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Hadrownic jets
So far we have heard (or will be hearing) about
o Hadrown spectroscopy o Dispersive approaches
o Low-energy (few) hadron production
o EFTs with hadronic d.ofs o Models
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o Hadrown spea&roscow o Dispersive approaches
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What this talke is about
o Many hadrons produced at high enerqgies

o First-principle computations
o Lagrangians with partonic deqrees of freedom

o Quarks which do not form hadrons (top)

o EFTs for jets (!) and boosted heavy quarks
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Higher energies are cleaner because fﬁ@r%mrb&%iva compulations work

But for inclusive observables one Looses sensitivilty to quark masses
and the strong coupling

In hadronic machines one gets contamination from secondary
collisions (underlying event), ISR, boosted sub-jets...

“Hard” Scattering

_ outgoing parton
e'e —hadrons

proton

underlying event underlying event

initial-state

PETRA | St ete TR
! TRSTAN ~ Q,C radiation
— _— final-state
LEPI outgoing parton radiation
0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass ener gy (GeV)




Motivakion

Higher energies are cleaner because pe_r?&urb&ﬁva compulations work

But for inclusive observables one Looses sensitivilty to quark masses
and the strong coupling

In hadronic machines one gets contamination from secondary
collisions (underlying event), ISR, boosted sub-jets...
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To qet back some sensitivity to interesting parameters, or loose
semsi&iviﬁv to &ms&v F@kjjsi,f:s, one heeds to “skargem the Fewci,i.”

The idea is keeping track of the final-state global kinematics

Jebs and event shopes are an excellent tool for that



What is exactly a Jetb?

Need to use a specific recombination scheme or “jeb algorithm”
On top of that one might use different axes (standard vs WTA)

Finally, one can use trimming or grooming techniques to remove
soft radiation (e.q. soft drop) ... or ...
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What is exa&ﬂv a jeb?

Need to use a specific recombination scheme or “jeb algorithm”
On top of that one might use different axes (standard vs WTA)

F“Lv\au:j, ohe calh use trimming or grooming Ee«ckmque_s to remove

soft radiation (e.q. soft drop) ... or ...

We can use a conkinuocus variable to kell us how ‘jefz&j" the evenk is

o Thrusk T (1 i Wﬁﬂ) Ftow\e. normal ko Ehrusk axis
- 2.5 1751 defines two hemispheres

2
1
o Heav:;*ja& "ass 0= 2( Z pi)

@ i€heavy o Jet broadening
o C-parameter C = : 25 PillP5] sin” 6, = 217 X Py
. T A s SO

These are called evenk shayes and malee tampuh&wms s&mpt&r

In this ktalke I will consider these in different “massive schemes”



Q = center of mass energy

Dijeb confiqurations have small values of the event shape
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Soft-collinear effective Theory

Fixed-order computations have large Logs in peak and shoulder

EFT kreabment allows ko suna Fhena up and kreat hadrownizakion
from first principles

EFTs allow ko deal wilh one scale ab a Einmae Ua muskiscale erobtems
For massless quarks and nob-so-boosted heavy quarks: SCET
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Soft-collinear effective Theory

Fixed-order Campuh&mv\s have large logs in peak and shoulder

EFT kreabment allows ko suna Fhena up and kreat hadrownizakion
from first principles
EFTs allow ko deal wilth one scale ab o Eime in mustiscale Fsrobtems

For massless quarks and nok-so-boosted heavy quarks: SCET

dsC d6<, ,
— = - (massive case)
T

dr
1 daSCET . Q(T—Tmin) singular terms, dominant

= dl J( 2r —Q/f 12
o / Qf w)Sr (6 p) A peaw and shoulder

computation to all orders i large-Bo
w.ip. with N, Gonzalez Gracia

asses ambiquities (&svmpb&ia behavior) of various pleces
quantify hadronization corrections

closed form for anomalous dimension and maktrix elements
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Dominant hadronization corrections encapsulated in [soft function
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Soft-collinear effective Theory

