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Run / Event / LS: 257645 / 1610868539 / 1073

‘M CMS Experiment at the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT
/e

Exclusive jets pp! di-jets

cut cut

e Out-of-jet radiation constrained by p7",

see e.g. talks byYiannis Makris, Johannes Michel

Inclusive jets pp — jet + X

* Out-of-jet radiation unconstrained
and integrated over

d! d!
d" dpr d" dpr d#

Kaufmann, Mukherjee,Vogelsang
Kang, FR,Vitev "1¢
Dai, Kim, Leibovich "1



Inclusive jet cross sections pp — jet + X

* Hard-collinear factorization

pp—jet X !
dad ——= fu! ! Hy JFORYRY)
pTan a,b,c
» —O=
« RG evolution N ¢
d !
U—Ji = Pji ! Jj b
au J p —( =
_ w= pr
resummation of !t IN" R via DGLAP
Ho = prR

Kaufmann, Mukherjee,Vogelsang
Kang, FR,Vitev "1¢
Dai, Kim, Leibovich "1



The semi-inclusive jet function

Kang, FR,Vitev ']

* The siJF J.(2,prR, 1) describes how a parton is transformed into a
jet with radius R and carrying an energy fraction z

pT = P
;g Dé ; where [ZZPT/]?CT]
PT

e NLO result

Cr [2 (1+ 2%) (lnil__zz))+ + (1 — z)] — 0(1 — 2)d%™& 4 P,y(2)2In (1 — 2) + sz}

IO (2, prR. 1) = ;[}m S ][qu(z)+ Paq(2)]
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Measuring the mass of a jet

2
* Jet mass mj = (Z pi) for inclusive jet production pp — (jet m3)X
i€
* Quark-gluon discrimination

* Tagging of boosted objects

pp! jet+ X
. . . ‘?0.035_"I"'I"'I"'I"'I"'l"'l"'l“'l"’_
* Sensitive to NP physics: multi parton vlg - ATLAS —m 2010Data, [ L= 2pb" ]
interactions (MPI), hadronization, pileup o g 003 ant-k R=1.0 Systematicunc.
o€ [ 200<p, <300Gev, Total unc. ]
o 0.025( Ny, =1, ly| < 2 — pyia =
: ----- Herwig++ Z
0-02:— s=7TeV E
0.015F =
0.01F -
0.005— —
0: S ey, S -
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Jet mass [GeV]
ATLAS, JHEP 1205 (2012) 12¢

see also: Li, Li,Yuan 11,
Dasgupta, Khelifa-Kerfa, Marzani, Spannowsky "1



Jet mass factorization

Kang, Lee, FR "1¢
 Hard-collinear factorization R < 1

dndedT Z fa Lqy U ® fb(mba ) X Hgb(maa Ty, n,pT/Z, ,LL) X gc(z’pT’ R, T, /'1’) = _2

e Hard-collinear-soft factorization 7 < R*

gc(Z,pT,R, T, M) — Z%c—m'(zapTRa ,u) O’L'(TapTalu) ! Si(TvavRa :u)

hard-matching

collinear




Jet mass factorization

Kang, Lee, FR "1¢
* Hard-collinear factorization R < 1

my
dndp dr Z fa(waa X fb(mba ,LL) ® Hgb(waa Ly, napT/z7 ,LL) %Y QC(zapTa R7 T, ,LL) T = E
 Hard-collinear-soft factorization ™ < R*
gC(Z7pT7 R7 T, ,LL) — Z Hc—ﬂ(ZapTRa :u) C’L'(Ta pT, :u) ! Si(Tv pr, R7 :u)
7
15 step 274 step A
hard-collinear soft-collinear
| |
Hgy(pr) — WH ~Pr Inclusive jet substructure: RG evolution via DGLAP
— g~ prR
,Uld gz(z pr, R, T/*l’ / _sz ,,,U) gj(zapTaR Tll’)
— HC ™ PTT%
prT
— Ms R




* Hard matching functions

Hgsq (2, pr R 1) = 0gqr0(1 — 2) + Ogq o~ o [CF5(1 - Z)(

Jet mass factorization

Kang, FR,Waalewijn "17

In(1 — 2)
1—2

+ Pyy(2)L — 2Cp(1 + 22) (

* RG Evolution: modified DGLAP

where

d
d

Vij (%)

