ F
EoR —— U, J

Fi—)fy(zyREvaREOnu) — Z <s7i—>’y—|—l({ﬂ}7RE’77 Z?:LL) QU ({E}a REO)M»

T \

energetic collinear soft radiation
outside cone inside cone

e Resum both In(ey) and In(R).
e |owestscaleis R Eo=1 GeV for ATLAS |




Non-global logarithms (NGLs)

Sl

out ; n

¢ |solation cone is prime example of non-global observable

e Complicated pattern of higher-order terms, not captured by standard
resummation methods. Even leading NGLs (as L)" do not simply
exponentiate! Dasgupta, Salam 02

e Use ngl-resum to resum leading NGLs Balsiger, Becher, Ferroglia "20
after boosting to frame where cone is hemisphere

e see Nicolas Schalch’s talk for progress on resummation of subleading

NGLs.
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0.0 f’., )

quark-angle

200 t=L 402

_ Q*apM {_ P(2)In (5222 (z — 1)2Z2> — 2+ 2P(2) /01 dO [%] +u;L(é,t)}

e NGLs much larger than global logs. Two-loop coefficient

—31.5 = —43.7 (“non-global”) +12.2 (“global”)
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Resummation of In(R) and In(ey)

e For the full cross section, add direct part o4 ~ 290 pb

e Note: both resummations lower the cross section!
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Resummation of In(R) and In(ey)
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e For the full cross section, add direct part o4 ~ 290 pb

e Note: both resummations lower the cross section!
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Resummation of In(R) and In(ey)
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e For the full cross section, add direct part o4 ~ 290 pb
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A simple relation

From factorization theorem, we can derive a relation
between smooth- and fixed-cone isolation

AO’ — Uﬁxedcone(R7 Efy) T Usmoothcone(Ra fyef7 n)

in the imit R = 0 and &, — O :

Ao — Z / JFE, / d(Tz+XQ agM Crog P(2) g Erv +2n€3]

T 4
1=q,q Y

Can be used to convert NNLO smooth-cone Into

fixed-cone results. For standard setup and €y = efff

Ao =—1.3pb
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Conclusions & Outlook

e Have performed a detailed analysis of QCD effects
associated with photon isolation

e [actorization of isolation effects for small R
e |owestscaleisR Eg=1GeV

e First resummation of both In(gy) and In(R) effects

e numerically relevant for ATLAS isolation, crucial for
R=0.2

e With some effort, could extend accuracy of
resummations by one order and match to NNLO

e [ormalism provides analytical understanding of isolation

e Study parameter dependence, convert between

Isolation schemes, ...
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