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The Fermi interaction

= The first, probably best known, effective
theory is the Fermi interaction

E. Fermi
(Nobel Prize)

=

u :
P : Fa

= First direct observation of the
neutrino, Nov. 1970



Effective field theories

Three generations

of matter (fermeons)

= Powerful framework based on
Y exploiting symmetries and
shoran controlled expansions for
problems with a natural
separation of energy/momentum
or distance scales.

- oo

= Particularly well suited to QCD
and nuclear physics

= Effective theories are ubiquitous. The Standard Model is likely
a low energy EFT of a theory at a much higher scale



Examples of effective field

theories [EFTs]

A
DOF in ET " Full = Focusonthe significant-degrees
a Theory of freedom [DOF]. Manifest
DOF in EFT Effective power counting
Theory Q power counting DOFinFT DOF in EFT
Chiral Perturbation Theory (ChPT)  AocD p/AQcD q, g 1K,

Heavy Quark Effective Theory

AQcb/mb LI) ’A hv,As

Soft Collinear Effective Theory
(SCET)

on-Relativistic QCD (NRQCD)




Open heavy flavor

“I think you should be more explicit here in
step two.




EFT for jets - SCET

= ModesinSCET C. Bauer et al. (2001) M. Beneke et al. (2002)
Collinear quarks, antiquarks E,E
Collinear gluons, soft gluons A, A .
= Different SCET modes  p'=(+,—,1)  p’ fields
: . collinear D A2 1. (,b):/\.”) En, AL
formulations exist oft O(A A\ O°\2 4. A
_ 9 D O N [ N\ [ )
= Allows to easily write o(r)~ o (1“3 o 1n2”)
factorization theorems T ]n4" i 1“3"' f hl;)
. 3 7
= Facilitates the resummation + o[RS IS In® 7 [+ In 7)
of large logarithms through +
RG evolution equations Je L )L

Leading Next-to- NNLL NSLL

Original formulation of SCET with massless quarks 0 e



Example of successful EFT in matter

RHIC (though not the first Hi p QCD
machine) has played a very Jy T
important role in truly S ¢

developing a new field — o P4 ) " SCET
interaction of hard probes in "

time
matter
Energy loss approach n,A | BN Medium

M. Gyulassy et al. (1993) ¢

Medium

B. Zakharov (1995)

R. Baier et al. (1997) Idilbi et al. (2008)

EFT approach

M. Gyulassy et al. (2000) = Factorization, with modified J

X. Guo et al. (2001) (jet), B (beam), S (soft) functions

P. Arnold et al. (2003) Ovanesyan et al. (2011)

= Accomplished for light partons. | Z.Kang et aI (2016)

will discuss how to do it for ng

heavy quarks o =Tr(HS)« EB[ leJ i + power corrections



Heavy quarks in the vacuum

SCET), ¢—for massive quarks with Glauber gluon interactions

‘CQCD — L_‘(ZD — ‘771)'1;'" 1 DF = o -{-g;‘l“ AF = Aél + Ag + Aé
Feynman rules depend on the scaling of m. The key choice is m/p* ~A
|. Rothstein (2003) A. Leibovich et al. (2003)

With the field scaling in the covariant gauge for the Glauber field there is no
room for interplay with mass in the LO Lagrangian

Result: SCETMIG =SCET|\/| X SCETG

dN c Qg 1 l—2z+ ;1"3.,.""2 x(l — .1')m2
drd’k; / o0, = k2 + x2m? x k3 + z2m?

m You see the dead cone effects

dN Qg 1 9 o, 2z(1- x)m? .
<d‘,.de,‘._i )(HQQ =Ty T [J +1-2)"+ ﬁ] Dokshitzer et al. (2001)

= You also see that it depends on the
The processis not written Q to gQ process — it not simply x2m?

Z.Kangetal . (2016) everywhere: x>m?, (1-x)>m?, m?



