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I am a professor for theoretical particle physics at RWTH Aachen University.

collaborations:

LHC and Philosobh My main research field is to understand and predict phenomena at particle colliders. Within the last few years, I have
PY" been mostly interested in the physics of Higgs bosons in and beyond the Standard Model. Recently, I have also become
interested in improving the connection between the perturbative and the lattice approach to quantum field theory
PTH . )
through the gradient-flow formalism.
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about my Research and Teaching activities.

T+ ic imnnrFant ¥ ¥rv ¥ canviay came nf nilir aveifermaent a2hoi it nhvecice £ fhe Aanenaral nithlic hinh-cchnanl ctiridante Ar



Institute for Theoretical Particle Physics and Cosmology phone: +49-241-80-27045

RObert Hal‘landel‘ Faculty of Mathematics, Computer Science and Natural Sciences  fax: +49-241-80-22187

Brief CV

Research
Teaching
Outreach
Conferences
Software

Press

collaborations:

LHC and Philosophy
P¢H

DFG RTG

RWTH Aachen University harlander(at)physik.rwth-aachen.de
52056 Aachen, Germany Office: 28A414, Campus Melaten

Master Topics for winter term 2025/2026

Click on the topic titles below to see more details. To apply, follow the instructions here, where you can also find topics
from the other members of our institute. The slides of that presentation can be found here. In order to discuss the
topics in more detail, come to my office 28A 414 on Friday, 04 July 2025, 11:30h.

Gradient Flow

The gradient flow is a concept which provides a bridge between perturbative and non-perturbative physics. The crucial
parameter switching between these two regimes is the flow time t.

Examples for projects:
» Flavor physics
» Gradient flow in gravity = Ricci flow

» The flowed QED beta function at four loops

Effective Field Theories



Gradient Flow

1
fundamental QCD: P = — 4@ [a.py
4 *
— —[ D, DM = 6/1 — iTaA;‘(x)

0
flowed gauge field: d_B (t,x) =2,G,,(t X)
[

B, (t= 0,x) = A, (x)
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Gradient Flow: Flavor Physics

My, — CMy,m,) -

perturbation

theory [attice
1
divergences: — Ina
€
gradient flow: In ¢ —Int
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Gradient Flow: Flavor Physics
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Gradient Flow in gravity = Ricci flow

. 5S .
QCD: 0,B(1) = D,G, (1) = - gradient flow
oB,(7)

gravity: al‘g,uy(t) = = 2Rﬂy(f) Ricci flow
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Gradient Flow in gravity = Ricci flow

. 5S .
QCD: 0,B(1) = D,G, (1) = - gradient flow
oB,(7)

gravity: 0,8,,(1) = — 2R (1) Ricci flow

The Entropy formula for the Ricci flow and its geometric applications

Grisha Perelman (Steklov Math. Inst., St. Petersburg) (Jul, 2006)
e-Print: math/0211159 [math.DG]

pdf [/ cite 4 reference search %) 374 citations
Ricci flow with surgery on three-manifolds # 9, roof of
Grisha Perelman (Steklov Math. Inst., St. Petersburg) (Aug, 2006) PO| ncaré CO njectu re

e-Print: math/0303109 [math.DG]

pdf [/ cite [d reference search  3) 215 citations
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Gradient Flow in gravity = Ricci flow

. 5S .
QCD: 0,B(1) = D,G, (1) = - gradient flow
oB,(7)

gravity: 0,8,,(1) = — 2R (1) Ricci flow
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application to RG structure of gravity o
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4-loop flowed QED beta function

G,,(D) = 9,B,(1) — 3,B,(1) + [B, (1), B,(D)]
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4-loop flowed QED beta function

G,,(D) = 9,B,(1) — 3,B,(1) + [B, (1), B,(D)]

2 GF
t_<G,uuG’W>(t) = (1) |:1 | %) ( 152 F22In2 —91n 3):| = a4 (1)
3 4r 4r A
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4-loop flowed QED beta function

G,,(D) = 9,B,(1) — 3,B,(1) + [B, (1), B,(D)]
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4-loop flowed QED beta function

G, () =0.B,/()—09,B,()+[B,(1),B,(1)]

a;t (1)

(l) a(?)

