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The top quark mass . highly important parameter of the SM

Constraints on new physics
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What is the top quark mass?

» There are different definitions for a mass

» Kinematic: reconstructed object fitted to Monte Carlo event
generators (so-called MC mass) Direct measurements

» Field theoretic: a (renormalized) parameter in the Lagrangian
density (scheme-dependent) Indirect measurements

> Pole (on-shell) mass

» MS mass
-QUARK MASS
> t-Quark Mass (Direct Measurements) 17276 + 0.30 GeV (S =1.2)
Tt (-Quark Mass from Cross-Section Measurements 162.574-1CeV
(-Quark Pole Mass from Cross-Section Measurements 1724 + 0.7 GeV
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Indirect measurements of the pole mass
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Indirect measurements of the pole mass
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The next natural step is to use more differential observables...

...should choose observables most sensitive to m,
4



Threshold region and top quark mass
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Threshold region and top quark mass
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Threshold region and top quark mass

M — 2m, in tt+jets production - .
& ! e M,; — 2m, in tf production

Alioli et al.: 1303.6415

| | 1 I I

L tt+1Jet
SN 015 — I Ame|e= 10 Gev 255
o B A= 5 GeV _
s _
S — Lt = 2my
2 3 o1 === am™=t10Gev P T M.-.
.'l..__4J Q) - I pole_ 1]
= = Am; =5 GeV
- = [
3, 0.05 m
;6 B —
2 — Ml-l_-

:".‘Ll"ll—r.-..._r"_rl ®,

Ollllllllllllllllm III|IIII|IIII|IIII

02 03 04 05 06 07 08 009



Threshold region and top quark mass

M — 2m, in tt+jets production - .
& ! e M,; — 2m, in tf production
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Most of the mass-sensitivity comes from the threshold region



Threshold region and top quark mass
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Threshold region and top quark mass
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Most of the mass-sensitivity comes from the low M,; region



Threshold region and top quark mass
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My focus in the rest of the talk



Threshold region and top quark mass
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Threshold region and top quark mass

cmMs 35.9 fb™ (13 TeV)
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The difference is much larger than the estimated uncertainties...

What could possibly be the reason?
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The method of indirect mass measurements relies heavily on
both the experimental side and the theoretical side
cMS
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The method of indirect mass measurements relies heavily on
both the experimental side and the theoretical side
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The method of indirect mass measurements relies heavily on
both the experimental side and the theoretical side

The experimentalists
need to measure the
mass-sensitive
observables to high
precisions
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The theorists need to provide
high-precision predictions
for these observables



The method of indirect mass measurements relies heavily on
both the experimental side and the theoretical side

_ CMS
The experimentalists & 92| a0
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There are various possible reasons for this discrepancy, e.g.,

definition of M unfolding, higher order corrections, ...



Up-to-date perturbative predictions

NNLO+NNLL' in QCD
Czakon, Ferrogha Heymes Mitov, Pecjak, Scott, Wang, LLY: 1803.07623
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LLY 2016; Czakon, Heymes, Mitov 2016; Pecjak, Scott, Wang, LLY 2018;
Catani, Devoto, Grazzini, Kallweit, Mazzitelli 2019




Up-to-date perturbative predictions
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Up-to-date perturbative predictions
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Still a discrepancy precisely in the m,-sensitive region
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Up-to-date perturbative predictions

S = 1| [ cMs(dilepton)

S [ === 7 N0
Czakon, Ferroglia, Mitov, g e i L NNLO+NNLE

= TE D L QCDXEW "
Pagani, Papanastasiou, A =T 0 0 1 QCDxEW+NNLL

S [
Pecjak, Scott, Tsinikos, 8 0t T T 1= N W
Wang, LLY, Zaro: = LHC 13 TeV CMS 35.9 fb1 .

B —

1901.08281 el = H/4 m _1725GeV

D oW e
IIII|I

0\' " -
I_AIIIIIIIIIIII
o
l—b:—|
o
ol
~p-
oo
©|-
NE
o[
— :
28
G T
)
= nld

Still a discrepancy precisely in the m,-sensitive region

What else have we missed?



Non-relativistic Coulomb corrections

When the top and anti-top quarks move slowly with respect
to each other, exchanges of gluons in between lead to
“Coulomb corrections” or “Sommerfeld enhancement”

4mt2
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Kind of “non-perturbative” bound-state effects, but still calculable
for top quarks

Resummation to all orders in «;
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A note on technical details

The basic EFT framework to resum these Coulomb corrections has

been laid out in, e.g.
een laid out in, e.g., Fadin et al. 1990; Bodwin et al. 1994; Petrelli et al. 1997;

Hagiwara et al. 2008; Kiyo et al. 2008; Beneke et al. 2010

» We have derived a next-to-leading power (NLP) resummation
formula with full kinematic dependence (and have calculated
a new hard function for that) which allows us to:

» Use dynamic renormalization and factorization scales, and
consequently combine our resummed result with existing

NNLO calculations

» Study double differential distributions

12



Momentum regions and EFIs

hard: k¥ ~ Mz,
potential: kY ~ M8, k ~ M3,
soft: kM ~ M[5,
ultrasoft: k* ~ MthQ ,
collinear: kM = (f;-k,ni-k, k1) ~ Mg(1, 5% 8).