Heavy quarks splitting functions in

the medium

Kinematic variables

C-'i + 2
pgx(l—1x)

B? + 172
(2 — Qo = ? 0 — Q3 =
- pozr(l—=x
New physics — many- POt =
body quantum v o= m (9—+QQ).
h ff v = Im (Q — Qq),
coherence effects = (l—s)m (G aQ),
dNmed _ s Cr / dAz / dgq L do (fl'wd 1+ (1— ;l')g B,
dxd?k Q—Qg om? ! Ag(2) “oe d’q T B% +v?
B C . C - C A,
—— — —— 1 —cos|[(2) — W)A2|) + 55— | 2——5 — —
(ara o) 0@ 8 + o (e~
B y . B, C v .
_m> (1 — cos[(21 — Q3)A2]) + B+ wier ju'—’ (1 — cos[(22 — Q3)Az2])
Al D, A, . Al D, |, |
- . 5 - — 1 —cos|QAz]) — — -— 1 — cos|{2: Az
+Ai + 12 (D: +v2 A% +1/"~’> (1 = cosl24Az]) A +v2 DI +1/~’( cos({2s42])

l” B, < ‘)A‘ = — A)B‘ ~)) (l — CU\[(Q] — Q_E)A‘.])
] Al +v: B +v°

) (1 —cos[(21 — Q9)Az2]) + ...

3
N 5 1 1 1
°m” | —: N\ = —— .
e B? +v2 \B? +v2 C% +12

A =k,B =k, +2q,,C =k, —(1-2)q,, D=k, —q

9 9
A5 + v~

P (1l —x)

Z.Kangetal. (2016)

= Full massive in-
medium
splitting
functions now
available

m Canbe
evaluated
numerically



Differential branching spectra

100 - e ————— g 100
T L L TR T T T .
RN Tl moete e 240 In-medium parton showers are softer and
1%— m2=4.5 GeV, 1%+2™ ord. W —él .
> = = 12_ _109, 3
Eof Ssee 7§ wmastenweor 3 broader than the ones in the vacuum.
F sprpmr 171717 ™= N s B e 3
00122k o~ g2F - —=0.01 . . .
R Bl 1 There is even more soft gluon emission —
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0.2 g 02 \ T / 702
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Implications for A+A Collisions

Heavy flavor still posed many Full in-medium parton showers require different

: techniques - higher order and resumed calculations
unresolved questions

ned d mec ! ymed !
D= [ S (3 u) PRt = DY o) [ PSS )

High-P+ stable, low pr 30-50% more [ g ()P
. 'P;:Qd & DH
suppression 2N OTERODE /_DH Pr -
. . — lU H med mm 11 med (1
Does not fully eliminate the need for =oneh ] + [ 5 ZD )

collisional interactions / energy loss

Importance of gluon fragmentation into HF
or dissociation

Kneesch et al. (2008) Kniehletal. (2008)

1.4 | [l <1, V5 =5.02 TeV A
centrality 0-10% 1.4 b w/o CNM effects 7] < 0.5, /5 = 2.76 TeV -
1.2 D°%-mesons . centrality 0 — 7.5%
g = 2.0 1.2 | D-mesons -
3 SRR § g=20=%0.1
o T i
os | Very same |
. < 0.8 | T
different =
0.6 | . o
0.6 _
0.4 — 2
SCETwM,a 0.4 3% % 7
M,G :g
0.2 | . 0.2 | T : 1
c+g SRx ALICE preliminary |:|
g SCETM.c EBE==
0 1 1 1 1 1 1 1 0 1 1 1 1 1 i 1
0 20 40 60 80 100 120 140 160 0 10 20 30 40 50 60 70 80

pPT T



Further constraints on the gluon

fragmentation in heavy mesons

s Clearly the gluon contribution to heavy flavor 25CeV <pfl<30CeV  30GeV<pf<40GeV 40 GeV <p'c50 GeV
- - - - . T T T T T T T T T T
is very important for reactions with nuclei THISFIT —— | i
o 0 o ATLAS —<—
=  We also have indication that the gluon to Ky
heavy flavor contribution can be even larger 8
(x2) &
data #data %
experiment type N: infit 2 R = >, STTECLMN B S S S S P
ALEPH [50] incl. 0091 17 310 s omsp e
/ . 05 | Il Il Il Il Il Il Il Il Il Il Il Il Il Il
OPAL [51] ;nthl'g }'88(2) g gg s 04 05 06 0.7 0.8 04 05 06 0.7 0.8 04 05 0.6 0.7 0.8
btag 1.002 9 56 %n Zn %n
ATLAS [34] D= 1 5 13.8
ALICE [37] V/§=7Tev D't 1011 3 24 —
ALICE [38] /§=276TeV D*t 1.000 1 0.3 05 [ THISFIT == ] 1002
CDF [39] D* 1017 2 11 S Kkksos - - - : S )
LHCb [36] 2<n<25 D** 1 5 82 SR N E )
25<7n<3 D** 1 5 16 04l Po10Gev? e o
3<n<35 D** 1 5 6.5 Lo =
35<n<4 D** 1 1 2.8 2
et ) N;: 03 | 4T 115 2
ATLAS [26] 25 < £ <30 (jet D**) 1 5 55 Z -
& = — @
jet . a.- e — 3
30< ZLo <40 GetD'F) 1 5 41 S o2l Jos &
<
jet . 0
0< B <50 GetD*) 1 5 24 | o
ij , 0.1 a
50 < &L <60 (jet D*F) 1 5 09 gluon 1 <
p“,iM . + - . ! §
60 < &% <70 (jetD*F) 1 5 1.6 L e : {05 5
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il 0 =
TOTAL: 96 102.9 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
z z