Fixed-order computations have larqe Logs Ua peak and shoulder
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Absorb mass power corrections into hard and jet function

In this ballke we will have time omtv ko pr&semﬁ [JHEP o1 (Rolw) 122]



Soft-collinear effective Theory

Fixed-order Campuh&mv\s have large logs in peak and shoulder

EFT kreabment allows ko suna Fhena up and kreat hadrownizakion
from first principles

EFTs allow ko deal wilth one scale ab o Eime in mustiscale Fsrobtems
For massless quarks and nob-so-boosted heavy quarks: SCET
d6¢ ' dffgCET W d&f\{s
be 0 T dr

(massive case)

kinematic power correckions

computed in [Lepenile & VM: JHEP o1 (Ro1¥) 122]

In this kalle we will have time omlv to ?rasem?: [JHEP o1 (Rolw) 122]
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Massive schewmwes

Originally introduced by Salam and Wicke to study hadron mass
effects on hadronizabion [JHEP o8 (001) 061]

Useful when considering heavy quarks to gain/loose sensibivity

Massless-particle momenta: p2 =0 — Ey = |p| can use either
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Massive schewmwes

Originally introduced by Salam and Wicke to study hadron mass
effeckts on hodronization [IHEP 0§ (Rool) o&l]

Useful when considering heavy quarks to gain/loose sensibivity

Massless-particle momenta: p =0 — Ey = |p| can use either

MassavemparEiate mowmenka: p2 S m2 — by = \/ lﬁ \2 + m? 75 ‘27 ’

makes a difference
Massive scheme: use both I, ]p! maximal mass sev\s;&w;&v

f | e Ep i be_kave Qas massi.ess p = pp i O
- P-scheme: use P

| P minimal mass sensitivity
| E-scheme: use [y — P same collinear Limit
[A. Bris, VM, M. Praisser JHEP 09 (R020)]

I + i E-scheme leading hadronization correction is universal



o B e 1t . - —y - g8 7 b B AL pas L T A e
B Srae L RPN s b b ) S5 el = BT . o /) " - -




O(a,) massive QVQM&“SK&F’QS at ~0

[C. Lepenil, VM JHEP o1 (Ro1y) 122]
CGreneral structure of partonic distribution at Lowest two orders

1 . dag
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+OF—B§us(m)[ ! ] + Cp —FNS(e m) + O(a?)
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O(a,) nmassive. @.vemﬁwsko\pes at ~0

[C. Lepenil, VM JHEP o1 (Ro1w) 122]
CGreneral structure of partonic distribution ok lowest two orders

Tad
C i o R%(m) 5(6 6mln) -+ OF—AC( )5(6 s emin)
ag. e
1 Qs )
e _Bplus(m) L i emin] / + CF?FES(& m) + O(a?)
C =V A vector or axial-vector current

for massive primary quarks the difference matters



O(a,) massive QVQM&“SL&QF’QS at 0

[C. Lepenil, VM JHEP o1 (Ro1¥) 122]
General structure of partonic distribution ”c&' Lowest two orders
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O(a,) massive @.Vém%mskapes at 0

[C. Lepenil, VM JHEP o1 (Ro1¥) 122]
General structure of partonic distribution at lowest two orders
1 . dag | |

- G = R o~ G + Co T ACmie — D)

99

+0r %G, m| i +Cr % FS (e ) + O
2 |




nmassive evem%mskapas at =0
[C. Lepenil, VM JHEP o1 (Ro1w) 122]
Greneral structure of partonic distribution at lowest two orders

oo

common to all event shape_s

+cF—Bplus<m>[ |+ O SRS + Ofo)

B it

1 dO‘C

(70

In terms of Feynman diagrams

2

h. & Z“PO\T'&E«CL@. 4F —— vector

—— axial—vector

pkase space

Fixer-order massive bkokal

hadronic cross seckion



nassive evem%mskages at ~0
[C. Lepenil, VM JHEP? o1 (Roly) 122]
Greneral structure of partonic distribution at lowest two orders

