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CMS 2010, dilepton
JHEP 07 (2011) 049, 36 pb'

CMS 2011, dilepton . 172.50 + 0.43 + 1.43 GeV
EPJC 72 (2012) 2202, 5.0 b’ (value + stat + syst)
CMS 2011, all-jets . 173.49 £ 0.69 + 1.21 GeV
EPJC 74 (2014) 2758, 3.5 b’ (value + stat + syst)
CMS 2011, lepton+jets . 173.49 + 0.43 + 0.98 GeV
JHEP 12 (2012) 105, 5.0 b’ (value + stat + syst)
CMS 2012, dilepton . 17282 + 0.19 + 1.22 GeV
This analysis, 19.7 fb" (value + stat + syst)
CMS 2012, all-jets . 172.32 + 0.25 + 0.59 GeV
This analysis, 18.2 fb”' (value + stat + syst)
CMS 2012, lepton+jets . 172.35 + 0.16 + 0.48 GeV
This analysis, 19.7 fb”' (value + stat + syst)
CMS combination 172.44 £ 0.13 £ 0.47 GeV
(value * stat + syst)
Tevatron combination (2014) vl
arXiv:1407.2682 174.34 + 0.37 £ 0.52 GeV
(value * stat + syst

World combination 2014 P
ATLAS, CDF, CMS, DO 173.34 £ 0.27 + 0.71 GeV
arXiv:1403.4427 (value * stat + syst

| | I R | Lo | | I I | L1
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175.50 + 4.60 + 4.60 GeV
(value + stat + syst)

165 170

175 180

m, [GeV]

Precision Measurements

Tevatron (2014): mi=174.34 £ 0.64 GeV
CMS Run 1 (2015): mi=172.44 £ 0.49 GeV
ATLAS Run 1 (2016): m:=172.84 = 0.70 GeV
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Precision Measurements

Tevatron (2014): mi=174.34 £ 0.64 GeV
CMS Run 1 (2015): mi=172.44 £ 0.49 GeV
ATLAS Run 1 (2016): m:=172.8A = 0.70 GeV

0.3% sys + 0.07% stat!
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Precision Measurements

Tevatron (2014): mi=174.34 £ 0.64 GeV
CMS Run 1 (2015): m:=172.44 = 0.49 GeV
ATLAS Run 1 (2016): m:=172.8A = 0.70 GeV

0.3% sys + 0.07% stat!

In this talk we discuss
another source of uncertainty

What mass is it?

How precisely do we
know the mass definition?

(5mt ~ 1 GeV



Why should we care about a precision m;?
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Why should we care about a precision m;?
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Butazzo, Degrassi, Giardino, Giudice, Sala



Outline

Overview
. Mass renormalization schemes, Monte Carlo mass
. Theory issues for top jets at the LHC
. Effective tield theories for top jets

Top mass determination at the LHC
. Soft Drop Grooming on top jets
. Pythia Studies
. Pythia and Theory Comparison
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Mass in quantum field theory SM
gets renormalized and absorbs high L (mt’ Qsy oo A)
energy divergences.

To be able to do more than one calculation
and know we are talking about the same parameter
[ requires giving them a precise definition

le — (eg. “top mass scheme”).
mPC e, myeR

Theory(QFT) =

~
I Simulation

(Monte Carlo) | ‘-

Experimen’[ Most precise measurements
need simulations where it's hard to
determine the m: definition.

Hadrons
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Mass in Quantum Field Theory

mbare _ mbare + Z(mbare)
Y(m) = 2Cp m(% + ﬁnite) + O(a?) N m

Pick a renormalization scheme  jPare — yppren O,

e Pole Mass - Remove the full one loop correction X

e MS mass - Remove the 1/e term from %
Choice of scheme can affect accuracy: b decay width example

G%‘ ‘ vub ’ ?
19273

9
mb5 {1 + K1 &S(;nb) - Ko &SETZ%) :

['(b — uev) = +}

I'(b — uev) = G%J;ﬁp (m?”')s [1 —0.17- —0.13:2 + .. ]