Global analysis including semi-inclusive annihilation, inclusive

hadron production and hadrons in jets, no SIDIS data D. Anderle et al. (2027)




A different set of fragmentation

functions

Large systems and applications of in-
medium evolution

Pb-Pb 5.02 TeV Xe-Xe 5.44 TeV Au-Au 0.2 TeV

+ PHENIX, n

W. Ke et al. (2022)

Raa, h*

aDY (2,02 i ‘ o 5
(};/lanZ Z/ : [Pli(x — 1 —2,Q%) +d;s(Q2)5(1 — )] Dy (;.QZ)

Heavy flavor specific treatment

zqu(Qz) _ ny"‘(QZ)Cpfi cu(r) = F (1 i ;7 17‘2) F (1 - 127 e ) — 22 \/1 4r2, +
2T 2 Q
« 2 1 . 7 <
dyr(Q*r) = %(,‘F@HH@»)A F(z) = —2* + ;.r‘ -2 r=M/Q m:g
4 1 22 +1 21 NN ) A
doy(@2, 1) = ;{92) {161 _N zp + 3 Treeulr ﬂ () = ot s ep t e e o |
H=cb
0.0
] _ - ATLAS 4 PHENIX, b—e
| — DneBewier — Linagowler Lol ononpromptyw |
51 2Q € (1/2, 2)Myas) 20 € (1/2, 2)Mys) “ = R
4] + CLEO,e-e* —»cc-D + CLEO,e et =2¢cé-D" CZ ‘r\—/ \ -
N < B % A
% 3 - & 0.5 Vi *# t
Pygo o=t
21 <L ~ a8 N
//’ \_\ /_/' \.\ 0.0 . . ) " - .
"1 el ) " A\ 10° 102 10" 102 0 10 20
o - —r_ ’ = pr [GeV/c] pr [GeV/c] pr [GeV/c]
61 _ Qo=mc+0.33 GeV __ Qo=mp+0.33 GeV
Lund-Bowler Lund-Bowler H H = = =
sl S0E (i S bl Theoretical results agree with existing light hadron
e b METREGEESD” + ALEPH,Z-bb-hs and D meson measurements at RHIC and LHC. True
N - - -
Qs for both central and peripheral collisions
-
1] There is tension with the B meson production (or

non-prompt J/psi). Combination with the May be

dissociation?



Inclusive heavy jet production

* Jet production is one of the cornerstone processes of QCD. Light jets have been
studied for a long time. Recent advances for heavy jets (e.g. b) based in SCET

hg—»

mq

—_— / o T Scalesin
— :
hh — ; —+ £ 4, ~prrR  the EFT

— Aqcp

hi+ hy = Jet + X

d 2 L L
D T ACH [ YOS
dprdn § 2 Jymin Ta pmin Tp

1 7 A : / , “
dZ A0 gb—s ¢ D7 [Zc, M)y L)
p L z; dudz ']J/C(an wy tan(R’/Q)’ mq, :UJ)