1 dO‘C
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General structure of partonic distribution at Lowest two orders

1 dO' = g 2
- dC = RE(M) 6(e — emin) + Cp—AS (1)0(e — min)  Dirac Delta
O'O (& .
s . 1 s A
+ Cr 2Bl | |+ CoEN (e + O
min _|_
“Ftu,s" diskribution
Universal (same for mass power correction that can be absorbed
all event sha[oes) ko EFT factorisation theorems

Campu&ec{
a\natv&co\uj
[Lepenil, VM]




O(a,) massive @.vemﬁmskapes at ~0

[C. Lepenil, VM JHEP o1 (Ro1¥) 122]
Greneral structure of partonic distribution at lowest two orders

1 . dag

— R%(m) o(€ — emin) + CF—AS(m)(S(e = 6’min) Dirac Delka

oy de T

mass and kinematic power corrections that cannot be
absorbed inko EFT factorisation theorems (additive correction)

B us (N1 .
F.(6, ) s\ onSeo o

€ Cmin

For a humerical determinakion simpler to
compute non-singular + singular-non-distribution



Greneral skructure of partonic distribution ok lowest two orders

1 dO'C " s i
ol R%(m) 0(€e — emin) + CF—AeC(m)5(€ — €min) Dirac Delka
O'O & 7is
s A 1 s :
+(JFO‘—B§]US(m)[ ] + Cr— ENSEEN - O (o)
(s € — €Emin i 7iG
Depends on the event shape non-singular terms

mass and kinematic power corrections that cannot be
absorbed inko EFT factorisation theorems (additive correction)

tampu&ed
Mumerétattv
[Lepenik, VM]
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massive evram%wskapes ab F0O

[C. Lepenil, VM JHEP o1 (Ro1w) 122]
Greneral structure of partonic distribution at lowest two orders

x 2-particle phase space Py x 3-particle phase space dP3

bokh i d-=dimensions



Massive quark form factors have two contributions:

A o | as B(m
V¥ = |1+ Cpr—Am)| " + Cr ( )(p1 iy
; s | e 2ni
i o .. as D(m
AP =1+ Cr— S| 7o + O ( )%q”,
; - | T Sr AT

Resulks look simpler in terms of the quark velocity v=1/1— 4/’

We also define L, = 10g(1 I v)

2m

m
A and C are IR divergent and contain log(g>

IR divergence and explicit p
dﬁp@r\d@nﬁe cancels when
adding real radiation




Real radiakion  rc tepenic i)

Use symmetric variables such that soft

singularities are located ot y = ©

_y@Q Q
v

1) qua(l—zy)

Useful to consider the di-jet expansion of the
event-shape measurement function
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Isobaric event-shape lines have in general non-
analytic form. May or may not cut the phase-space
boundary. They become the y = © boundary at their
min value and shrink to a point at their max



[C. Lepenik, VM]

Use symmetric variables such that soft
singularities are located ot y = ©

_y@Q Q
v

Eg qui(l—zy)

Useful to consider the di-jet expansion of the
event-shape measurement function

ez, 1) = exl W) - Oft el ) - (111

Isobaric event-shape lines have in general non-
analytic form. May or may not cut the phase-space
boundary. They become the y = © boundary at their
min value and shrink to a point at their max

. A ‘bt id 4 log 2 (b@ )] e ol log" ™ (b) Ly o hlop ()

Using some distribution identities [TL_ g{ - WH;(@') (b)[ - L}

ohe can exbtract IR divergences

and isolate the sinqular terms L e lg(x) % e" log"(z)
=




AM&Lv&EC rﬁsuws [C. Lepenik, VM]
With some ahad.v&a mahipui&&iams we get

Ac() = AF () + RG™ (1),

Al (s —P(g’g) / dZ{Mc%(z,mHM%(Z»m)E* 210%(%)‘1%(2(1_Zi_m2>]}’

Bilulnlis / dz M3 (z,m),
M2 (z,m)
Y

P = fazdy { M, 200 - 3,9+ dle - é(y. )

ek NFEREE 8 z>]] }z FYS, + FNS.