G%lvub|2

['(b — uev) = F oo

(mM5)3 [1 +0.30 +0.19.2 +]

G%‘ |Vub |2
19273

I'(b — uev) = (mi”)? {1 —0.115 — 0.035:% + .. } Hoang, Ligeti, Manohar 1998



Mass in Quantum Field Theory

mbare _ mbare + Z(mbare)
Y(m) = 2Cp m(% + ﬁnite) + O(a?) . m

Pick a renormalization scheme  jPare — yppren O,

e Pole Mass - Remove the full one loop correction X

e MS mass - Remove the 1/e term from %

Choice of scheme can affect accuracy: b decay width example

2

(::2 ‘/ZL 2 g\ 1T T
F(b%ueﬁ): F‘ b’ mb5{1—|—/€1 ( b) - K9 S( b) 2—|—}
15)237T3 T 7T2
L(b— uer) = SRRl (mp )P (1 - 017 —0.13.2 + SR
192w A0 | | - Significant improvement
o from using 1S scheme for mp
D(b — uew) = TELL (7 175)5 {1 +0.30c +0.19:* + .. } defined using binding potential

/ of bottomonium.

G% | Vup|? (més)g) {1 — 0115 — 0.035:2 + . . ] Hoang, Ligeti, Manohar 1998

19273

['(b — uer) =
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e Pole Mass
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Full propagator: —>—‘—>— > B — mpor pole at my
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Like a free particle

Compatible with Breit Wigner



What makes certain schemes better (worse) than others?

e Pole Mass

1
Full propagator: —>—‘—>— > B — mpor pole at my
t

Like a free particle

Compatible with Breit Wigner

Good for electron in QED, but not for quarks.

Factorially diverging series (eg. bubble graphs) leads to an intrinsic
uncertainty in the definition of pole mass.

k _ &, ™ om T
O 1

Amfde ~ AQCD Beneke 1998



What makes certain schemes better (worse) than others?
— No ambiguity v

e MS Mass My L.
[ £

NOT compatible with Breit Wigner X
I iz

0.30
(M2 — my[a?)]” + T2 my|a)? 0.25

r 0.20

th A th/ » t

g (mt,{Q}) — /dStO' (St,{Q}> X — 0.15
57 —miP+Timi o

;L0 JNL07 m; — My + 0y 0.05

171 172 173 174 175

Need to expand BW in om/m
mf‘)le = Ty + o Swamps the Breit Wigner

\ J/

7GeV >T1y =14GeV

Fleming, Hoang, Mantry, Stewart 1998



What makes certain schemes better (worse) than others?
« MSR Mass

Define using MS coefficients @, m?™ = my(R, 1) + dmy(R, u)

5mtR,u Ry‘y‘a’nk[

n=1 k=0

No ambiguity, R > Aacp v/
Compatible with Breit Wigner, R~

mPole. 9 ..

|
I
A
|
Nicely interpolates :\. _
|
|

Hoang, Jain, Scimemi, Stewart 2008



Direct Reconstruction Methods (Tevatron and LHC)

b-jet
Kinematic Fit:

2

m? = p? = (pgp, +pj1 + D)’

get




Direct Reconstruction Methods (Tevatron and LHC)

Kinematic Fit CMS All-jets, 18.2 fb™' (8 TeV)
—_—nm e e e e e e e > 1000 I L L L

) i
» Selected objects: 0 : B € correct Background :
quntaggedjets LS/ [\ e '-‘\7 800 .t{ wrong, * Data -

2 b-tagged jets i 2 I ;

- o -

g 600:
» Constraints: = W boson & = W boson H 400+ N

2x m;; I
mtop = mub 1= mub 2" anmoA% %v 200,—
155
- age =

| 1 l | | 1 1 l | !