min c



B-jet production in pp

collisions

o — ] — — — — .
107 ‘:‘t’i \‘SRN_‘(;’ o ol Iyl<0.5 (< 625) | T | i PR PR e S
i 1 0.5<lyl<1 (x 125) - e :
o [Wig. 0.02F e
10 - W 1<lyl<1.5 (x 25) o= AT o NLO :
g = o] == P+p  |Sx=7 TeV  Anti-k, R=0.5 |
‘&“1.._ 8l 1.5<lyl<2 (x 5) =2 A i) 3
s T 4 2 2<lyl<22 — 0.04F 88 05dyl<1 S B8 SRR S S S
“N"a., - | 0.02 é._ <
3 / ; . =
S 10y g N - - e
© i e N Wy n Y = — = —
A4 ‘\ . - o - =
"& — 5&;_ " *\&{” _— .2 0.04— A l<lyl<l.s A
-~ | \ x “13/ ‘%c .‘gﬂ A % E * " gy A —I g
> W . N 3 0.02F" G =
o 10 ‘& E N “g -y *% E o= =
3 - - N y 5] S — — =
,?S B . ‘E% ~ 2 004F MM 154y i
B Ty N, Ny ¥ g o, | O ey
- . 0.02F"5g0= =
| I o N NN oF E
\ + t t +—t
NLO+LL _*“ Jﬁ.} 0.04E +  2<lyl<22 -
n - o ESESS ]
- 0.02f +M
1| | i ok - =
20 30 40 50 6070 100 200 20: 20F 140 200070 100 200
b-jet P, (GeV) b-jet P, (GeV)

Data are consistent with the theoretical predictions

For the ratio b-jets to inclusive jets the difference between NLO+LL
and NLO can be traced also to the differences in the inclusive jet
Cross section



Corrections in A+A collisions

Let us now focus on the jet function and final-state modification in the QGP

dU 2 dwa :
AA-J+X _ 2PT Z/ (-’Ba,u)/ ——fb(wb,u) — CNM effects
mﬁbl)lll

dedn a b " wmm

1 ~
dz. dGab—c(8, pT /26,1,
X/Z 2 (dvdz/ BLD 1,14z w3 tan (R [2), g, 1)

min

The short-distance hard part

: Encodes the effects when the jet
remains the same

evolving in the QCD medium
The jet function receives medium contributions from

collisional energy loss and in-medium branching Jﬁ?@ = J}“e;izf(o) + Jgne;ii’(l)
processes - “ “
. . Jhib = -+ A
Vacuum jet function: 0at) o)
Medium corrections: =
= L)+ < + Ty
® ® Vj ® U
G 0D
Medium induced JF L0
corrections to the LO jet ® YV o
function Ola, x 1) © Medium induced

corrections to the NLO jet
function



B-jet production in A+A

collisions

H. Li et al. (2019)

> _ min(pry, pra) (ARI:?) g
g= —— > Zeut
pr1+ P12 R

1.5 Pb+Pb (5 =276 TeV
0-100% NN
£ g=20 E Soft dropped
R : P12 momentum

o.sz--vq:""—“- ¢ E ; r =AR sharing

= ats ] 12 . . .
(g mmDua mmNLOML - . distribution
“F 0-10% Anti-k; R=03 <2 ]

1F . P11

3 - ‘

Rua
o
[3)
I

O, . i
30-50%

HF jet substructure shows some unique features

<« I ]
< . ?‘ﬁ-ﬁ 1.4
% 0.5[ - T S\n=200 GeV

1o ant-k, R=0.4

| |

g=2+0.1 MLL ]

BN c —»>cg ]
[ b — bg —

100 150 200 250
b-jet P, (GeV)

1

AuAu/pp

0.8—

0.6

Slightly less dependence on the centrality when
compared to the well-known light jet modification

10<P, <30 GeV
SD: =0 z_=0.1 g >b

l‘\\

1.1

I
\\\\‘\\Lllll

AuAu/pp
[ c-

Theoretical results agree well with the data for
both the inclusive cross sections and the nuclear
modification factors