Hz—m z,pr R, ,u Z/ —,’)’zk

— 5@'5(1 — Z)Fi + %Pji(z),

L? 3 2
~ 5 5kt 15)
> —C’F(l—z)]

+

Hk—)g ( ,7 pTRa :U’)

FENE

(4) (D)

4 coupled equations with double logarithms. Characteristic scale puy = prR



Collinear and soft functions

* Inclusive jet function p. ~ pr(1,7,/7)
Bauer, Manohar "04, Ellis, Hornig, Lee,Vermilion,Walsh "10

o o 2 2 2 2 2,7_
Citripr,) = (14 521) 8(r) = 52 |W2% (4 ) —202% (4w (727 )
2T 2m | pt \ppT ) | we \ppT 1Y n

. . T
» Collinear-soft function pes N% (1, R* R)

Bauer, Tackmann,Walsh, Zuberi ..

w2 pr [ uR pPTT
§5(1) — 2 In [ PZ7T
2°7) =2 R (pw ! (MR))+

O{SCZ'
S’i(T7 prT, R7 /L) — 5(T) =+




Collinear and soft functions

* Inclusive jet function p. ~ pr(1,7,/7)
Bauer, Manohar "04, Ellis, Hornig, Lee,Vermilion,Walsh "10

o o 2 2 2 2 2,7_
Citripr,) = (14 521) 8(r) = 52 |W2% (4 ) —202% (4w (727 )
2T 2m | pt \ppT ) | we \ppT 1Y n

. . T
» Collinear-soft function pes N% (1, R* R)

Bauer, Tackmann,Walsh, Zuberi ..

w2 pr [ pR pTT
§5(1) — 2 In [ PZ7T
2°7) =2 R (pw ! (uR))+

O{SCZ'
S’i(T) prT, R7 /L) — 5(T) =+

U

* Recover hard-collinear factorization H ® J upon integration over T

including power corrections O(7/R*) exclusive case: see Chien, Hornig, L

/ dr Gi(z,prR, T, 1) = Ji(2,pr R, 1t)
0



Shape functions

Stewart, Tackmann,Waalewijn

* The soft scale ps ~ pr7/R is non-perturbative 7 — 0 Kang, Makris, Mehen 17 E

* Choose shape function Fi(k) = — exp(—2k/Q)

* Convolution with purely perturbative result

do dopert k
— [ dk F(k _RrRE
dndprdr / (k) dndprdr (T RpT)



* The ungroomed case NLL ] o |
0.025 + - single inclusive ungroomed jet
PP —>jet + X ATLAS +—e— | |
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* The ungroomed case - NLL o | ,
0.025 - — 5 single inclusive ungroomed jet

et 4+ X : NLL + NP(Q = 8) |
pp J : ATLAS +——e— | Vs =7 TeV, anti-kT, R=1, |n| <2
0.02 ' 753 200 < pr < 300 GeV | | 300 < pr < 400 GeV
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~| b :
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Soft drop groomed jet mass

Measuring the groomed mass of a jet

2
Jet mass m§ = (Z pi) for inclusive jet production pp — (jet m3)X
i€
Quark-gluon discrimination

Tagging of boosted objects

& - T T T T T T T T T =
T GF ?;TLAS 1 Data =
e . . g B~ ys=13TeV, 32.9 fb" M Pythia8.1 —
* Remove sensitivity to UE and pileup using w E aniik R0, P> 600 Gev o ezt E
- - . g 05— softdrop,p=1,z_ =0.1 ' —
soft drop Larkoski, Marzani, Soyez, Thaler *14 s E PP 2o ES0m LOANLL lagoNPoffocs 3
E 04 | NLO+NLL+NP =
o - -
S 03 R _
3 E NN\ : NN \ ' - !\ - = : ! . E
i E o NN =
OS 01 __ ' —
= E ' | | | ] ! E
:O—v t 1 ] t t T I t —]
§ Emaakamcegeegeameome g F o B
e A | g+ l I I -
-2 15—/ o o . . =
© 10— NSNS e e ,, =
o 05 :_ A /N ’_:
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-4 _3 —2 -1

I soft drop / ungroomed, 2.
og_ [( pLrereomelyy

ATLAS, arXiv: 1711:08341
soft radiation

see also: Frye, Larkoski, Schwartz,Yan
Marzani, Schunk, Soyez, B7



Soft drop groomed jet mass

The soft drop grooming algorithm

* Recluster jet constituents with the C/A algorithm

* Recursively remove soft branches from the
obtained jet until

min [pr;, pr;] (AR@' )ﬁ
> Zeut
PTi + PTj

Distance Rj = ! 12+1 "2
Soft threshold Zcut

Angular exponent !