I Zl'/ 1] | I I 1 T I | ] 1 T l' I
7% N
-7 éW/ Ll

I /S U N R SR SR DA LS. |
% ¢ 9 %500 200 300 400
t T mit [GeV]

m Eike Schlieckau - Universitit Hamburg September 30th 2014

|

Data/MC

all-jets channel at 8 TeV

Use Monte Carlo simulations for templates.
Determine the best fit value of MC top mass parameter:

CMS Run 1 (2015): mi=172.44 + 0.49 GeV



Direct Reconstruction Methods (Tevatron and LHC)

CMS Run 1 (2015): m:=172.44 + 0.49 GeV

pole — MSR
mt ,mt, mt g o o e

Experiment

No ambiguity v

Compatible with Breit Wigner v

Definition?



Direct comparison of theory and experiment
eg. Pole mass from Total Cross Section

m; [GeV ]
NNPDF3.0  173.871%
MMHT2014 174.15.0
CT14 174.3757
Czakon, Fielder, Mitov (13)

o™ P(pp — tt) = Utt (mt)

pole — MSR
my Ty, My ...

. 50fb" (7 TeV)

lllllllllllllllllllllllllllll

170 174 172 173 174 175 176 177 178 :
m [GeV] Experiment




Improving Top Mass Measurement at the LHC

* Use kinematically sensitive LHC observable
* Theoretically tractable in QFT
* Control Contamination

MP®* = m, + (nonperturbative effects) + (perturbative effects)

~
~




First Simplification: Boosted Top Quarks

Enables us to be

iInclusive over Q = 2pr > my
decay products. CMS Preliminary 197 51 5 1ev)
S\10_2
6 —®— (CMS Data
: ¢ —®— Powheg v2 TuneCUETP8M2Ty4
~ B —— Powheg v2 TuneCUETP8M1
& i o
v-c -
~
S
T 10 3 — &
[ -
S F CMS-PAS-TOP-16-021
i —t
1074 :—
s ;l | l lllllllll ) I N N S N S N SN N AN SN N |
1.3 =
S 1.3 -
1.1 =
8 0. E
Q 9°E
ﬁg:gélllllllllll[lllllllIlIl'IlllIIllI[lIlll
400 500 600 700 800 900 1000 1100 1200

Particle-level t jet pt (GeV)



- Initial state radiation

- final state radiation

Theory issues for pp — (1

- Jet observable

- suitable top mass for jets

Production Energy

—e QZQPTN 1 TeV

- underlying event/ MPI — e my = 173GeV

- color reconnection

- beam remnant

- parton distributions

- sum large logs

Q > T > Ft > AQCD



- color reconnection t

Issues relevant for lepton colliders

. jet observable X Xk First

- suitable top mass for jets ete” — ttX

- initial state radiation and the issues X
. final state radiation X jet

- underlying event/ MPI jet ?:V b-jet

- beam remnant ,
- parton distributions ﬁ jet
. sum large logs * b-jet

Q > T > Ft > AQCD

qet



Measure what observable?

Jet Invariant Mass
ME = (Dt )2
1€a

soft particles

Jet of Radius R
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Peak Region:

EFTs for Boosted Tops in the Peak Region
e~ — tt

d 2 0O Integrate out

5 5 Hard Modes
dM?2 dM:

Factorize Jets, Integrate
out energetic collinear —>
gluons

Evolution and

decay of top —>»
9 close to mass shell

Soft
( ...... Cross-Talk ....... )

Fleming, Hoang, Mantry, Stewart 2007

soft particles

2 o y 2
) n-collinear n-collinear Mf — ( E pz)

1€b

thrust
axis

hemisphere-a hemisphere-b



Factorized Cross Section

( do )hemi = 09 Ho(Q, tm) (mJ, W%aﬂma,u)

AMZAM?
[* [~
X /dl+leB (§t — Q—a Fta M) JB (§£ _ Q—a Fta 5m7 :u)
my my

X Shemi(IT =k, 17 — K, 1) F(k, k)

/ /

Soft Function Hadronization
(bOOSted HQET) Perturbative Cross talk
Jet Functions

Evolution and decay of top
quark close to mass shell

Control Over Mass Scheme



( do
dMZdM 52

measure this

St

— H y M'm ( s 9y My
)hemi oo Ho(Q, tim) me Mo [

l—l—
« /dﬁleB (st 9 s

MP = my + Ty, + > + .. )

/!