o
©

Q\\‘\\\
(&)}

025 03 035 04 045

o
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o
ok
(6]
o
N



Heavy flavor jets at EIC

Z. Liu et al. (2021)

A key question — will benefit both nPDF extraction 2.0 ' '
and understanding hadronization / nuclear matter 10 GeVv(e) x 100 GeV(A) R=0.3
transport properties - how to separate initial-state & 1.5} 2<n<d g, ~""R=05
and final-state effects? 5 7
Leveraging the vacuum and in-medium shower E—Z R T
differences. Define the ratio of modifications for 2 r:i“ 41 annranr st ans ra s ana e IR SCEPLEEL B ELLE bt
radii (it is a double ratio) PR S '
A O e L )
Rr = Rey (R)/ Rea (R = 0'8) c jet Results are similar for b-jets i
0.0 * + . .
= Effectively eliminates initial-state effects 8 10 12 14 16 18
» Final-state interactions can be almost a pr [GeV]
factor of 2 for small radii. Remarkable as it ' ' ' ' ' 1'{ '
: : 4} 10 Gev 100 GeV(A) === =0.
approaches magnitudes observed in heavy o © p(f)_;g GeVe A . R—g 2
. . . —~ J —
ion collisions (QGP) R 1.2
o
o=
s st 5@5 o E:_=__=f_-‘:.=.-.-:.-.=.=..=.=.ff?ff:‘ff_'_'fff::_-_-;:--; _______
. 1 Sosf T S,
Electron . \\\\.
= 0.6F cjet R
—(;.5 OTO Oj5 le 1?5 2?0 2?5




Quarkonia




Production of quarkonia

# « Non-Relativistic QCD (NRQCD) -a particular Bodwinietat-|(1995)
type of effective theory (EFT) Cho et al. (1996)
B~ 1,1,1,1
mo Explores all regimes of bh: 02~ 0.1 Ultra-soft  Ps mqu(1,1,1,1)
aen cc: v?~0.3 ‘ Phs ~ mqv*(1,1,1,1)
D? D?
Perturbative Lxrqep = Liight + 9 (ZDO + 2M)1/} + X (ZDO ZM)X

MQU g - =--cmcmmcn-- f f

Non-Perturbative | |
QCD without the  ultra-soft + heavy - soft interactions

Aqcp heavy flavor at NLO
mqu? IPo| ~ mou
typical momentum if heavy quark: Pg Q ,
typical kinetic energy if heavy quark: Kq ~mqu
@
PNRQCD  N. Brambilla et al. (2000) vNRQCD M. Luke et al. (2000)

* NRQCD factorization formula. Short distance cross sections (perturbatively
calculable) and long distance matrix elements (fit to data, scaling relations)

do(a+b— Q+X) =) do(a+b—QQ(n) + X)(O2)



RAA

Open questions

= Universality of

1.2

0.8F

0.6

0.4f

0.2"

LDMEs - strong
tensions remain if
one attempts
global description

Aabud et al. (2018)

T ] UL I L [ T rr I L I T T I UL [ T
T ATLAS Centrality 0-20% 7
- Prompt J/y, lyl <2 Correlated systematic uncer.
- mmm Color screening [Phys. Lett. B778 (2018) 384] -
| ==== Color screening [Phys. Rev. C91 (2015) 024911] _—
[ W Energy loss [Phys. Lett. B767 (2017) 10] 1
: Energy loss [Phys. Rev. Lett. 119 (2017) 062302] :
- o, =206 GeV —
_l l 11 1 1 l 111 1 [ 11 11 l 1 11 1 l 1 1 11 l 1111 [ ]
10 15 20 25 30 35 40

N

—
>
[
9
Qo
&
N
Q
210 ¢
<
+
2
-
T
Q
8

T T ™1 LI L B B B L N L B B B L

60 GeV < W < 240 GeV ] 2 «  ATLAS data: Vs =7 TeV
10
03<z<0.9 4 \ ly] <0.75
10 }Qa o CDFdata: s=1.96TeV
ly]| <0.6

Q?<25GeV? ]
%=319GeV ]

H1 data: HERA1
H1 data: HERA2

[ ——— CS+CO, NLO: Chao et al.

do/dp(pp—J/y+X) x B(Jhy—up) [nb/GeV]

- 10 10°
pf [GeV?)

= Suppression puzzle - similar dissociation
behavior observed in small system, p+A and
even in p+p (where QGP is not expected)

= Various models of quarkonium suppression
proposed

| got interested in the energy loss claims and decided to test
them (and also look at more than one state)