Soft drop is* € , seeVincent Theeuwes talk

Larkoski, Marzani, Soyez, Thaler



Soft drop groomed jet mass

Groomed jet mass factorization

Kang, Lee, Liu, FR

* The ungroomed case

gi(zapTRa T, :u) — ZHZ—>](27PTR7 ,u) C’i(TapTa :u) ® Si(7_7 pT, R7 M)

J



Soft drop groomed jet mass

Groomed jet mass factorization

Kang, Lee, Liu, FR

* The ungroomed case

gi(z7pTR7 T, ,LL) — Z Hz—m (ZapTRa ,u) C’i(T7 pr, :u) & Si(Ta prT, Ra :u)

J

* The groomed case R < 1, 75,/ R* < 2euy < 1

G (z,prR g, Zewt W) = D Hinj (Z,Pr Ry M) ST (Zew TR, " 1) Cillgr, Pro 1) ® SP (Lgr, P1, R, Zeut s M)
|

15¢ step 274 step A
hard-collinear soft-collinear
Hg (pr) . uH ~Dpr

— pug ~ prR

— Mg’gr ~ ZeutPT R

u
ST, Zcut) — Ug NPT( RP

20




Soft drop groomed jet mass

Groomed jet mass factorization

Kang, Lee, Liu, FR

* The groomed case

G'(z,prR g, Zeut, W) = D His (Z,pr R M) ST (Zew PrR, " 1) Cilgr, Pr 1) ® SP (Lgr, Pr, R, Zeut s M)
j

* NLO soft functions

2 2
. . fer . 1% G (1 o p _™
fails soft drop: ST (pr, R, 15 2eut, B) = 1+ n {2 Y\ 2R

passes soft drop:  S{' (7, pr, R, s zeut, 8) = 0(T) + %Ci [

ATt

22+ B 2(1+8) , (In(AT)
s A () )

2+

1 T A
Zeut \ 248 PT | 1P
( F )
where A [ 7B .

* Consistent with ungroomed case for 8 — oo

21



Soft drop groomed jet mass

Comparison to the literature

e Factorization of Frye, Larkoski, Schwartz,Yan “16 see also e.g.: Larkoski, Moult, Neill
Makris, Neill,Vaidya 17
d!

. — . ! n gr
d"de d#gr HC(pT’ ’R’Zcut’$,|1) Cc(#gr,pT’lJ-) l Sc (#gr,pTyzcut,$,H)

c

TExtracted to NLO from MCFM for pp! jet+ Z + X

22



Soft drop groomed jet mass

Comparison to the literature

e Factorization of Frye, Larkoski, Schwartz,Yan “16 see also e.g.: Larkoski, Moult, Neill
Makris, Neill,Vaidya 17

d! _
d'dprd#y,

! Eé(p-r’"’R’ZCUt’$’@CC(#gr,pT,|J.)! SY (e, Pr» Zeut s S5 1)

e Refactorization
Kang, Lee, Liu, FR 18

al

| Ec("’pT/Z’p-)! Heda(z, prR, 1) Sggr(zcutpTR,&@
d

d"dproty

Cd(TgrapTy ,LL) ) chir(TgI“)pT) R7 Zcut 57 :LL)

— Additional resummation of logarithms in

23




Soft drop groomed jet mass

Non-global logarithms

* The ungroomed case Dasgupta, Salam "0

and a lot of recent worl
gi(Z,pTR, T, :UJ) — Z Hz—m (Z, pTR7 :u’) C’L (7-7 pT, :u) & S’L (7—7 pT, R7 :u)
J

NGLs directly in the jet mass variable o In"(7/R?) n > 2

24



Soft drop groomed jet mass

Non-global logarithms

* The ungroomed case Dasgupta, Salam "0

and a lot of recent worl
g’i(zvaR7 T, M) — Z H’i—>j (Za pTR7 :u) C'L (7_7 pr, :u) & S’L (7_7 pr, Ra ,LL)
J

NGLs directly in the jet mass variable o In"(7/R?) n > 2

* The groomed case

qgr(z, PrR, Ygry Zeut s W) = ZHi—>j (z,pr R, H) SiEgr(Zcut rR" W) Ci(tgr,pr M) ® Sigr(!gr, pr. R, Zeut, 1)
J

NGLs affect the normalization and

> a” In" zZeut n > 2
only indirectly affect the spectrum ’ o

— NGLs can be systematically included for both cases

25



Soft drop groomed jet mass

* The ATLAS data set for the groomed jet mass L[ ey e - ngﬁiae.;1 -
. 3o ' . - lea erpa 2.