Amai.v%m resulks [C. Lepenik, VM]
With some analytic manipulations we get

Ac(im) = AT () + R (1h),

Areal(n) = (5237 >/dz{Mé(z,m) - Mg(zym)E o 210%(%) G (z(l[;j;)]; = )]}

Bituslmli= / dz M2 (z,m),
M2 (z,m)
Y

e /dz dy {Mhafd(  2)dle — é(y, 2)] + [5[6 — é(y, 2)]

Byl bl ey Al e z>]] }— FYS, + FNS

real-radiation squared mabrix element, summed over polarisations

[ > pinMcl® 256m2a,i*Cr
>

— Mc(y, z,m, e

and SPLLE ko various Pie&:es

Mc(y, z,m,€) = M2(z,m) + eM&(z,m) + yM2(y, 2) + O(e?)



Amai.j%w resulks [C. Lepenik, VM]
With some analytic manipulations we get

Ac(rn) = AT (1) + RE™ (),

Areal () — _P(62275)/dz{Mé(z,fn) +M8~(2,m)E +210%(%)—1Og(z(1[;62)]_2m2>]}’

Bilulnlis / dz M3 (z,m),
M2 (z,m)
Y

P = fazdy { M, 200 - 3,9+ e — é(y.2)

— Oy — Ymax(2)] 0le — €(y, 2)] — dle — &(y, Z)]] }E He i ELE

IR divergenhce and explicit p dependence
cancels when adding virtual contribution



Amatvﬁia resulks [C. Lepenik, V]

Wikth some ahatj?:ic mahéguta&mns we get
A (1h) = AT () + RS () |
Areal(my = P(g’ 8)/dz{Mé(z, ) + M2(z, m)E i zlog(ﬁ) _log (Z(l o )]}

Q [fe(2)]2

FNS /dz dy {M(}}a’rd(y, z)dle — é(y, z)| +

Mg (2, 1h)
y

dle - é(y. )

— Oy = Ymax(2)] 0le — €(y, 2)] — dle — &(y, Z)]] }E He i ELE



AM&L&%E«@ rﬁ5u.&$ [C. Lepenilk, VM]

Wikth sowe amod.j&c maniputa&ans we ge&

Aresl i L B (522’5) / dz{Mé(z,m) +~ Mg(z,m)E 1 210%(% )_logc(l[;ji)]; L )]}

Bifushin )i /dz Mg(z,m),

Mg(jam) [5[6 o é(y, Z)]

NS /dz dy {M}}ard(y, z)dle — é(y, z)| +

Ol = s (2] 3 — )] = O — e, 2] | = Filia + F.




Amai.jﬁi‘: resulks [C. Lepenik, VM]

With some a\sr\ad.y&t: mahégulo&iams we get

Aresl (it o & (622’ 7 / dz{Mé(z, ) + M2(z, m)E i 210g(%) _log (Z(l[;ji)]_z I )]}

Bifushin )i /dz Mg(z,m),
M¢(z,m)
Y

P = fazdy { M, 200 - 3,9+ ale - é(y. )

— Oy = Ymax(2)] 0le — €(y, 2)] — dle — &(y, z)]] }E He i ELE

1 ! ; ' L of ; n;v) ) o ’ ‘ ( : ) ge. 1) L

Kish X
LD logz( 3 )] + 2v[log(h) — 1] — 2 } A4y 1610 P ¥oum¢& OLV\OJ.':}EE,«C _.
form in all cases|

4% (m) = 02{(4 +0%) L, + 2v[log(h) — 1] — 2R+ (1 — 2?)