Leading power factorization

Singlet contribution

S. Fleming et al. (2012)

M. Baumgart et al. (2014)

Y. Ma et al. (2014)

0 B
% 'Q % Q
q S 1 1 e Pesanas 1 1
) ~J Z)—S Y Q ~J —4 ~ _4
1 Q pJ_ p_L
A’éﬁ w&mm NLO NNLO
LO Octet contribution NLO ~ " Prompt 9(35)
3S[8] 15[8] 3P[8] % 1070 ¢ mm% g CMi)data x 10, |y| < 1.2 7
1 0 » J Q ‘gg.sgk:.:‘ — 4+ CMS data, |y < 1.2
v - \—% By mm P _, {4 CDF data, |y| < 0.6
Q Q 'g ~§( 10 3 '—'—!H_"_H e
- ]
1 1 >/<J; 1075 LP+NL8 10, lLTc Iyl < 1.2 i
pilL pi CC? - LP+NL9, Tevat‘ron ly] < 0.(:' ‘
1.0 T 5 = i %
LO NLO o
& E 1': e F ,
- - S + (]:.
Only a subset of contributions 5 |
survive, now interpretable as 0 |
parton fragmentation in quarkonia
pPr (GeV)

G. Bodwin et al. (2016)



Double suppression ratio Y(2S) / J/W

1.8 - I ' I ' I

E 1.6:— —w(ZS)/J/wsuppression,E-Ioss-: u |nt_he double Sup ression
= 14F e ATLAS data, p,=9-40 GeV - ratio RAA(¢(2S) )/ AA(J/LP)
o 12F . the discrepancy is not
~ 1.0F — - simply in magnitude.
n 08F% Pb+Pb, 57-5.02 TeV . There is a discrepancy in
N 06F | g=1.7-19 I the sign of prediction
2, 04| ¢ + _
< Yar ]
m< 0.2 + —
OO- 1 | 1 | 1 | 1 i
0 100 200 300 400 e A L B
Npart. > lof ¢ CMSdatas"*=5.02TeV | ~
2( 1.4_— Min. bias Pb+Pb — y(2S) / J/y suppression .
Y. Makris et al. (2019) o 12 17103
=~ LOp ]
. o 08f .
The energy loss picture of N el E
quarkonium suppression in the py 3( 04L } + + ]
range measured by ATLAS and CMS 02k + + .
I | ]

(up to 40 GeV) is strongly disfavored 00— "5 ""15 30 25 30



NRQCD in a background medium

m Take acloserlook atthe NRQCD
Lagrangian below

Scales in the problem
p* ~mgu(1,1,1,1) soft ~ A

pE, ~mou?(1,1,1,1) ultrasoft ~ A2

i‘h\e‘ugvoiutim -
o * = Ultrasoft gluons included in
covariant derivatives

1 v v v 2 . p_ZD ?
L=~ F Fuy+§pjypu,4p—p Al +§pj¢;f,{zD0—( ) }wp

= Soft gluons are included om
explicitly 1
—4ma, Y {Fp; A%, A% o,
ble soft gluon emission o 0
Double soft gluon emissio g —p+p) —g®q—p+p) +9"(q—q)° ; ey
. . + ( r_ )2 wp’[ q q}wp
Heavy quark-antiquark potential P —P
+yx, T T
. . . 4 s ) _
(can also be interaction with soft YTyt TA

particles) pa (P—q)



Allowed interactions in the medium

= At the level of the Lagrangian L£NrQepg = £xrQep + Lo-c/c (¥, Ag)c)
+ Eg G/C'( 4“ )b 4’2—7(-.) + LIJ (——)X

- Energy component must always be
suppressed

- Glauber gluons - transverse to the
direction of propagation contribution

- Coulomb gluons - isotropic momentum
distribution

Possible scaling for the virtual gluons interacting
with the heavy quarks
0123 + - 1
(1) 4gc~ (A2 AN A0 ~ (A2 020,

po ~ (A2, M A0 lo ~ (A2, A\

= ~ =

aG/qQ
@) o~ (2NN ~ (AL AL AL),

= (alculated the leading power and next to leading power
contributions 3 different ways

Background field  Performa shiftin the gluon field in the NRQCD Lagrangian then perform the
method power-counting

Hybrid method From the full QCD diagrams for single effective Glauber/Coulomb gluon
perform the corresponding power-counting, read the Feynman rules

Matching method Full QCD diagrams describing the forward scattering of incoming heavy
quark and a light quark or a gluon. We also derive the tree level expressions
of the effective fields in terms of the QCD ingredients