13



Momentum regions and EFIs

Using EFTs to describe physics at different scales

Wilson coeflicients

hard: k¥ ~ Mz,
potential: kY ~ M,:3°, k ~ M8,
soft: kM ~ M[5,
ultrasoft: k* ~ MthQ ,
collinear: kM = (f;-k,ni-k, k1) ~ Mg(1, 5% 8).

13



Momentum regions and EFIs

Using EFTs to describe physics at different scales

Wilson coeflicients

hard: kH ~ M,

— — potential: k" ~ M;z8°, k ~ M3,
pNRQCD < soft: kM ~ Myf3,
\ ultrasoft: k" ~ Mt552 :

collinear: kM = (f;-k,ni-k, k1) ~ Mg(1, 5% 8).
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Momentum regions and EFIs

Using EFTs to describe physics at different scales

Wilson coeflicients

hard: kH ~ M,

— _ potential: kY ~ M52, k ~ Mz
pNRQCD < soft: kM ~ Mtfﬁj
\ ultrasoft: k" ~ Mt552 :

collinear: kM = (f;-k,ni-k, k1) ~ Mg(1, 5% 8).

/

SCET, irrelevant at next-to-leading power,
possibly relevant at higher powers
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Factorization formula
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Factorization formula

do
M -d©
Other kinematic variables «+—

NJHxefxf
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Factorization formula

Potential function

\

do JH XJIXfXSf
dM ;d®

Other kinematic variables —
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Factorization formula

Potential function PDEs

Y

XJIXfXSf
dMde
Other kinematic variables «+—
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Factorization formula

Potential function

\ P7Fs
Hxefxf

dMﬂd@
Other kinematic variables «+—

Kinematics-dependent hard function (different from
known ones in literature)

We calculate it analytically to next-to-leading order

14



Factorization formula

Potential functlcb)n\ PDFEs
Hxe X
dMﬁd(*D Ukel)

Other kinematic variables —

Kinematics-dependent hard function (different from
known ones in literature)

We calculate it analytically to next-to-leading order

Note: no soft function at NLP! What about higher powers?

14



Factorization and resummation

Pre-factors to account for the exact leading order

do; 16202 () | Mg + 2my
— - 17,0 0
dM,; d© M AT, 2 Ciie (€030

%X(Za Mtfa QTa Y7 M :uf) JQ(E) + 0(53)

1
Cqg8(cosby) = 1 [2 — 5%(1 — cos” Ht)}
1
Cgg,1(cOS0r) = 2(1 — B2 cos? 0;)2 [4 —2(1 — 52)2 - 252<1 — 52 cos” 0;) — (1 + 52 cos” 9t)2] ;
16 9
Cgg.8(c080;) = 2¢44.1(cos b) [3 — 1—0(3 — /32 cos> Qt)] :

Benefit of the pre-factor: re-expansion the resummation formula to
the first order reproduces the exact LO differential cross section
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NLP resummation and matching

oNLP / dz / e / 2T depy /QTmax 10 /Ymax Gy L6mrag(py) | Mg+ 2my
cos 0,
tht g Yinax SMth 2 Mt
1

X Y Cijalcos ) ffij (/2 np) S K (2, Mig.me, Qr, Yo i ) + O(5%).

17,0 /

(0) N as(fr) (1) 0 B s (fr (n)
sza<J0 (E)_l_']l (E))+—Hij,aJO (E Mttz< ) K

47
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NLP resummation and matching

oNLP / dz / e /2” depy /QTmax 10 /Ymax gy L6mrag(py) | My + 2my
tht t g Yinax SMth 2 Mt

1
X Y Cijalcos ) ffij (/2 np) S K (2, Mig.me, Qr, Yo i ) + O(5%).

17,0 /

(0) o as(fr) (1) B as(ir) \ " e n)
Hz]a<J0 (E)—|—J1 (E)) —I_TH’LJO(JO (E — Mttz ( ) 1,0

Fixed-order expansion of the resummation formula:

dMy )y =2 ) t " Vo s M3 2My;

1M2 Qs Uy n
X cha (cosb) ffii(T/z, 1y) M Z( (ke ) Kz(j()l.

z &
17,0
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NLP resummation and matching

oNLP / dz / e /2” depy /QTmax 10 /Ymax gy L6mrag(py) | My + 2my
tht t g Yinax SMth 2 Mt