ATLAS, arXiv:1711.08341 = B ggtf't Ztrcl?p,%i’ zT Zcu>t f%(_)1eev Vv Hewigit 2|.a7rge P effocts i

I — D:|LO+NNLL’ -

E 04— [/ | NLO+NLL+NP —]

Event selection: ER R ! P

= N .

39 L 0 & ' _

* minimum 2 jets with || < 1.5 = L - — —

. . . . o) 1.5 'v‘__

* require leading jet with pri1 > 600 GeV g EEINERERER g e B B

R S | ——] ]

* require pr1/pr2 <15 L S S =

: L S | A

* measure soft drop jet mass on the 2 leading jets U S Sy

soft dro ungroomed

114012} log, [(m™ "/ p Y]

e Zout = 0.1 Frye, Larkoski, Schwartz,Yan

Marzani, Schunk, Soyez "]

— Inclusive measurement but a di-jet event topology is enforced

* distributions normalized to the “resummation region” —3.7< log;p!gr < —1.7
1 do 1 /_1'7 do dlog
where o = 08107,
Oresum d 10g10 Tgr e —3.7 dloglo Tgr 0E

see also: CMS-PAS-HIN-16-C

2% CMS-PAS-HIN-16-02



Soft drop groomed jet mass

* The groomed case

pp — jet + X
with additional cuts

g 0.8 F NLL 3 | 3
0.7 | NLL + NP(Q = 1) == : :
~ ATLAS +——e— :
c\]rig 0.6 - Vs =13 TeV, anti-k7, R=0.8 | -
T pr > 600 GeV, |n| < 1.5 | i
(@) i - -
— i soft drop, zcut =0.1, B =0 [ B =1
L 0.4 F - i
3 ; ]
b )
’-O -
1 - -
- / . ——
O [ | | | | L2 | | | | |
—4 —3 —2 —1 —4 —3 —2 —1
2 2 2 2 2 2
loglO(mJ,gr/ pT) logg (mJ,g‘r/ pT) logg (mJ,gr/ PT)

27 ATLAS, arXiv: 1711.08341 Kang, Lee, Liu, FR .



Soft drop groomed jet mass

* The groomed case

pp — jet + X
with additional cuts

Same NP shape function as for
/ the ungroomed case but ! =1

. 0.8 F NLL ] 3
0.7 L NLL + NP(Q = 1) : 2
~ : ATLAS +——e— : [
c\]rig 0.6 - Vs =13 TeV, anti-k7, R=0.8 | -
é 0.5 L pr > 600 GeV, |n| < 1.5 | 3

(@) i i C

— : soft drop, zcut =0.1, B =0 [ B =1 : B =2
D04 F . -
3 ; ]

(@) [

’-O -
i -~ -

@
| | ! |
-3 —2 —1
2 2 2 2 2 2
loglO(mJ,gr/ pT) log (mJ,gr/ pT) log (mJ,gr/ 1%

still need FO matching

28 ATLAS, arXiv:1711.08341 Kang, Lee, Liu, FR "
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Conclusions

* Inclusive jet substructure

* One-to-one comparison between inclusive jet data and theory

* Resummation of three classes of logarithmic corrections R, 7, zcut
* Study of NP corrections

* Possible to systematically include NGLs

S

oo

—
T
T

— i NLL [
~“E 0.7 | NLL + NP(Q = 1) = | :
> i ATLAS +—e— | |
N'ig 06 g Vs =13 TeV, anti-kT, R=0.8 [ g
g 0.5 f pr > 600 GeV, |n| < 1.5 | i
b% soft drop, zewt = 0.1, =0 | 51 : s

10g10(m§,gr/Pf2r) loglo (mg,gr/p’zf) loglO (mg,gr/p%‘)
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