Example of the background field

method

Perform the label momentum representation and field

substitution (u.s. -> u.s. + Glauber)

z()t — g~1( — g~10
~ ,\2
—(i8 + gAy + gnA%) + O(\®) ,
NV/\2

ZDt

iD= _P
~ A

E=0,(Ay +Ag) + (8 +iP)(AY, + AL) + gTe fP2(AY, + AL (Ay + Ag)®

=P AL +O\Y
\W—/
~ A3
B=—-(0+iP)x (Av+ Ag) +
= — (1P x n) AL +O(\Y) .
N — —

~ A3
Results: Leading
depend on mEd'Un_"
the type of corrections

the source of
scattering in
the medium

Sub-leading
medium
corrections

ch Ay + Ag)(Ap + Ag)®

(@) =) dp(a)
p

iDy — Py +1i8, — g(Aly + AL )

Example for a collinear
source (note results depend
on the type of source)

Substitute, expand and
collect terms up to order A3

£8) 6100 Atc) = 3 Uhrap ( — 94%c) i (collinearstatic/sof).
p.ar
2A2(n-P) —i|(PL xn)AZ| - o
E ) ALY = g Z Lp+q7—( £m ] )q-p (collinear)
p.ar

Y L, A4 =0 (static)

Q_C Ly 4 C — P .

2Ac-P+[P-Ac]—i|PxAc|-o

(1) o f

EQ (4, A% =9 Z I)+(1T( 2m [ } )L‘JP (sof?)

P.qr



The QCD forward scattering

diagram expansion

= Looking at t-channel scattering we can also extract the form of the
Glauber/Coulomb fields in terms of QCD ingredients (and recover Lagrangian)

P —s — 7
{‘ p— 9 - —
coll. _ 9 N, tg—coll. = é ; ;_: ; ; ; S
] On - - ] )71 pn

Glauber field for collinear source _ 40
g—coll.

+tg coll. +0()\?).

Glauber field for collinear source
Coulomb field for soft source abe 0
‘42_1' - f ’ 2 Z [ nJ_ {—qr Bn(_l_)f)}

:lﬂa_ 2 E ()[ q" (/T ()[

w,a nt b l_ﬁ ay ¢
’16' = q_2 Z%n,[—qTi(.‘]T )&n.ﬁ
T

Coulomb field for soft source

Y. Makris et al. (2019) A‘é:“‘:f“bc ‘g Z{[P” [ q.Bgf?))] O(Bs(?)' [,p)Bu b(O] 2(BY") ,[,p)Bs.,(c(o)]}

s,{—q s,{—q
14

= Note that for the gluon the last 2 diagrams are necessary for gauge
invariance but the first diagram the leading forward scattering contribution
= |Inthe medium the momentum exchange can get dressed ~ Debye screening



Effects of the medium

= Typical time for the onset of
interactions — take it to be O(2 fm)

= Dissociation time — incudes thermal
wavefunction effect and collisional

broadening
2 1 E
Pri(xpp&,T) = e /d kdz Y7 (Ak, z)Y; (Ak, x)
1 ™9 "
= 2(2m)? ./d.l‘ Norm¢Norm; me =(-=)a(T)*e =(1==)45
X 2[z(1 — 2)A(T)?|[xppH€ + z(1 — z)AF] ?
[z2(1 — 2)A(T)?] + [xu€ + z(1 — x)AZ]

Dissociation 1 1 dPs—i(xpu%€,T)

time taiss. Prei(xphe, T) dt

Incorporated in rate equations

k2)

Adil et al. (2006)

Sharma et al. (2012)

Following feeddown
contributions taken, others small

U (25) :
Xel -

Xc2 -

Br[4(25) = J/4 + X] — 61.4+0.6%

Br|xer — J/¥ + ] =343+ 1.0%

Br|xer — J/0 + ] —19.0 4 0.5%

S. Aronson et al. (2017)



Centrality and p; dependence

: _ 1.4 T T
= In caIcuIatmﬁ the min bias results we oL iy dissociation Term + Gol. | ]
found that the result is dominated by — ok . beme WP e ]
the first few centrality bins 5 ol o COMS promptJiy, pr=6.5-30 GeV | 7
=z 03] ¢ ¢ Pb+Pb, s"?=2.76 TeV |
E 0.6 g=1.85, E=1-2 -
o o4f ]
in. bias i Baa((bi))W; bi max ' T e
A ) = S W= [T N 02p o
i L Jb; min OO I ' I ' I
1.2 -_ J/y dissociation Term. + Coll. _-
1.2 T I T I T I ' H A ATLAS inclusive Jy, p,>6.5 GeV | -
1.0 -_ --- Y(1S) s"? Therm. + Coll. _- E (l)g N + B
) L Min. bias Pb+Pb - Y(ZS) S1/2 Therm. + Coll. | E ) -_ + + .
= 08k g=185 &=1-2 ® CMSY(1S)s"?=276 Tev| 5 06 o
) ) 12 oC 04F |
5 - B tform. =1-15fm| ® CMS Y(ZS) s "=2.76 TeV & |
>~ 0.6 0.2 tom = 1-1.51m 1
— | \ I I l
Z ¢ 000 100 200 300 400
n J part
0.2
i ' S. Aronson et al. (2017)
0.0 '
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P, [GeV] Uncertainties are related to the onset of the