2 2

™m

Factorized Cross Section

m.j

1

~1'<m

Q

J

\

extract this

dM

)

e

0012
0.010
0.008
0.006

0.004 |

0.002

-
o Q—a Fta (5771, /L)
m

X Shemi (1T =k, 17 — K, 1) F(k, k)

/

- QAqep

Ty

172

174




do(M, M)

1

Factorized Cross Section at NNLL+O(as?2)

0.5 PR I l T | l ' ! ' : ' ' e

B + — . :

B e e totop jets )

0.4 : - -

- Perturbative uncertainty i}

gj\; - :_ T NNLL' (preliminary) _:

N'_‘ : :

2 0.2 - N N 2

5 f .

0.1F -
170 175 180 185

M [GeV]
To appear soon



1 do
o dT2
700 ~2——T— : : -
. s50k Q = 1000 GeV 3
E 600 E
550 P E
; 500 3
: ] 300 1 as0f £ 3
150:_ —+— PYTHIA  (incompatibilty uncert.) ] 250_ + PYTHIA (incompatibility unccrt)' —— PYTHIA (incompatibility uncert.)
—— Theory (NNLL perturbative uncert.) ] : — 'I‘heory (NNLL perturbauvc UDCCﬂ) #00 —— Theory (NNLL perturbative uncert.) E
A PP TP TP, T | N - 1 350 “,‘:
10051505 0.1315 0.1325 0.1335 2%0985 0.0990 0.0995 0.1000 0.1005_0.1010 T 0.0625 0.063 0.0635
Lp) L) T2 f—————————————— —
150 MSR scheme at NNLL m}’c = ]
g g i 173 GeV 3
Top Mass Calibration of Monte Carlo 100f :
sof [
. . (0] P T
m}t\/IC Compatlble with 1715 1720 1725 1730 1735
mMSR(1GeV)
mlt\/ISR(R =1 GeV) 150.MSR scheme at NLL :
100k ]
50F :
— tt e T :
6 1715 1720 1725 1730 1735
MSR(1GeV)
150 _ pole scheme a.t NNLL _
100F ;
1715 172.0 172 5 173.0 173.5
mt
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50F m[“h :
of PP BN
173.0 173.5

Butenschoen, Dehnadi, Hoang, Mateu, Priesser, Stewart 2016  '7'% 1720 1722



Top Mass Determination
at the LHC

A. Hoang, S. Mantry, AP, |. Stewart



Theory issues for pp — (1

- jet observable % % Jet Mass in Jet of Radius R

- suitable top mass for jets ] i
P ' * Factorization for e+t e- can

. initial state radiation X be extended to pp
to account for issues with %
- final state radiation *

- underlying event/ MPIq\
“Contamination”

- color reconnection *

. beam remnant %< Jet Veto
. parton distributions % Multiple Channels

- sum large logs @) > m; > I, > Aqep k&



(1/0) do/dmy [GeV 1]

Factorization for pp — tt

Can be extended to pp using 2-jettiness. A-Hoang, S. Mantry, AP, I. Stewart

(Stewart, Tackmann, Waalewijn)

= tr| HQm S(T"R,...)®F|®Jp ® JB®II® i

d°c
2 2 t
dM 5, dM JQdfT cu
Jet Veto in
Beam Region
0.025 [y
- 300 < py <400GeV PYTHIA8 AU2 -
0,020 byl <2.K - qg - Zq (1TeV) -
Y & U TEL partonic
00151 — — hadronic+ .
- — - — partonic + !
0010} — partonic ® F
0.005} !
0.000 -':' S I T T ! .1..: ! 1
0 50 100 150 200

Initial State Radlatlon

Same Jet Functions! PDFs

BUT control of Underlying Event
iIs model dependent.

Same model used for
Hadronization can describe UE
by (primarily) tuning

one parameter Q.