< LGH)(1) = | ( 5 221n2—91n3)] =

A A7 A

(J % D
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4-loop flowed QED beta function

G, () =0.B,/()—09,B,()+[B,(1),B,(1)]

GF
< LG")(1) = 4(1) | a4(t) ( S +22In2 - 91n3) )
U /A

OL-10)
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4-loop flowed QED beta function

G,,(D) = 9,B,(1) — 3,B,(1) + [B, (1), B,(D)]

2 GF
t_<G LG (1) = %) [1 | 40 (152 | 221n2—91n3)] = % ()
37 4 47 9 41
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4-loop flowed QED beta function
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4-loop flowed QED beta function

9
A
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| —

= 0,B,(1) — 0,B,(1) + [B,(1), B,(1)]
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4-loop flowed QED beta function
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Teaching the topics in more detail, come to my office 28A 414 on Friday, 04 July 2025, 11:30h.
Outreach
Gradient Flow
Conferences
Soft The gradient flow is a concept which provides a bridge between perturbative and non-perturbative physics. The
SLEACIRS crucial parameter switching between these two regimes is the flow time t.
Press Examples for projects:

collaborations: » Flavor physics

LHC and Philosophy & .odient flow in gravity = Ricci flow

PEH » The flowed QED beta function at four loops

DFG RTG
Effective Field Theories

Effective Field Theories describe physics beyond the Standard Model in a generic way. Their construction is
algorithmic, but very cumbersome. In the past, we have developed the program AutoEFT that generates an effective
field theory for general chiral fields.

Examples for projects:
» Flavor structures

» A Rosetta stone for Effective Field Theories

last updated on Jul 02, 2025 by RH



Flavor structures in Effective Field Theories

Standard Model:
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Flavor structures in Effective Field Theories

Standard Model:

S

MEF |
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1:x3 2: H® 3: H*D? 5:9?H3 + h.c. 8: (LR)(RL) +h.c. 8:(LR)(LR) +h.c.
Qc | FABCGAGEPGS"  Qu | (HIHY Quo | (HUH)OEHE) — Qur | (HIH)GeH)  Quag | Ber)(daay) Q| (@ur)ein(@dr)
Qs | FABCGIG PG Qup | (H'D,H)" (H'D,H) Qurn | (H'H)(Gyu,H) vond | (@TAur)ejn(@ETAdy)
Ow IJleuWJPWg(N Qan | (H'H)(q,d,H) lequ (lg?er)ejk(qut)
Qi IJKWIVWJPWK# lequ (pau,,er)e k(GETH uy)
4: X2H? 6: 92X H + h.c. 7 p2H2D
Que | HHHGAG™  Quy | (lo"e)r'HWY, QM (H''D H)(I,7"1,)
Quz | HHHGAG Q. | (l,o™e)HB,, ®) (=Y DLH)(l,rlym1,)
Quw | HHHWLWI™  Quq | (q0"TAu,)H G4, Qe (H'iD  H) (e er)
Quw | HHEWLW™  Quw | (@ou)r HW], Q| HYD )@ e)
Qus | H'HBLB"  Qup | (40"u,)HB,, QY | (HYDLH)(g v"q,)
Qus | H'HBLB™  Qu | (§0"TAd)HGA, Qu (HYD , H) (@n"u,)
Quws | H'T'THW/.,B*  Qaw | (go*d,)T"HW,, QHd (H'i D, H)(dyrdy)
Quip | HITTHWLB*  Qup | (§,0"dy)H By, Quua + hec. | i(H'D,H) (v d,)
8: (LL)(LL) 8: (RR)(RR) 8:(LL)(RR)
Qu (lpYulr) (Isy*1i) Qee (epyuer)(esy*er) Qe (Lpvulr) (€™ er)
W | @) @) Qu | @) @aw)  Qu | (pyle) (@eyue)
@ | @wrle) @' ra) Qua | (Gwd)dtd)  Qu | (vl (dyidy)
Q| Gl @ a) Qeu (Epvuer) (s ur) Qqe (TpVur) (€Y er)
QY | Gy )@V T'e)  Qea | (Epyuer)(deyidy) Wl (@) @eyuy)
QS (apyuur) (dsyHdr) W | (@TAa) (@ TAu,)
QY) | (@ T un)dy*TAd) QYW | (@uar)(durdr)
QY | (@vTAq) [y TAdy)
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Flavor structures in Effective Field Theories

Standard Model:

SMEFT

1:x3 2: HS 3: H*D? 5:92H? +h.c. 8:(LR)(RL) +h.c. 8:(LR)(LR) +h.c.
Qc | fABCGMGIPGS"  Qu ‘ (H'H)®  Qpo (H'H)O(H'H) Qerr | (H'H)(lpe H) Quedq | Ber)(dsas) QL) (@hur)ejn(@Edy)
Qs | fABCGIGIrGHH Qup | (H'D,H)" (HID,H) Quu | (H'H)(gu,H) QW o | @T4ur)ejn(@TAdy)
Quw | TEWI W Qan | (HYH)(gyd, H) Q,(igu (Ber)ejn (@)
Qu | VKW QP | Bouwer)ein(@ o uy)
- 2499 parameters
Quc | H'H{ o
Qus | HHHGAG™ Q. | (I,0"e)HBu Q%) (H'i D LH)(l,r ")
Quw | HHHWL W Qu¢ | (G0 T4u,)H G4, QHe (H*i(ﬁuH)(epv“er)
Quiw | HHHWLWI™  Quy | (Go"u)r! HW], Q) (H'i D . H)(@v"a)
Qus | H'HBLB"  Qu | (30"w.)HB,, QY | (HNDLH)(Grv"q,)
Qus | H'HBLB™  Qu | (§0"TAd)HGA, Qiu (HYD , H) (@n"u,)
Quws | HITTHW!L,B*  Qaw | (Gpo*dy)T"H W}, QHd (HTzD JH) (dpyHdy)
Quivy | HITTHWLBY  Qup | (@0"d)HBu — Qmua +he. | i(H!D,H)(@yytd,)
8:(LL)(LL) 8: (RR)(RR) 8:(LL)(RR)
Qu (pypule) (Lsy*1e) Qee (epyuer)(€sr et) Qie (pyulr) (Esy*er)
W | @) @) Quu | ()@ u)  Quo | (vl @y u)
c(z?é) (@Y @) (@ a)  Qaa (dpyudr)(dsy*dy) Qud (Lpyulr) (dsyHdy)
QY | Gl @"e)  Qew | @Eve) @y u)  Que | (Gnua)(Esrter)
QY | G )@ 'a)  Qea | (@vuer)(dsy dy) W @) @y uy)
Q’ftld) ('ap'Yuur)(Js’Y“dt) 6(151? (‘Ip’YuT q,.)('u,s'y“T ut)
Q%) | @ T )@y TAd) Q% | (@muer) (derdy)
QY | (@vTAq) [y TAdy)
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Flavor structures in Effective Field Theories

Standard Model: SMEFT

1:Xx3 2: H 3: H'D? 5:¢2H? + h.c. 8: (LR)(RL) +h.c. 8: (LR)(LR) + h.c.
Qc | FABCGAGEPGS"  Qu | (HIHY Quo | (HUH)OEHE) — Qur | (HIH)GeH)  Quag | Ber)(daay) Q| (@ur)ein(@dr)
Qg | 11°0G GGy Qup | (H'D,H)' (HIDH) Qua | (HH)(Gpu, H) Q% | @THu)en(@T4dy)
Ow GIJKW,‘{UW’{PW;{N Qan | (H'H)(q,d,H) Qﬁgu (_zJo )GJk(qut)
Qu | 7KW QP | Bouwer)ein(@ o uy)

2499  parameters
Quc | H'H
Qué HTHGA GAw Q. QeB (HTzD LH)(lr Iy,
Quw | HY
QHW L
o | 2452 related to flavor!
QHE
QuwnB HTTIHWgUBﬂ" QdW (qpa’“’d) IHWJ,, QHd (H'i D ,H)(dyy"dy)
Quivp | HTTHWLB"  Qup | (q0"d,)H B, Qrud + hee. | i(H'D,H)(@py"d,)

8: (LL)(LL) 8 : (RR)(RR) 8: (LL)(RR)
Qu | Gyl (sv™l) Qe | (Epyuer)(@syier) Qe | (pyub) (@ er)
@ @) @r*a)  Quu | @) @tuw)  Qu | (pvale) (@ ue)
((1?3) (@) (@Y ) Qad (dpYudy) (dsyHdy) Qud (Lpyulr) (dsy*dy)
QY | ) @*e)  Qeu | (& we,.)(uswut) Qoe | (@muar) (@ er)
QY | G )(@"7'q)  Qea | (Epyuer)(dsydy) W (@) @y )

QLY (@pYuur) (dsydy) & @T4) @y  TAuy)
QY | (@ T ur)dey*TAd) Q% | (@uar)(dsy"dr)
QY) | (GuT4ar) (e T dy)
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Effective Field Theories: Flavor Structures

Flavor hierarchies:

I{ld l{ls ? l{/b
Vcd lés @ Vcb
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Reflected in SMEFT parameters”? Minimal Flavor Violation”? Froggatt-Nielsen?
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Effective Field Theories: AutoEFT
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Effective Field Theories: AutoEFT

A =

PHYSICAL REVIEW D 108, 055020 (2023)

Standard model effective field theory up to mass dimension 1

R. V. Harlander@, T. Kempkens, ghd M. C. Schaaf

Institute for Theoretical Particle 1w L Smology, RWTH Aachen University,
52056 Aachen, Germany

® (Received 13 June 2023; accepted 14 August 2023; published 21 September 2023)

We present a complete and nonredundant basis of effective operators for the Standard Model effective
field theory up to mass dimension 12 with three generations of fermions. We also include operators
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