interactions



Min bias and excited to ground

state ratios

10 I T T T
. . . F 0-10% Pb+Pb, s'%=5.02 TeV [_ orm.+Coll.
= Good description of the relative = o T e Therm.sCol.
suppression of excited to ground & o0k
states A
= I
- al
12— R
> 10 i — y(2S) / JAy suppression i N | | |
= AV 12_ ] 10 .
% - Min. bias Pb+Pb ¢ CMSdata,s =502TeV| F 0-10% F’b+P|b, s"%25.02 Te{/ — Y(19) ':'herm.+CoII. E
< L~ q= —9- - i tom = 1-1.5fm -—- S) Therm.+Coll.| ]
. 0.8 9185, Ee12 o = 1-1.5m |~ § b I:erm.+c°::.__
— u S
= 0.6 _ = :
% 0.4 S 10'F
2, I
< 0.2 [
2 ! 1 | |
T 00 i | | | | y 10 10 20 30 40
. 1 1 1 1 1 1 G V
0 5 10 15 20 25 30 Pr(GeV)
P, [GeV] S. Aronson et al. (2017)

We wee differences in suppression of Upsilon(2S)
and Upsilon(3S). Latest measurements don’t seem
to see that (quite puzzling)

= Good separation the
suppression of the ground and
excited



Comparison results for

bottomonia

= Dissociation from collisional interactions in cold nuclear matteris large. For the
very weakly bound states the QGP suppression is larger but the CNM one is still a
factor of 5 -10. For the tightly bound states suppression is comparable —

sometimes slightly smaller, sometimes slightly larger. . Olivant et al. (2021)

C T — Y(1S) QGP (Therm. + coll.) 3 1
10 : 0-10% Pb+PIb - YE1S§ CNM ((CoII.) ' ) - 10 E T T ™ — X,(1P) QGP (Therm. + coll.) [5
F Min. bias e+Au — Y(2S) QGP (Therm. + coll.) | ] F 0-10% Pb+Pb — + X,(1P) CNM (Coll.) ]
i ' — - Y(2S) CNM (Coll.) | [ Min. bias e+Au — %,(2P) QGP (Therm. + coll.) |
4 — Y(3S) QGP (Therm. + coll.) —_ - (2P) GNM (
— 3 — - Y(3S) CNM (Coll. = o
< 10 - (39) (Coll.) _ ?J 1005_ (3P) (
mﬁ ___________________ o C
= L =, -
Qo -— =
< 1L —_— _ foX
<10F —  aemm=m—m—m=== = < (kb
s - < 10 E
e o
/s
/s
2 4 ] 1 ]
107 10 20 30 40 1075
E [GeV] E [GeV]

For full EIC predictions we need to explore feed down corrections, combine with prompt state
cross sections, and explore the effect of the interaction onset.



Conclusions

s Effective theories of QCD have enabled important conceptual and
technical breakthroughs in our understanding of strong interactions and
very significant improvement in the accuracy of the theoretical
predictions

= Theories have been generalized to nuclear matter. They are general and
applicable to both hot (QGP) and cold (large nucleus) nuclear matter.

= We constructed and EFT for heavy quark propagation in matter —
SCETy ¢ Introduced higher order and resumed calculations. Found
significant dependence of heavy meson quenching on fragmentation
functions. Generalized the semi-inclusive jet function techniques to HF.
HF jet substructure shows interesting features (vs light)

= We have also constructed an effective theory of quarkonia in matter -
NRQCD. Derived the Feynman rules (3 different ways) to leading and
subleading power for different sources of interactions in the medium.
We showed the connection to existing quarkonium dissociation
phenomenology. Promising results for the EIC

= More EFTs for nuclear physics on the way (for example for lepton
nucleus scattering, neutrino physics)