() = /dkkF(k)

Stewart, Tackmann, Waalewijn, 2015



Effect of UE/MPI

012——

I Pythia8
I pp: pr = 750 GeV,R=1, p¥*'°= 200 GeV

Input mY© = 173.1 GeV

0 0.08— m—— 0D (Had+MP1)yPeak: 181.15 Ge
| I—
% I e pp (0Nly Had) N\Reak: 176.64 GeV
g - I — 0P (Partonic), Pegk: 174.18 GeV
S I
—| b

Soo I \\\

70 Il1;51 L 115‘;0‘ L l1g5l L 1$0‘ L 119‘51 l
: _ M, [GeV]
Input mass in Pythia
m:= 173.1 GeV Significant contamination

It Is not ideal to have such a large shift from the
contamination that needs to be modeled.



Second Simplification: Jet Substructure Techniques

CMS Experiment at LHC, CERN

Data recorded: Sun Jul 12 07:25:11 2015 CEST
Run/Event: 251562 / 111132974

Lumi section: 122

Orbit/Crossing: 31722792 / 2253

Use jet grooming

to reduce contamination. T N

3-Prong Jet



Soft Drop

Larkoski, Marzani, Soyez, Thaler 2014

Grooms soft radiation from the jet

: | , NG
Hlll’l(pszij) - (ARU) z > Zcut (96

PTi + DT :
7 two grooming parameters

Groomed jet Groomed Clustering tree

More Grooming Less Grooming

oo B<0 B

>

B— o

I
o
oo
\/
o



Soft Drop

Calculating Mass?
Larkoski, Marzani, Soyez, Thaler 2014

Pythia8, partonic

Pert QCD at ~ NLL

0.25 L BN T 025 F— T
plain jet plainjet  solid: mult. em. ‘
— B=2 — B=2
02 | — B=1 = 02 F — P=1
E=0 E= Sudakov factor
— =-0_5 - B='0.5
0.15 - = 0.15 - / -
R=1, p>3 TeV R=1, p>3 TeV
Z,,+=0.1 Z,,+=0.1
0.1 - 0.1 -
0.05 - 0.05 / 4
0 1 1 || 1 ||| 1 pal L1 0 ||| 1 11 1 ||| 1 ||| 1 1
10° 10° 10* 10° 102 107 10° 10° 10° 10* 10° 102 107 10°
m?2/pt2 m?2/pt2
More Grooming l l l Less Grooming l
>
B— - B <0 B >0 B— o



Soft Drop Factorization

Factorize

JetFunction 4 Frye, Larkoski, Marzani, Schwartz, Yan 2016

D C o (Selzem)

, J(e5”)
(a))Q% M;( L_ SC(Zcuteéa))

TG

Match to SCET

d
1 .
log — 4 Soft-Collinear
fot Function S
— H(QQ)SG(Zcuta 6)
X SC(627 Zcut s /8) & ‘](62):|
o () isolates measurement
@) ; .
L 1og - log 5 achieve NNLL precision



Top Jet Mass with Soft Drop
pp — 1t



Top Jet Mass with Soft Drop
y A. Hoang, S. Mantry, AP, I. Stewart

k:f (7, k7, k1) = (E(1 —cosf), E(1+ cosf), k)

ACEN

17
a) Peak Region Constraint: b) Soft Drop Constraint:
_ 5 i
m ZmFt 1]
z[(1 —cosf) A Q2(1+COSG) ~ 0 2> Zeut 0
COI‘lStraints on '/ ultracollinear _‘_’?_t-‘-’——e—d _____ e
Soft Drop parameters: 01 : _ :
“light grooming here”;
Ft Q B QmFt . 107° allowed region B=2
& 3 z
(zm)/, > o > T 32
Ensure soft drop ‘ 0 e
does not touch mass ultrasoft not vetoed T .

Ensure soft drop 107" 500 1000 1500 2000
removes most contamination pT [GeV]



In(

T Softer

Top Jet Mass with Soft Drop
Collinear Soft Mode

Hyperconfining




Effective Theory for Groomed top jets
A. Hoang, S. Mantry, AP, |. Stewart

Factorization Theorem for Soft Dropped Top Jets:

do B ) Qﬁ m % ; 1

Now includes semi leptonic decays!