1
X Y Cijalcos ) ffij (/2 np) S K (2, Mig.me, Qr, Yo i ) + O(5%).

17,0 /

N s (fir) s (fr n
Hz(] 21(‘]0 (E) + Jl (E)) + H’L(j )a JO (E — Mtt Z ( ) KZ(LZV

47

Fixed-order expansion of the resummation formula:

dz 27 @7, max Ymax 167202 () | Myg + 2my
d 0 dY ST
tht / / R / ./ QT / Yimax S M 3— 2M,;

1M2 O Uy n
X cha (cosb) ffii(T/z, 1y) M Z( (ke ) Kz(j()l.

z &
17,0

Match to exact NLO and NNLO calculations:

do(MNLO+NLP 7 NLP 7 (n)nLO 7, (N)NLO

thf thf th{ —I_ thf

16



Perturbative hehavior
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Perturbative hehavior

Fixed-order expansion divergent in the threshold limit
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Perturbative hehavior

Fixed-order expansion divergent in the threshold limit
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Perturbative hehavior

Fixed-order expansion divergent in the threshold limit
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Compare to data: absolute distribution

; 2.5

5 - LHC 13 TeV, m=172.5 GeV @ CMIS
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Compare to data: absolute distribution

»>-\ 2.5

5 - LHC 13 TeV, m=172.5 GeV @ CMIS

i% " NNPDF31_nnlo_as 0118 § mh?o

s | M, €E[300,380] GeV i NLO+NLP
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- __ Better compatibility| with data

1.0
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Compare to data: normalized distribution

—~ 29

E - LHC 13 TeV, m=172.5 GeV == CMS

) B ¢ NLO
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A
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For normalized distribution, the NNLO corrections are small in
this region, but the Coulomb corrections are still significant
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Compare to data: double distribution

=0.20
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Observing similar effects as in the single distribution
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Influence on mass extraction: absolute distr.

< 1.80
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Influence on mass extraction: absolute distr.

< 1.80
s | LHC 13 TeV, u = u_ = Hy/4
2 NNPDF31_nnlo_as_0118
= 1.55 M. €[300,380] GeV
2 ~NLO
. N ’ —~ NLO+NLP
i -« NNLO
a0 » NNLO+NLP
" Resummation moves t mass up by
1.05 —more than a GeV (closer to world average)
080 l l | l l l l | l l l l | l l l l | l l l l | l l l l | l l

170 171 172 173 174 175
m, (GeV) 21



Influence on mass extraction: normalized distr.
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Similar behavior for [300,400] GeV range ”



Influence on mass extraction: normalized distr.

—~ 23
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Reconstructed vs true top quarks

In reality we can only reconstruct top quarks from
decay products and extra radiations

Jet

Out
b /h\]/"
\ ATt ’
A
D > O O (O (O
pooogfc} > O C
c - QO
HM‘IJJ/ \\ 5
Jet /

b

Jet
Jet

In our study we have worked with stable top quarks, therefore

we can only compare with parton-level data (unfolded)



Reconstructed vs true top quarks

A recent study for reconstructed tops in the di-lepton channel
Czakon, Mitov, Poncelet: 2008.11133
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Reconstructed vs true top quarks

Another issue in the reconstruction/unfolding: there are

two b-jets and two W’s -
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Reconstructed vs true top quarks

Another issue in the reconstruction/unfolding: there are
two b-jets and two W’s

Usually one chooses to minimize
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Reconstructed vs true top quarks

Another issue in the reconstruction/unfolding: there are

two b-jets and two W’s O
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m, enters the reconstruction (and also the unfolding procedure)

May have an impact on top quark mass extraction!
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Beyond Narrow-Width-Approximation

Ideally one would like to study the invariant mass of bbW+W™

without NWA; diflicult when aiming for high precision (NNLO
and/or resummation)
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Beyond Narrow-Width-Approximation

Ideally one would like to study the invariant mass of bbW+W™

without NWA; diflicult when aiming for high precision (NNLO
and/or resummation)

Existing studies mostly
restricted to eTe~ collisions

Beneke et al. 2004; Hoang, Reisser 2004; Beneke et al. 2010;
Beneke et al. 2017; Bach et al. 2017; ...
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Beyond Narrow-Width-Approximation

—~ 4.0
R
%_ ~ LHC 13 TeV, m=172.5 GeV
The NWA also does not =32 \\rprst nnio_as 0118
. . 0 B
work in the highly off- 5 [ w=u=H/
. 24 —
shell region - LP
u — NLP
16 —nLO
T L — n?LO
V/

Need to study Coulomb effects without NWA!
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Need to study Coulomb effects without NWA!

Would be interesting to see how this
affects top quark mass extraction...
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summary and outlook

» The top quark mass, as an important parameter, needs to
measured to high precisions using different methods

» The indirect measurement is highly sensitive to the low-M -
threshold region, where various issues may affect the
outcome

» We reanalyzed the Coulomb effects in the threshold region
and found that they lead to better compatibilities between
the extracted top quark mass and the world average

» There are also issues in the reconstruction and unfolding
which seem to have even bigger impacts

» Needs to assess the Coulomb effects at a more exclusive level
in the future
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