[C. Lepenik, VM]

itk is straightforward to find analytic expressions for the event-shape
measurement in terms of the two phase-space variables z, y

For a given value of the event-shape in
general we qet the following situation




Numerical s&ra&@;gj [C. Lepenik, VM]
It is straightforward to find analytic expressions for the event-shape

measurement in terms of the two phase-space variables z, y

For a qiven value of the event-shape in
general we get the following situation

Use python to determine all boundaries and
compute all numerical integrals

1/2 M
F.(e,mh) = 2/ dz N cly2)

; dé(y,z)
m1n(€> —dy

y=y+(e,z) Y




It is straightforward to find analytic expressions for the event-shape
measurement in terms of the two phase-space variables z, y

For a given value of the event-shape in
general we qet the following situation

Use o debermine all and
tomF»uEe. all

1/2 M
F.(e,1h) = 2/ dz N c\y, 2)

: dé(y,z)
m1n(€> dy

y=y+(e,z) Y

E-scheme broadening E-scheme thrust Heavv-jeﬁ-mass







Apptiaaﬁams
o Strong i:ou,[ai.ms debterminakion |

¥3 (2011) 074021
Abbate, Fickinger, Hoang, VM, Stewart [PRD ¢ (012 o940z J

Hoang, Kolodrubetz, VM, Stewart [prp 91 (2016) 9, 094017-09401%]

Hoang, VM, Schwartz, Stewart fw.iﬁp‘]

® Top quark mass calibration
Buttenschoen, Dehnadi, Hoang, VM, Preisser, Stewart

[PRL 117 (201&) 23, 232001 ]
@ Top quark mass debermination at N3LL
Bachu, Hoang, VM, Pathale, Stewart {w.i.y.:}

@ ‘S@@c«ha&o\rv nmassive quark radiation
Plebrulewicz, Gritschacher, Hoang, Jemos, VM

[PRD 90 (2014) 11, 114001]
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Q = center of mass energy

Dijet configurations have small values of the event shape

Therefore peak ﬁi@.&ﬂv visible abk low values (hadrownization Emgor&am&)

Moderate non-perturbative effects in shoulder: good for fiks

Peak and shoulder need larqge-loq resummation — EFT called for!
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Massive schewmwes

Originally introduced by Salam and Wicke to study hadron mass
effeckts on hodronization [IHEP 0§ (Rool) o&l]
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Massless-particle momenta: p =0 — Ey = |p| can use either

MassavemparEiate mowmenka: p2 S m2 — by = \/ lﬁ \2 + m? 75 ‘27 ’

makes a difference
Massive scheme: use both I, ]p! maximal mass sev\s;&w;&v

f | e Ep i be_kave Qas massi.ess p = pp i O
- P-scheme: use P

| P minimal mass sensitivity
| E-scheme: use [y — P same collinear Limit
[A. Bris, VM, M. Praisser JHEP 09 (R020)]

I + i E-scheme leading hadronization correction is universal



Numerical s%ra%egv [C. Lepenik, VM]

It is straightforward to find analytic expression for the event-shape
measurement in terms of the two phase-space variables z, y

For a qiven value of the event-shape in
general we get the following situation

Use python to determine all boundaries and
compute all numerical integrals

Ohe can @(}W\FM%Q Fhe cumulative

lsge >  d %
Yiles) = —/ de ot Ro(m) ©O(e. — emin) + C’Fa— 2 (e.)
go Jo de T
with a brice O(z) +0(—2x) =1
1/2
L (e R () = 2/ Mo (e 2 e
Ziarale
. o MC(yaz) i Sl 0 B (ﬂ)
NL&!& /yl dy Y —Mc(ylayQa , )_MC( 9 )lOg U

s 1 %
+ME(z,m) (y1 — ya) + §M3(Z, m) (v — y3)



Virtual conkribubtions

[C. Lepenil, VM JHEP ol (Ro1y) 122]
Massive guark form factors have two contributions:

B(1)

; ; o

VE = |14+ Crp—A(m)|+" + Cp— e
; i ( )_ / 7 oom (P1 = P2) A and C are IR
; S : sD 7 N

Al CF%.C(m) Y5 + CF(jT 2(:::’) s g™, db\/@.’f'gév\&
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