1 ultracollinear Vetoed ___________________________________
0.1¢
1072 allowed region B=2

ultrasoft not vetoed
-5 ‘ ‘ |
10 500 1000 1500 2000
pT [GeV]

ultracollinear vetoed

;é allowed region B=1
107%
104 e e
ultrasoft not vetoed
_5 ‘ ) .
10 500 1000 1500 2000
pT [GeV]
1
i ultracollinear vetoed
0.1:
5 1072
3
N .
1073 allowed region
04T
ultrasoft not vetoed
_5 ‘ ) .
10 500 1000 1500 2000

pT [GeV]

Peak Region

More
grooming

Zouyt

Zouyt

i ljltrgcollinear vetoe

B =2, pr =750 GeV

allowed region

-3 ‘ ‘ ‘
10 185 190 195 200

M, [GeV]

_____

Pras

B =1, pr =750 GeV

allowed region
10
1073 ‘ ‘ ‘ ‘
175 180 185 190 195 200
M, [GeV]

1073

185 190 195 200

M, [GeV]



Groomed Jet Radius: Rg
Larkoski, Marzani, Soyez, Thaler 2014

1
log —
2z

A :
N
g1
oS
Sy
e Lower
log L O f pT
Zcut
> log o

from decay products

do

[arbitrary units]

dR,

[arbitrary units]

do
dR,

[arbitrary units]
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1.1

0.1

0.3

[ N N
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Pythia Studies

Test Theory Predictions with Simulations



Z.ut dependence

most contamination

predict transition for “light Soft Drop” s removed

012 { { { { ‘ { { { { ‘ { { { { ‘ { { { { ‘ { { { { ‘ { { { {
j Pythia8 mMC¢ =173.1 Gev |
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% B m— Pythia, zcut=0.01 N
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Predict independent of cutoff
on radiation outside the jet (“jet veto™):

012 { { { { { { { { ‘ { { { { ‘ { { { { ‘ { { { { { { {
j Pythia8 mMC¢ =173.1 Gev |
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Soft Drop prediction: Same Result for eTe™ and pp

Without
Soft Drop
(differ):

02—+ T T T T
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Soft Drop prediction: Same Result for eTe™ and pp
collisions

With
Soft Drop:

O.Zk T T T T T T T B
~ Pythia8 mM®=173.1 Gev i
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Compare Simulations to Our Theory

(preliminary)



Pythia Simulation vs. Theory (with Soft Drop)
mP = 171.8 GeV

without
contamination:
mM¢ = 173.1 GeV
- \ | \ -
: . pp: pr =750 GeV, p§°=200 GeV |
0'2* 'z =001GeV,8=2,R=1 ]
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0.05 i
| R N R ]




Pythia Simulation vs. Theory (with Soft Drop)

mP = 171.8 GeV

with Same!
contamination: m,MC _ 1731 GeV

| ‘ W W W | W W W W ‘

B | . pp: pr =750 GeV, pJ°= 200 GeV  _

O i . zew=001GeV,p=2,R=1 ]

E; 0.15- Thany}kwnnﬁar@mw:17L8CkV’:
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S| Pythia Had+MPI: mMC = 173.1 GeV

Cl5 0.1 N
—| b
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Dominant change is expected: (2; (hadronization)



Pythia Simulation vs. Theory (with Soft Drop)

Add uncertainties from

- .- Translation of theory uncertainties to
scale variation:

the fit parameters is in progress.

B i | T T T -

: pp: pr = 750 GeV, pi©= 200 GeV

021 i .z =001GeV,3=2,R=1 7
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P8 01 N
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Pythia Simulation vs. Theory (with Soft Drop)

Testing sensitivity to
higher moments:

0, = / Ak k Fodel(k) I, =

: ! | \ |
i § . pp: pr =750 GeV, pi°=200 GeV
02 i .z =001GeV,8=2,R=1 -
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ClS 01— -
—| b - i
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Looks very promising:

pp calibration

Even direct I ~~
Comparison /




summary

* Probing the question: "What mass are we
measuring?”

* Answers from connecting theory (QFT) to
Simulations or Data.

* A promising new method to measure Top Quark
Mass exploiting a light Soft Drop



